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Abstract: The combination of nonsolvent-induced phase
separation and the self-assembly of block copolymers can
lead to asymmetric membranes with a thin highly ordered
isoporous skin layer. The effective pore size of such mem-
branes is usually larger than 15 nm. We reduced the pore size of
these membranes by electroless gold deposition. We demon-
strate that the pore sizes can be controlled precisely between 3
and 20 nm leading to a tunable sharp size discrimination in
filtration processes. Besides fractionation of nanoparticles and
biomaterials, controlled drug delivery is an attractive potential
application.

N ewly developed membrane separation processes offer
substantial economic, environmental (lower energy consump-
tion), and safety benefits in comparison to conventional resin-
based chromatography which is time-consuming.!"?! Micro/
nanofabricated membranes with various pore sizes, lengths,
morphologies, and densities have been synthesized from
diverse inorganic, organic, and composite materials.’”"!
Although a number of methods have been developed for
producing porous materials,®'% it still remains a great
challenge to produce porous membranes with an ordered
periodic structure, high porosity, and precisely controlled
pore sizes. Yang et al. developed a new drug delivery device
by thermally depositing gold on a spin-coated block copoly-
mer thin film.'"! Controlled release of protein drugs by single-
file diffusion (SFD) was successfully demonstrated by con-
trolling the pore size. However, scale-up might be a challenge
considering the fabrication process. Chun et al. reduced the
pore size of a track-etched polycarbonate membrane by
electroless gold deposition.'” The surface was further modi-
fied with self-assembled monolayers (SAMs) of functional-
ized thiols (HSC,,H,,COOH) to separate two similar-sized
proteins. Although they achieved a higher separation selec-
tivity, the complicated procedure and low pore density
(6 poresum~?) could limit the use of the membranes.

[¥] Dr. H.Z. Yu,"! Dr. X. Y. Qiu," Prof. K. V. Peinemann
Advanced Membranes and Porous Materials Center
4700 King Abdullah University of Science and Technology (KAUST)
Thuwal 23955-6900 (Kingdom of Saudi Arabia)
E-mail: klausviktor.peinemann@kaust.edu.sa
Prof. S. P. Nunes
Water Desalination and Reuse Center (KAUST)
Thuwal 23955-6900 (Kingdom of Saudi Arabia)
[1] These authors contributed equally to this work.

[**] The work was supported by the KAUST Seed-Fund Project
“Isoporous Membranes”.

@) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201404491.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Previously, our group has reported the preparation of an
integral asymmetric membrane through a very fast one-step
procedure by combining the self-assembly of an amphiphilic
block copolymer (PS-b-P4VP) and nonsolvent-induced phase
separation.®1 The structure comprises a top thin layer
exhibiting highly ordered cylindrical channels of uniform pore
size perpendicular to the surface at extremely high density
and a non-ordered sponge-like layer beneath. After further
modification this membrane has been reported for the first
time not only for size-based protein separation, but also for
separations of similarly sized proteins.!'”) Here, we report the
control of the pore size of self-assembled PS-b-P4VP block
copolymer membranes by an electroless gold deposition
method. The gold-coated membranes exhibit sharp cutoffs
that can be tuned between ca. 3.0 and 20.0 nm. We envision
that these membranes with tunable pore sizes will thus
possess attributes useful for applications in nanoparticle
separations and long-term controlled drug delivery.

Scheme 1 shows the electroless gold deposition process
for the fabrication of isoporous block copolymer membranes.
An integral asymmetric membrane from polystyrene-b-
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Scheme 1. The preparation of a block copolymer membrane with con-
trolled pore sizes through electroless gold deposition: A) gold decoration
on a single micelle and B) pore evolution of the membrane with gold
deposition.

poly(4-vinylpyridine) (PS-b-P4VP, 175000-b-65000 gmol™")
was fabricated using an innovative and simple method.!”® The
polymer-rich phase (PS blocks) forms the porous matrix,
whereas the polymer-poor phase (P4VP blocks) gives rise to
the pores (Scheme 1B). The lone electron pair on nitrogen of
P4VP acts as a strong ligand for coordination with metal ions
such as Au** (Scheme 1 A)."! The gold layer was deposited as
a result of a two-step redox reaction on the walls of the
nanopores. By controlling the concentration of HAuCl,-3H,O
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in the first step, we could precisely control the thickness of the
gold layer as well as the pore size of the membrane. Although
P4VP can coordinate with other metal ions, Au was chosen
because of its good biocompatibility and excellent adhesion to
the membrane."¥! In addition, the gold deposition reduced
protein fouling of the block copolymer membrane in the
present work. Figure 1 shows the scanning electron micros-

