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ombining clay nanoparticles with
Cpolymers is a promising direction

for designing materials that merge
advantageous properties of both compo-
nents. Abundant, inexpensive, and environ-
mentally friendly, clay provides significant
mechanical property gains, while polymer is
responsible for flexibility of the material.
Since 1993, when the Toyota research group
produced the first polymer/clay material
using Nylon-6," significant progress was
achieved in a number of material properties,
including superior stiffness and toughness,
high thermal stability, and enhanced barrier
properties.> % Uniqueness of clay results
from the high aspect ratio of dispersed clay
nanosheets. One nanometer in thickness and
tens-to-micrometers in lateral dimension, ex-
foliated clay nanosheets act as cross-linkers
between polymer chains.

Polymer/clay materials were also ex-
plored in the hydrated state. Haraguchi
developed a novel class of nanocompo-
site hydrogels synthesized by free-radical
polymerization using N-isopropylacryla-
mide or N,N-dimethylacrylamide in the pre-
sence of inorganic clay nanoparticles.’
These nanocomposite gels were flexible
and exhibited advanced mechanical, opti-
cal, and swelling/deswelling properties com-
pared to conventional polymer gels. Very
recently, Wang et al. reported on a similar
application of a mixing approach to produce
hydrogels moldable into various shapes by
mixing clay with positively charged dendritic
binders® Noncovalent interactions between
clay surface and amino groups of the dendri-
mer were able to rearrange and to provide self-
healing properties to the material. However,
random orientation of clay particles within
those gels restricts the potential for exploiting
material properties such as barrier and separa-
tion membrane properties.

Compared to bulk nanocomposites,
layer-by-layer (LbL) self-assembled multi-
layers are materials with ultrafine nano-
meter-scale structure. The LbL technique,
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ABSTRACT We report on polymer/clay layer-by-layer films responsive to multiple stimuli.
Temperature- and salt-responsive films were constructed using assembly of poly(N-iso-
propylacrylamide) (PNIPAM) and montmorillonite clay nanosheets. An additional pH response
was achieved by depositing and cross-linking hybrid, dual-network PNIPAM/clay/PNIPAM/poly-
(methacrylic acid) (PMAA) multilayers. Both types of films remained stable in a wide pH range and
were highly swollen. For example, PNIPAM/clay films swelled up to ~14.5 times their dry film
thickness in low-salt solutions at 25 °C, as shown by laser scanning confocal microscopy. At
temperatures higher than PNIPAM's lower critical solution temperature (LCST) of 32 °C, or in 0.3 M
Na,S0, solutions at room temperature, both PNIPAM/clay and PNIPAM/clay/PNIPAM/PMAA films
reversibly deswelled as a result of collapse of PNIPAM chains. Films of both types showed a decrease in
permeability to fluorescein-tagged dextrans of various molecular weights. Importantly, film perme-
ability to dextrans was decreased at temperatures above PNIPAM's LCST, and the effect could be
reversed by lowering the temperature. Inclusion of PMAA within multilayers provided an additional pH
response to film swelling and permeability. Hybrid PNIPAM/clay/PNIPAM/PMAA films showed drastic
deswelling at low pH values due to the onset of hydrogen bonding between PNIPAM and PMAA, and
the diffusion of 70 kDa dextran through multilayers at acidic pH was completely blocked. These
multiresponse features of clay-containing films make them promising candidates for applications in

sensing, actuation, and controlled delivery.

KEYWORDS: layer-by-layer films - clay—polymer assembly - swelling - dual pH and
temperature response - poly(N-isopropylacrylamide) - controlled permeability -
nanocomposites

