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Abstract

This review focuses on current developments in the field of nanostructured bulk polymers and
their application in bioengineering and therapeutic sciences. In contrast to well-established
nanoscale materials, such as nanoparticles and nanofibers, bulk nanostructured polymers combine
nanoscale structure in a macroscopic construct, which enables unique application of these
materials. Contemporary fabrication and processing techniques capable of producing nanoporous
polymer films are reviewed. Focus is placed on techniques capable of sub-100 nm features since
this range approaches the size scale of biological components, such as proteins and viruses. The
attributes of these techniques are compared, with an emphasis on the characteristic advantages and
limitations of each method. Finally, application of these materials to biofiltration,
immunoisolation, and drug delivery are reviewed.

1. Introduction

In the past several decades, nanoscale materials have received substantial interest due to the
distinct properties that can be achieved, and a broad range of applications have emerged as a
result.! Among these, the field of bioengineering and therapeutic sciences has seen great
advances in the development and application of nanostructured materials to medicine. With
advent of National Institutes of Health (NIH) nanotechnology programs, such as the NIH
Nano Task Force,? the burgeoning field of nanobiotechnology has received considerable
attention in recent years. Much of the interest in nanostructured materials is due to their
properties at the nanoscale — specifically their interactions with biological molecules and the
structures within living cells.3-10 Furthermore, the wide range of materials and potential
applications makes this field one that is full of opportunities. Among these materials,
nanoparticles and nanofibers have received significant attention, while nanostructured bulk
and thin films have received comparably less attention. To date, the majority of investigated
bulk nanostructured materials have been inorganic, which has limited the range of possible
chemical and mechanical properties. Regardless, nanostructured inorganics have exhibited
compelling attributes, such as improved immunogenicity compared with equivalent
materials that lack structure.3 4 Furthermore, nanostructured inorganics have been employed
for immunoisolation!!: 12 and controlled release applications,13-15 opening novel
therapeutics avenues.

Naturally, the successes of inorganic materials have prompted advances in the development
of analogous polymeric films. Chemical synthesis has allowed an extensive range of
chemical functionality and mechanical properties for polymeric materials, providing a
means to cater polymers to their intended application. Relative to the wide range of existing
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porous polymers,16-18 nanoporous membranes have unique properties that can be exploited
advantageously in biomedical sciences. For instance, nanoscale porosity enables biofiltration
as the size of many important filtrates is less than 10 nm. Similarly, immunoisolation
membranes employ size exclusion to reject proteins (a few nm) while maintaining transport
of small molecule nutrients and waste (nm or less) to and from isolated cells. Controlled
drug delivery can benefit likewise, where nanoporous membranes can control release when
therapeutic and pore size are comparable. In all these examples, nanostructure in a polymer
film facilitates a therapeutic application. While the advent of nanostructured bulk polymers
in biomedical engineering has been slow, an increasing number of methods have been
developed in recent years to fabricate and apply nanostructured polymers.

In this review, an overview of contemporary fabrication of nanostructured polymers is
presented, with a focus on bioengineering applications, such as biofiltration,
immunoisolation, and drug delivery. Because significant attention has been paid to the
development and characterization of nanoparticles and nanofiber materials elsewhere,19-23
the scope of this review focuses on bulk and thin film polymers with nanostructured
features.

2. Fabrication Techniques

A prime advantage associated with polymeric materials is the wide range of properties and
fabrication techniques available. Advances in polymer synthesis and novel processing
techniques have led to a variety of nanoporous polymers. Table 1 summarizes existing
fabrication techniques that produce nanoporous polymers along with their characteristic pore
size and density, film thickness, and structural uniformity. Among these techniques are
lithography, pattern-transfer, track etching, solvent-based formation, layer-by-layer growth,
block copolymer self-assembly, and various biologically-derived materials: lithographic and
pattern-transfer approaches utilize pre-defined patterns that are transfer into a polymer film;
polymers radiated with high energy particles can form nanoporous membranes with the
track etch technique; various solvent-based procedures take advantage of natural formation
of nanostructured polymers induced via precipitation; layer-by-layer assembly forms layered
structures of polyelectrolytes that can become nanoporous with an appropriate treatment
sequence; self-assembly of block copolymers employ a combination of polymer design and
processing to allow formation of nanostructures (often dense and highly ordered); finally, a
range of biologically-derived structures can form nanostructures, including widely available
biomaterials such as cellulose, naturally forming structures like bacterial-derived crystalline
cellular layers (S-layers), or synthetically engineered polypeptides. In the following sections,
each of these fabrication techniques is reviewed.