Figure 1. SEM images show the surfaces (A-C) and cross-sections (D-
F) of three typical membranes with different pore sizes after gold
deposition, performed by treatment with HAuCl,-3 H,O solutions of
different concentrations: A,D) 0.01 wt%, B,E) 0.1 wt%, C,F) 1.0 wt%.
The membranes in (C) and (F) were then immersed in a mixture of
HAuCl,-3H,0 (0.01 wt%) and NH,OH (4 mwm) to increase the thick-
ness of the gold layer. The corresponding effective pore sizes were
18.8 nm, 10.1 nm, and 3.0 nm, respectively. G) Discs showing concen-
tration-dependent gold coating; left to right: untreated membrane;
membranes treated with 0.01 wt%, 0.05 wt %, 0.1 wt%, and 1.0 wt%
HAuCl,-3 H,0. The ruler shown below the discs is marked in centi-
meters.

copy (SEM) images of the block copolymer membranes after
the first step of gold deposition. The plain membrane is
characterized by cylindrical isopores, which after immersion
in a solution of 0.01 wt % HAuCl,-3H,O have a diameter of
ca. 25.6 nm (measured from SEM images), as shown in
Figure 1 A,D. The pore size decreased to ca. 10 nm when the
concentration of HAuCl,-3 H,O was increased from 0.01 wt %
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to 0.1 wt% (Figure 1B,E). Figures 1C and 1F show mem-
branes first immersed in a solution of 1 wt% HAuCl,-3H,0O
followed by the second step to complete the electroless
plating.'>?!! In the second step, the membrane with the
precoated gold layer was immersed in a mixture of
HAuCl,-3H,0 (0.01 wt%) and NH,OH (4 mm) for 30 min.
The precoated gold layer serves as the nucleation site for
electroless metal deposition. The NH,OH addition causes
a rapid increase in the pH of the solution, resulting in the
preferential deposition onto the existing gold surfaces rather
than the nucleation of additional gold particles.”? An
indication of the decreasing pore size with the increase of
the HAuCl,-3 H,O concentration is given by the color change
shown in Figure 1G. Here, the area of an as-produced
membrane was more than 50 cm? which made it easy to
handle and use. The final membrane discs for testing had
a diameter of 2.2 cm.

The membrane water flux as a function of HAuCl,-3 H,O
concentration is shown in Figure 2 (blue curve). Due to the
high porosity (ca. 2.2 x 10" pores per square meter from SEM
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Figure 2. Water flux (blue curve) and effective pore diameter (red) of
the nanoporous membrane as a function of the concentration of
HAuCl,3 H,0, measured at 1.38 bar feed pressure.

image) and the thin top layer (ca. 100 nm), the water flux
through the membrane was more than 3000 Lm>h 'bar™’
without gold deposition, which was more than one order of
magnitude higher than the water fluxes of commercially
available membranes with comparable pore sizes. Under the
assumption that the main flow resistance was in the 100 nm
thick ordered top layer,"” the Hagen—Poiseuille law can be
applied to give an estimation of the effective pore size
corresponding to the measured water flux through the
membrane:

dv/dt = (nR*Ap)/(8nL)

in which R is the pore radius, AP is the pressure drop across
the membrane, # is the water viscosity (8.9x107*Pas™' at
25°C), and L is the length of the selective pores. The effective
pore diameter of the membrane was estimated to be
approximately 20 nm without gold deposition.
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The red curve in Figure 2 exhibits the effective pore
diameters estimated by the Hagen—Poiseuille equation.
Obviously, both the flux and the effective pore diameter
decreased when the concentration of HAuCl,-3H,O was
increased. The effective pore diameter after the second step
of gold deposition was estimated to be less than 3.5 nm (not
shown in Figure 2); this was subsequently confirmed by the
nanoparticle separation experiments. The water flux of the
membrane as well as the effective pore diameter became less
pH-responsive after gold deposition (Figure S1), which could
be advantageous for applications under different pH con-
ditions, requiring constant flux.

