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ABSTRACT: We studied the diffusion of three model proteins, lysozyme (Lz),
bovine hemoglobin (BHb), and bovine serum albumin (BSA), normal to the
(111) plane of sintered silica colloidal crystals with three different pore “radii”
(7.5, 19, and 27 nm). We demonstrated that these colloidal crystals exhibit size
selectivity when the nanopores are sufficiently small (7.5 and 19 nm). Because
these nanopores are still larger than the diffusing proteins, the observed size
selectivity can be attributed to the tortuosity of the colloidal nanopores. Larger
(27 nm) nanopores led to higher transport rates but at the cost of selectivity. In
addition to the size selectivity, we also demonstrated that 19 nm nanopores
possess shape selectivity for the proteins of comparable molecular weights. We
showed that the high temperature sintering required for the preparation of
sintered colloidal crystals reduces the extent of interactions between the proteins
and the nanopore surface, which appear to play a minor role in the diffusion, and
that transport selectivity is decided solely by protein size and shape. Taken together, our observations suggest that sintered silica
colloidal crystals constitute promising nanoporous membranes for protein separations, with easily controllable pore size, size
and shape selectivity, and minimal surface fouling.

■ INTRODUCTION

Silica colloidal crystals comprise a close-packed face-centered
cubic (fcc) lattice of silica spheres of submicrometer diameter,
formed by self-assembly of the spheres. The tetrahedral and
octahedral voids present in the close-packed system constitute
ordered arrays of three-dimensional interconnected nano-
pores.1 Originally, silica colloidal crystals have been developed
as templates for the preparation of photonic2 and magnetic
materials,3 macroporous polymer membranes,4 and sensors.5

However, they also constitute attractive inorganic nanoporous
materials whose pore size can be readily controlled by the silica
sphere size in the 10−100 nm range. Membranes with
nanopores of this size are attractive for applications in food
industry and water purification6 as well as in separations of
nanoparticles7 and proteins.8 Membrane separations provide
considerable economic, environmental, and operational
advantages9 over traditional separation methods such as
electrophoresis and chromatography.10−14

Presently, polymeric membranes are the most common type
of membranes used in separations, especially those in
biotechnology.15 These membranes can be prepared using
straightforward methods such as interfacial polymerization,
phase inversion, or layer-by-layer assembly.16,17 They offer
adjustable pore size and charge, but irregular pore shape and
size, defects, and inferior stability may limit their utility.
However, these properties can be improved using block
copolymer membranes that possess very uniform pores and are
suitable for highly selective separations.18

Inorganic nanoporous membranes provide attractive alter-
natives for porous polymeric membranes because of their well-
defined pore geometry and chemical, thermal, and mechanical
robustness. Inorganic membranes can be prepared through

condensation (zeolites19 and metal−organic frameworks
(MOFs)20), nanofabrication (e.g., in silicon nitride21), etching
(porous silicon22 and anodized alumina23), templating
(mesoporous silica24), and controlled growth (graphene25

and carbon nanotubes26). Despite many advances in the field
of inorganic nanoporous membrane materials, several prob-
lems remain unsolved including low pore density, difficulty
varying pore size in a broad range and high thickness resulting
in low separation speed. In addition, many of these membrane
materials require specialized methods for their preparation.
Novel approaches to the preparation of nanoporous

membranes recently involved self-assembly of nanoparticles.27

In particular, silica colloidal membranes, developed in our
group,28 provide a simple and powerful self-assembly approach
to inorganic nanoporous membranes that possess the following
superior properties: (1) nanopore size easily variable in a broad
range,29 (2) high molecular flux, and (3) facile surface
chemistry.30 Silica spheres used in the assembly of colloidal
crystals are easily produced by a sol−gel reaction,31 and the
self-assembly process is well developed.29 The ease with which
the nanopore size in silica colloidal membranes can be tailored
for a given application is particularly important.
Previously, we demonstrated that silica colloidal crystals, in

the form of thin films, possess high ionic transport selectivity
when their surface is modified with charged moieties such as
amines,32,33 sulfonic acid groups,34,35 and spiropyran mole-
cules,36 due to electrostatic interactions of the diffusing species
with the nanopore surface. Alternatively, surface modification
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of the nanopores with neutral moieties, such as chiral
selectors37,38 and thiacalixarenes,39 allows achieving high
selectivity for molecular transport using molecular recognition
mechanisms. We showed that transport selectivity in silica
colloidal crystals can be achieved even in the case when the
nanopore size is significantly larger than the diffusing species,
and that this is the result of the high surface area and tortuosity
of the silica colloidal crystals.28

