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ABSTRACT: The immobilization of macromolecules within porous materials for applications such as biosensing,
biocatalysis, drug delivery, and protein separation requires an understanding of the conditions under which
nanopores are accessible to macromolecules. We report the results of a detailed investigation into the infiltration
of a polymer probe, poly(acrylic acid) (PAA) of different molecular weights (2000-250 000 g mol-1), in amine-
functionalized nanoporous silica particles with a series of pore sizes (4-40 nm). The surface charge of the nanopores
and the charge density and conformation of PAA were tuned by changing the PAA solution conditions (e.g., pH
and ionic strength) to which the particles were exposed. Thermogravimetric analysis and dynamic light scattering
revealed that the extent of PAA infiltration strongly depends upon the relative sizes of the nanopores and the
PAA moleculessthe larger the nanopores, the broader the range of PAA molecular weights that can infiltrate the
particles. These techniques also revealed that as the pH of the PAA solution increased above 3, the amount of
PAA loaded in the particles decreased due to the polymer chains adopting a more extended conformation. In
addition, it was found that the ionic strength of the PAA solution played a relatively complex role in PAA
infiltration, as electrolytes can screen both the polyelectrolyte charge and the particle surface charge. Loading of
PAA in the nanopores was confirmed by transmission electron microscopy of the replicated nanoporous polymer
materials, which were prepared by cross-linking the infiltrated polymer and removing the silica template particles.
The distribution of PAA in the nanoporous silica particles was examined by confocal laser scanning microscopy
after binding fluorescent doxorubicin to the loaded PAA via electrostatic association.

Introduction
The discovery of mesoporous silicas (MSs), materials with

pore diameters between 2 and 50 nm, has created new
possibilities in many areas of chemistry and materials science.1

Because of their high specific surface areas and pore volumes,
and their well-ordered uniform pore structures, MSs are attrac-
tive supports for the adsorption of macromolecules (e.g.,
enzymes).2 MSs are also widely used as templates to fabricate
a variety of materials, including metal,3 metal oxide,4 carbon,5

and polymer6 replicas. We recently reported the preparation of
nanoporous polymer spheres (NPSs) via the sequential assembly
of macromolecules (e.g., polyelectrolytes, peptides, and proteins)
in MS particles, followed by removal of the particle templates.7

The application of MSs as supports for adsorption or as
templates for the synthesis of polymer replicas relies upon the
infiltration of macromolecules in the nanopores. Thus, to exploit
the potential of macromolecule-functionalized MSs in areas such
as biosensing,8 biocatalysis,9 drug delivery,10 and protein
separation,11 it is essential to understand the various conditions
under which macromolecules can access the nanopores of
MSs.12

A number of theoretical models based on reptation dynamics13

have been proposed to understand the diffusion of charged linear
polymers through random fixed obstacles, as in gel electro-
phoresis of DNA molecules14 and the release of double-stranded
DNA from the bacteriophage.15 The key assumption underlying
these reptation models is that the entangled chain is confined,
due to topological constraints imposed by the surrounding
chains, to diffuse primarily along a path that follows its own
contour.16 While this concept of the tube-like motion of a
polyelectrolyte through a confined space may aid in the
understanding of how macromolecules infiltrate MSs, to the best
of our knowledge, there has not yet been a study that

systematically investigates the influence of key parameters (e.g.,
macromolecule size, pore size, pH, and ionic strength) on
macromolecule infiltration in nanoporous particles.

Herein, we report the use of poly(acrylic acid) (PAA) to probe
macromolecule infiltration in nanopores. A key advantage of
this synthetic polymer is that it is available in a range of different
sizes, which allows for determination of the relationship between
macromolecule size and degree of loading. In addition, PAA is
a weak polyelectrolyte that is highly stable under a range of
solution conditions, and so by adjusting the solution pH and
ionic strength, the effect of charge density and conformation
of the macromolecules can be studied.17 The influence of
nanopore size on PAA infiltration is examined by using several
amine-functionalized MSs with a series of pore sizes (4-40
nm).