2.1. Lithographic Techniques

From its inception, the field of nanotechnology has been largely driven by semiconductor
processing, which primarily utilizes photolithographic techniques to generate complex
structures.24 While patterning robust nanoscale devices with inorganic materials is well
established, polymers are less frequently used as active materials, despite their central role in
the patterning process. Limited use is primarily due to high process temperatures or
exposure to harsh chemicals during conventional semiconductor processing; modified
techniques and improved materials have recently been developed to pattern arbitrary
polymers using photolithography, but these have not yet been demonstrated at the
nanoscale.25: 26 The primary advantage of lithographic techniques is the ability to produce
user-defined patterns. While a variety of lithographic, printing, and machining techniques
are capable of patterning polymeric materials,2” these are often non-ideal for producing
regular high-density features in polymers compared to existing alternatives.
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Optical lithography is the most widely used lithographic technique. In this approach, a thin
coating of photoresist is deposited on a host substrate, typically by spin casting. When the
photoresist is exposed to light through a shadow mask, the mask pattern is transferred to the
resist (Figure 1). Depending on the type of photoresist, exposed (positive-tone resist; Figure
1D) or unexposed (negative-tone resist; Figure 1E) regions may be removed to produce a
patterned polymer layer. Many popular photoresists are two-component mixtures consisting
of a photo sensitizer and a matrix resin. A common two-component positive-tone photoresist
is a mixture of diazoquinone ester and phenolic novolak resin (often referred to as DQN),
which becomes base-soluble upon exposure to UV light. A common two-component
negative-tone photoresist is a mixture of bis(aryl)azide and cyclized poly(cis-isoprene),
which becomes crosslinked upon exposure to UV light. Recent advances have resulted in
chemically amplified resists, where resolutions on the order of 200 nm can be obtained for
production-quality photolithography using deep ultraviolet light.2* An in depth review of
photolithography is beyond the scope of this review and can be found elsewhere.24 Direct
use of lithographic techniques requires a photocrosslinkable or photodegradable polymer,
which restricts potential materials selection. While biologically-relevant materials
compatible with these techniques are available,28-30 simpler, higher-throughput alternatives
typically make lithography disadvantageous for generating nanoporous materials.

Similarly, electron-beam lithography (EBL) and ion-beam lithography (IBL) utilize
electrons and charged particles, respectively, to pattern polymeric materials. By scanning an
electron- or ion-beam across a target polymer, it is possible to generate spatially defined
patterns, where typically exposed material can be removed as with a positive-tone
photoresist. The most common charged particle beam resist is poly(methylmethacrylate)
(PMMA), where incident charge particles result in chain scission within the polymer and
render it soluble. For EBL, patterns with critical dimensions of 10 nm or less can be
obtained with commercial EBL systems.31: 32 Due to charged-particle scattering within the
resist polymer, ultimate pattern resolution and thickness are intimately coupled: it is difficult
to pattern features considerably smaller than the resist thickness. Because patterns must be
scanned spatially, a major limitation of EBL/IBL techniques is throughput for this serial
process. Alternatively, aperture-array lithography combines the parallel nature of optical
lithography with the serial nature of EBL/IBL by utilizing an array of focusing apertures that
replicates the scanned pattern. With a sufficiently high number of apertures, patterns can be
produced over large areas with increased throughput, which has resulted in regular features
patterned with He* ions down to 200 nm.33 Further information regarding charged particle
beam lithography can be found elsewhere.24

In addition to user-defined geometries, self-assembling materials can be utilized as
lithographic masks. For instance, colloidal silica has been used to fabricate nanoporous
membranes.34 3% Colloidal silica used as a sputter mask can produce relatively thick films
(500 nm) with 200 nm pores3* or used as a mask for optical crosslinking can produce
smaller pores (55 nm) in considerably thinner films (40 nm).3% In these examples, pore
density is largely determined by particle size, which allows for densities of 10° cm~2 and
5x10% cm~2, respectively. Self-assembled lithography masks benefit from simplified pattern
generation, but they lack the ability to generate user-defined structures, a normal advantage
of lithography.

2.2. Pattern Transfer

A closely related process is template fabrication, where a template structure is directly
transferred into a polymer film (Figure 2). Templating is a process that has been applied to a
variety of applications and has been used to fabricate nanostructured materials over the past
several decades.36: 37 While templating has predominantly features inorganic materials, a
few recent examples have fabricated nanostructured polymers using templates, such as

Soft Matter. Author manuscript; available in PMC 2011 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bernards and Desai

Page 4

nanostructured poly(caprolactone) (PCL) rods from anodize alumina membranes,38-40
Applying similar processing techniques, zinc oxide nanorod templates have been used to
fabricate nanoporous (PCL) thin films.#1 This approach effectively transferred
nanostructured zinc oxide rods and generated 20-30 nm pores in PCL with modest pore
densities (5x10% cm™~2), as shown in Figure 2B. Because this approach does not rely on the
properties of the polymer to generate nanostructures, this approach is widely applicable to
many biologically-relevant and biodegradable polymers. In general, the primary constraint
for possible patterns is the quality and structure of the template material.

