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Abstract

The development of hybrid organic—inorganic membranes with a low
propensity for protein adsorption and highly uniform nanometre size pores
is described. Poly(ethylene glycol) (PEG) monolayers were grafted to
nanoporous alumina membranes using covalent silane and physical
adsorption poly(ethyleneimine) (PEI) immobilization chemistries. X-ray
photoelectron spectroscopy (XPS) and electron microscopy were used to
investigate the chemical and physical surface properties of the membranes.
The adsorption behaviour of a serum albumin on the membranes was
characterized with fluorescence spectroscopy and it was determined that the
PEG coating reduced nonspecific protein adsorption to a level too small to
be measured. The gas and liquid permeabilities of membranes were
measured to determine if the surface chemistries changed the functional
behaviour of the membranes. Surprisingly, the silane chemistry produced
little change in the permeabilities while polymer adsorption resulted in a
total loss of water permeability. The diffusion of ovalbumin through the
membranes was also measured and compared with a theoretical value.
Diffusion of ovalbumin through the silane-PEG-modified membranes was
found to be 50% slower than the unmodified membranes, which suggests
that the pores are coated with a dense film of PEG. These results suggest that
hybrid organic—inorganic membranes can provide significantly improved
functional behaviour over existing organic or inorganic membranes.

Membrane filtration technologies are important for many
industrial activities. Due mostly to cost considerations,
polymeric membranes are by far the most extensively used
type of membranes [1, 2]. However, there has been growing
interest in inorganic nanoporous membranes due to their high
pore density, narrow pore distribution, and high mechanical
strength. Inorganic membranes have become widely used for
ultrafiltration and nanofiltration in biotechnology applications,
such as separation, bioreactors, tissue culture, and supports for

3 These two authors have contributed equally to this work.
4 Author to whom any correspondence should be addressed.

0957-4484/05/081335+06$30.00 © 2005 IOP Publishing Ltd  Printed in the UK

analytical devices [3, 4]. Among these inorganic membranes,
anodized alumina membranes have found wide acceptance
in the pharmaceutical, food, and electronics industries [5].
Alumina membranes made by anodic oxidation are reported
to contain parallel circular pores with a very tight pore size
distribution [6]. The pore diameter depends on the applied
voltage and can be varied between 20 and 200 nm. The
thickness of such membranes is a function of the anodization
time and varies between a few tens of nanometres and hundreds
of microns.

The transport properties of nanoporous membranes have
been intensively studied [S5, 7-10]. The well defined pore
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Figure 1. Chemical schemes used to form PEG monolayers on the
alumina membranes. (A) The PEI chemistry was a two-step process
in which poly(ethyleneimine) was first physically adsorbed on the
membrane surfaces. The alumina membranes (Anodisc®,
‘Whatman) were incubated with 5% (w/v) PEI (Polymin SNA,
BASEF, Rensselaer, NY) in 50 mM Na,CO; at pH = 8.2 for 2 h and
excess PEI was removed by rinsing with water (reactions were
performed at room temperature unless otherwise stated). The PEI
modified alumina surfaces were then reacted with 10 mg ml~!
methoxy-terminated PEG succinimidyl propionate (M-PEG,
Shearwater, Huntsville, AL) in 50 mM Na,CO; for 2 h at pH = 8.2
and 37 °C. The membranes were rinsed thoroughly and stored under
nitrogen until use. (B) The silane chemistry was based on the direct
bonding of w-methoxy-terminated PEG trimethoxysilane to the
alumina membrane surface. An anhydrous solution of silane-PEG
was prepared in toluene with 5 mM of triethylamine. The
membranes were refluxed with the silane-PEG solution in a nitrogen
atmosphere for 4 h and then refluxed for another 30 min with pure
toluene to remove unreacted silane.

size and structure of these membranes can allow us to apply
theoretical models to the transport behaviour of the membrane
to identify size-dependent scaling laws. The pore size and
surface charge of the membrane have been tuned in many
studies. A gold plating technique has been used to precisely
control the pore diameter, resulting in the separation of proteins
according to their size [11]. Modification of these gold
surfaces with charge groups has also been reported to lead to
separation of proteins of similar size with different isoelectric
points [12]. Modification of these membranes with a self-
assembled monolayer bearing carboxyl groups has resulted
in separation of bovine serum albumin (BSA) and bovine
haemoglobin [13].