Experimental Procedures

Materials. PAA of different weight-average molecular weights
(2000, 8000, 30 000, 100 000, and 250 000 g mol-1, denoted
hereafter as PAA-2k, PAA-8k, PAA-30k, PAA-100k, and PAA-
250k, respectively) in the acid form (PAA-2k, PAA-100k, and PAA-
250k) and in the sodium salt form (PAA-8k and PAA-30k),
(ethylene oxide)20-b-(propylene oxide)70-b-(ethylene oxide)20 block
copolymer (P123, 5800 g mol-1), cetyltrimethylammonium bromide
(CTABr), 3-aminopropyl-triethoxysilane (APTS),n-dodecylamine,
decane, ethyl acetate, ethanol, toluene, methanol, hydrochloric acid
(HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), sodium
metasilicate (Na2SiO3), tetraethyl orthosilicate (TEOS, 98%), am-
monia solution (25 wt % in water), ethylenediamine, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), doxo-
rubicin (DOX), hydrofluoric acid (HF), and 2-propanol were
obtained from Sigma-Aldrich and used as received. The water used
in all experiments was prepared in a Millipore Milli-Q purification
system and had a resistivity higher than 18 MΩ cm.

Nanoporous Particles.MS particles with ordered pores (4.0,
5.9, and 10.6 nm) and bimodal pores (2-3 nm (av 2.7 nm) and* Corresponding author. E-mail: fcaruso@unimelb.edu.au.
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10-40 nm (av 28.3 nm)) were used. These particles are denoted
as S4, S6, S11, and S3,28, respectively, according to their pore
diameters (see Table 1 for properties of these nanoporous particles).
The S4 and S6 particles were prepared by dissolving 2 g of P123 in
15 mL of Milli-Q water at 30°C, after which 30 g of a 2 M HCl
solution was added, followed by 4.4 g of TEOS (drop-wise
addition).18 The mixture was stirred at 30°C for 24 h, after which
it was transferred to a sealed Teflon bottle in an autoclave. The
samples were then heated to 60°C (for sample S4) or 100°C (for
sample S6) for 48 h in an oven. The S11 particles were prepared by
dissolving 2.4 g of P123and 14 g of decane in 84 mL of HCl solution
(1.07 M).19 After stirring the mixture at room temperature for 2 h,
0.027 g of ammonium fluoride was added, followed by 5.1 g of
TEOS under stirring. The previous mixture was stirred at 40°C
for 20 h and then transferred to an autoclave for further reaction at
100 °C for 48 h. The S3,28 particles were prepared by dissolving
9.8 g of CTABr and 5 g of Na2SiO3 to form a clear solution in 175
mL of Milli-Q water in a polyethylene bottle at 30°C. A total of
17.5 mL of ethyl acetate was then added.20 The mixture was stirred
for 30 s and allowed to stand at ambient temperature (20°C) for 5
h. After this period of aging, the bottle was maintained at 90°C
for 48 h in an oil bath.

The as-synthesized particles were collected by centrifugation and
then washed 3 times with ethanol and twice with Milli-Q water.
After air drying at room temperature, the particles were calcined
at 500 °C for 5 h to remove the surfactants. The porous silica
particles were then functionalized with a layer of primary amine
groups by APTS grafting. In this process, the calcined particles
were dispersed in toluene by sonication for 20 min before APTS
was added to the suspension.21 The molar ratio of the MS particles
(calculated as SiO2/APTS/toluene) was fixed at 5:1:500, and the
suspension was refluxed for 24 h. The APTS-grafted particles were
collected by centrifugation and then washed once with toluene and
twice with methanol. Finally, the pellet was dried at 80°C for 12
h. The degree of functionalization (estimated via thermogravimetric
analysis (TGA)) was ca. 1.9 amine groups per nm2 of silica, both
on the outer particle surface and within the nanopores.21