originally introduced by Decher for oppo-
sitely charged polymers, has become one of
the core areas of growth in the develop-
ment of constructing nanoscale films, sur-
faces, and functional materials with highly
tunable architectures and properties.” '3
Clay-containing LbL films composed of ne-
gatively charged clay nanoparticles and
polycations have been widely studied."*"”
Electrostatic assembly of polycations with
clay nanoparticles is enabled by the pre-
sence of negative charges at the clay sur-
face. Montmorillonite, one of the commonly
used clay types, is made up of one octahe-
dral alumina sheet sandwiched between
two tetrahedral silica sheets. Natural substi-
tution of, approximately, one in six of the
aluminum ions in the octahedral layers of
montmorillonite by magnesium or other
divalent ions results in isomorphism. This
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gives negative charges that are counterbalanced by
cations, such as Na', K", and Ca®", located in the
interlayer (0.5—1.2 electron charges per pseudounit
cell, and the corresponding cation exchange capacity
is 0.6—1.6 meq g~ ). lonic pairing between negatively
charged clay nanosheets and positively charged poly-
mer chains occurs due to replacement of charge-
compensating Nat at the clay basal plane by poly-
cation units.'® In addition to electrostatically assembled
polycation/clay LbL films, assembly of clay-containing
films can also be driven by secondary interactions. For
example, nacre-mimicking layered nanocomposites of
clay nanosheets and polyvinyl alcohol (PVA) have been
prepared by both one-step'® and LbL assemblies.?°
Such composites are stabilized by ion—dipole interac-
tions between exchangeable cations and polar polymer
segments, as well as by hydrogen-bonding between
—OH groups of PVA and SiO, tetrahedrons in the clay
basal plane.?'

Clay-containing LbL films have mechanical proper-
ties superior to their all-polymer counterparts. Clay
particles, a few tens of nanometers to several micro-
meters in length and width, were found to adsorb
parallel to the surface, thereby improving film strength
and Young's modulus. At the same time, polymer
constituents ensure flexibility of the film. As demon-
strated with electrostatically assembled polymer/clay,
as well as with cross-linked PVA/clay LbL films or
assembly of silk fibroin with clay, these layered materi-
als show high Young's modulus and are structurally
similar to mussel and oyster shells, known to be one of
the toughest natural mineral-based materials.?%%2~2*

Apart from enhanced mechanical properties, LbL clay-
containing films show exceptional oxygen-barrier prop-
erties, which lie at the heart of their applications as flame-
retardant®>? or anticorrosion coatings.?’ Electrostatic
assemblies of cationic polymers, such as poly(diallyl-
dimethylammonium chloride) (PDDA), polyallylamine
hydrochloride, polyethyleneimine (PEl), and poly(2-
vinylpyridine) have been used as barrier coatings to
prevent diffusion of various gaseous permeants, includ-
ing water vapors and oxygen.'>'%2673% Dye to the high
aspect ratio and parallel alignment of clay platelets
during their assembly, such coatings are very efficient.
For example, an ultrathin (~50 nm thick), layered clay-
containing coating reduced the oxygen diffusion rate
below the detection limit>° However, the potential of
clay-containing multilayers as membranes for filtration
and separation of molecules in solution has not yet been
explored. Except for one known to us example of the use
of polymer/clay LbL coatings to control permeability of
methanol through a Nafion membrane for fuel cell
applications,®' other reports on the use of LbL mem-
branes to control permeability of solutes in aqueous
solutions involve all-polymer LbL films.

Here, we constructed temperature-responsive clay-con-
taining LbL films by using poly(N-isopropylacrylamide)
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(PNIPAM) as a building block in film assembly and ex-
plored their stimuli-response properties in an aqueous
environment. Additional pH response was achieved by
incorporation of a third component—a weak polyacid—
within LbL assemblies. Using confocal microscopy and
in situ phase-modulated ellipsometry, we revealed the
multiresponsive swelling properties of clay-containing
assemblies and their ability to control permeability of
solutes of various molecular weights in response to en-
vironmental stimuli. As compared to earlier reported all-
polymer temperature-responsive LbL films,>*~>* inclusion
of clay within multiply responsive LbL films enhances
mechanical robustness of the films, while maintaining
inherent temperature, pH, and salt response supported
by polymer film components. Such organic—inorganic
nanocomposites might find applications in sensing, actua-
tion, and separation technologies.