In order to apply silica colloidal membranes in separations,
we developed free-standing silica colloidal crystals.40 These
materials were prepared by sintering, which causes the silica
spheres to fuse to one another41,42 and provides defect free,
mechanically robust colloidal crystals with flexural strength of
49 ± 9 MPa.40 Earlier, we showed that sintered silica colloidal
membranes possess size selectivity for the transport of
synthetic macromolecules.43 In that work, we used Rhodamine
B isothiocyanate-labeled polyamidoamine (PAMAM) den-
drimers as diffusion probes due to their high monodispersity,
well-defined molecular architecture and size ranging from 2 to
20 nm. We found that while generation-2 dendrimer diffused
about three-fourths as fast as generation-1 through the
membranes prepared from 100 nm silica spheres (7.5 nm
“radius” pores), generation-3 had a diffusion rate ca. 3 times
lower and generation-4 and generation-5 had roughly the same
diffusion rates, about four times lower than that of generation-
1. This is noteworthy considering that there is only about 3−4
nm difference between the diameters of generation-4 and
generation-5 and of generation-1 dendrimers, and that the size
of the colloidal nanopores is significantly larger than the
dendrimer diameter, suggesting an additional effect of
tortuosity on the size selectivity. In addition, we observed
that the generation-5 dendrimer diffused at slightly higher rate
than the generation-4 dendrimer. As the size of the generation-
5 dendrimer is larger, this increase in diffusion rate was related
to the increased flexibility of the generation-5 dendrimer.
Given the attractive separation properties of silica colloidal

crystals in the case of small molecules and synthetic
macromolecules, it was important to investigate their utility
for protein separations. Indeed, the ability to separate proteins
is crucial in medical, biological and pharmaceutical research
and also in clinical diagnosis.44 For example, detection of
proteins with low natural abundance in the presence of highly
abundant proteins remains one of the biggest challenges in
proteomics.45 Separation of similar size proteins is another
common problem.46 Thus, systems capable of fast and selective
protein transport would be extremely useful for protein
purification and analysis, including applications in single
molecule biosensors47,48 and sample preconcentration for
nanofluidic devices.11 While close-packed silica colloidal
systems have been used in liquid chromatography separations
of proteins,49,50 silica colloidal crystal membranes have not
been explored for protein separations.
In order to evaluate the utility of sintered silica colloidal

membranes in protein separations, we studied the diffusion of
model proteins though these materials with three different
nanopore sizes. We selected three model proteins: lysozyme
(Lz), bovine hemoglobin (BHb), and bovine serum albumin
(BSA), for our studies as they vary in isoelectric point, size, and
shape (Table 1). In this study, we considered the effects of the
pore size and the surface properties and protein adsorption.

■ EXPERIMENTAL SECTION
Materials. Ammonium hydroxide (28−30% as NH3, EMD

Chemicals, Inc.), potassium phosphate monobasic (Sigma), potas-
sium phosphate dibasic trihydrate (Mallinckrodt), tetraethylorthosi-
licate (TEOS, 99.999+%, Alfa Aesar), lysozyme (from chicken egg
white, Sigma), albumin (from bovine serum, lyophilized powder,
Sigma), hemoglobin (from bovine blood, lyophilized powder, Sigma),
ethanol (200 proof, ACS-grade, Pharmaco-Aaper), and methanol
(ACS Reagent, Sigma-Aldrich) were all used as received. Deionized
water (18 MΩ·cm) used in all experiments was obtained from a
Barnstead “E-pure” water purification system.

Instrumentation. Scanning electron microscopy (SEM) images
were obtained using either a Hitachi S3000-N or an FEI NanoNova
instrument. Transmission electron microscopy (TEM) images were
obtained using an FEI Philips Tecnai T-12 instrument. UV/vis
measurements were collected using an Ocean Optics USB2000 or
USB4000 instrument. A Branson 1510 sonicator was used for all
sonications. A Clay Adams Compact II Centrifuge (3200 rpm, Becton
Dickinson) was used for all centrifugations. A Fisher Scientific
Isotemp Programmable Muffle Furnace (model 650) was used for
calcination and sintering. Dynamic light scattering (DLS) and zeta-
potential measurements were carried out using a NICOMP 380 ZLS
Zeta Potential/Particle Sizer (PSS NICOMP Particle Sizing Systems).

