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Mesoporous silicas (MS), porous materials with extremely
high surface areas and pore sizes in the range of 2 to 50 nm,
have attracted significant interest since being reported in the
early 1990s.[1,2] Owing to their unique pore structures, these
materials have been utilized as hosts for the template
synthesis of various materials, including metal,[3] metal
oxide,[4] carbon,[5] and polymer[6] replicas. In a typical syn-
thesis strategy, the constituent materials (e.g., metal precur-
sors, sucrose, organic monomers) are infiltrated into the
mesopores. Reduction, carbonization, or cross-linking reac-
tions are then performed to obtain an interconnected net-
work, and the silica template is removed by dissolution.
Despite these studies, there has been no report on the
sequential infiltration and coating of MS materials with
preformed polymers for the fabrication of controlled porous
polymer structures. Porous polymer materials, especially in
particulate form, are of interest in a diverse range of
applications, including drug delivery, molecular separation
technology, and as hosts for chemical synthesis.[7]

A facile approach for coating MS is to exploit electrostatic
interactions between the MS support and charged polymers
(polyelectrolytes, PEs) through solution self-assembly.
Sequentially depositing PEs of opposite charge by the layer-
by-layer (LbL) technique would potentially permit the
formation of PE multilayers inside the MS pores. Since its
introduction in 1991,[8, 9] the LbL method has been widely used
to deposit multilayers of various materials (such as, polymers,
enzymes, nanoparticles, dyes) on both planar[10] and colloi-
dal[11] supports. More recent studies have focused on the use
of porous substrates, such as macroporous titania,[12] poly-
carbonate membranes,[13] alumina membranes,[14] and porous
calcium carbonate microparticles.[15] However, there has been
no report of the LbL assembly of PEs in MS structures and,
more specifically, of the LbL MS-templated formation of
porous materials with interconnected polymer networks.

Herein, we report the LbL coating of MS spheres with
PEs and the subsequent removal of the silica templates to
obtain micrometer-sized nanoporous PE spheres (NPS). The
procedure for the preparation of the NPS involves two main
steps, as depicted in Scheme 1. The first entails the LbL

deposition of oppositely charged PEs (poly(acrylic acid)
(PAA) and poly(allylamine hydrochloride) (PAH)) within the
MS spheres, with subsequent cross-linking of each PE layer by
heating. In the second step, the MS template is removed by
exposure to hydrofluoric acid (HF). A main advantage of this
approach is that it offers a general and versatile route to the
preparation of nanoporous PE materials of diverse and
tailored composition, as it is based on sequential self-
assembly. Hence, it is applicable to a broad range of PEs.
Further, the LbL method is largely independent of substrate
morphology, making it amenable to MS of different shapes
and sizes to generate porous PE networks. Herein we focus on
the use of spherical MS particles in the micrometer size range,
as these systems represent an interesting class of materials as
supports for immobilization and encapsulation of various
species (e.g., biomacromolecules). In this study, we also
demonstrate the high capacity of the prepared NPS for
enzyme entrapment.

The MS spheres, prepared according to an established
method,[16] possess a bimodal pore structure; that is, smaller
pores in the 2–3 nm range and larger pores between 10–
40 nm.[16] The particles, herein denoted as BMS (bimodal MS)
spheres, have a diameter of 2–4 mm, a surface area of
630 m2 g�1 and a pore volume of 1.72 mL g�1. We chose to
employ BMS spheres for several reasons: 1) BMS possesses a
high pore volume (1.2 mLg�1) for the 10–40 nm pores, making
it suitable for infiltration and adsorption of PEs; 2) the three-
dimensional disordered pore structure and thin pore walls (ca.
3 nm) facilitates the formation of interconnected nanoporous
PE networks after removal of the BMS templates; and 3) the
spherical morphology aids in monitoring shape and size