RESULTS AND DISCUSSION

PNIPAM/Clay Multilayers. We first demonstrated de-
position of LbL nanofilms by assembly of montmorillo-
nite clay nanosheets with two different neutral
polymers: temperature-responsive PNIPAM or PVPON,
which does not show temperature sensitivity in aqu-
eous environments and was used as a control. Electro-
statically assembled films of PEl and clay nanosheets
were used as another control. Optimized deposition of
clay nanosheets as monolayers within LbL films oc-
curred after 6—7 min deposition from 0.2 mg/mL
solutions. Figure 1 and Figure S1 in the Supporting
Information show film thickness measurements, ob-
tained with ellipsometry and atomic force microscopy
(AFM) for PNIPAM/clay and PVPON/clay films, respec-
tively. In both cases, film thickness increased in a linear
fashion as a function of bilayer number, with 4.6 4 0.2
and 4.1 + 0.1 nm deposited per bilayer in the case of
PNIPAM/clay and PVPON/clay systems, respectively. In
the case of PEl/clay multilayers, thickness per bilayer was
3.5 nm (data not shown), in good agreement with earlier
reports for electrostatic polymer/clay assemblies.'>?® An
AFM image (Figure 1B) indicates surface morphology of
a three-bilayer PNIPAM/clay film, with a typical root-
mean-square roughness of 1.8 nm. SEM analysis of a
cross section of a 400-bilayer film (Figure 1C and 1D)
revealed a thickness of 1.85 4 0.05 um, suggesting a
deposition of ~4.6 nm per bilayer, in good agreement
with ellipsometry and AFM data. Importantly, unlike
hydrogen-bonded PNIPAM/polycarboxylic acid LbL
films,>> PNIPAM/clay assemblies showed exceptional
pH stability. Multilayers could be deposited in the pH
range from 3 to 10 and did not disintegrate upon pH
variations. The mechanism of binding of neutral poly-
mers to clay nanosheets might be similar to that
suggested for binding of polar organic molecules with
clay particles.?'® We suggest that the mechanism
includes a combination of van der Waals and
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Figure 1. (A) Ellipsometry (circles) and AFM (squares) dry thicknesses of PNIPAM/clay self-assembly as a function of bilayer
number; (B) AFM images of dry (PNIPAM/clay); film deposited at a silicon wafer (scanned area of 0.8 um), showing a root-
mean-square AFM roughness of 1.8 nm; (C and D) SEM images of cross section of a 400-bilayer PNIPAM/clay LbL film. All films
were deposited from 0.01 M phosphate buffer solutions at pH 6.5 and 25 °C.

dipole—cation interactions between the polymer and
the clay basal plane. Binding of PNIPAM or PVPON with
clay edges is less likely, since film growth did not correlate
with the charge state of functional groups at the clay
edges (pK, of AIOH and SiOH groups ~6—7).%’

In order to investigate the ability of PNIPAM/clay
multilayers to swell/deswell with temperature changes,
we carried out an in situ confocal laser scanning micro-
scopy (CLSM) study. CLSM images of a cross-section of
(PNIPAM/clay)4q0 filmsin 0.01 M phosphate buffer at pH
7.5and 25 °C (Figure 2, Table 1) showed that multilayers
reversibly take up a large amount of water, swelling
14.5 times their dry thickness (ie., to 256 £ 1.20 um
from 1.8 £ 0.1 um in dry films). Such a high swelling
ratio can be explained by a relatively low number of
binding sites between PNIPAM's amide groups and
clay's basal surface. Studies of swelling kinetics demon-
strated that the swelling ratio of PNIPAM/clay reached
its equilibrium value in 30 min at 25 °C (Figure S2). Such
a slow swelling is probably due to the large number of
bilayers deposited within a film, as well as due to
significant constraints associated with steric restrictions
on repositioning of the asymmetric clay nanosheets
within highly swollen PNIPAM/clay hydrogels.

A CLSM image of the (PNIPAM/clay)so0 System
shows that raising the temperature above PNIPAM's
LCST of ~32 °C*® or the use of the 0.3 M Na,SO,
solution at 25 °C both result in a significant film
deswelling (~40% compared to film thickness in a

25°C 45°C 25°C/Salt

Dry

Figure 2. CLSM images of a cross-section of (polymer/
clay),qo films deposited on a Si wafer. Left-to-right: dry film;
swollen film at 25 °Ciin 0.01 M phosphate buffer at pH 7.5; in
phosphate buffer of pH 7.5 at 45 °C; and in 0.3 M Na,SO, at
25 °C. The scale bar is 10 um.