Nanopores can also be fabricated in polymers utilizing imprint techniques, where a master
pattern is physically transferred to a polymer target. Typically, an external pressure is
applied to a polymer above its glass transition temperature and a rigid master such that the
master pattern is transferred to the polymer. For instance, imprinting a silicon master onto a
PMMA film produced regular porous structures with this approach. The resultant PMMA
film had 25 nm pores and pore densities as high as 7x10° cm~2.42 Similarly, tri-block
copolymers have been used as an imprint mold and generated a nanoporous poly(styrene)
(PS) layer with 25-30 nm pores with greater densities (5x1010 cm™2) than EBL molds.*3
While transfer to PS was effective, existing block copolymer techniques (see Section 2.6)
can achieve similar structures in PS with less complexity, so this approach will need to be
utilized with a wider range of polymers to demonstrate expansive applicability.

2.3. Track Etch

Track etch processing takes advantage of natural damage that occurs when high energy
particles bombard a surface. Porous structures can be generated by etching the linear paths
of travel associated with incident particles within the polymer film (Figure 3). Initially this
approach was utilized for simple particle detectors®* but was later adapted to reproducibly
fabricate membranes with highly uniform pore size (down to 15 nm) and low defect
density.# 46 Since each pore is the result of a spatially-random incident particle,
agglomeration of pores limits maximum pore density in order to maintain a low dispersion
in pore size. This results in an upper limit for pore density on the order of 108 cm™=2.47 While
this approach is useful for commercial membrane fabrication (prominent examples include
poly(carbonate) and poly(ethylene terephthalate)), it is infrequently used to generate
membranes from arbitrary materials. In depth review of track etch methods is beyond the
scope of this review and are covered in depth elsewhere.*8

2.4. Solvent-based Techniques

In contrast to lithographic and pattern-transfer techniques that produce features defined by a
predetermined pattern or template, other methods can be used to produce porous structures
intrinsic to the materials and/or processing techniques. The most prevalent of these are
solvent-based precipitation techniques, which exploits solubility variations of a target
polymer depending on concentration, solvent, or process conditions. When initially
dissolved in a good solvent, nanostructures can be induced from a polymer solution by
solvent evaporation, cooling, or exposure to non-solvents (often water).18 This has produced
porosity in a variety of polymers, including commercial examples,*®-51 and can generate
sub-100 nm pores.>2: 53 For instance, PCL dissolved in a mixture of dioxane and 2-
methoxyethanol can generate a nanostructured film when cast and subsequently submerged
in water.53 Control of pore size and distribution is highly variable with this technique, but
the ease and simplicity of this approach make it an attractive option. Along similar lines,
supercritical carbon dioxide can be used to form nanostructured films in a process often
referred to as carbon dioxide foaming. For this a polymer film is saturated with carbon
dioxide, and upon quick release of pressure, porous structures are generated. Recent
examples have achieved pore size as low as 8 nm with relatively high pore densities (~101°
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cm™2) and thick films (2-50 um).>* 55 This process is compatible with a variety of polymers
but generally produces irregular structures.>4-57 In addition, solvent-based techniques are
not limited to post-synthesis polymers: direct polymerization can also generate nanoporous
structures. With an appropriate mixture of monomer, initiator, and solvent, exposure to
ultraviolet light can induce polymerization and fix a nanoporous structure. For example, 20—
40 nm pores were produced, but flexibility in material selection, pore size, density, and
uniformity is severely limited and must be investigated on a case-by-case basis.>8

2.5. Layer-by-Layer

Layer-by-layer (LbL) assembly forms layered structures of polyelectrolytes by the
sequential deposition of cationic and anionic polymers, which takes advantage of attractive
and repulsive electrostatic forces.>® During each deposition step, ionic polymers in solutions
are electrostatically attracted to oppositely charged polymers on the deposition surface,
which results in deposition of a monolayer (Figure 4A). A common polylelectrolyte
combination is poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA), which
act as a polycation and polyanion, respectively. Because only either PAH or PAA is
deposited during each growth step, deposition beyond a monolayer is prevented by
electrostatic repulsion of the like-charge present on the surface. This allows deposition of an
arbitrary number of layers with excellent control over film thickness; however, because this
is a serial process, increased film thickness requires increased deposition time. An attractive
consequence of LbL assembly is the resultant film conformity, which assembles coatings of
consistent thickness and composition regardless of an object’s geometry. Some level of
intermixing between layers is expected with most LbL films, but this is not a significant
concern for the majority of applications. The primary limitation of this approach is available
materials, which require a combination of polyelectrolytes: commercially available options
are limited, so custom polymer synthesis is often favored in order to cater LbL materials to
specific applications. LbL techniques have been reviewed extensively elsewhere%-61 and
have been deployed in a variety of therapeutic applications.62-65