Preparation of Silica Spheres. Three batches of silica spheres
with varying sizes (Table 2) were prepared as described earlier.31 The
size of the spheres was controlled by the preparation conditions as
follows: [TEOS] = 0.2 M, [NH3] = 0.4 M, [H2O] = 16.0 M, 25 °C
for 24 h gave 260 ± 30 nm particles (measured by DLS), [TEOS] =
0.2 M, [NH3] = 1.1 M, [H2O] = 17.0 M, 25 °C for 24 h gave 388 ±
30 nm particles (measured by DLS), and [TEOS] = 0.2 M, [NH3] =
4.0 M, [H2O] = 5.0 M, 10 °C for 6 h gave 444 ± 40 nm particles
(measured by DLS). The silica spheres were then calcinated at 600
°C for 4 h, and their sizes were determined using SEM from 100
individually measured spheres to be 231 ± 20, 350 ± 20, and 427 ±
30 nm in diameter, respectively.

Preparation of Silica Colloidal Crystals. The free-standing
silica colloidal crystals were prepared by first vertical deposition of
∼12 wt % colloidal solutions of calcinated silica spheres (260 ± 30,
388 ± 30, and 444 ± 40 nm diameter) in ethanol onto a glass
substrate. The resulting colloidal crystals were then gently lifted from
the substrate and sintered in a furnace for 12 h at 1050 °C (desired
temperature achieved at a heating rate of 20 °C/min).51 SEM images
(Figure 1) of these crystals were obtained to give average silica sphere
diameters of 100 ± 6, 252 ± 10, and 362 ± 27 nm, respectively, as
measured from 100 individual spheres in each colloidal crystal. The
thickness of each colloidal crystal was measured with a Vernier caliper
at six different points throughout the piece, giving the average
thickness of ∼200 μm. The colloidal crystals possessed ∼1 cm2 area.

Diffusion Measurements. To prepare membranes suitable for
diffusion measurements, sintered colloidal crystals were sandwiched
between two PTFE washers (5.0 mm inner diameter, 14.0 mm outer
diameter and 1.0 mm thickness, Small Parts, Inc.) with Loctite Hysol
0151 Epoxy and allowed to cure for at least 24 h prior to use for
diffusion experiments (Figure 2). Diffusion experiments were
performed by placing a membrane between two connected 1 cm
quartz cuvettes. The feed cell contained 4.00 mL of a pH 6 10 mM
phosphate-buffered aqueous 0.025 mM protein solution while the
reservoir cell contained 4.00 mL of the 10 mM buffer solution. The
membranes were placed between two Kalrez o-rings to guard against
leaking, and the assembly was then secured with a clamp. Each cell
was covered with Parafilm to prevent eventual evaporation, and the
contents of both cells were continually stirred. The reservoir cell was

Table 1. Characteristics of the Proteins Used

mass (kDa) dimensions (nm) Stokes radius (nm) pI

Lz 14 3.2 2.013 11.4
BHb 65 6.4 × 5.5 × 5 3.239 7.1
BSA 67 4 × 4 × 14 3.613 4.8
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placed between two fiber optic cables. The flux was monitored by
recording the absorbance in the reservoir cell for at least 12 h (Figure
3). In diffusion experiments with a mixture of two proteins in the feed

cell, the absorbances at both λmax values for Lz, BSA and BHb (280,
277, and 499 nm, respectively) were simultaneously recorded. Data
points were acquired every 150 s with an initial delay of 150 s. Prior to
using a membrane for a new trial, it was immersed in buffer for at least
2 days and the solution replaced occasionally to ensure removal of any
previous probe molecules from within the colloidal crystal.
Determination of the Extent of Protein Adsorption.

Calcinated silica spheres (0.035 g) were dispersed into 6.0 mL pH
6 10 mM phosphate buffer and the colloidal solution was then divided
into three 2 mL aliquots. Individual solutions (0.025 mM) of Lz, BSA,
and BHb were prepared in the same buffer, and 2.0 mL of each was
added separately to an aliquot of unmodified and modified silica
followed by incubation for 24 h with gentle stirring at ambient
conditions. The mixtures were centrifuged and the UV−vis
absorbance was recorded for each of the supernatants.