PNIPAM/clay

PVPON/clay

PEl/clay

low-salt solution at 25 °C). Importantly, film swelling/
deswelling in response to both temperature and salt
variations were fully reversible and could be repeated
at least four times. In both cases, film deswelling results
from collapse of PNIPAM chains. In salt solutions, LCST
of PNIPAM is decreased due to binding of anions with
PNIPAM polymer chains, as suggested by the Hofmeis-
ter series. In 0.3 M Na,SO, solutions, for example, LCST
of PNIPAM is decreased to 24 °C,*® resulting in PNIPAM/
clay films collapsingin 25 °C solutions (Figure 2, Table 1).
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TABLE 1. Comparison of CLSM Results for 400-Bilayer
PNIPAM/Clay, PVPON/Clay, and PEl/Clay Films®

thickness (um)"/swelling ratio

wet, 25 °C, wet, 45 °C, wet, 45 °C,
dry no salt no salt 0.3 M Na,S0,
(PNIPAM/clay) 400 1.8/1 26.1/14.5 16.1/8.9 15.3/8.5
(PVPON/clay) 400 1.8/1 25.6/14.3 25.1/14.0 25.4/14.2
(PEl/clay) g0 171 74/4.4 8.1/4.8 9.1/5.4

“ Measurements of film swelling were performed in 0.01 M phosphate buffer
solutions at pH 7.5 with or without additional salt. Prior to in situ measurements,
films were kept for 30 min in corresponding solutions to reach equilibrium swelling.
® Errors of thickness measurements were within 8%.

Interestingly, while in buffer and salt-containing solu-
tions, PNIPAM/clay films were relatively smooth at the
micrometer scale at temperatures both below and
above PNIPAM's LCST (Figure 2), the films exposed to
45 °C in salt-free solutions (DI water at pH 5.6) had a
buckled morphology (Figure S3). Such buckling results
from the “card-house” effect when edges of a clay
nanosheet (i.e, edge Al-OH, Si—OH, Mg—OH, and
Fe—OH groups) stick to the basal plane of surrounding
clay nanosheets®® during temperature- or salt-trig-
gered film deswelling. In salt-free solutions, contacts
between clay nanosheets in the collapsed “card-house”
do not rearrange, resulting in film buckling and also in
strong mechanical stress at the film—substrate inter-
face. In these conditions, PNIPAM/clay films could be
harvested from the substrate by simply cycling the
temperature of the immersion solution above and
below PNIPAM's LCST (Figure S3). At the same time, in
buffer and salt-containing solutions with significant
electrostatic screening, bonds could be rearranged
within the film and contact cured, resulting in smooth
film surfaces seen in Figure 2. Correspondingly, film
temperature cycling did not result in facile film
delamination.

Control experiments with PVPON/clay and PEl/clay
films deposited onto silicon substrates showed that
those films showed no temperature and/or salt re-
sponse (Figure 2). The data on swelling of these control
systems, along with swelling of PNIPAM/clay films, are
summarized in Table 1. Interestingly, swelling ratios of
assemblies of neutral polymers (PNIPAM/clay at 25 °C
and PVPON/clay) were much higher than those of the
assembly of a cationic polymer (PEl/clay) (~14 versus
~4.5, respectively). This drastically different swelling
behavior is due to differences in binding mechanisms
between these polymers. Moderate swelling of a ca-
tionic PEl with clay nanosheets is a result of strong “zip-
lock” binding of a polycation with negative sites at the
basal planes of clay nanosheets. Unlike cationic poly-
mers, PNIPAM and PVPON bind with clay through
weaker dispersive interactions and tend to adsorb at
the clay surface in a loopier, closer-to-random-coil
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conformation. Swelling behavior and temperature re-
sponse of clay-containing PNIPAM/clay multilayers
have been additionally studied by in situ ellipsometry.
These results are discussed in the Supporting Informa-
tion. Figure S4 shows that ellipsometrically measured
deswelling of (PNIPAM/clay)s film caused by immer-
sion in pH 7.5 0.3 M Na,SO, solutions at 25 °C showed
trends similar to those revealed in CLSM studies.