The performance of the membranes with different pore
sizes after the gold deposition was evaluated by filtering gold
nanoparticles with sizes ranging from 3.5 to 35 nm in diameter
(Figure S2). The membranes (diameter 2.2 cm) were tested in
a dead-end Amicon cell at a pressure of 1.38 bar, by starting
with a feed volume of 6 mL and collecting 3 mL of permeate.
Absorbance values in the feed and filtrate were measured to
determine concentrations, and these were normalized to
calculate sieving coefficients. Results show that each mem-
brane after gold deposition exhibited a sharp cutoff with
negligible transport of large particles and significant perme-
ation (40-90%) of the small particles (Figure 3A). The
cutoffs of the membranes match well with the estimated
effective pore diameters in Figure 2. Most notably, mem-
brane (d) with an effective pore diameter of ca. 5.5nm
(Figure 2) allowed more than 85% permeation of 3.5 nm
particles and blocked the larger 6.5 nm particles (Figure 3 A).
Membrane (e) after the second step of gold deposition
exhibited a cutoff smaller than 3.5 nm (Figure 3 A).

The uniform pores after gold deposition enabled the
separation of mixtures of nanoparticles with similar sizes. As
shown in Figure 3B, when a mixture of ca. 2.5-10 nm
nanoparticles is filtered, the system largely recovers the
light absorbance corresponding to smaller nanoparticles with
a peak shift from ca. 520 nm to ca. 510 nm. The inset in
Figure 3B indicates the color change of the feed solution,
which is a direct demonstration of the rejection of the larger
particles by membrane (e¢). As shown by the TEM images and
DLS results in Figure 3C, the feed solution contained gold
nanoparticles with a broad size distribution in the range of ca.
2.5-10 nm. However, the TEM image and DLS analysis of the
filtrate (Figure 3D) indicated that only small nanoparticles
(<3.0nm) could pass through membrane (e), which agrees
well with Figure 3A. We also switched from the simple
pressure cell to a cell with centrifuge-generated pressure.
Gold nanoparticles were filtered in the centrifuge tubes,
which were equipped with block copolymer membranes
(diameter 0.8 cm). Results showed that small particles were
forced through the membrane, leaving the larger ones in the
retentate at a centrifuge pressure of 14000 rpm without
mechanical failure (Figure 3E). This process could be com-
pleted in several seconds, enhancing the separation efficiency.

The pore size and pore size distribution of the membrane
was also estimated by Brunauer-Emmett-Teller (BET)
analysis. The BET result was calculated from N, adsorption
isotherms using the Barrett-Joyner—Halenda (BJH) method.
The narrow pore size distribution (Figure S3a) is consistent
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Figure 3. A) Filtration of gold nanoparticles with sizes of 3.5-35 nm.
Gold nanoparticles were filtered through five different membranes
after gold deposition with different concentrations of HAuCl,-3 H,0:
membrane (a) 0%, (b) 0.01 wt%, (c) 0.1 wt%, (d,e) 1.0 wt%; mem-
brane (e) was analogous to (d), but was submitted to the second step
of electroless deposition. The plot shows the ratio of concentrations in
the permeate (C) and feed solutions (C,) as a function of nanoparticle
size. Dashed lines are the apparent cutoffs of the membranes. B) UV/
Vis spectra of the feed solution containing a size distribution of ca.
2.5-10 nm gold particles, and the filtrate solution after separation by
membrane (e). C and D) TEM images of the feed and filtrate solutions,
respectively. Insets are the corresponding DLS results. E) Images of
the retentate and filtrate solutions from gold particle separations with
five different membranes (a—e) in the centrifuge tube.

with the sharp cutoff of the membrane and is much sharper
than that of a commercial PAN membrane with a similar pore
size (Figure S3b).