Scheme 1. Schematic illustration showing the preparation of nanopo-
rous polyelectrolyte spheres (NPS). 3-aminopropyltriethoxysilane
(APTS)-modified bimodal MS (BMS) spheres were layer-by-layer
coated with PEs of opposite charge (PAA and PAH; multiple repetition
of steps 1 and 2), with the samples heated (1608C for 2 h) after depo-
sition of each PE to partially cross-link the layers. The BMS template
was then dissolved by exposure to HF (step 3), yielding intact NPS.
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variations as a result of LbL PE coating. The BMS surface was
first functionalized by grafting a layer of 3-aminopropyltrie-
thoxysilane (APTS) onto the BMS skeleton.[17] This process
introduces amine (NH2-) surface functional groups to the
BMS, which promotes specific adsorption of the subsequently
deposited PAA through interaction of the�NH2 and�COOH
groups. The APTS-grafted BMS (APTS–BMS) spheres have
a surface area of 465 m2 g�1 and a pore volume of 1.32 mL g�1.
The large mesopores (10–40 nm) have a volume of approx-
imately 1.0 mL g�1.

Polyelectrolyte solutions were prepared by dissolving
PAA or PAH in deionized water containing sodium chloride
(NaCl), without adjusting the pH value. PAA (Mw = 2000)
was deposited onto the APTS–BMS spheres from an aqueous
5 mgmL�1 PAA solution of pH 2.9 containing 0.7m NaCl.
Adsorption was conducted at 20 8C for 15 min with sonication
(to aid the transport of the PEs into the mesopores[13]), and
subsequent shaking for 6 h. Excess PAA was removed by four
cycles of centrifugation (500g for 3 min) and washing with
0.1m NaCl. PAH (Mw = 15 000) was deposited from an
aqueous 5 mgmL�1 PAH solution of pH 4.3 with 0.7m NaCl.
To facilitate infiltration into the pores of the APTS–BMS
spheres, low molecular weight PEs were used,[13] and NaCl
was added to the adsorption solution to promote coiling of the
PE molecules.[18] Cross-linking of each PE layer was per-
formed by heating the dried sample at 160 8C for 2 h.[19,20]

Under this treatment, amide bonds are formed by the
�COOH groups (in PAA) and the �NH2 moieties (in PAH
or on the APTS–BMS template), enhancing the structural
stability of the layers.[19, 20] It was found that without the cross-
linking process, the PE layers partially desorbed from the
mesopores during subsequent PE adsorption steps, forming
aggregates on the particle surface and in solution.[21]

Evidence for the successive deposition of PAA and PAH
within the pores of the APTS–BMS spheres was obtained by
Fourier transform infrared (FTIR) experiments. FTIR spectra
of the APTS–BMS particles as a function of PAA and PAH
deposition steps are shown in Figure 1a. For the APTS–BMS
spheres, the absorption band at 1635 cm�1 (A) is assigned to
the Si�OH vibrations[22] and the N�H bending (scissoring)
vibrations of APTS. The peaks at 1720 (B), 1570 (C), and
1400 (D) cm�1 are attributed to the �COOH carbonyl and
�COO� asymmetric and symmetric stretches, respectively, of
PAA.[19,23] The large fraction of non-ionized acid groups in the
PAA chains is caused by the low assembly pH value in our
experiments.[24] The intensities of the peaks at 1635 cm�1

(assigned to the N�H bending (scissoring) vibration of PAH
for layer number = 2) and at 1720 cm�1 increase with PAH
and PAA layer number, respectively, confirming the sequen-
tial deposition of PAA/PAH multilayers. The following
observations can be made from the spectra: a) The presence
of�COOH (from PAA) after heating at 160 8C indicates that
only partial cross-linking of the layers occurs, which is in
agreement with earlier work.[19] Only about 10–15 % reduc-
tion in intensity of this peak was observed after heating the
films. b) The amide bonds formed as a result of cross-linking
(peak at n� 1670 cm�1) are not discernible, largely because of
the relatively low degree of cross-linking and masking from
the peak at 1635 cm�1 (arising from the APTS-BMS substrate

and PAH).[19,22] c) The total amount of PAA deposited per
APTS–BMS particle increases with PAA layer number,
although the amount adsorbed per layer decreases with
increasing PAA layer number (Figure 1b).[25] This trend is
attributed to increased blockage of the larger mesopores in
the APTS–BMS templates with increasing PE layer number.