We then sought to explore the permeability of
PNIPAM/clay assemblies in aqueous solutions and their
dependence on temperature and salt concentration.
After depositing 10 bilayers of PNIPAM/clay at the
surface of 100-nm-pore-size polycarbonate mem-
branes, the pores became fully covered. With an
example of a 60-bilayer PNIPAM/clay film, Figure S5
shows that the multilayer coating did not change
morphologically and the pores remained covered after
the permeability runs. Figure 3 summarizes the data on
permeability of a multilayer-coated membrane to a
fluorescent dye, fluorescein-5-isothiocyanate (FITC),
and fluorescently tagged dextrans (FITC-dextrans) of
various molecular weights. All permeability studies
were performed with 10°* mg/mL of permeant in
0.01 M phosphate buffer at pH 7.5. Figure 3A illustrates
that the permeability factor, P, showed little depen-
dence on the number of bilayers in PNIPAM/clay films
for a low molecular weight molecule, e.g., FITC, redu-
cing its permeability factor by only ~60% (from P =
3.24 x 10~* cm/s for bare polycarbonate membrane to
P =141 x 10°* cm/s for the membrane with 60
bilayers of PNIPAM/clay). Because of the large degree
of swelling of the PNIPAM/clay system, multilayers did
not provide any significant permeability barrier for a
small molecule. It is likely that a modest decrease in
permeability of FITC molecules is determined by only
the first few layers of PNIPAM/clay. A similarly small
effect of reduction of small molecule permeability was
reported for diffusion of methanol from a 50/50 water/
methanol mixture through (polyacetylene/clay),o
film.2" This suggestion is reasonable, considering that
the closest-to-the substrate clay layer, covering ap-
proximately 60—90% of the surface, is tightly attached
to the PEI precursor layer.?® In contrast, the effect of
PNIPAM/clay LbL films on permeability of FITC-dex-
trans with molecular weights of 4, 70, 150, and 500 kDa
was much stronger (Figure 3A and B). This can be
rationalized considering an increase on dextran hydro-
dynamic radius from 3 nm for 4 kDa molecular weight
dextran to 12, 13, and 16 nm for 70, 150, and 500 kDa,
respectively.®®*! The effect of molecular weight of
FITC-dextrans was strong, with the permeability factor,
P, for 500 kDa FITC-dextran reduced from 2.02 x
107> cm/s for bare polycarbonate membrane to
1.08 x 107 cm/s for its diffusion through (PNIPAM/
clay)so film (99.5% reduction). The diffusion coefficients
for permeation of solutes through PNIPAM/clay multi-
layers calculated as D = Pd, where d is the membrane
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Figure 3. Permeability of PNIPAM/clay multilayers to FITC and FITC-labeled dextrans of various molecular weights: effect of
film thickness and molecular weight of a permeant in measurements at 25 °C (A and B, respectively), as well as the effect of
temperature on solute permeability (C). In (C), solid bars represent measurements at 25 °C and patterned bars, those at 45 °C.
All experiments are performed in 0.01 M phosphate buffer solution at pH 7.5. Multilayers were deposited on a polycarbonate
membrane according to the procedure described in the Experimental Section.

thickness,were (6+2) x 107 % (7+2) x 107", (64 1) x
107", and (9 + 4) x 107'% cm?/s for FITC-dextrans
with molecular weights of 4, 70, 150, and 500 kDa,
respectively. These values are at least 3 orders of
magnitude lower than diffusion coefficients of corre-
sponding molecules in solution (D of 7.2 x 1077,1.8 x
1077,1.63 x 1077, and 1.3 x 1077 cm?/s have been
calculated using the Stokes—Einstein equation based
on hydrodynamic sizes of 4, 70, 150, and 500 kDa,
respectively).

Figure 3C also shows the effects of temperature on
permeability of PNIPAM/clay multilayers to various
solutes. In Figure 3C, the data are presented as the
relative permeability factor, P/, calculated as a ratio of
permeability factors of films deposited on the mem-
brane to the permeability of the bare membrane at
corresponding temperatures. Temperature-induced de-
swelling of PNIPAM/clay multilayers shown in Figure 2
and Table 1 had an effect on film permeability to various
solutes, and the effect was dependent on the solute
molecular weight. For a small organic molecule, FITC,
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the permeability factor showed no dependence on
temperature, confirming our suggestion that its perme-
ability is, probably, controlled by clay layers adjacent to
the supporting membrane. The temperature depen-
dence of P was also weak for an oligomeric FITC-dextran
with a molecular weight of 4 kDa, suggesting that the
temperature-induced film shrinkage does not signifi-
cantly affect its mesh size in the range ~1—2 nm.
For dextrans with molecular weights 70 kDa and higher,
the permeability factors decreased ~1.5 times at
45 °C from its value at 25 °C for multilayers of various
thicknesses. These data suggest that changes in a
film's ~10—20 nm mesh size occur during deswell-
ing that significantly affect film permeability to
macromolecules. Scheme 1 shows possible structural
changes occurring within PNIPAM/clay films during
swelling/deswelling. When PNIPAM/clay films swell,
the interlayer distance between clay particles is much
larger than hydrodynamic sizes of all studied dextran
molecules. It is feasible that molecular permeability is
only affected by the distance between clay nanosheets
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Figure 4. In situ ellipsometry profiles for (PNIPAM/clay/
PNIPAM/PMAA); un-cross-linked films (red, open circles)
and the same films, cross-linked in 3 mg/mL solutions of
ethylenediamine and CDI for 2.3 h (black, filled circles).
Starting from acidic pHs, films were exposed to 0.01 M
phosphate buffers with increasing pH values for 15 min.
After measurements at pH 9, buffer pH was gradually
lowered. Dashed line indicates dry film.