Porous LbL films have emerged in recent years as an interesting adaptation of this approach.
Initial examples obtained pore sizes in the range of 50-200 nm for a two component system
that was exposed to a conditioning solution (Figure 4B).56 Rearrangement of the polymer
constituents generated a porous structure, and the porous structure was stabilized with a heat
treatment that crosslinked the polymer. To date, the smallest pore size demonstrated with
this approach is 30-40 nm, which is shown in Figure 4E.57 Exposure to ultraviolet light has
been used to photopattern such nanoporous films, providing versatility in future fabrication
schemes.® It is also possible to obtain asymmetric membranes through post-deposition
treatments (frequently involving exposure to aqueous solution of a particular pH), which
have produced relatively thick films (~10 pm) with moderate pore size (100 nm).89 As an
alternative to solution assembly, spin casting a LbL solution has been used to generate
porous structures by polymer dewetting at the coating surface.”® With an increasing number
of layers, the pore size decreased for this approach such that the porous structure became
substantially less prevalent. Pore size down to 40 nm were observed with transition electron
microscopy, and smaller pores may be possible, but artifacts associated with atomic force
microscopy (the primary characterization technique utilized) make accurate determination of
pore size difficult at this size scale.

In addition to LbL films that naturally form porous structures, porosity can also be obtained
through a selectively removable component. For instance, incorporation of a hydrogen-
bonded polymer, such as poly(4-vinylpyridine), during the polycation deposition allowed
selective removal of the non-ionically-bound constituent without disrupting the bulk LbL
film (Figure 4C).”1 This resulted in pores ranging from 10-50 nm but was only
demonstrated with thin films (25 nm). In addition, silica nanoparticles can be used similarly
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as a removable component. Silica particles 25 nm and greater were incorporated into LbL
films and subsequently dissolved with hydrofluoric acid to generated a porous structure
(Figure 4D). Pores down to 20-30 nm were produced and pore size closely mimicked the
particle sizes utilized.”2

One drawback cited for LbL films is the lack of biocompatible materials. To improve upon
this, peptide-based polymers have been developed for and deployed in LbL films, which
were combinations of cysteine, glycine, glutamic acid, lysine, tyrosine, and valine
subunits.” Depending on the specific polypeptides utilized, nanotopography with surface
roughness ranging from 4-20 nm was obtained. While small molecule release is observed
from these films, it is difficult to establish whether this was the result of solid-state diffusion
or an inherently porous structure.

2.6. Block Copolymers

Block copolymer (BCP) techniques take advantage of phase separation in polymers with
two or more distinct chemical blocks. A wide range of structures have been

demonstrated’4 7> and depend highly on the chemical functionality and block lengths. A
common route to generate porous structures is through cross-linking and subsequent solvent
removal of a soluble block (Figure 5A,C). The most prominent BCP is poly(styrene)-block-
poly(methylmethacrylte) (PS-b-PMMA), where cylindrical domains of PMMA form with
hexagonal symmetry with a PS matrix; when exposed to UV ozone treatment, the PS phase
is crosslinked and the PMMA domain can be selectively removed. Self-assembly of these
materials often generate patterns with high two-dimensional symmetry, where hexagonal
patterns are the most prevalent (as shown in Figure 5C). Patterns of high symmetry typically
require a layer to orient domains perpendicular to the substrate and is frequently a random
copolymer of the constituent blocks. With simple combinations of hydrophilic and
hydrophobic blocks, pores on the order of 15-30 nm can be achieved.”6-"8 Because of the
high degree of symmetry and small pore size, it is common to observe pore densities of 1011
cm~2 or greater. Depending on the conditions employed, possible film thickness spans a
wide range from tens of nanometers to hundreds of microns. Both processing conditions and
the specific BCP combinations synthesized have an impact on porous structures. Other
sources have extensively reviewed BCP techniques, theory, and practice, and further details
can be found elsewhere 18 74. 79

