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By finely tuning the TEOS/P123 molar ratio of the octane/

water/P123/TEOS quadruple emulsion system and by control-

ling the synthesis conditions, an ultrafine emulsion system was

isolated, under the confinement of which, nanoscale silica

particles with ordered large mesopores (y13 nm) have been

successfully constructed; the obtained mesoporous silica

particles have an unusual ultrafast enzyme adsorption speed

and the amount of enzyme that can be immobilized is larger

than that of conventional mesoporous silica, which has

potential applications in the fast separation of biomolecules.

Since the discovery of ordered mesoporous silicas (MPSs),1 great

efforts have been made on the morphological/textural control of

such ordered mesoporous materials. Among these, the construc-

tion of nanoscale MPS has long been one of the most attractive

targets for various groups aiming to improve the efficiency of

mesopore usage and rapid mass transfer, and of great importance

for applications in catalysis, adsorption, separation as well as

inclusion chemistry.2 To date, methodologies reported for

nanoscale particles with ordered mesoporous structures involve a

quenching procedure,3 dilution of the reaction solutions,4 spray

drying,5 as well as a secondary surfactant-mediated process6,7 etc.

Although nanoscale MPS particles are synthesized by some of the

developed routes, the mesostructure domain, pore size and the

degree of ordering are often limited. For instance, nanosized silica

particles with ordered larger mesopores (>7 nm) are rarely

reported. However, in some cases, such as catalysis or biomolecule

immobilization, a larger pore size is vital. Therefore, it is critical to

find a facile route to synthesize nanoscale silica particles with

ordered large mesopores. Based on the knowledge of our previous

studies,8,9 herein we present for the first time a novel emulsion

confinement route for the design and synthesis of nanoscale silica

particles (100–200 nm in length and 50–80 nm in width) with

ordered large mesopores (y13 nm). The obtained nanoscale

particles showed an ultrafast adsorption speed and a higher

capacity in the immobilization of enzymes compared to conven-

tional SBA-15. The adsorption equilibrium was reached within

10 min, which is essential for the fast separation of biomolecules.

Fig. 1a shows a typical HRSEM (High-Resolution Scanning

Electron Microscope) image of the MPS particles prepared at

298 K{ (TEOS/P123 = 48, more SEM and TEM (Transition

Electron Microscope) images can be found in the additional

information, Figure S1{). The obtained particles are relatively

uniform, being of ca. 50–80 nm width and 100–200 nm length.

Significantly, ordered mesoporous structures with only 3–6 (100)

planes across their width could easily be discerned by HRSEM,

agreeing well with the TEM image (Fig. 1b). At the same time, the

pore diameter judged from HRSEM and TEM is about 13 nm. To

our best knowledge, at this pore size (>10 nm), these are the

smallest ordered MPS particles that have been synthesized.

The Small Angle X-ray Diffraction (SAXD) pattern of the

sample is shown in Fig. 2a. An intensive and broad (100)

diffraction peak at 2h = 0.7u (d = 12.6 nm) with a hump shoulder

at a higher 2h value was resolved. A possible explanation is that

the arrangement of the silica nanotubes in the ultrafine particles is
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Fig. 1 (a) HRSEM and (b) TEM images of the sample prepared with the

TEOS/P123 ratio of 48 at 298 K.
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close to the minimum requirement for hexagonal structures, which

leads to the broadening of the diffraction peaks. Fig. 2b shows the

N2 adsorption–desorption isotherms of the nanoscale silica

particles. It is a type IV isotherm and shows a H1 hysteresis loop

at a relative pressure of about 0.85, which can be attributed to N2

capillary condensation in the MPS nanotubes. Furthermore,

another intensive N2 adsorption occurred at a higher relative

pressure (more than 0.9). This could be attributed to the N2

adsorption in the inter-particle spaces between the primary

nanoscale mesoporous silica particles,7,10 which is consistent with

the SEM observation. The BET surface area of the sample is ca.

565 m2 g21 and the BJH (Barrett–Joyner–Halenda) cumulative

adsorption pore volume is 1.70 cm3 g21. The pore size distribution

(calculated from the adsorption branch of the isotherms) diagram

shows a tip at 13.4 nm (inset in Fig. 2b), which agrees well with the

size of the mesopores detected by TEM (considering the limitations

of both methods). Moreover, a series of larger pores, resulting

from the inter-particle spaces, are also observed. The construction

of the nanoscale MPS particles is believed to result from the

confinement of an undulating, swollen inverse hexagonal phase

(H2) in the synthesis process, details of which can be found in the

supporting materials.{
Lysozyme is a model protein molecule for studying the

bioimmobilization ability of MPSs.11–13 It has been reported that

some chemically insignificant morphologies of MPSs (e.g.,

traditional rope-like SBA-15) would have a great influence on

the performance of enzyme immobilization. For example, rod-like

SBA-15, with straight, open channels, shows a significant

improvement in the immobilization of lysozyme compared to

traditional SBA-15,13 indicating that mesoporous materials with

highly accessible porous channels are very important in their

applications. In the current study,§ the obtained large-pore

nanoscale MPS particles were used to immobilize lysozyme.