Macromolecule Infiltration. PAA solutions with a concentration
of 5 mg mL-1 were used. The solutions were prepared by dissolving
PAA in deionized water and adjusting the solution pH with 0.1 M
HCl or NaOH. The ionic strength (NaCl concentration) of the
solutions ranged from 0.05 to 1 M. The infiltration experiments
typically involved mixing 2 mL of PAA solution with 10 mg of
MS powder (PAA/silica weight ratio of 1:1) and then shaking the
mixture at room temperature for 24 h. After separating the PAA
supernatant from the particles by centrifugation, the particles were
washed twice with Milli-Q water, and then the pellets were dried
at room temperature. The washing process was completed in ca. 2
minslonger washing times do not alter the degree of macromol-
ecule infiltration (data not shown). The PAA loading (i.e., the
amount of PAA infiltrated into the particles) was determined by
TGA, and then the specific PAA loading was calculated based on
the surface area of the particles.22

Instrumentation. The surface areas and porosities of the MS
particles were measured by a Micromeritics Tristar surface area
and porosity analyzer at-196°C using nitrogen as the adsorption
gas. TGA experiments were conducted on a Mettler Toledo/TGA/
SDTA851e Module analyzer. The samples were heated from 25 to
120°C with a heating rate of 5°C per min and kept at 120°C for

20 min under nitrogen (30 mL min-1). They were then heated from
120 to 550°C with a heating rate of 10°C per min under oxygen
(30 mL min-1). DLS measurements were performed on 5 mg mL-1

PAA solutions using a Malvern 4700 apparatus with a 10 mW argon
ion laser at 488 nm. Analysis was carried out at an angle of 90°
and a temperature of 25°C. The time auto-correlation functions
were analyzed using an inverse Laplace transform algorithm
(CONTIN) to obtain a distribution of relaxation times related to
the diffusion coefficient (D). TheD values were converted to radii
using the Stokes-Einstein equation and a solvent (water) viscosity
of 0.89 mPa s. The errors associated with the radii values were
estimated from the widths of the size distributions obtained. Zeta
potentials were measured using a Malvern 2000 Zetasizer. The
influence of pH on particle charge was examined in aqueous
solutions with no added electrolyte, while the effect of ionic strength
on particle charge was investigated in NaCl solutions (0-1 M) at
pH 4.5. Transmission electron microscopy (TEM, Philips CM120
BioTWIN, operated at 120 kV) and scanning electron microscopy
(SEM, FEI Quanta 200 FEG, operated at 10 kV) were used to
examine the particle morphologies. The TEM samples (2µL) were
placed onto Formvar-coated copper grids and allowed to air-dry.
The SEM samples (20µL) were placed onto silicon wafers and
allowed to air-dry prior to gold sputter-coating. Confocal laser
scanning microscopy (CLSM) images were taken with a Leica
DMIRE2 confocal system. The samples (2µL) were placed onto
glass slides and viewed using a 60× oil immersion objective.

Results and Discussion

Nanoporous Particles.MS particles with a series of pore
sizes were used to study the effect of pore size on PAA
infiltration. Before use, the particles were functionalized with
a layer of amine groups by grafting APTS to the surface of the
pore walls, thereby rendering the particles positively charged
with a stable charge density.21 The properties of the APTS-
modified particles are summarized in Table 1. The S4, S6, and
S11 particles are nonuniform in morphology but possess a
hexagonal arrangement of uniform mesopores, and so these
particles were selected as the nanoporous particles to study the
parameters that influence PAA infiltration. Figure 1a,c shows
SEM and TEM images, respectively, of the S11 particles, which
are also representative of the S4 and S6 particles. In contrast,
the S3,28particles (Figure 1b,d) are uniform in morphology (i.e.,
spheres with a diameter of ca. 2-3 µm) but possess a bimodal
pore structure (i.e., 2-3 and 10-40 nm pores). The S3,28

particles were used for comparison with the S4, S6, and S11

particles. Recently, we have used such bimodal MS particles
for the encapsulation of macromolecules23 and for the template
synthesis of polymer-based materials.7

PAA Infiltration. To establish the optimum values for the
adsorption time and the PAA/silica mass ratio, S6 particles were

Table 1. Properties of MS Particles Used for PAA Infiltration

particles
particle

morphology
pore

structure

av pore
sizea

(nm)

pore
volume

(cm3 g-1)

surface
areab

(m2 g-1)

S4 nonuniform ordered 4.0 0.28 259
S6 nonuniform ordered 5.9 0.67 448
S11 nonuniform ordered 10.6 0.83 284
S3,28 spherical bimodal 2.7, 28.3c 1.35 465

a Calculated by the Barrett-Joyner-Halender (BJH) method from the
adsorption branch.b Calculated by the BET method.c On the basis of
smaller mesopores and larger mesopores.