■ RESULTS AND DISCUSSION

Preparation and Geometry of Sintered Colloidal
Crystals. Silica colloidal crystals can be easily prepared by
deposition from solution; however, the resulting crystals are
quite fragile and need a solid support such as glass to prevent
disintegration. To prepare free-standing colloidal crystals, we
sintered the silica spheres at 1050 °C, which fused the surfaces
of the adjacent spheres at contact points via Si−O−Si bonds.
The silica spheres had to be calcinated at 600 °C prior to
colloidal crystal assembly to ensure the complete removal of
solvent (water and ethanol) that remains trapped within the
silica network. The calcination produced denser spheres as
evidenced by the decrease in their diameter as measured by
both DLS and SEM (Table 2). This calcination was reported
to prevent the formation of cracks within the membrane upon
sintering at further elevated temperatures.51 Sintering led to
even greater decreases in the sizes of the spheres, while
maintaining the overall fcc-packed structure, as we demon-
strated earlier.40 It appeared that smaller spheres experienced
greater reductions in size, presumably due to their larger
surface area-to-volume ratio compared to bigger spheres.
Spheres with diameter of 235 nm decreased in size by 57.4% to
yield membranes composed of 100 nm spheres; 345 nm
spheres decreased by 27.0% to 252 nm, while 427 nm spheres
decreased by only 15.2% to a diameter of 362 nm. The now
robust free-standing colloidal crystals were then prepared for
diffusion experiments by sandwiching a piece between two
washers using an epoxy resin as adhesive (Figure 2).
Figure 1 shows an SEM image of a colloidal crystal sintered

at 1050 °C and demonstrates the absence of any major defects
over a large area. Occasional point defects within the fcc lattice
were present but did not seem to persist beyond one or two
layers. Previously, we demonstrated, using flux and diffusion
measurements, that sintered colloidal crystals do not contain
mechanical defects.40

Diffusion of Proteins through Sintered Silica Colloi-
dal Crystals. To determine whether size-selective transport of
proteins based on the difference in their size relative to
nanopore “radius”47 could be achieved with the sintered silica
colloidal crystal, we studied the diffusion of common model
proteins. Lz, BHb, and BSA were chosen for their availability,
size, and shape range (Table 1), and abundance of reports
describing their diffusion behavior.52−56 Comparison of their
diffusion rates would provide information about the pore
selectivity as the sizes of the proteins are varied; while
comparison of BHb and BSA would afford insight into the
effect of the shape of the protein on the diffusion through the
nanopores (BHb is roughly spherical whereas BSA has an
ellipsoid shape).
The diffusion rate RD (mol·s−1) through a colloidal crystal

membrane of known thickness L and area S was determined by
measuring the amount of a protein that diffused through the
membrane as a function of time. Knowing the value of RD

Table 2. Summary of Measured Diameters for the Silica Nanoparticles and the Corresponding Assemblies

as made calcinated sintered

DLS SEM DLS SEM SEM pore “radius”

260 ± 30 261 ± 20 239 ± 30 235 ± 20 100 ± 6 7.5
388 ± 30 a 359 ± 30 346 ± 20 252 ± 10 18.5
444 ± 40 432 ± 30 418 ± 30 427 ± 30 362 ± 30 26.6

aData not collected.

Figure 1. SEM images of a sintered colloidal crystal made from 235
nm (calcinated) silica spheres. (Left) Low magnification image (scale
bar 2.5 μm) showing that there are no major cracks or defects in the
sample. (Right) High-Resolution image (scale bar 500 nm) and inset
that shows adjacent spheres fused at contact points.

Figure 2. Photographs of sintered colloidal crystal: (A) as prepared,
(B) imbedded in epoxy resin, and (C) with PTFE washers. Scale bar
is 1 cm.

Figure 3. Transport of Lz (blue), BHb (red), and BSA (green) across
sintered colloidal crystals with 19 nm pore “radius”.
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allowed for the calculation of the molecular flux Jcol (mol·s−1·
cm−2) through the colloidal crystal (eq 1).

