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Nanothin materials with selective, molecular-size pores!!! are
critical for technological breakthroughs in DNA sequenc-
ing,? the fabrication of microreactors,”! molecular electron-
ics,¥ and advanced drug-delivery devices.") Recent studies
of pores in self-assembled lipid bilayers reinforced the
potential of stable nanoporous organic materials.’! Although
there has been remarkable progress in the fabrication of
nanopores with diameters greater than 2 nm,l"*! precise
pore-size control of those with diameters of 0.5-2 nm remains
a challenge. Herein, we show an efficient method for creating
nanothin materials with uniform imprinted nanopores. We
synthesized polymer materials with sub-nanometer thickness
and programmed size pores (0.8 and 1.3 nm) in high yield
from inexpensive components.

Using temporary self-assembled scaffolds, we directed the
assembly of building blocks into the desired shape. In this
approach, the scaffold can be recycled and used again to
fabricate a new batch of nanomaterials. The directed assem-
bly method potentially allows for great flexibility in shaping
nanomaterials by varying scaffolds and/or building blocks.

Amphiphilic molecules, such as phospholipids, spontane-
ously form self-assembled structures in water whose shape
and size can be well-controlled.”” Hydrophobic monomers
can be dissolved and polymerized within the bilayer interior.”®!
Our work introduces a method for the creation and size
control of nanopores. Hydrophobic monomers, crosslinkers,
and pore-forming templates are loaded into the hydrophobic
interior of self-assembled bilayers (Figure 1 A). The geometry
of the bilayers permits lateral propagation of polymerization
but prohibits material growth orthogonal to the plane of the
bilayers, thus ensuring uniform thickness. Polymerization
yields a crosslinked polymer film with embedded pore-
forming templates (Figure 1B), which can be removed
together with the scaffold (Figure 1C). In this work, we
used a liposomal bilayer to demonstrate successful pore-size
control. Many other amphiphilic bilayers, such as supported
bilayers, black lipid membranes in microapertures, and sur-
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Figure 1. Directed assembly of nanothin polymer films with uniform
nanopores: A) The self-assembled phospholipid bilayer is loaded with
hydrophobic monomers (tert-butylstyrene and divinylbenzene) and
pore-forming templates (glucose pentaacetate, GPA or glucose penta-
benzoate, GPB); B) Polymerization produces a nanothin film with
embedded template molecules in the bilayer interior; C) Removal of
phospholipids with the help of a detergent or solvent exchange yields
nanothin film with uniformly sized pores. Pore-forming templates are
removed either by solvent extraction or chemical degradation.

face-mounted hybrid bilayers have been reported,””’ and we
anticipate that the technique for pore size control will be
readily adaptable to create a variety of nanothin membranes
with programmed permeability.

We selected glucose pentaacetate (GPA, approximate size
0.8 nm), and glucose pentabenzoate (GPB, approximate size
1.3 nm), as pore-forming templates (Figure 2). These mole-
cules are lipophilic, fairly symmetric, and commercially
available. They are also chemically degradable, which is
useful for the removal of tightly held molecules from the
crosslinked polymer film. Upon hydrolysis, they form small
hydrophilic molecules of glucose and either acetic or benzoic
acid that can easily diffuse from the pore into the aqueous
solution.

We loaded a 1:1 mixture of 4-tert-butylstyrene and p-
divinylbenzene in the bilayer interior and determined the
molar ratio of monomers to lipids to be approximately 0.9, by
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Figure 2. Pore-forming templates: GPA, glucose pentaacetate, and
GPB, glucose pentabenzoate. Size probes: 1, methyl orange (0.6 nm);
2, Procion Red (1.1 nm); 3, Reactive Blue 2/B-cyclodextrin conjugate
(1.6 nm). The smallest cross-section corresponds to the smallest pore
the probe can cross in its most tightly packed conformation.

extraction with hexane followed by gas chromatography (see
Supporting Information). This ratio correlates well with
previously reported maximum molar ratios of approximately
0.9 for alkanes in multilamellar liposomes,"” 0.9 for ben-
zene! in multilamellar liposomes, and 0.85 for styrene in
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surfactant admicelles.'” The UV-initiated polymerization was
complete, as evidenced by the absence of unreacted mono-
mers determined by gas chromatography. Formation of
polymer nanocapsules was unambiguously demonstrated by
transmission electron microscopy (TEM) (see Supporting
Information).