Figure 1. SEM images of (a) S11 particles and (b) S3,28 particles. TEM
images of (c) S11 particles and (d) an ultramicrotomed sample (ca. 90
nm thin slice) of a S3,28 particle.
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incubated with PAA-30k at pH 4.5 in 0.5 M NaCl. The S6

particles were selected for these preliminary experiments as they
are the mid-size MS particles with ordered pores used in this
study. Similarly, PAA-30k was employed as it represents the
mid-size polymer in the range of PAA molecular weights
studied. The pH and NaCl concentration were set at 4.5 and
0.5 M, respectively, because previous experiments have shown
that significant PAA infiltration occurs under similar solution
conditions.7b,c

Figure 2 depicts the variation in the PAA loading with
adsorption time (Figure 2a) and the particle loading with PAA/
silica mass ratio (Figure 2b). The data show that, for a fixed
PAA/silica mass ratio of 1, PAA adsorption reaches saturation
after 4 h, with 80% of saturation loading being attained within
the first 10 min. The data also show that, for a fixed adsorption
time of 24 h, the particle loading increases significantly as the
PAA/silica mass ratio is increased from 0 to 0.6, reaching
saturation at a PAA/silica mass ratio of about 0.8. Thus, an
adsorption time of 24 h and a PAA/silica mass ratio of 1 result
in saturation loading of PAA-30k in the S6 particles at pH 4.5
in 0.5 M NaCl. The same adsorption time (24 h) and PAA/
silica mass ratio (1) were employed for all subsequent experi-
ments to facilitate comparisons between the different systems.

Influence of PAA Molecular Weight and Pore Size.To
study the influence of PAA size on the degree of PAA
infiltration, PAA solutions with different molecular weights were
used. The variation in the hydrodynamic radius (Rh) of PAA
with molecular weight is shown in Figure 3a. The DLS
measurements were performed using the same solution condi-
tions as in the infiltration experiments (i.e., pH 4.5 and 0.5 M
NaCl). As the PAA molecular weight increases, the polymer
chain length, and henceRh, increases. However, the rate of
increase inRh with molecular weight gradually decreases for
the larger PAA molecules (>100 000 g mol-1). The largest PAA
used in this study (250 000 g mol-1) has a diameter of 11.4(

2.0 nm (i.e., anRh of 5.7 ( 1.0 nm), which is similar to the
diameter of the pores for the S11 particles (10.6 nm). The
influence of pore size was investigated by infiltrating the various
PAA molecules in a series of well-ordered nanopores ranging
from 4 to 11 nm (i.e., the S4, S6, and S11 particles). As Figure
3b shows, for each of the PAA molecular weights used, the
PAA loading increases with pore size, indicating that the larger
nanopores are more accessible to the macromolecules. This
increase in the PAA loading with pore size becomes more
pronounced as the PAA molecular weight increases; the larger
the macromolecule, the greater the influence of pore size on
loading. For example, the pore size has a negligible effect on
the PAA-2k loading beyond 6 nm. The diameter of PAA-2k
(2.0 ( 0.8 nm) is well below the pore diameter for the S6

particles (5.9 nm) and the S11 particles (10.6 nm); hence, PAA-
2k can infiltrate these nanoporous particles to effectively the
same extent. In contrast, the loading increases almost linearly
with pore size for the larger PAA molecules. For example, the
amount of PAA-2k loaded in the S11 particles is only ca. 1.5
times higher than that for the S4 particles, as compared to a
factor of ca. 5.3 in the case of PAA-250k.

Figure 2. (a) Loading of PAA-30k in S6 particles vs adsorption time
(PAA/silica mass ratio, 1; pH, 4.5; and NaCl concentration, 0.5 M).
(b) Loading of S6 particles with PAA-30k vs PAA/silica mass ratio
(adsorption time, 24 h; pH, 4.5; and NaCl concentration, 0.5 M).

