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Macroporous materials (with pore sizes greater than 50 nm)
present great application potentials,'l however their prepa-
ration also poses fabrication challenges. To date, many
approaches have been developed to produce films with high
porosity, for example, colloidal templating, microphase sep-
aration of block copolymers, emulsion, casting, and leaching-
out techniques.? An emerging approach encompasses con-
struction of macroporous architectures by a “bottom-up” self-
assembly approach using polyelectrolytes.”

Polyelectrolyte multilayers (PEMs), fabricated by electro-
static layer-by-layer (LBL) self-assembly, have seen tremen-
dous progress in the last two decades.! Besides their
versatility, ease of fabrication, and tuneable functionality,
PEMs also offer the advantage of compatibility with func-
tional species without loss of their specific functions.>!
Functional PEMs have potential applications in tuneable
surface wettability, controlled drug release, and switchable
permeability.*! Herein we introduce a new PEM system
consisting of two functional components, that is, high-molar-
mass semiflexible double-stranded DNA and a flexible,
strong  polyelectrolyte,  poly(ferrocenylsilane)  (PFS;
Scheme 1).91 Making use of the interplay of their specific
molecular characteristics, we demonstrate the first layer-by-
layer constructed macroporous architectures without using
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any further post-treatment following fabrication.®’! A main
advantage of this strategy is that it could offer a universal and
facile route to the fabrication of porous thin films containing
other semiflexible polyelectrolytes, such as polysaccharides
and liquid-crystalline (LC) materials. Moreover, water-solu-
ble PFS polyelectrolytes! also belong to the class of stimuli-
responsive materials. The redox-active component PFSE
allows us to regulate the responsiveness of the films to, for
example, chemical oxidation.”

The thin-film morphology was monitored by atomic force
microscopy (AFM) in the tapping mode. After the deposition
of a smooth, positively charged polyethyleneimine (PEI)
layer (Figure 1a), the first DNA/PFS bilayer transforms the
flat, featureless silicon surface to exhibit an irregular, weblike
morphology (Figure 1b). This result is consistent with former
reports on DNA network formation from solutions of
relatively high concentrations."”! The two-dimensional DNA
network evolves with increasing the number of deposited
polyelectrolyte layers into a three-dimensional hierarchical
structure (Figure 1c and d). In this process, the surface
roughness of the thin film increases with an increasing
number of polyelectrolyte bilayers (Figure S1 in the Support-
ing Information). AFM images clearly show that the average
pore size of the observed porous structure also increases with
the number of bilayers, accompanied by an increase of the
height of the ridges. Sectional analysis of a film consisting of
ten bilayers (Figure 1d) exhibits sizes of the largest pores
around 350 nm. These features make the as-formed structures
macroporous.!! The large-scale macroporous surface mor-
phology was confirmed by scanning electron microscopy
(SEM) imaging on the same type of samples (Figure 1e), and
the pore sizes observed by SEM and AFM were similar. To
preserve the features of the surface morphology no conduc-
tive layer was applied in SEM imaging, which limited the focal
depth. Hence, the in-depth information about the macro-
porous morphology, which could be clearly observed in the
AFM images, was somewhat compromised.

The film morphology peculiarly remains porous regard-
less of the choice of the last layer (DNA or PFS). This
observation is in contrast with the layer-by-layer system
consisting of DNA and other types of cationic polyelectro-
lytes, for example, poly(allylamine hydrochloride) (PAH).
SEM images show a somewhat different appearance of
surface morphology of (DNA/PAH) thin films with varying
polyelectrolyte species as the outermost layer (Figure S2 in
the Supporting Information). The difference in surface
morphology when using PFS or PAH as the cationic
polyelectrolyte species in the LBL process was considered
to be the consequence of different hydrophobicity of the
polycation backbone.

The formation of the peculiar porous structure is consid-
ered to result from an interplay of the persistence-length
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Scheme 1. Schematic of the preparation of macroporous DNA/PFS architectures by electrostatic
layer-by-layer assembly. The semiflexible polyelectrolyte (DNA) forms a network onto which
shorter and flexible PFS adsorbs, then the process is repeated to obtain a multilayer network.
Chain lengths of PFS and DNA fiber diameters are approximately to scale.