=R J SD col (1)

A solution of Fick’s law for diffusion (eq 2) was then used to
calculate the diffusion coefficients Dcol (cm

2·s−1) of the proteins
as they traversed across the colloidal crystal.57

= Δ
J

C
L

Dcol col (2)

While colloidal crystals contain nanopores of two sizes,
when prepared by vertical deposition of silica spheres and used
as thin membranes, the molecular transport through colloidal
crystals occurs normal to the (111) plane of the fcc-packed
structure. Thus, molecules enter the crystal through the
concave triangular openings between the silica spheres.
Octahedral pores found in the (100) direction of the colloidal
crystal are much larger, and thus the smaller nanopores
determine the size selectivity of the system, which we
demonstrated previously in several systems.28 Earlier, we also
demonstrated58−61 that the size of these openings can be
estimated with reasonable accuracy as the distance from the
center of their projection to the nearest sphere surface. The
validity of this estimate was confirmed by others using
simulations.62 This distance, which we will call the pore
“radius”, is ca. 15% of the silica sphere radius.63 Thus, colloidal
crystals composed of 100, 252, and 362 nm spheres have
nanopores whose centers are 7.5, 19, and 27 nm, respectively,
away from the nearest silica sphere surface.
We first investigated sintered silica colloidal crystals with 19

nm pore “radius”. Figure 3 shows the transport of the three
proteins studied while Table 3 summarizes the calculated Dcol
values. These values are in good agreement with those
predicted based on aqueous solution diffusion coefficients
reported for Lz (∼2.2−2.8 × 10−6 cm2/s64,65), BHb, and
BSA(∼0.6−0.8 × 10−6 cm2/s66,67) by taking into account the
void fraction of fcc-packed structure (ε = 0.261) and its
tortuosity (τ = 3.063), which affect the diffusion coefficient as
Dcol = (ε/τ)Dsol.

63

We found that there was a general trend of decreasing
diffusion coefficients with increasing size of the diffusing
species. Lz diffused 3.7 and 2.1 times faster than BHb and BSA,
respectively (Table 3). The observed difference in diffusion
coefficients may be due to the interactions of the proteins with
the tortuous nanopores of the colloidal crystals or due to the
difference in Stokes radii between the diffusing proteins. In
order to distinguish between these two factors, we used the
Stokes−Einstein equation (Dsol = kT/6πηR, where R is solute
radius). This equation can be rearranged to give an estimate of
the relative diffusion rates of the proteins, Dsol

(1)/Dsol
(2) = R(2)/

R(1), assuming similar viscosities for the 0.025 mM protein
solutions in water.68 Thus, using the Stokes radii of the
proteins (Table 1),68,69 the Stokes−Einstein equation predicts
that, in free solution, the diffusion coefficient of BHb would be

0.625 of that of Lz, while the diffusion coefficient of BSA
would be 0.556 of Lz. Using these Stokes radius correction
factors, we calculated (eq 3) the selectivity of the colloidal
crystal membranes for the diffusion of the model proteins
relative to Lz.

= ×D
D

selectivity
(Lz)

(Stokes corr)col

col (3)

Selectivity of unity would correspond to the difference in
diffusion rates resulting solely from the difference in Stokes
radii, while selectivity values higher than unity would indicate
hindered transport of the proteins within the nanopores. We
calculated the selectivity of 2.3 for BHb and 1.2 for BSA, which
means that 19 nm colloidal nanopores provide size selectivity
despite the fact that these nanopores are significantly larger
compared to the sizes of the diffusion probes. This is similar to
our earlier observations of high transport selectivity for both
small and macromolecules in silica colloidal crystals, which we
explained based on the tortuosity of the colloidal nanopores.43