Considering that gold was deposited on the entire
membrane (Figure 1 and Figure S4) and the pores after gold
deposition are size-tunable and biocompatible, the mem-
branes could serve as a synthetic drug delivery system.
Controlled and long-term protein drug delivery has been
considered as one of the most promising biomedical applica-
tions of nanotechnology.™ A wide range of materials and
devices have been developed for the delivery of protein drugs
in a controlled manner within a therapeutic range.***!
However, controlled-release depot systems for protein drugs
lasting for longer than a week are still a challenge.!"! In the
present work, three isoporous membranes (diameter 2.2 cm)
with different pore diameters after gold deposition, i.e.,
12.6 nm, 10.1 nm, and 8.3 nm, were examined for the in vitro
delivery of bovine serum albumin (BSA) with a molecular
weight of 67 kDa and a hydrodynamic diameter of ca. 6.8 nm.
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Figure 4. A) In vitro release profile of BSA through the untreated
membrane (red squares) and the membranes after gold coating with
different concentrations of HAuCl,-3 H,O. B) The results of SDS-PAGE
analysis of in vitro released BSA over 30 days. Lane 1: 5 pL protein
molecular weight standards; Lane 2: blank; Lanes 3-12: 10 uL released
protein samples collected after 1, 4, 6, 10, 12, 15, 18, 22, 25, and

30 days, respectively; Lane 13: 10 L initial stock solution of BSA

(2 mgmL™).

An untreated membrane with an effective pore diameter of
ca. 20 nm was also examined for comparison.

Figure 4 A shows the invitro release profile of BSA
through these membranes over up to one month. A sharp
curve (red), i.e., a fast release within one day, was observed
using the untreated membrane, which is not ideal for long-
term drug delivery. However, the experiment showed that the
release rate is decreased and could be controlled by adjusting
the pore size through electroless gold deposition. A constant
release of BSA based on single-file diffusion (SFD),!"%-*7]
was observed during the first five days followed by a slight
decrease over the next 10 days (Figure 4 A). This is known to
be the most appropriate performance expected for a long-
term controlled delivery of protein drugs. After 10 days,
a slowdown in the release rate occurred, which resulted from
the decrease of the concentration difference between the two
chambers. The results are quite reasonable, because the SFD
of BSA is possible when the diameter of the membrane pores
is less than twice the hydrodynamic diameter of the protein
(ca. 13.6 nm). In this situation, two or more protein molecules

Angew. Chem. Int. Ed. 2014, 53, 10072-10076

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

cannot pass simultaneously through the pores. 1D SDS-
PAGE analysis was carried out to confirm that the released
protein drug is intact and no denaturation has occurred. The
BSA released even after 30 days was detected at the same
position with the molecular weight unchanged as shown in
Figure 4B, indicating that BSA remained its original active
structure after release.

The protein single-file diffusion described above was also
observed by Yang et al.l'!l They also tuned the pore size of
self-assembled block copolymer membranes by gold deposi-
tion. The main advance of our work is the simple membrane
preparation method and the drastically reduced manufactur-
ing time. We prepared our membrane by a phase-separation
process and could avoid spin-coating, long annealing, etching,
and tedious membrane transfer to a porous support. Yang
et al. applied thermal gold evaporation under high vacuum;
we used a simple electroless gold plating in solution. Our
shorter single-file diffusion time (30 days versus 60 days) is
just a consequence of a lower starting concentration of BSA.
Details are given in the Supporting Information (Figure S6).

In addition to reducing the pore size, the gold deposition
appeared to reduce protein fouling to the block copolymer
membrane. SEM images show a “clean” membrane before
exposure to the protein solution (Figure S5A) and another
membrane without gold deposition after the protein diffusion
experiment (Figure SSB) with a reduced effective pore size
due to fouling. Despite the extended contact time of the
membranes with the protein drugs at a high initial concen-
tration of 2 mgmL™', protein aggregation and membrane
fouling were not observed on the gold-coated membranes
(Figure S5C).

In summary, PS-b-P4AVP block copolymer membranes
with ordered nanopores and a high porosity were successfully
synthesized. The pore sizes were precisely controlled between
ca. 3 and 20 nm by electroless gold deposition. The membrane
manufacturing process described here is simple and can be
completed in less than one hour (no long-time annealing, no
etching, no transfer to a porous support, simple gold
deposition process). This manufacturing time is one to two
orders of magnitude shorter than previously published
processes. The sharp size discrimination, facile and scalable
fabrication process, and biocompatible characteristics of the
gold-coated block copolymer membranes suggest their poten-
tial uses in the purification of nanoparticles and biomaterials
as well as in drug delivery.
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