Figure 1. Tapping-mode (TM) AFM height images of silicon wafer with
a) PEI layer; b) PEI+ (DNA/PFS),; c) PEl + (DNA/PFS)s;

d) PEI+ (DNA/PFS);,. z range: 3.0 nm (a); 20 nm (b); 80 nm (c);

100 nm (d). Scale bar is 500 nm for (a)—(d). e) Top-view SEM image of
a PEl+ (DNA/PFS),, film on silicon surface; scale bar is 1 um.

mismatch, chain-length/molar-mass mismatch, and the hydro-
phobic/hydrophilic nature of the two components. DNA
molecules are hydrophobic/hydrophilic in nature because of
the existence of hydrophobic bases and hydrophilic back-
bones that consist of repeating sugar molecules and phos-
phate groups. The PES polycations have a very hydrophobic
backbone and ionic hydrophilic side groups. The strongly
hydrophobic PFS backbone is likely the cause of stable
coordination with the DNA molecules. On the other hand, the
DNA has a molar mass of about one million gmol~', which is
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much higher than that of PFS (5.3 x
10* gmol ™). The molar-mass mismatch
will in turn represent a difference in the
size of the polymer coils upon their
LBL deposition onto the substrates.
Moreover, under the relatively high
salt concentrations (0.5M) of our exper-
imental conditions, the charges on the
flexible PFS (persistence length, L,
~1nm") polycations will be com-
pletely shielded, forcing them to
adopt a collapsed coiled conformation.
In contrast, DNA is an extended
anionic  polyelectrolyte, with an
L,value of about 50nm, which is
relatively  insensitive  to  ionic
strength.'”! The large persistence
length of DNA will tend to “direct”
subsequent bilayer depositions, thus
giving rise to an “aligned, bundle-
like” structure.

To explain the formation and sta-
bility of the macroporous structures,
the same type of (DNA/PFS), multi-
layers (n represents the number of
bilayers) were also fabricated without
any drying steps in between layer-
deposition steps. In situ AFM showed
similar porous structures (Figure 2) when the samples were
immersed in aqueous medium. The morphology observed did
not depend on the choice of the last layer (Figure 2). These
results indicate that the macropore formation may only

a) b)

Figure 2. In situ TM-AFM images of a) PEI + (DNA/PFS),+ DNA and
b) PEI+ (DNA/PFS),, thin film on silicon substrates. Scale bar and
z range are 500 nm for both images.

marginally depend on the drying process, and a drying-
induced phase separation was not the main driving force of
structure formation. Thus, the as-formed hierarchical struc-
tures must originate from a rather equilibrated spontaneous
assembly process. When aqueous solutions (NaCl, 0.5M) of
the two components were mixed, a water-insoluble complex
was immediately formed, thus giving further support of the
above explanation.

The pore-formation mechanism described above can be
further confirmed and understood by studying the assembly,
structure, and permeability of DNA/PFS microcapsules.
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(DNA/PFES)s microcapsules were fabricated by LBL self-
assembly onto positively charged manganese carbonate
(MnCO;) colloidal particles and subsequent template
removal.”) The self-assembly process was accompanied by
severe aggregation, which was usually not observed for
similar coatings made of common polyelectrolyte polyion
pairs. Aggregation was observed earlier during the fabrication
of other DNA-containing multilayer microcapsules, yet no
clear explanation was given.”) When SEM was used to
visualize the dried templates with the multilayer coatings,
thick bundles acting as “bridges” between the coated
templates were observed (Figure S3 in the Supporting Infor-
mation). These bundles, likely to be mainly composed of
DNA, were considered to originate from the very large length
of the DNA molecules (several um). Apart from the apparent
“bridging” effect, aggregation should also result from the
electrostatic adhesion between the uncovered (that is,
exposed) positively charged MnCO; surface and negatively
charged DNA molecules.

After template removal, (DNA/PFS); microcapsules were
obtained. SEM images of air-dried capsules show their intact
and porous structures (Figure 3a,b). Confocal laser-scanning
microscopy (CLSM) images (Figure 3¢,d) show that unlike
conventional PSS/PAH! and our PFST/PFS*E! capsules,
DNA/PFS microcapsules display complete permeability for
large molecules (Figure 3 ¢) and macromolecules (Figure 3d).
The unusual permeability behavior is believed to originate in
the unique macroporous structures of the as-prepared capsule
walls.

As mentioned earlier, the redox-active component PFS
makes the obtained DNA/PFS macroporous structures
responsive to chemical oxidation. A quartz crystal micro-
balance (QCM) was used to follow the thin-film oxidation
process upon exposure to aqueous ferric chloride (FeCl;)
solutions. The recorded QCM frequency changes with time
were converted to mass loss and are presented in Figure 4a. In
contrast to other PFS-containing multilayer systems that bear