Furthermore, while BSA was expected to diffuse slower than
BHb based on its Stokes radius, Dcol(BSA) was 1.8-fold higher
than Dcol(BHb) (2-fold if taking into account the Stokes radius
correction). It appears that the prolate ellipsoid shape of BSA
may allow traversing more readily through the nanopores
compared to the more spherical BHb despite their similar
molecular weights (Table 2). This is similar to our earlier
observations for higher diffusion rate of larger but more flexible
dendrimers through colloidal nanopores.43 Thus, colloidal
crystals with 19 nm “radius” pores show both size-selective
transport as well as shape-selectivity for model proteins.
Next, we prepared colloidal crystals with smaller spheres

leading to the nanopore “radius” of 7.5 nm, which allowed
investigating how protein transport is affected by the pore size.
It is apparent (Table 3) that Dcol for all diffusing species were
greatly reduced. Size selectivity was expected to improve as the
nanopores became narrower until a point where complete
blockage occurred as the nanopore became too small to
accommodate a diffusing species. Given that the diameters of
Lz and BSA are smaller than the 7.5 nm nanopore “radius”, it
was not surprising that complete blockage for these proteins
was not observed. However, the diffusion rates for Lz and BSA
were reduced 3.6- and 18-fold, respectively, whereas a cutoff
was observed for the bulkier BHb. The use of the smaller
nanopores led to improved selectivity of 5.7 for Lz over BSA
and also suggested that a complete separation of a mixture of
BHb and BSA could be achieved.
Finally, silica colloidal crystals with a larger nanopore

“radius” (27 nm) were prepared and Dcol values for the model
proteins were measured (Table 3). Generally, transport rates
through the pores of increased diameter were comparable to
those observed for 19 nm “radius” pores. However, as
expected68 for these wide 27 nm pores, the rates of transport
were in the order of Lz > BHb ≈ BSA due to the Stokes radii
differences, and transport selectivity was not observed.

Table 3. Protein Diffusion Coefficients Dcol (cm
2/s) through Sintered Colloidal Crystals and Corresponding Selectivities

19 nm pore 7.5 nm pore 27 nm pore

protein
Stokes

correction
Dcol at pH 6,
cm2/s × 10−7

selectivity
relative to Lz

Dcol at pH 4,
cm2/s × 10−7

selectivity
relative to Lz

Dcol at pH 6,
cm2/s × 10−7

selectivity
relative to Lz

Dcol at pH 6,
cm2/s × 10−7

selectivity
relative to Lz

Lz 1.0 2.99 ± 0.10 2.82 ± 0.27 0.82 ± 0.19 2.3 ± 0.6
BHb 0.625 0.81 ± 0.07 2.3 0.83 ± 0.05 2.1 no diffusion 1.33 ± 0.2 1.1
BSA 0.556 1.43 ± 0.34 1.2 1.49 ± 0.20 1.1 0.08 ± 0.01 5.7 1.28 ± 0.1 1.0
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In an effort to further evaluate the separation capabilities of
sintered silica colloidal membranes, we performed two-species
diffusion experiments for 1:1 mixtures of Lz/BHb and BSA/
BHb. Membranes with 19 nm “radius” were able to enrich the
permeate with Lz compared to BHb by a factor of 4, somewhat
higher compared to that predicted based on the diffusion
coefficients. This maybe the result of the competitive diffusion
inside the nanopores. The permeate of the BSA/BHb mixture
was enriched with BSA by a factor of 1.5, slightly lower than
that predicted based on their respective diffusion coefficients.
Membranes with 7.5 nm “radius” were able to completely
separate the Lz/BHb and the BSA/BHb mixtures.
Protein Interactions with Nanopore Surface. Silica

possesses a negative surface charge due to the presence of the
silanol (Si−OH) groups.9 At pH 6, Lz and BHb are both
cationic according to their pI values (Table 1) with Lz bearing
at least +8 charge53 attributed to six lysine residues.70 On the
other hand, BSA is anionic at pH values beyond its pKa of
4.7.44

In order to evaluate the potential electrostatic effects for the
diffusion of the model proteins through silica colloidal
nanopores, we measured the diffusion rate at pH 4, where all
proteins are positively charged. We did not observe any
significant change in the diffusion rates under these conditions.
Furthermore, we increased the ionic strength of the solution by
using a 100 mM phosphate buffer, and also did not observe
any changes in the diffusion rates. This suggests that
electrostatics does not play a significant role in the diffusion
of the proteins across sintered colloidal crystals. This may be
due to the high temperature calcination and sintering processes
used. It is known that heat treatment of silica at temperatures
higher than 300 °C results in dehydroxylation of the existing
Si−OH groups and the formation of Si−O−Si groups
accompanied by the decrease in the surface negative charge,
with treatment above 1000 °C resulting in permanent and
almost complete removal of the silanol groups.71,72 The latter
should be accompanied by a further decrease in the surface
negative charge compared to that observed for the calcinated
silica spheres, which in turn should lead to weaker electrostatic
interactions of the model proteins inside the nanopores. In
order to evaluate the effect of high temperature, we measured
the zeta-potential of as-made silica spheres (−45.8 ± 3.5 mV)
and found that it was greatly reduced for the calcinated silica
spheres (−13.6 ± 2.7 mV). Although the zeta-potential of the
silica spheres after sintering cannot be measured, it is expected
to be further significantly reduced.
Protein Adsorption on Nanopore Surface. Molecular