within a single layer, which decreases as PNIPAM/clay
films deswell. An alternative explanation is that at higher
temperatures dextran molecules diffuse through a tigh-
ter mesh of PNIPAM loops.

Dually Responsive Gel-in-Gel (GiG) LbL Films. We then
aimed to endow temperature-responsive PNIPAM/clay
LbL assemblies with additional pH response properties.
This was achieved by replacing every other clay layer
during assembly with poly(methacrylic acid) (PMAA).
Film assembly was performed at acidic pH values to
ensure hydrogen bonding between the protonated
form of PMAA and PNIPAM'® and resulted in (PNIPAM/
clay/PNIPAM/PMAA),, films, where m is the number of
deposited quadrolayers, QLs. Multilayer growth was
linear, with a 19 & 2 nm dry thickness per QL. This value
is ~10 nm higher compared to a 9 nm thickness for two
PNIPAM/clay bilayers. After film deposition, assembled
PMAA was selectively cross-linked within the films
through its carboxylic groups using carbodiimide
(CDI) chemistry and ethylenediamine as a cross-linker.
This procedure has been established earlier in our
group for cross-linking of all-polymer, PMAA-contain-
ing hydrogen-bonded multilayers.*> Clay-containing
3-QL films were then exposed to 0.01 M phosphate
buffer solutions at pH 7.5 for 30 min. Un-cross-linked
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Swellimg Ratio

|

Figure 5. Swelling ratios of m-QL GIG films at 25 °C (black)
and 45 °C (red) as measured by ellipsometry (circles) and
CLSM (squares); m is equal to 3 and 200 in in situ ellipso-
metry and CLSM studies, respectively. From A to D: corre-
sponding CLSM images of a cross-section of a 200-QL GiG
film deposited at the surface of Si wafers in 0.01 M phos-
phate buffer at pH 2 and 25 °C (A); in the dry state (C); or
free-floating films in pH 7.5 solutions at 25 °C (B) or 45 °C (D).
Multilayers were deposited at pH 3.5 and cross-linked for
2.3 h. The scale bar is 10 um.

multilayers showed a loss of ~35% dry film mass as
indicated by ellipsometry measurements of dry films
(for example, for 3-QL film, dry thickness decreased
from 60 to 40 nm). Films cross-linked for 2.3 h or longer
time showed no changes in dry thickness after pH
cycling between 2 and 9, and 1-h-cross-linked films
presented the intermediate case, showing partial loss
of PMAA due to incomplete polyacid cross-linking
(corresponding to ~25—30% dry thickness reduction).