Given the attractive properties of these materials, many techniques have been developed to
influence BCP structure formation. The conventional approach to induce pores is through
solvent dissolution, but it is also possible to do so with ozone treatment, which selectively
degrades the center of hydrophilic regions. In particular, much smaller pores have been
demonstrated (down to 3 nm): although the hydrophilic block remains sensitive to solvent
removal (in acetic acid for instance), where approximately 25 nm pores would result (Figure
5A-iv). 8081 Another approach to achieve similar porosity is the use of graft copolymers
(where one extended block has many smaller blocks pendant from the main block). This is
capable of very small pores (~2 nm),82 but it is unclear what film thickness can be achieved
with this type of polymer. For thinner films, the structural integrity of copolymer
membranes can be improved by mounting nanoporous films on thicker macroporous
supports, which has allowed their use in filtration.”’ In addition, uniform BCP films can also
be obtained with relatively thick films,”8: 78 put fabrication of BCP monoliths depends on
the specific copolymer of interest. Furthermore, with the appropriate casting conditions, it is
also possible to obtain asymmetric membranes that are composed of a thin nanoporous
region and a thicker region with coarser pores.83: 84

As a means to lower defect densities and improve alignment with underlying substrates,
electric field and surface patterning have been used. With electric-field alignment, it is
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possible to obtain micron thick films with nanoscale pores oriented perpendicular to the
substrate.85 By patterning the underlying substrate using e-beam lithography, it is possible to
guide self-assembly.86 Such guided assembly utilized lower density surface patterns, which
improved defect density and pore uniformity when compared with conventional BCP self-
assembly.

In general, the largest drawback of BCP approaches is the need for two dissimilar blocks in
order for self-assembly to occur. This restricts polymer selection and consequently the
resulting porous polymer. For instance, the hydrophobic block is typically crosslinked and
the hydrophilic block removed, so most porous films are characteristically hydrophobic,
which limits the versatility of this approach. Alternatively, an approach to alter BCP surface
chemistry is with triblock copolymers. While typical pore formation removes the
hydrophilic block, in the case of triblock copolymers, it is possible to remove one block and
leave a hydrophilic and a hydrophaobic segment (Figure 5B). When designed correctly, this
places a hydrophilic segment at the surface, and the subsequent porous structure has
hydrophilic surface properties.8”

2.7. Biologically-Derived Materials

Many important biological functionalities operate at the nanoscale, so it is sensible to
consider biology in the development of nanoscale structures. Cellulose membranes are one
of the most prolific and well established biologically-derived nanoscale materials used in
medicine today. These membranes are the corner stone of biofiltration, particularly dialysis
treatments, and represent a >$1 billion market.1”- 18 Interest in cellulose was originally due
to its natural abundance along with low solubility in water and many common organic
solvents. Derivative forms of cellulose, such as cellulose nitrate and cellulose acetate,
allowed the use of solvent casting as a preparation technique (see section 2.4).88 These
membranes are often used in the derivative form, but conversion back to the
unfunctionalized cellulose chemical structure (termed regenerated cellulose) restores its
chemical robustness. Commercial examples of cellulose-based membranes are abundant and
available in a wide range of pore sizes and molecular weight cut-offs (including MW cut-
offs down to 1 kDa).%1: 8 Given its lengthy history, cellulose-based membranes have
previously been covered in other resources.88: 90

In addition to cellulose-based membranes, nanostructures can also be found in the outermost
cell envelope of certain bacteria. In some cases, this can form crystalline surface layers
(termed S-layers), which form a variety of two-dimensional symmetries including oblique
(p2), square (p4), and hexagonal (p6).91 When deposited on supporting structures, S-layers
can form highly uniform pores that range from 2—-8 nm, with a pore-to-pore spacing from 3
to 35 nm depending on the particular bacterial strain.?2 Furthermore, surface modifications
can be performed to influence protein interactions with these biologically-derived
membranes, which are particularly useful for filtration (see Section 3.1).92 93 In-depth detail
regarding Slayers can be found elsewhere,?4-% and examples of relevant prokaryotes are
presented in the supplementary materials.