Figure 3. (DNA/PFS); microcapsules: SEM images of a) collapsed air-
dried (DNA/PFS)s microcapsules (scale bar is 2 um) and b) porous
capsule wall with a high magnification from the square zone in (a)
(scale bar is 1 um). CLSM images of (DNA/PFS)s microcapsules in the
presence of c) TRITC-dextran (6.6x10* gmol™, hydrodynamic radius
9 nm"™) and d) methacroyloxyethyl thiocarbamoyl rhodamine B
(MRho) labelled PSS (1.2x10° gmol™");" scale bars are 10 um. All
capsules display severe aggregation and excellent permeability for the
probe molecules. Because of the different nature of the probe
molecules, accumulation of TRITC-dextran and expulsion of anionic
MRho-PSS were observed on the capsule wall.
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Figure 4. Oxidation of PEI(DNA/PFS),, thin films: a) Change in QCM
frequency converted to mass loss with time by exposure to aqueous
FeCl; solutions (1 mm, pH 4) on a QCM electrode. Sectional analysis
of TM-AFM height images of b) as prepared, and c) after oxidation for
five minutes by FeCl; (3 mm, pH 4); z range is 100 nm, scale bar is
200 nm for both images. A decrease in height of the ridges relative to
the voids was observed.

a continuous thin-film morphology, DNA/PFS thin films did
not disintegrate completely upon oxidation. However, a fast
material loss of up to 35 % of the total mass of the as-prepared
thin film was obtained. We speculate this to be the result of a
partial release of the PFS species in order to maintain charge
neutrality of the network structure, as PFS becomes more
positively charged after oxidation. Since an estimated total
weight loss of 45 % was expected for the full oxidation of PFS,
the result shown in Figure 4 a suggests incomplete oxidation.
Although loss of material took place during chemical
oxidation, AFM topography images showed that these films
sustained their unique macroporous architectures (Fig-
ure 4b,c). Additionally, the height of the ridges relative to
the voids, which could also be interpreted as the effective film
thickness, decreased to ~3/4 of its original value. Similarly,
(DNA/PFS)s microcapsules exhibited high resistance to
chemical oxidation. They kept their integrity in the presence
of FeCl; (1 mm) for a rather long period (more than 24 h),
while (PFS7/PFS*); microcapsules disintegrated within
30 minutes under the same experimental conditions.”!

In summary, we have demonstrated the successful electro-
static layer-by-layer self-assembly of high-molar-mass double-
stranded DNA and PFS polycations into thin films and
microcapsules bearing three-dimensional macroporous struc-
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tures. It is believed that the formation of the highly porous
architectures largely originates in the persistence length and
chain-length mismatch of the two components, as well as the
hydrophobicity of the PFS backbone. These porous structures
may have potential applications in new cell scaffold materials,
gene therapy, biocompatible surfaces, and controlled, active,
molecular release systems.

Experimental Section

Materials: Poly(ethyleneimine) (PEI, M,,=2.5x 10* gmol '), deoxy-
ribonucleic acid sodium salt from salmon testes (DNA, M, =1.3x
10° gmol™!, ~2000 bp) were obtained from Sigma-Aldrich and used
as received. The synthesis of PFS polycations (PFS*, M, =5.3x
10* gmol ') was described elsewhere.”! The molar mass of PFS™ was
estimated on the basis of the repeat-unit molar mass and the average
degree of polymerization obtained from GPC of the precursor
polymer (poly[ferrocenyl(3-iodopropyl)methylsilane]) in THF, rela-
tive to PS standards.

LBL thin-film fabrication: After a standard cleaning proce-
dure,* quartz slides, silicon wafers, or QCM electrode substrates
were first dipped into a PEI solution (about 10 mm) for 30 minutes to
impart positively charged surfaces. Then the modified substrates were
alternatively dipped in the PFS polycation and DNA aqueous
solutions (2 mgmL™", 0.5M NaCl) for 10 minutes, with rinsing, dipping
into pure MilliQ, a second rinsing, and drying with a stream of
nitrogen between each deposition step.

LBL microcapsule fabrication: Alternating adsorption of poly-
electrolytes (1 mgmL™) onto MnCO, microparticles (average diam-
eter 10 um, about 10% w/w in suspension) was carried out in 0.5M
NaCl solution for 10 min followed by centrifugation (1000 rpm,
2 min) and three washing/centrifugation steps with MilliQ water.
After depositing the desired number of polyelectrolyte bilayers, the
templates were dissolved by using 0.2M EDTA (pH 7) solution. The
resultant capsules were washed thoroughly with and resuspended in
MilliQ water.

Oxidation: Thin films were oxidized by immersion into FeCl;
solution (1-3 mm, pH4) for desired time intervals, then rinsed
thoroughly with MilliQ water and dried under a stream of nitrogen.

Characterization: AFM experiments were performed using a
NanoScope I11a multimode AFM (Veeco-Digital Instruments, Santa
Barbara, CA) in tapping mode with silicon cantilevers (Nanosensors,
Wetzlar, Germany) at room temperature in air or in a liquid cell. For
SEM images, thin-film or air-dried capsule samples were examined
with a high-resolution LEO 1550 FEG SEM at acceleration voltages
of 2.5 kV. CLSM images were taken with a Zeiss LSM 510 (63 x oil
immersion objective) system. Equal volumes of capsule suspension
and fluorescence probe were mixed before observation.
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