Figure 3. (a) Influence of PAA molecular weight on PAARh (pH,
4.5 and NaCl concentration, 0.5 M). (b) Influence of pore size on PAA
loading for the various PAA molecular weights (adsorption time, 24
h; PAA/silica mass ratio, 1; pH, 4.5; and NaCl concentration, 0.5 M).
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The S3,28 particles were also examined for comparison.
Although the average pore size for the S3,28 particles (12.7 nm)
is greater than that for the S11 particles (10.6 nm), the S11

particles exhibit a higher PAA loading ability than the S3,28

particles (see later). This may be attributed to the coexistence
of large pores (10-40 nm) and small pores (2-3 nm) within
the S3,28 particles because, while the small pores make a
significant contribution to the total particle surface area (ca.
20%), they are not effective for PAA loading. In addition, it is
likely that the random arrangement of nanopores within the S3,28

particles (as opposed to the ordered hexagonal arrangement of
nanopores within the S11 particles) creates a more tortuous path,
thus restricting PAA infiltration.

Influence of pH. PAA is a weak polyelectrolyte (the pKa of
PAA in solution in the absence of added salt ranges from ca.
5.5 to 6.5),24 and so the ionization (and hence conformation) of
the polymer depends upon the pH. Under alkaline conditions,
PAA has a high charge density, resulting in an extended
conformation, whereas under acidic conditions (pH ca. 2-6),
PAA has a low charge density, leading to a coiled conforma-
tion.25 Under extreme acidic conditions (pH< 2), most of the
carboxylic acid groups along the PAA chain are protonated.

The effect of pH on the surface charge of the APTS-modified
MS particles was investigated using the S11 particles. As Figure
4a illustrates, the particles possess a high charge (>25 mV)
over a wide pH range (ca. 1-7). This indicates that the influence
of pH on PAA infiltration may be studied over this range without
inducing significant changes in the particle charge.

To examine the effect of pH on PAA infiltration, the pH of
the PAA solutions (containing 0.5 M NaCl) was varied. The
loading of PAA-30k in the various nanoporous particles
decreases as the pH increases (Figure 4b). A likely explanation
is that as the pH increases, the PAA charge density increases,
and the polymer chains adopt a more extended, rigid conforma-
tion to minimize intramolecular electrostatic repulsions, resulting
in the macromolecules being spatially excluded from the
nanopores (Figure 5). This explanation is supported by the DLS
experiments. For example, theRh of PAA-250k increases from
5.7 ( 1.0 to 7.6( 2.0 nm when the solution pH is changed
from 4.5 to 8 in 0.5 M NaCl (DLS data not shown). However,
at a lower pH of 3.5, theRh of PAA-250k appears to be
relatively large (8.2( 2.0 nm). This may be attributed to the
polymer molecules tending to cluster in solution when the charge
density along the polymer chains, and hence the intermolecular
electrostatic repulsion, is reduced.26 A decrease in the electro-
static repulsions among the species to be loaded permits a denser
packing, and hence a higher loading, within the nanoporous
silica materials. This finding is supported by the work of Vinu
et al.,12b who studied the adsorption of cytochromec onto
various mesoporous molecular sieves at different solution pHs.
They found that adsorption is maximal at pH 9.6, which is close
to the isoelectric point of cytochromec (9.8) because the net
charge of the protein is low, and hence, the repulsive force
between the protein molecules is minimal, permitting a closer
packing of the protein molecules.

Influence of Ionic Strength. Polyelectrolyte multilayer films
are typically thicker when assembled in the presence of salt.27

This is due to the salt ions partially screening the charges on
the polyelectrolytes, thereby reducing both intra- and intermo-
lecular electrostatic repulsions and causing the macromolecules
to adopt a more coiled, compact conformation.28 Salt can also
partially screen the charges on the surface of the APTS-modified
MS particles (i.e., the positive surface charge on the particles
decreases with increasing salt concentration (from ca. 37 mV

at 0 M NaCl to ca. 8 mV at 1 M NaCl; zeta potential data not
shown)). Thus, in the presence of salt, the degree of PAA
loading in nanoporous particles is governed by a balance
between screening of the polyelectrolyte charge (which reduces
intra- and intermolecular electrostatic repulsions, thereby pro-
moting infiltration) and screening of the particle surface charge
(which reduces the polyelectrolyte-particle electrostatic attrac-
tion).