The immobilization of hydrophilic polymer monolayers
on solids has proven to be an effective method of preventing
nonspecific protein adsorption and cell adhesion [14-17].
Among various molecules, PEG is widely used for providing
a biocompatible surface due to the hydrophilic and neutral
chemical structure of the polymer. PEG chains immobilized
on a surface have exhibited the ability to sterically exclude
other macromolecules and particles [18].  Experimental
and theoretical research suggests that the brush-like PEG
monolayers are optimal for preventing protein adsorption,
since they provide maximum entropic repulsion between
the proteins and surfaces [19].  The grafting of PEG
monolayer to alumina membrane surfaces has also been
recently studied [20].

In this paper, we describe two surface chemistries that
have been developed to graft PEG to the surface of nanoporous
alumina membranes and the functional behaviour of the
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Table 1. XPS determination of the relative atomic composition and
binding energy of specific elements on the unmodified,
PEI-modified, PEI-PEG-modified, and silane-PEG-modified
alumina membranes.

PEI-PEG- Silane-PEG-
Unmodified PEI-modified modified modified

Al2p 763eV  75.1eV 754eV 755eV
53.3% 16.0% 68%  92%
Si 2p 102.8 eV
1.2%
Cls: CC,CH 285.0eV  285.0eV  285.0eV 285.0eV
20.7% 39.6% 145%  16.3%
Cls: C-O  286.9eV 286.4eV 286.5¢eV
2.1% 423%  34.0%
N 1Is 397.9eV  400.1eV 397.7eV
13.4% 4.5% 1.2%
O ls- 5282eV 5288eV  528.7eV 527.9eV
23.9% 31.0% 10.0%  10.9%
01sC-0 530.1eV 529.6eV
219%  27.0%

resulting hybrid membranes. Figure 1 presents the two
chemical schemes. The poly(ethyleneimine) (PEI) chemistry
(figure 1(A)) is a two-step process in which the membranes
were first functionalized with high molecular weight PEI
providing primary amine groups. In the second step, PEG was
grafted to the PEI monolayer through covalent coupling. The
silane chemistry (figure 1(B)) is based on the reaction of a
w-methoxy-terminated PEG trimethoxysilane (Shearwater)
with the alumina surface forming a self-assembled monolayer.
The physical and chemical properties of the hybrid surfaces
were characterized with x-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM). The
functional behaviours of the membranes were determined
using protein adsorption and the transport properties of the
membranes.

XPS measurements were conducted using an imaging
x-photoelectron spectrometer (Axis ULTRA, Kratos, Chestnut
Ridge, NY) equipped with a charge neutralization system.
Data were collected using a monochromatized Al Ko source
(15 kV, 300 W) at a take-off angle of 60° with respect to
the surface. High resolution spectra were acquired using
a pass energy of 40 eV, producing an energy resolution of
0.2 eV. For charge neutralization, the low hybrid mode was
used with a 200 pum aperture size and 150 W x-ray power.
The operating pressure was approximately 10~ Torr. XPS
survey and high resolution spectra were collected on the active
surface of alumina membranes before and after each of the
reaction steps delineated in figure 1. Survey spectra of the
as-received alumina membrane revealed significant amounts
of aluminium, oxygen, and carbon, and trace amounts of
phosphorus and fluorine. The trace elements were removed
after the membranes were treated with a concentrated 1:4
H,0,:H,S0Oy solution, while the carbon could only be removed
by argon sputtering. Table 1 summarizes the binding energies
and relative amounts of the Al 2p, Si 2p, C 1s, N 1s, and O
1s peaks at each reaction step. Identification of specific peaks
was complicated by the fact that alumina is an insulator [21].
The C 1s peak measured at 285 eV is attributed to PEI
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Figure 2. SEM micrographs of the anodically oxidized mesoporous
alumina membranes received from Whatman with a nominal 20 nm
pore size. The pore size and densities are very different on the (A)
active and (B) supporting side. A cross section of a membrane (C)
indicates that the active layer is less than 100 nm thick.

and surface contamination while the peak at 286.5 eV is
attributed to PEG. The O 1s peaks measured at 528.5 and
530 eV are associated with the alumina membrane and PEG,
respectively. Three trends can be identified in table 1. First, the
aluminium signal decreases as the membrane is reacted with
PEI, silane-PEG, and PEI-PEG, but never drops below 6%.
This behaviour is consistent with previous measurements of
monolayer films of PEI-PEG and silane-PEG formed on silicon
dioxide surfaces [22]. Second, the amount of carbon and
oxygen associated with PEG on the PEI-PEG and silane-PEG
surfaces was indistinguishable. Third, there was a significant
amount of carbon and oxygen contamination on the unmodified
membranes even after cleaning. This is attributed to the
fabrication process of these commercial membranes.