Much to our surprise, it showed improved immobilization

capacity, and most importantly, an unusual ultrafast adsorption

speed over conventional SBA-15 and those others reported

previously.13 As indicated in Fig. 3, when the enzyme/silica ratio

was 0.5, over 95% of the lysozyme was immobilized into the large-

pore nanoscale silica particles within 10 min, while with

conventional SBA-15, it took more than 20 h. This bioimmobiliza-

tion speed is even faster than the rod-like SBA-15 reported

previously,13 where more than 10 h were needed to reach an

adsorption equilibrium when the same conditions were used (same

enzyme/silica ratio). Furthermore, N2 sorption isotherms show

that the surface areas and pore diameters of the nanoscale SBA-15

with adsorbed lysozyme decreased from 565 m2 g21 and 13.4 nm

to 235 m2 g21 and 10 nm, suggesting that most of the lysozyme

molecules have been immobilized within the mesopore channels of

the nanoscale SBA-15, which is consistent with the literature.12 We

believe that the larger pore diameter along with the smaller particle

size makes the diffusion and adsorption of biomolecules easier,

and most importantly, the detrimental multi-layer adsorption,

which happens at a certain level of in-pore biomolecule

concentration (thus blocking the immobilization of more biomo-

lecules), will be suppressed. All these factors contribute to the

observed superior enzyme immobilization behavior of the large-

pore nanoscale MPS.

In summary, our results indicate that by tuning the TEOS/P123

molar ratio in the octane/water/P123/TEOS quadruple emulsion

system, it is possible to construct large-pore nanoscale MPSs. The

obtained nanoscale mesoporous materials show an ultrafast

Fig. 2 (a) Small Angle X-ray Diffraction pattern and (b) N2 adsorption–

desorption isotherms of the small MPS particles obtained with the TEOS/

P123 = 48 at 298 K. Inset in Fig. 2b is the BJH pore diameter distribution

calculated from the adsorption branch.

Fig. 3 Adsorption amounts of lysozymes as a function of time on

different MPSs (enzyme/silica (wt/wt) = 0.5). (a) Conventional SBA-15. (b)

Nanoscale MPS particles. Inset: lysozyme adsorption curve in the initial

60 min.
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adsorption ability in the immobilization of enzymes, which have

potential applications in the fast separation of biomolecules."I
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Notes and references

{ A typical synthesis was performed as follows: 2.4 g of EO20PO70EO20

(P123) was dissolved in a 84 mL HCl solution (1.30 M) and stirred at 298 K
until the solution became clear, followed by the addition of 0.027 g of
NH4F. After stirring at the same temperature for 10 min, different amounts
of an octane and TEOS pre-mixture was then added under moderate
stirring at the given initial reaction temperature (final P123 : HCl : NH4F :
H2O : octane : TEOS molar ratios = 1 : 261 : 1.8 : 11278 : 235 : x, x = 48–
60). The above mixture was stirred at the given reaction temperature for
20 h and then transferred into an autoclave for further reaction at 373 K
for 48 h. The products were collected by filtration, dried in air and calcined
at 813 K for 5 h to remove the templates.
§ In a typical adsorption experiment, lysozymes were dissolved in
sodium phosphate buffer (20 mM) at pH 7.0 to make a stock solution
(1.0 mg mL21). Kinetic experiments to determine the amount of lysozyme
adsorbed as a function of contact time were conducted by mixing 20 mL
of 1.0 mg mL21 protein solution with 40 mg of MPS with a gentle
stirring at pH 7.0 and 25 uC in a vessel sealed to prevent evaporation (initial
0.5 (wt/wt) enzyme/silica ratio). At a given time, 1 mL of emulsion solution
was extracted and then centrifugated at 15000 g for 3 min, followed by the
extraction of the upper clear solution for analysis. Adsorbed amounts were
measured by the difference of the concentration of the enzyme before and
after UV absorption at 280 nm.
" SEM was undertaken on a Hitachi S4800 field-emisson scanning electron
microscope. The TEM image was obtained with a Philips CM 200
transmission electron microscope equipped with a CCD camera.
I SAXD patterns were collected on a Rigaku D/MAX 2400 diffractometer
equipped with a Cu-Ka X-ray source operating at 40 kV and 50 mA. The
N2 adsorption–desorption isotherms were recorded on an ASAP 2000
instrument.
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