To investigate the effect of ionic strength on PAA infiltration
in the S11 particles, the NaCl concentration of the PAA solutions
(at pH 4.5) was varied from 0.05 to 1 M. As shown in Figure
6, the PAA loading decreases linearly with increasing salt
concentration for PAA molecules below 100 000 g mol-1.
Further, the lower the PAA molecular weight, the sharper the
decrease. This reduction in PAA loading with increasing ionic
strength is attributed to increased screening of the particle
surface charge by salt ions, which weakens the electrostatic
attraction between the PAA molecules and the nanopores,29

outweighing the benefit of the reduced PAA molecular size with
increasing salt concentration.

In the case of PAA-250k, a different trend is observed. The
loading increases significantly from 0.14 to 0.78 mg m-2 as
the salt concentration is increased from 0.05 to 0.5 M, after
which the loading plateaus and then decreases with further
increases in the salt concentration (Figure 6). This result may

Figure 4. (a) Surface charge of the APTS-modified S11 particles vs
pH (NaCl concentration, 0 M). (b) Influence of pH on PAA loading in
the various nanoporous particles (adsorption time, 24 h; PAA/silica
mass ratio, 1; PAA molecular weight, 30 000 g mol-1; and NaCl
concentration, 0.5 M).
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be explained as follows. At 0.05 M NaCl, the extended
conformation of PAA-250k restricts adsorption to mainly the
surface of the particles, despite the relatively strong electrostatic
attraction that exists between the PAA molecules and the
nanopores at low salt concentrations because the diameter of
PAA-250k (17.2( 0.2 nm; DLS data not shown) is significantly
larger than the pore diameter for the S11 particles (10.6 nm).
However, as the NaCl concentration is increased to 0.2 M, PAA-
250k infiltration increases considerably due to increased screen-
ing of the polyelectrolyte charge by salt ions, which compacts
the macromolecules (diameter, 10( 2.0 nm; DLS data not
shown) and enables them to penetrate the pores of the S11

particles more efficiently. Above 0.5 M NaCl, the weakening
electrostatic attraction between the PAA molecules and the
nanopores outweighs any further reduction in the PAA-250k
molecular size, and so the loading decreases with salt concentra-
tion.

Microscopy Characterization of PAA Infiltration in Na-
nopores. To verify that the PAA molecules infiltrate the
nanopores, polymeric replicas were prepared and examined via
TEM. The polymeric replicas were obtained by (i) cross-linking
(via amide linkages) the loaded PAA molecules using ethyl-
enediamine in the presence of EDC7b,c and (ii) dissolving the
MS particles using diluted HF. PAA-30k, PAA-100k, and PAA-
250k were used for these experiments because the effects of

pore size and ionic strength on PAA infiltration are more
pronounced at higher PAA molecular weights.

Figure 7a,b shows TEM images of the replicas prepared by
infiltrating PAA-250k (with 0.5 M NaCl) and PAA-100k (with
0.05 M NaCl), respectively, in the S3,28particles. These replicas
retain the spherical shape of the original S3,28particles and show
no signs of collapse upon drying. This is in contrast to what is
typically observed for hollow capsules prepared via the sequen-
tial assembly of polymers on the surface of nonporous template
particles.30 The diameter of the replicas ranges from 0.8 to 1.2
µm, representing a size reduction of ca. 60% relative to the
original S3,28 particles, which is comparable to that observed
for nanoporous PAA/PAH spheres prepared by sequentially
coating sacrificial S3,28 particles.7a,c There is no obvious ag-
gregation of the replicas. Figure 7c is a TEM image of the
replicas prepared from the S3,28 particles using PAA-250k in
the presence of 0.05 M NaCl. The collapsed capsular structure
of these replicas suggests that the extended conformation of
PAA-250k at low salt limits adsorption to primarily the particle
surface. Similar results were obtained using the S11 particles.
That is, the morphology of the S11 particles can be replicated
by infiltrating PAA-250k in the presence of 0.5 M NaCl (Figure
7d) and PAA-100k in the presence of 0.05 M NaCl (Figure
7e), but a hollow structure is produced when PAA-250k in the
presence of 0.05 M NaCl is used (Figure 7f). In the case of the
S6 particles, replicas can be prepared using PAA-30k in the
presence of 0.5 M NaCl, but not PAA-100k in the presence of
0.5 M NaCl. In the case of the S4 particles, a hollow structure
is produced when PAA-30k in the presence of 0.5 M NaCl is
used.