The structure of the membranes was characterized with
field emission scanning electron microscopy (Hitachi S4700).
Figure 2 presents SEM micrographs of the active side
(figure 2(A)), supporting side (figure 2(B)), and cross-section
(figure 2(C)) of the commercial alumina membranes. To
minimize charging the membranes were coated with a 3 nm
thick Au:Pd (40:60) film using a Emiteck K275 sputter coater
at a deposition rate of 20 nm min~'. Figure 2(A) shows that
the pores on the ‘active surface’ are polygonal in shape with
a 26 nm average diameter. The pores on the ‘supporting side’
are circular with an average diameter of 204 nm. The cross-

Table 2. Summary of the structure of the nominal 20 nm size
mesoporous alumina membranes as measured by scanning electron
microscopy. The pore diameter (D) is determined from the area (A)

of the pore D = ,/*2 and the weighted average pore diameter is
m

determined from the distribution of pore sizes (Dy,) = ‘4/ %,
where D, is the pore diameter and N is the total number of pores.
Likewise, pore density and pore area fraction are calculated by
counting the number of pores and porous area, respectively, over a
series of images.

Weighted
Mean average
pore pore Pore Pore
diameter diameter  density area
Surface  (nm) (nm) (pores m~2)  fraction
Active 26 29 6.5x 10" 037
Support 207 223 1.0 x 10 0.37

sectional image clearly shows that the large pores transverse
most of the 60 um thickness of the alumina membranes while
the 26 nm pores span only approximately 100 nm of the
membrane. Table 2 summarizes the mean pore diameter,
weighted average pore diameter, pore density, and pore area
fraction of the membrane measured from the SEM images. The
weighted pore diameter and pore density have been calculated
in order to correlate the permeabilities of the membranes with
the local hydrodynamic conditions in the pores [3].

The anti-fouling behaviour of the membranes was char-
acterized through the adsorption of fluorescein isothiocyanate
(FITC) labelled bovine serum albumin (BSA) on the unmod-
ified, PEI-PEG-modified, and silane-PEG-modified alumina
membranes. The membranes were soaked in different con-
centrations of FITC-BSA in phosphate buffered saline solu-
tion (PBS) and rinsed with PBS to remove the loosely bound
protein. The fluorescence intensity of the wet membranes was
quantified using an epi-illumination fluorescence microscope
(TE300, Nikon) equipped with a cooled CCD camera (Photo-
metrics Coolsnap HQ, Roper Scientific, Tucson, AZ). Figure 3
shows the fluorescence intensity of the membranes at different
FITC-BSA concentrations. BSA adsorption on the unmodified
membranes was observed to increase proportionally with the
concentration of FITC-BSA up to approximately 1 mg ml~'.
Nonspecific adsorption appeared to reach saturation at higher
BSA concentrations. This form of adsorption isotherm is
consistent with the previous studies of BSA adsorption and
has been linked to the formation of monolayer films on both
hydrophilic and hydrophobic surfaces, although the total
amount of protein adsorbed on the surface has been found to
vary significantly [23].

The PEG-modified membranes clearly bind less protein
than the unmodified ones.  The fluorescence intensity
associated with BSA adsorption on PEG-modified membranes
was only 10-20% of that on unmodified membranes and
the PEI-PEG- and silane-PEG-modified membranes showed
similar adsorption profiles at the protein concentration up to
approximate 1 mg ml~'. The increased fluorescence intensity
observed on the silane-PEG membrane at 2.5 mg ml~! FITC-
BSA is attributed to the entrapment of the protein in the pores
of the membrane rather than a change in the protein—surface
interactions. These results demonstrate that the PEG films
are capable of suppressing non-specific protein adsorption to
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Figure 3. Nonspecific adsorptions on unmodified,
PEI-PEG-modified and silane-PEG-modified nanoporous alumina
membranes were measured with FITC-labelled BSA. Fluorescence
measurements were made at the centre of the membranes, and the
standard deviations were assigned based on three measurements.

the membrane surface, which is a striking result considering
that the commercial membranes used in this study had a high
level of residual carbon on their surfaces. These results imply
that these membranes can be used in the complex environments
typically found in the biotechnology applications with minimal
fouling effects.