transport in nanopores is strongly affected by the interactions
with the nanopore surface.73 Therefore, it is important to
access the extent of protein adsorption on the silica nanopore
walls. Protein interactions with silica surfaces have been widely
studied52,74,75 and it is well-known that at physiological pH
silica surfaces undergo nonspecific binding of proteins30,53 with
maximum adsorption at pH 5.76 However, such adsorption is
expected to be greatly affected by the high temperature
treatment of the silica surface during the sintering process,
which leads to the removal of the silanol groups (see above).
To address the possibility of nonspecific protein adsorption

onto the silica colloidal crystal nanopores as a factor in
transport selectivity, we measured the absorption of the model
proteins on calcinated silica nanospheres in solution. We used
UV−vis absorbance measurements of dissolved proteins in
supernatant aliquots prior to and after stirring with silica

spheres under buffer conditions matching those of the
diffusion experiments. The silica nanoparticles were removed
from the supernatant by centrifugation at speeds that were
suitably low so as not to cause sedimentation of the dissolved
proteins from solution.
We found that adsorption of all three proteins was rather

small for calcinated silica spheres. BHb appeared to adsorb in
greater quantities than BSA and Lz, which can be attributed to
its larger size than Lz (Table 4). This small extent of protein

adsorption is likely the result of the removal of silanol groups
by the high temperature treatment, which was indicated by the
zeta potential measurements (see above) and by the absence of
electrostatic effects on the diffusion. Therefore, the diffusion
rates measured in the above experiments are likely not affected
by protein adsorption and correspond exclusively to the effects
of nanopore size and tortuosity.

■ CONCLUSIONS
We studied protein diffusion across sintered silica colloidal
crystals with nanopores of various diameters. We demonstrated
that these colloidal crystals exhibit size selectivity when the
nanopores are sufficiently small (7.5 and 19 nm). Because
these nanopores are still larger than the diffusing proteins, the
observed size selectivity can be attributed to the tortuosity of
the colloidal nanopores. Larger (27 nm) pores led to higher
transport rates but at the cost of selectivity. In addition to the
size selectivity, we also demonstrated that 19 nm nanopores
possess the ability to discriminate biomolecules of comparable
molecular weights according to their shape. We also showed
that the high temperature sintering required for the
preparation of these colloidal crystals leads to reduced
interactions between the proteins and the nanopores surface,
which appear to play a minor role in the diffusion, with
transport selectivity resulting from size and shape effects.
Taken together, our observations suggest that sintered silica

colloidal crystals constitute promising nanoporous membranes
for protein separations, with easily controllable pore size, size
and shape selectivity, and minimal surface fouling. Their
selectivity in protein separation is comparable or exceeds that
reported for the polymeric and nanotube systems with
cylindrical pores of similar diameter, although their flux is
lower due to the tortuous pore path and greater thickness of
the colloidal membranes prepared in the present work.18,77,78

Sintered silica colloidal crystals are mechanically robust and
can be easily cut into desired shapes using a CO2 laser, but the
vertical deposition method of their preparation described in
the present work limits their size. Nevertheless, the prepared
membranes can be incorporated into microfluidic systems
(Figure 4), where they might find applications in analytical-
scale protein separations. Larger-scale separations would
require the development of methods to prepare sintered
colloidal crystals with larger areas. This work is underway in
our laboratory and will be reported elsewhere.

Table 4. Amount of Protein Adsorbed onto Silica Surfaces
(Initial Protein Concentration = 2.70 × 10−5 M)

protein mmol protein/g silica (×10−4) protein/nm2

Lz 5.5 ± 0.9 0.04 ± 0.01
BSA 3.0 ± 1.0 0.03 ± 0.01
BHb 10.0 ± 0.8 0.08 ± 0.01
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