TEM images show no size difference among samples of
liposomes and nanocapsules with or without pore-forming
templates. In our capsules, about 1.8 monomer and cross-
linker molecules were sandwiched between each pair of lipids
in the bilayer, which translates into an average thickness of
0.7 nm for the polymerized material.

We designed a size-probe retention assay to evaluate the
permeability of newly prepared nanoporous materials. A
capsule is formed with a mixture of entrapped size probes,
after which the lipid scaffold and pore-forming templates are
removed, releasing any probes smaller than the pore size. The
capsules are separated from the released probes and the
quantities of retained probes are determined by UV-vis
spectroscopy. For simplicity of visual observation, we selected
three probes of primary colors: yellow (methyl orange, 1, MW
328 gmol ™!, approximate smallest dimension 0.6 nm), red
(Procion Red, 2, MW 615 gmol™', approximate smallest
dimension 1.1 nm), and blue (Reactive Blue 2 conjugated to
B-cyclodextrin, 3, MW 1938 gmol~!, approximate smallest
dimension 1.6 nm).™*!

To prepare nanocapsules with 0.8 nm pores, we codis-
solved GPA with monomers in the bilayer interior (Figure 1).
Similarly, we used GPB to form 1.3 nm pores. The control
sample had no pore-forming templates in the bilayer. After
polymerization and detergent-assisted lipid removal, hydrol-
ysis of templates with sodium hydroxide opened the pores.
Capsules were separated from released probes by size-
exclusion chromatography (Figure 3). The mobile phase
contained a detergent to prevent liposomes from reassem-
bling and to solubilize hydrophobic polymer capsules. The
nanocapsule fraction was collected immediately following the
column void volume. The control sample was colored brown
(a ternary color produced by mixing yellow, red, and blue)
indicating the retention of all three size probes (Figure 3). The
capsules prepared with GPA as the pore-forming template
released 0.6 nm yellow probes and retained 1.1 nm red and
1.6 nm blue probes (pore-size range 0.6-1.1 nm), as evidenced
by its purple color (Figure 3). The sample with GPB as the
pore-forming template released 0.6 nm yellow and 1.1 nm red
probes and retained 1.6 nm blue probes (pore size range 1.1-
1.6 nm), resulting in blue colored capsules (Figure 3). These
data confirm successful creation of programmed size pores
with narrow size distribution.

Retention of each probe was determined quantitatively by
UV/Vis spectroscopy. In each experiment, an aliquot of
liposome solution was taken as a reference immediately
before the polymerization. The unentrapped probe was
removed by size-exclusion chromatography and the amount
of encapsulated probe was determined from its absorbance.
Light scattering was subtracted in all measurements.

When using GPA, we detected complete release of 0.6 nm
probes and substantial (>80%) retention of 1.1 and 1.6 nm
probes (Table 1). Using GPB led to complete release of both
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Figure 3. Selective permeability demonstrated by the size probe reten-
tion assay. Liposomes were loaded with the mixture of colored size
probes: 0.6 nm yellow (1), 1.1 nm red (2), and 1.6 nm blue (3).
Monomers and crosslinkers with or without pore-forming templates
were loaded into the liposomal membrane and polymerization was
initiated, after which the phospholipids and pore-forming templates
were removed, and capsules were separated from released size probes
on a size-exclusion column. The nanocapsules fraction is shown. In
the absence of pore-forming templates, no probes escaped, and the
capsules remained brown (left sample). When GPA was used as pore
forming template, 0.6 nm yellow probe was released, and the capsules
were colored purple (middle sample). With GPB as a pore forming
template, 0.6 nm yellow and 1.1 nm red probes were released, and
capsules were colored blue (right sample).

Table 1: Retention (%) of size probes in nanocapsules fabricated with
different pore-forming templates.

Probe No template GPAH GPBH
1 (0.6 nm) 84+3 NDE! ND"
2 (1.1 nm) 85+6 86+7 NDP!
84+ 8
83 49U
814111
3 (1.6 nm) 8746 8445 86+6

[a] 100 template molecules per capsule were used except where
indicated; [b] not detectable; [c]5 GPA molecules per capsule were
used; [d] after second separation, performed 1h after the first one;
[e] after second separation, performed 24 h after the first one.

0.6 and 1.1 nm probes and substantial retention of 1.6 nm
probes. Capsules produced with no templates exhibited
substantial retention of all three probes. These results indicate
a high (>80 %) yield of nanocapsules with well defined pores
and no pinholes or intrinsic pores exceeding the size of the
templated pores.
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The colored size probe retention assay was corroborated
by studying the release of self-quenching fluorescence dyes:
calcein, similar in size to probe 2 and fluorescein isothiacya-
nate-dextran (FITC-D, average MW 4000), slightly larger
than probe 3. Calcein was released through GPB-templated
pores but not through GPA-templated pores. No release of
FITC-D through GPA- or GPB-templated pores was detected
(see Supporting Information).