To examine the influence of sphere porosity, we used MS
spheres with only 2–3 nm pores and nonporous silica spheres
for comparison. No distinguishable peaks arising from PAA
and PAH in the FTIR spectra of either of the PAA/PAH-
coated silica spheres were observed, even after deposition of
seven layers (i.e., 3.5 PAA/PAH bilayers). This result
indicates that PE deposition predominantly occurs in the

Figure 1. a) FTIR spectra of the APTS–BMS spheres before and after
the alternate deposition of PAA and PAH layers. The deposited layers
were partially cross-linked by heating at 160 8C for 2 h prior to record-
ing each spectrum. The numbers correspond to the number of PE
layers deposited, commencing with PAA. APTS–BMS spheres were
used as the internal reference for measuring each spectrum. The spec-
tra are shifted vertically for clarity. b) The amount of PAA deposited on
the APTS–BMS particle as a function of layer number was determined
from the ratio of the peak at 1720 cm�1 (PAA) with the peak at
800 cm�1 (APTS–BMS).[25] The relative strength of the PAA signal com-
pared to the APTS–BMS signal was determined to be 2.4 by measuring
the IR spectrum of a 1:1 (weight) mixture of PAA and APTS–BMS pow-
ders. The APTS–BMS has an average weight of 4.3 � 10�12 g, assuming
the particle has a size of 2.5 mm and a density of 0.53 gmL�1.
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larger mesopores of the APTS–BMS particles, and that the
contribution to the FTIR intensities from PE adsorption on
the outer surface of the particles is negligible.

Nitrogen adsorption measurements were also conducted
to follow the changes in the surface area of the APTS–BMS
spheres after PE deposition. The first layer of adsorbed PAA
dramatically decreased the surface area from 465 m2 g�1

(APTS–BMS template) to 284 m2 g�1. This decrease is
caused by the high PAA loading and blocking of some of
the mesopores. Deposition of subsequent PAH and PAA
layers resulted in a surface area decrease of approximately
20 m2 g�1per PE adsorption step. After deposition of seven
layers, the surface area of the coated spheres was approx-
imately 160 m2 g�1. These data further confirm the stepwise
deposition of PEs within the APTS–BMS spheres.

NPS were prepared by exposing the PAA/PAH-coated
APTS–BMS spheres to an aqueous 10 wt % HF solution for
12 h. Silica particles readily decompose in HF to form [SiF6]

2�

ions, which can readily diffuse through PE multilayers.[26]

Effective removal of the BMS template was demonstrated
by energy-dispersive X-ray (EDX) analysis and FTIR experi-
ments. EDX data showed that only a small amount of silicon
(0.8%) was detected after removal of the BMS template (not
shown). The small residual amount of silicon probably arises
from silicon-alkyl groups (�Si-(CH2)3-NH2), which are stable
in the presence of HF.[27] These groups are introduced into the
sample through the APTS modification of the BMS particles.

Spherical NPS were obtained for samples that comprise
two or more PAA and PAH layers. Figure 2 shows TEM and

Figure 3 SEM images of 5-layer [(PAA/PAH)2/PAA] NPS (5-
NPS). These NPS retain the original shape of the BMS
templates, and do not show signs of collapse, as is typically
observed for PE capsules.[9] The diameters of the resulting
NPS were found to depend on the number of PE layers
deposited on the template APTS–BMS particles. APTS–BMS
spheres coated with more PE layers underwent less shrinkage.
For example, the PAA/PAH NPS (2-NPS) had diameters
ranging from 0.8–1.3 mm, representing shrinkage of around
55–60%, compared with the original APTS–BMS templates,
in which over 90 % of APTS–BMS particles are within 2–
3 mm. The 7-NPS were between 1.4–2.1 mm, 25–30 % smaller

than the template particles. No aggregation of the NPS was
observed from TEM (Figure 2a). The inner structure of the
NPS was examined by TEM of ultramicrotomed (approx-
imately 90 nm thin slices) spheres. Figure 2b confirms that the
PEs infiltrated into the BMS spheres, as PE can be seen in the
interior of the NPS. At higher magnification (Figure 2c), a
homogeneous porous structure with a pore size distribution of
around 5–50 nm is clearly seen, confirming the nanoporosity
of the spheres. SEM images of broken spheres (not shown)
confirmed the interconnected PE network of the spherical
particles. SEM also revealed the NPS to be individual
particles, with no obvious aggregation of the particles
observed (Figure 3a). At higher magnification, the roughness