Finally, engineered polypeptides provide a synthetic route whereby biologically-relevant
materials can be generated. For example, synthetic polypeptides (primarily consisting of
glycine, L-glutamic acid, L-valine, and proline subunits) were able to produce elastomeric
films with a pore size of approximately 70 nm, and these films are expected to exhibit
improved biocompatibility.9? In addition, peptide-based polymers have been used with LbL
techniques (see section 2.5).73 Finer nanostructures were shown for polypeptides deposited
with LbL, yet it is unclear whether the demonstrated nanotopography constitutes a
nanoporous film.
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3. Applications of Nanoporous Polymers

While a variety of applications in bioengineering and therapeutic sciences utilize porous
membranes, 10 16-18 hanoporous membranes have unique advantages that can be exploited
in biomedical sciences. In particular, a wide range of fabrication techniques and versatility
in chemical and mechanical properties make nanostructured polymers attractive for a variety
of applications. In the area of biofiltration and immunoisolation, nanoporous membranes are
valuable given the membrane’s pore size relative to the size of potential filtrates. For
membranes with high uniformity, nanopores act as an effective means to prevent passage of
larger molecules and allow passage of small molecules: in addition to filtration, this can be
used to isolate implanted cells from the immune system while allowing passage of nutrients
and waste. Similarly, size selectivity can be utilized in drug delivery, where nanoscale pores
can control diffusive release of potential therapeutics when pore and therapeutic size are
comparable. In this section, applications of nanoporous polymers, including biofiltration,
immunoisolation, and drug delivery, are considered.

3.1 Biofiltration and Immunoisolation

Membranes have historically been the foundation of filtration processes, and the
development of nanoporous membranes has resulted in enhanced performance and broader
applicability. In particular, dialysis has benefited substantially from improved membranes
for this vital procedure. Led by cellulose-based membranes®® and various solvent-cast
synthetic membranes,%8-101 a wide range of size- or MW-based restrictions are currently
available. Table 2 summarizes contemporary nanoporous membranes that have been
developed for biofiltration and immunoisolation, including rejection/passage properties and
relevant size cutoffs. However, the focus of this review is nanoporous membranes and
consideration of all membranes utilized for biofiltration and immunoisolation is beyond the
scope of this review and excellent auxillary resources can be found elsewhere,16-18

Commercial examples of filtration membranes are plentiful and provide a wide range of size
selectivity and chemical compatibility. Both track etch and cellulose-based membranes are
well known examples that can be found in a wide range of pore sizes (15 nm to 12 um) and
MW-cut-offs (1-50 kDa).46: 51. 89, 102,103 gynthetic nanostructured membranes are also
available, where membrane resistance to solvent exposure is often a primary advantage. One
basic test of filtration performance is the passage of nanoparticles. For poly(ether sulfone)
membranes fabricated using nanosphere lithography, rejection of large (300 nm) silica
particles and passage of smaller (60 nm) silica particles has been demonstrated.3* While
biological applications are limited at this size scale, smaller colloids have been demonstrated
with this approach,3® which may improve the performance of this processing scheme.

More biologically relevant is the filtration of proteins. To date, S-layers have received the
most extensive investigation of their filtration properties. Analytes investigated included
ferritin, bovine serum albumin (BSA), ovalbumin, and the enzyme carbonic

anhydrase.%2 93. 104 v/arious rejection capabilities were demonstrated depending on the
origin of the S-layer and the characteristic pore size. Overall, larger proteins (ferritin and
BSA\) consistently exhibited good rejection due to their size relative to the pore size. In
addition, chemical functionalization has been used as an avenue to control permeability and
has been shown to influence passage of various species.%2: 93

Copolymer membranes have also been used in a variety of applications to selectively filter
small molecules,82 biomolecules,8 and viruses.”” PS-b-PMMA BCP membranes with 15
nm pores were effective at preventing the passage of human rhinovirus (with approximate
size of 30 nm), which is excepted based on pore size and high degree of uniformity of these
BCP membranes.”” Similarly, thick BCP membranes were capable of rejecting albumin,
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indicating a cut-off size on the order of ~7 nm;83 based on their structure, passage of small
molecules is expected to be efficient, making these membranes candidates for
immunoisolation. The effectiveness of graft copolymers for filtration of charged small
molecules has also been investigated. These materials were shown to differentially filter
positive molecules Alican Blue and Rhodamine B and negative molecules Brilliant Blue and
Congo Red, indicating these membranes may be valuable for fine-scale molecular
separations.82

In contrast to polymer membranes used for filtration, membranes targeted to
immunoisolation are comparatively rare, and most isolation examples have focused on
inorganic membranes or capsules;2: 105 however, PCL has been used as a immunoisolation
membrane for mouse embryonic stem cells.33 This work demonstrated that cellular viability
was unaffected by the addition of immunoglobulin G (IgG), indicating that IgG was
prevented from transversing the nanoporous membrane, while nutrient availability was not
significantly affected.