Figure 4 compares swelling behavior of cross-linked
and un-cross-linked 3-QL films. Without cross-linking,
films release hydrogen-bonded PMAA when exposed
to pH 7.5, while PNIPAM is retained within the film due
to binding with clay nanosheets. When pH is subse-
quently cycled between basic and acidic values, these
films lose their pH responsiveness and behave similarly
to PNIPAM/clay system, showing a high swelling ratio
of ~14.5. This suggests that PMAA was completely
released from un-cross-linked 3-QL films. In drastic
contrast, 2.3-h-cross-linked 3-QL films swell to a smaller
degree when exposed to high pHs and show fully
reversible, pH-dependent swelling. Herein, we denote
these cross-linked structures as gel-in-gel (GiG) struc-
tures, where “first gel” refers to covalently cross-linked
PMAA (PMAA-gel) and “second gel” refers to highly
swollen PNIPAM/clay multilayers. Since PMAA mol-
ecules are cross-linked “through” clay layers, such GiG
structures consist of two interpenetrated networks. At
acidic pH, cross-linked PMAA network is strongly
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hydrogen-bonded to clay-bound PNIPAM, showing a
low swelling ratio of ~2. Anincrease in pH above pK; of
PMAA (~6.4>°) results in dissociation of hydrogen
bonds between PMAA and PNIPAM and enhances film
swelling. At high pH values, PNIPAM remains bound to
clay nanosheets, and the entire network swells up to
~8 times its dry thickness as a result of electrostatic
expansion of the PMAA network and high swelling
propensity of the PNIPAM/clay matrix. As compared to
PNIPAM/clay multilayers, a lower swelling ratio for GiG
systems (swelling ratios 14.5 and 8, respectively) is
probably due to restrictions imposed by PMAA gel to
swelling of the PNIPAM/clay network.

Dual response of 2.3-h-cross-linked GiG films to pH
and temperature was further investigated using in situ
CLSM and ellipsometry. Figure 5 shows that both
techniques gave consistent results. For in situ ellipso-
metry, 3-QL GiG films with a dry thickness of 51 nm
were used. For CLSM studies, 200-QL GiG films (of 2.9 &
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Figure 6. Effect of cross-linking time on swelling of 3-QL
GiG films at pH 7.5 and 25 °C (circles) and 45 °C (squares) as
measured by in situ ellipsometry.

0.2 um dry thickness) were deposited at the surface of
Si wafers. Figure 5A and B show CLSM images of a 200-
QL GiG film cross-section at low and high pH values at
25 °C. Interestingly, at basic pH values, GiG films
retained its temperature response as PNIPAM chains
were dissociated from the PMAA network (Figure 5). At
temperatures above 32 °C, the swelling ratio of GiG
systems decreased by ~40% as a result of tempera-
ture-induced collapse of PNIPAM chains.

The amplitude of film swelling and its pH and
temperature responses could be controlled by the
cross-linking density of the PMAA gel, varied with
exposure time to cross-linking solutions. Figure 6
summarizes in situ ellipsometry swelling results for
3-QL GiG films cross-linked for 2.3 to 8 h and exposed
to pH 7.5. An increase in cross-linking time results in an
increase in number of cross-links between PMAA
chains and in reduction of film swelling. Along with a
decrease in the amplitude of film pH response, tem-
perature effects on film swelling also weakened for
highly cross-linked films (Figure 6 and S6). An 8-h-
cross-linked 3-QL GiG film completely lost its ability to
respond to pH and temperature variations. In these
highly cross-linked double-network hydrogels, the
tightly cross-linked PMAA network restricts changes
in PNIPAM/clay network swelling.

Importantly, GiG films strongly reduced permeabil-
ity of various solutes. Unlike PNIPAM/clay films (see
Figure 3), 5-QL GiG multilayers with a dry thickness of
~90 nm deposited on polycarbonate membrane re-
duced the permeability of FITC ~70-fold at 25 °C as
compared to bare membrane (data not shown). Figure
7 shows barrier properties of 5-QL GiG films to permea-
tion of 70 kDa FITC-dextran. At pH 7.5, the relative
permeability factor, P/, of ~0.008 was achieved (as
compared to P' of ~0.23 for 10-bilayer PNIPAM/clay
films), and, in contrast to the PNIPAM/clay system,
permeability could be further controlled by pH varia-
tions (Figure 7A). In particular, a decrease in pH to 3 for
GiG membrane reestablished hydrogen bonding
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Figure 7. (A) Effect of pH on permeability of (PNIPAM/clay),, and 2.3-h-cross-linked 5-QL GiG films (dry thicknesses ~45 and
~90 nm, respectively) to 70 kDa FITC-dextran at 25 °C and (B) effect of temperature on permeability of 5-QL GiG films to
70 kDa FITC-dextran in 0.01 phosphate buffer solution at pH 7.5. Dashed line in panel A shows the limit of detection (LOD) of
permeability measurements. Permeability of a 5-QL GiG film at pH 3.0 was below the detectable value.
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Figure 8. Digital photograph of dry, ~3.5-um-thick, free-
standing 200-QL GiG film released from a Si wafer by
exposure to 0.01 M phosphate buffer solutions at pH 7.5.

between PNIPAM and cross-linked PMAA chains, redu-
cing the permeability of the film to 70 kDa FITC-dextran
molecules below the detection limit indicated in
Figure 7A. Figure 7B shows that permeability of GiG
films to FITC-dextrans was responsive to temperature,
in correlation with temperature-induced changes in
film swelling. Importantly, effects of pH and tempera-
ture on film permeability were fully reversible.