and porosity of the spheres is apparent (Figure 3b), with
homogeneous pores in the range of approximately 10–50 nm
seen (Figure 3c). Figure 3d shows the collapsed capsule
structure of the product prepared by the same procedure
when the PE layers were deposited in the absence of salt. This
indicates that, as mentioned above, the salt facilitates PE
coiling and penetration into the mesopores of the BMS
templates. In the absence of salt, the PEs assume a more
linear conformation[18] and therefore will be mainly restricted
to the surface. We note that the highly efficient role of the
APTS–BMS spheres as templates for the preparation of
interconnected porous particles is attributed to the abundant
and disordered pore structure of the larger mesopores and
high surface area (465 m2 g�1) of the APTS–BMS particles.
For example, a recent study employing porous (radial
channel-like) CaCO3 microparticle templates (surface area
ca. 8.8 m2 g�1) resulted in PE microcapsules that collapse
when dried,[15] which is in stark contrast to the free-standing
NPS reported herein.

The capacity of the NPS as hosts for the immobilization of
biomacromolecules was investigated through lysozyme
adsorption studies. Approximately 10 mg of the NPS were
dispersed in 15 mL of a 1 mgmL�1 lysozyme (Mw = 14.6 kDa)
solution containing 50 mm phosphate buffer (pH 7.0). The

Figure 2. TEM images of the NPS that comprises a) (PAA/PAH)2/PAA
(5-NPS) and ultramicrotomed thin sections of the same spheres at
b) low and c) higher magnification. The 5-NPS were partially cross-
linked by heating at 160 8C for 2 h after deposition of each PE layer.
Images (b) and (c) show the porosity of the PE spheres. The large dif-
ference in the diameters seen is a result of the ultramicrotoming pro-
cess.

Figure 3. SEM images of 5-NPS [(PAA/PAH)2/PAA] at different magni-
fications (a, b, c), and (PAA/PAH)2/PAA capsules prepared when PAA
and PAH are deposited in the absence of added salt in the adsorption
solution (d). The 5-NPS and capsules were partially cross-linked by
heating at 160 8C for 2 h after deposition of each PE layer.
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immobilization and distribution of enzyme in the NPS were
examined by confocal laser scanning microscopy (CLSM).
Figure 4 shows the CLSM images of the 5-NPS after
incubation in fluorescein isothiocyanate-labeled lysozyme

(FITC-lysozyme) for 1 h, and subsequent washing with water.
The images show that FITC-lysozyme is distributed homoge-
neously throughout the NPS. The amount of enzyme immo-
bilized by the NPS was determined spectrophotometrically by
measuring the difference in lysozyme absorbance at 280 nm
before and after adsorption. For the 5-NPS, the weight of the
NPS increased by approximately 90 % after lysozyme immo-
bilization, corresponding to 6.7 � 10�17 mol of lysozyme per
sphere. This value corresponds to a concentration of about
470 mgmL�1 of lysozyme in 5-NPS, which is approximately a
factor of two times larger than that obtained for the direct
immobilization of lysozyme onto BMS spheres under the
same conditions (220 mg mL�1), and for that reported for
bovine serum albumin in poly(styrene sulfonate)/PAH cap-
sules with a “matrix-type interior” (250 mg mL�1).[15] The high
enzyme immobilization capacity of the NPS is attributed to
the nanoporous PE framework in the NPS.

In conclusion, intact NPS with an interconnected PE
network have been prepared by the LbL assembly of PEs
onto APTS–BMS spheres and subsequent removal of the
template. Electron microscopy data show that the NPS have
pores ranging from 5–50 nm. The NPS show excellent
capacity for immobilization of enzymes (lysozyme). Since
the LbL method is amenable to the deposition of diverse PEs,
the preparation of NPS of controlled composition and
functionality can be achieved by the reported approach.
This feature will facilitate designing NPS for the uptake of
various species, such as macromolecules, low-molecular-
weight drugs, pesticides and fragrances, and nanoparticles
through, for example, electrostatic association or hydrogen
bonding with the NPS host. The broad range of MS materials
available with tunable size, morphology and porosity will
enable the preparation of tailored porous PE materials that
are envisaged to find application in biocatalysis, separation
technology, and controlled drug delivery systems.
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