We varied the number of pore-forming templates between
5 and 100 per capsule and detected no difference in the
retention (Table 1). Considering that with an average of 5
templates per capsule random distribution should give a
significant number of capsules containing one or two tem-
plates, we find it likely that a substantial number of templates,
if not each one, results in a well-defined pore. We further
conclude that using 100 templates per capsule did not lead to
template aggregation or phase separation from monomers;
otherwise no retention of probes would be possible.

In several experiments, we eluted porous nanocapsules
containing colored probes through a size exclusion column, 1
and 24 h after the first separation. No further release of
entrapped size probes was detected (Table 1), suggesting that
efflux from porous capsules was fast in the chromatography
time scale (5-15min.) and that pores did not noticeably
expand with time, even through temporary fluctuations.

We anticipate that a wide range of pore sizes can be
fabricated by using the same directed-assembly strategy.
Templates can be designed to explore alternative pore
opening mechanisms (enzymatic, photochemical, etc.). Pore
formation described here has similarities to molecular
imprinting that has been successfully used for separation,
sensors, and catalysis.'¥ We envision that pores capable of
molecular recognition can be synthesized by imprinting an
analyte surrounded by noncovalently bound molecules with
polymerizable moieties.™® It is conceivable to achieve uni-
form orientation of templates and, correspondingly, uniform
recognition sites, as a result of a high degree of organization in
the bilayers. Alternatively, a polymerizable and degradable
template can be designed to create a functionalized pore
suitable for further modifications (for example, creating
stimuli-responsive porous materials).

In summary, we have demonstrated an efficient method
for the directed assembly of sub-nanometer thin organic
materials with programmed-size nanopores, using controlled
polymerization in the organized interior of temporary self-
assembled scaffolds. These materials open exciting opportu-
nities for technological advances in diverse disciplines.

Experimental Section

Reactive Blue 2/p-Cyclodextrin conjugate: A freshly prepared
solution of p-cyclodextrin (500 mg, 0.4 mmol) in water (40 mL) was
mixed with a freshly prepared solution of Reactive Blue (550 mg,
0.4 mmol, 60 % of dye in reagent) in water (20 mL). After stirring the
mixture for 5min at ambient temperature, NaCl (2 g) was added.
30 min later, Na,COj; (100 mg) was added, and the reaction mixture
was stirred overnight. The mixture was purified using size exclusion
chromatography (Sephadex G-25, deionised water). 'H NMR
(D,0): 6=851-824 (m, 4H), 8.11-7.62 (m, 5H), 7.51-7.06 (m,
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3H), 5.05 (d, J=3.4 Hz, 7H), 3.96-3.52 ppm (m, 42H). Electrospray
MS: [M +4H"—Na']** 639.55 (calcd 639.46).

Porous nanocapsules: Unilamellar liposomes were formed by
extrusion of multilamellar vesicles prepared from 20 mg of DLPC
using a standard literature protocol. GPA or GPB were mixed with
lipids prior to hydration with an aqueous solution (1 mL) of size
probes (1, 100 mm; 2, 10 mm; 3, 3.7 mm). We used tris(hydroxyme-
thyl)aminomethane (TRIS) buffer (50 mm, pH 7.4 at 25°C), phos-
phate buffer (100 mM, pH7.6 at 25°C) and water for vesicle
preparation with identical results. 4-fert-butylstyrene (6 uL) and
para-divinylbenzene (5 pL) were added to 1 mL of liposome solution,
and the solution was stirred for 24 h at 4°C. Liposomes containing
monomers in the lipid bilayer were irradiated by UV light in a home-
built apparatus (two 4 W UV lamps, 1 =254 nm) for four hours at
ambient temperature. Triton X-100 (1 mL, 2% in water) and NaOH
(0.5 mL, 0.1m) were added to the solution to remove the outer shell of
lipids and hydrolyze the pore-forming template. The mixture was
separated on a size-exclusion chromatography column (Sepharose
4B) to remove released size probes. The nanocapsules fraction was
collected and analyzed with UV/Vis spectroscopy (Agilent 8453 UV/
Vis spectrophotometer) to quantify the amounts of entrapped colored
size probes (see Supporting Information for full experimental
details).
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