The transport properties of liquid, gas, and protein through
the unmodified and PEG-modified membranes were studied to
determine whether surface modification chemistries influenced
the functional behaviour of the membranes. Gas and liquid
transport measurements were conducted using nitrogen and
water as described previously [3]. The nitrogen and water
permeabilities are summarized in table 3.  Theoretical
permeabilities calculated from the measured pore dimensions
and known physical properties of the fluids are also presented
in table 3 [3].

The transport behaviour of fluids in nanometre scale pores
is known to be highly dependent on the Knudsen number,
which is the ratio of the mean free path length of a molecule
to the diameter of the pore. Flow changes from slip flow
(0.001 < Kn < 0.1) to transition flow (0.1 < Kn < 10)
and finally to molecular flow (Kn > 10). For nitrogen flow
through 200 nm pores the Knudsen number is of the order
of unity, the Reynolds number is less than 1072, and the
Mach number is of the order of 1073. The flow conditions
in the 200 nm diameter pores fall in the transition flow regime.
Theoretical analysis of the nitrogen flow through the pores
was carried out with a transition regime model developed by
Beskok which models flows for multiple regimes [24]. This
model predicts that flow rate (Q) scales as

TRYAP

0= 7(1+oan)[1 +

8 uL

4Kn
1—bKn

where A P is the pressure drop, R is the radius of the pore, L
is the length of the pore, w is the viscosity of the fluid, Kn is
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Table 3. Nitrogen and water permeability for the PEG-modified
alumina membranes. The theoretical permeability of nitrogen was
calculated using the transition regime model. The theoretical
calculation for water permeability was based on the
Hagen—Poiseuille equation with modified boundary conditions [31].

Measured permeabilities
(mPa=!s™h Theoretical
permeability

Silane-PEG (m Pa~'s™!)

Medium Unmodified PEI-PEG

Nitrogen 1.98 x 107° 7.08 x 1078 2.03 x 107¢ 2.61 x 107°
Water  7.00 x 10™° 0 6.59 x 107° 4.82 x 10~

the Knudsen number, « is a function of Kn and « = 1 when
Kn =1, and b = —1. For water flow through a 200 nm pore
the Knudsen number is of the order of 1073, the Reynolds
number is less than 1073, and the Mach number is of the order
of 1073, The flow conditions fall into the continuum-laminar
flow regime, which allows flow to be analysed using the well
known Hagen—Poiseuille equation.

The measurements of the transport properties of the
unmodified and silane-PEG-modified membranes, shown
in table 3, are in reasonable agreement with the values
predicted using the approximate geometry of the membrane
and appropriate flow regime. The permeability of the silane-
PEG membranes was indistinguishable from the unmodified
membrane in nitrogen and was approximately 8% smaller
in water. However, the PEI-PEG modification appears to
significantly decrease the permeability of the membranes. That
is, a two order of magnitude decrease in nitrogen permeability
and total loss in permeability in water was observed even
at a pressure of 30 psi. This behaviour suggests that PEI
forms a dense film in the membrane pores that reduces the
flow of nitrogen and blocks water. The decrease in water
permeability through the silane-PEG membranes implies that
the PEG decreases the effective pore diameter or increases
the effective viscosity of the pore. The fact that the nitrogen
permeabilities of the unmodified and silane-PEG membranes
are indistinguishable leads us to believe that the silane
monolayer does not lead to a large decrease of the volume
of pore. However, in water the PEG layer will swell into a
monolayer that interacts with water. This suggests that water
transport in the pores takes place in two regimes. In the centre
of the pore water flows freely while water at the surface of the
pore experiences more resistance. This effect can be viewed
as a narrowing of the accessible pore diameter.