3.2 Drug Delivery

Recent advances in drug delivery have resulted in improved control over dose and localized
release, which has improved treatment outcomes and led to innovative therapies.106. 107
Nanoscale materials have been consistent contributors to emergent delivery strategies and
continue to have significant impacts.1%8 Various technologies have utilized membranes for
drug delivery,17- 27 but typically these membranes are not nanoporous in nature. Many
nanoscale drug delivery devices utilize nanoscale geometries to increase surface area for
release;17- 58. 109 however, nanoporous membranes also have the potential to constrain
diffusion physically. Developed theoretically10 and later demonstrated in zeolites!! and
other materials,11: 15 non-first order diffusion can be achieved with porous materials when
the size of the diffusing species is comparable to the pore size. This process is often referred
to as “single-file” diffusion and can lead to zero-order kinetics. For many therapies constant
zero-order release is an ideal way to maintain stable therapeutic concentrations over
extended periods while avoiding side effects, wasted therapeutic, or sub-therapeutic troughs:
for this reason, nanoporous materials of particular interest to drug delivery applications.
Nanoporous degradable polymers loaded with a molecule for release are omitted here since
release is dominated by polymer degradation and porosity primarily increases surface area
for release.

Table 3 summarizes diffusion/release of small molecules and proteins from nanoporous
polymers. Early examples utilized commercial nanoporous cellulose membranes (Millipore),
and release of glucose and BSA was studied over the course of hours.1! Glucose transport
was first-order and BSA transport was linear over the course of 6 hours. Unfortunately,
because less than 10% of the loaded BSA diffused across the membrane, it difficult to
establish the characteristic concentration dependence since zero- and first-order release both
appear linear over this time course.

More recently, nanoporous layer-by-layer films were loaded with two small molecule
therapeutics, ketoprofen and cytochalasin D. Release of both therapeutics from nanoporous
films was linear, where the duration of release could be extended for multiple weeks. Given
the low aqueous solubility of these molecules!12- 113 and the relatively large pore size
compared to the molecules of interest, the observed linear dependence may not be the result
of constrained release but rather additional complications influencing release. Similarly,
nanoporous polymer films formed using light-induced polymerization have been studied for
the release of the small molecule Rhodamine B.58 Rhodamine B was released over a few
hours, characterized by an initial burst release followed by relatively linear release kinetics.
Compared with a non-porous film, release differed by a factor of approximately two and

Soft Matter. Author manuscript; available in PMC 2011 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bernards and Desai

Page 10

were qualitatively similar. Given the similarity between non-porous and nanoporous films
and the short time course of release, the difference observed here may be due to increased
surface area in the porous films.

Due to its biodegradability and biocompatibility,}14 PCL has been a nanoporous material of
particular interest. Nanoporous PCL fabricated for immunoisolation of mouse embryonic
stem cells (Section 3.1) was also examined for diffusion of lysozyme.53 Release over a few
days was sub-linear and is likely first-order in nature, which is reasonable given a pore size
that is large relative to the diffusing species. Additionally, nanoporous PCL films fabricated
using templating techniques were characterized with fluorescein and fluorescein-
isothiocyanate-labeled BSA (FITC-BSA).*! Diffusion of the small molecule fluorescein was
first-order while diffusion of FITC-BSA was zero-order. Since FITC-BSA is similar to the
pore size reported here, it is reasonable that the constant-rate was due to physically
constrained transport as described above. Cell culture of NIH 3T3 fibroblasts on these
nanostructured PCL films demonstrated preliminary biocompatibility, but further work will
be required to establish in vivo biocompatibility. While examples of therapeutic delivery
controlled by nanoporous films are limited, improved nanostructure fabrication and wider
materials availability make this approach a promising avenue for macromolecule delivery in
therapeutic applications. Further work will be required to characterize release kinetics and
biocompatibility of candidate materials alongside development of novel materials.

4. Concluding Remarks

Nanotechnology, in the form of particles, fibers, and nanostructured films, has made
significant strides in recent years to provide solutions in the field of bioengineering and
therapeutic sciences. In particular, advantageous use of nanoscale materials has resulted in a
variety of filtration, immunoisolation, drug delivery, and tissue engineering applications. In
particular, development of nanoporous materials has resulted in improved material selection
produced using a wider range of fabrication techniques, making these materials more viable
for biomedical applications. While improved fabrication techniques for inorganic materials
have been responsible for many of the applications of nanoporous materials, developments
in polymer fabrication and processing will allow these materials to compete more effectively
with inorganic alternatives. To be competitive, polymers will need to facilitate solutions that
make use of their tunable chemical properties, variable mechanical properties, and versatility
in form-factor. Emerging nanoporous polymers are poised to make significant inroads with
biological applications; however, significant work, both in vitro and in vivo, will be required
to verify the compatibility and effectiveness of these materials in biomedical and therapeutic
applications.
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Unexposed photoresist [l Exposed photoresist

Figure 1.