The structures of the various replicas shown in Figure 7 are
in good agreement with both the loading data and theRh data
obtained by TGA and DLS, respectively. Given that the
preparation of stable polymeric replicas relies on the adsorption
of polymer within the nanopores (which account for the majority
of the surface areas of the templates), the successful formation
of replicas in this study (Figure 7) verifies that the PAA
molecules infiltrate the nanopores under the conditions em-
ployed.

To examine the distribution of PAA within the MS particles
and the adsorption properties following PAA infiltration, DOX
(a cationic anti-cancer drug) was bound electrostatically to the
loaded PAA molecules, and the fluorescence resulting from the
polymer-drug complex was observed through CLSM.31 The
S3,28 particles were employed in these experiments due to the

Figure 5. Schematic representation of two extreme cases: (a) low pH and/or high ionic strength (resulting in infiltration of coiled PAA molecules
in the nanopores) and (b) high pH and/or low ionic strength (resulting in exclusion of extended PAA molecules from the nanopores).

Figure 6. Influence of NaCl concentration on PAA loading for the
various PAA molecular weights (adsorption time, 24 h; PAA/silica mass
ratio, 1; nanoporous particles, S11; and pH, 4.5).
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relatively large size (particle diameter, 2-3 µm) and regular
spherical morphology of the particles. Additionally, the different
regions of the particles (i.e., core vs outer surface) can be readily
distinguished under the microscope. Figure 8 shows CLSM
images of the S3,28 particles after infiltration of PAA-250k,
followed by incubation in DOX (0.04 mg mL-1) for 5 min and
thorough washing with Milli-Q water. When PAA-250k is
infiltrated in the presence of 0.5 M NaCl (Figure 8a), uniform
fluorescence is observed across the particle cross-sections due
to the homogeneous distribution of DOX (and hence the
effective infiltration of PAA) within the particles. When PAA-
250k is infiltrated in the presence of 0.05 M NaCl (Figure 8b),
however, significantly weaker (ca. 7 times) ring fluorescence
is observed, indicating that relatively small amounts of DOX
(and hence PAA) are present, mainly on the surface of the
particles. These results are consistent with both the TGA data
obtained (Figure 6) and the structures of the replicas prepared
(Figure 7). Importantly, these results demonstrate that polymer-
infiltrated MS particles exhibit a potential for loading materials,
the amount/distribution of which can be tuned by simply
adjusting the conditions (e.g., ionic strength) during the polymer
infiltration step.

Conclusion

We have examined the use of a weak polyelectrolyte, PAA,
to probe the accessibility of nanopores in amine-functionalized
MS particles to macromolecules. It was found that the particle
pore size and the PAA molecular weight significantly influence

the loading process. The particles with larger nanopores (>10
nm) are capable of adsorbing a broader range of PAA molecular
weights. In addition, it was observed that the adsorption
conditions play an important role in PAA infiltration. The pH
and ionic strength of the PAA solution govern the conformation
of the macromolecules and hence the ability of the macromol-
ecules to infiltrate the nanopores. For example, as the pH
increases, the PAA charge density increases, and the polymer
chains adopt a more rigid, linear conformation, resulting in a
lower loading. In the presence of salt, the degree of loading
depends upon a balance between screening of the polyelectrolyte
charge (which promotes infiltration) and screening of the particle
surface charge. It was also shown that the PAA-infiltrated MS
particles possess excellent loading capacity for DOX. This
approach is highly versatile in that the type and concentration
of functional groups used to modify the nanopores can be readily
controlled through the choice of polymer and adsorption
conditions, respectively. Such polymer-modified nanoporous
particles could find applications in biosensing, biocatalysis, drug
delivery, and protein separation.
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