As a further means of characterizing the transport
properties of the membrane, the diffusion of ovalbumin across
unmodified and PEG modified membranes was measured using
a diaphragm diffusion cell. The membrane was sandwiched
between two half U-shaped cells, as described previously [25],
which will be referred to as the reservoir and sink. The
reservoir contained 50 ml of 100 wgml~' of ovalbumin
in PBS at pH 7.2. The low concentration of ovalbumin
used in the reservoir ensures that the molecules are in a
monomeric state [26]. Initially, the sink contained 50 ml
of PBS buffer. The sink was periodically sampled and the
ovalbumin concentration was determined using a micro-BCA
assay (Pierce Biotechnology, Rockford, IL). Figure 4 presents
the change in the ovalbumin concentration in the sink as aresult
of its diffusion through the membranes for the unmodified and
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Figure 4. The change of ovalbumin concentration with time in the
sink reservoir due to diffusion across an unmodified and a
silane-PEG-modified alumina membrane. Standard deviations on
the concentration were assigned based on three measurements.

silane-PEG-modified membranes. There was no detectable
diffusion of ovalbumin through the PEI-PEG membrane (data
not shown).

The diffusivity measurements and theoretical predicted
diffusivity are summarized in table 4. The theoretical value
was calculated on the basis of the mass balance on the
system and the hindered diffusion model [5, 27, 28], in which
ovalbumin was treated as a sphere with a 5 nm diameter [26].
This model accounts for the influence of the entrance partition
coefficient and hydrodynamic factors associated with the
confined diffusion of a spherical solute in a cylindrical pore.
Due to the well defined cylindrical shape of the pores, this
model can be applied to accurately analyse the ovalbumin
diffusivity inside the pores. The dominant resistance that
ovalbumin experiences in pores of this size arises from the
hydrodynamic interaction of the molecules with the wall of
the pore, which includes far field and near field interactions.
This model suggests that for the PEG modified membrane that
the decrease of the effective pore size will lead to an increase
of solute/pore size ratio, which will lead to an increase in the
hydrodynamic coupling of the solute with the wall and result
in a decrease in the diffusivity of the solute. Unlike water
molecules, the PEG layer is not permeable to the ovalbumin
because of its size. The pore narrowing effect is more obvious
for ovalbumin than for water. This is clearly borne out by
the experimental measurement of the diffusivity of ovalbumin
through the silane-PEG-modified membrane.

The mass transfer coefficient, which is defined as
diffusivity/pore length, was calculated for the supporting layer
and active layer, respectively. The mass transfer coefficient of
ovalbumin in the supporting layer is around 1.18 x 10~ cm s~
which is two orders of magnitude smaller than that in the
active layer. The thickness of the supporting layer counts for
the majority of the resistance that a molecule experienced in
transport through the membrane.

The distinguishing feature of the diffusion of the
ovalbumin through the silane-PEG-modified membranes is

Table 4. Ovalbumin diffusivity for unmodified and PEG-modified
alumina membranes (x 107 cm? s™!). The theoretical value was
calculated based on unmodified membrane using the hindered
diffusion model.

Theoretical
value Unmodified Silane-PEG
7.07 9.00£1.69 4.47+0.33

that the protein flux is significantly lower than that of an
unmodified membrane. This observation appears to differ
from a previous report which suggests that PEG-modified
membranes can suppress fouling, and therefore that high levels
of protein transport can be maintained over a longer period of
time than the unmodified membrane [11]. We attribute the
apparent difference in the performance of the membranes in
this study to the fact that the previous study compared PEG-
coated membranes with gold-coated membranes. It is highly
likely that gold-coated membranes are much more susceptible
to fouling than alumina oxide due to the significantly higher
Hamaker constant of gold, i.e., the non-retarded Hamaker
constants of gold and alumina in water have been reported to be
3.2x 107" and 3.7 x 10720 J, respectively [29, 30]. It should
also be noted that the support layer in this study is responsible
for most of the diffusivity resistance in the membranes used in
this study and has a pore diameter in excess of 200 nm. Fouling
affects these large pores much less significantly than the small
pores used by Yu er al [11].

This study has demonstrated the effect of PEG
modification on the gas, liquid and protein transport properties
of nanoporous alumina membranes. Both chemistries produce
dense PEG monolayer on the membrane surface. The PEG-
modified membranes adsorb significantly less protein than the
unmodified membranes. The silane-PEG coating results in the
small reduction in permeability of nitrogen and water, while
the PEI-PEG appears to block the pores. The silane-PEG
modification does appear to coat the inside of the pores and
add resistance to water and ovalbumin transport through the
membranes. The silane-PEG modification of the membrane
results in a 50% decrease in ovalbumin diffusivity compared
with the unmodified ones. The decrease in protein flux is
attributed to a decrease in the accessible diameter of the pores.
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