Lithographic patterning of nanostructures. Patterns can be generated on a target substrate
(A) by depositing a photosensitive polymer (photoresist), typically by spin casting (B) and
selectively exposing regions to ultraviolet light (C). Upon exposure to ultraviolet light,
positive-tone photoresists can be removed (D), generating patterns in the unexposed
photoresist. Likewise, unexposed regions of negative-tone photoresist can be removed (E),
generating patterns in the exposed photoresist.
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i ‘l' ~ Polymer of interest
" ‘ I Template material

Figure 2.

Template fabrication of nanostructures. (A) Physical templates (i) can be used for patterning
by deposition of a target polymer (ii). Through chemical or mechanical removal of the
template material, a nanoporous polymer can be generated (iii). (B) A characteristic SEM
image of biodegradable poly(caprolactone) fabricated from a zinc oxide nanorod template.
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Figure 3.

Track etch fabrication of nanostructures. (A) Radiation incident on a target polymer (i)
results in physical damage (ii) that can be etched to form nanoporous polymers (iii). (B) A
characteristic SEM image of poly(ethylene terephthalate) fabricated using track etch
methods. B — Reprinted from Nuclear Instruments and Methods in Physics Research Section
B, 209, P.Y. Apel et al., Effect of nanosized surfactant molecules on the etching of ion
tracks: New degrees of freedom in design of pore shape, 329-334 Copyright (2003), with
permission from Elsevier.115

Soft Matter. Author manuscript; available in PMC 2011 November 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bernards and Desai

Page 18

|

=

)

|

Figure 4.

Layer-by-layer assembly of nanostructures. (A) Sequential deposition of oppositely charged
polylelectrolytes produces layered structures. Nanostructures can be induced in such films
by (B) solution-based film reorganization or (C) with selectively removable polymers or (D)
particles. (E) A characteristic AFM image of a poly(allylamine hydrochloride)/poly(acrylic
acid) layer-by-layer film with solution-induced nanostructures. E — Reprinted in part with
permission from reference 67. Copyright 2006 American Chemical Society).
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Hydrophobic segment B Hydrophilic segements

Figure 5.

Block copolymer self-assembly of nanostructures. A) Deposition of di-block copolymers (i)
can result in the formation of nanoscale regions consisting of hydrophilic and hydrophobic
segments (ii). Pores can be generated with cross-linking and solvent removal (iii) or with
ozone exposure(iv). In addition, hydrophilic segments in ozone exposed films can be
removed to generate larger pores (iii). (B) Deposition of tri-block copolymers (i) results in
similar nanostructures (ii), and upon removal of one block, a hydrophilic surface character
can be acheived (iii). (C) A characteristic SEM image of a poly(styrene)-block-poly(4-
vinylpyridine) BCP film showing typical hexagonal ordering or pores. C — Reprinted by
permission from Macmillan Publishers Ltd: Nature Materials (Reference 83), copyright
(2007).
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Dindicator for symmetry of layer: (h) hexagonal symmetry, (g) double gyroid network, (p) 2, 3, 4, or 6-fold symmetry, (u) user-defined patterns.

EResults presented make it difficult to make reasonable estimates of these parameters

Chickness of nanoporous layer; mounted/attached to a thick membrane
FNanoporous region is a fraction of this reported thickness

BNot reported, estimated from best available data
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Gone kDa dialysis membranes indicate sub 10 nm pores are readily obtainable
HCrystaIIine cell layers are typically supported on polymer membranes
Ipore depth as measured with AFM. Likely an underestimate of total pore depth
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ADefined as >=90% rejection of listed species, unless noted otherwise
BSpecific rejection/passage depends highly on the particular membranes used
BSpecific rejection/passage depends highly on the particular membranes used

CRange of pore sizes observed with different S-layers.

DDepending on processing, Myoglobin passage ranges from 45-100%

EDepending on processing, Carbonic anhydrase passage ranges from 15-90%

F78% rejection

Gg2u rejection, as measured at the isoelectric point for albumin

HEffective pore diameter

INutrients required for cell survival are able to pass membrane
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AExperiments performed at an unspecified temperature.

AExperiments performed at an unspecified temperature.

BThis is an estimate of expected release time scales. Transport of BSA was tested over 7 hours at which point less than 10% has pass through the membrane.
AExperiments performed at an unspecified temperature.

AExperiments performed at an unspecified temperature.

CExperiments performed at room (20-25 °C) temperature.

Dsublinear behavior is preceded by burs time release for the first 5% of the delivery time course

EExperiments performed at physiological (37 °C) temperature.

EExperiments performed at physiological (37 °C) temperature.
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