Finally, while thinner GiG films used for in situ
ellipsometry and permeability experiments remained
attached to the substrates, thicker films with the
number of QLs above ~50 were easily detached from
substrates by immersing them in solutions at 25 °C
with pH > 7. In these conditions, drastic film swelling
(see Figure 6) resulted in strong mechanical stress at
the film/substrate interface, leading to film delamina-
tion. Our results suggest that with films composed of
less than 50 QL, such mechanical stress was not

EXPERIMENTAL SECTION

Materials. Poly(N-isopropylacrylamide) (M,, 300 kDa) and
poly(methacrylic acid) (M,, 150 kDa) were purchased from
Scientific Polymer Products Inc. Poly(N-vinylpyrrolidone)
(PVPON; M,, of 55 kDa), poly(ethyleneimine) (M,, 600 kDa),
fluorescein isothiocyanate dextran (FITC-dextran; M,, of 4, 70,
150, and 500 kDa) hydrochloric acid, sodium hydroxide,
sodium chloride, and dibasic and monobasic sodium phos-
phate were purchased from Sigma-Aldrich Inc. Fluorescein-5-
isothiocyanate and Alexa Fluor 488 hydrazide, sodium salt,
were obtained from Molecular Probes, Inc. All chemicals were
used without further purification. Na™-Montmorillonite clay
(Cloisite-Na™') was donated by Southern Clay Products
(Gonzales, TX). Clay dispersions were prepared by dissolving
5 g of clay in deionized water (DI water) under vigorous
stirring for 1 day, allowing larger particles to precipitate at
the bottom of the container overnight, and collecting super-
natant solution. The supernatant solution was diluted 10
times and used for film deposition. The H,O used in all
experiments was deionized and further purified by passage
through a Milli-Q System (Millipore). Unless otherwise noted,
0.01 M phosphate buffer solutions were used to control pH.
The silicon wafers were prime grade, p-type with boron
dopant, 525 + 25 um thick, with a native grown oxide layer
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sufficient to disrupt strong binding between oxidized
silicon surface, PEI precursor, and closest-to-the-sub-
strate clay layer. Compared to PNIPAM/clay films, GIG
films were easier to handle in both their wet and dry
state. Figure 8 shows that delaminated films remained
highly transparent. As revealed by UV—vis spectros-
copy (Figure S7), 3.6-um-thick, 200-QL GiG film trans-
mitted >90% of incident light in a wide spectral region
between 240 and 1000 nm. Unlike other reported
approaches to release LbL films from substrates, this
technique does not require the use of organic
solvents,*® extreme pH, high salt concentrations,**
temperature variations,>* or the use of sacrificial
layers. 344>

In summary, here we reported on polymer/clay LbL
assemblies that respond to temperature, pH, and salt
concentration variations via changes in their swelling
ratio and permeability characteristics to various so-
lutes. Unlike previous studies of polymer/clay LbL films
preformed with dry multilayers,'®'”° these multi-
layers operate in aqueous environment. The multilayer
permeability to dextran molecules was selective to
solute molecular weights and could be further con-
trolled by pH and/or temperature stimuli. Importantly,
inclusion of clay nanosheets within responsive films
enhanced mechanical robustness of the films as com-
pared to their all-polymer counterparts. These robust
“smart” materials are promising candidates for a variety
of applications,*® ranging from tissue engineering to
biosensing and bioseparation. As substrate-attached
or free-standing films, these assemblies might be use-
ful for controlling flow, diffusion, and adhesion in
confined environments including microfluidic and bio-
medical devices.

of ~20 A and were purchased from Cemat Silicon S.A. and cut
with a Fletcher steel wheel glass cutter.

Deposition of Multilayers. Multilayers were deposited at the
surface of oxidized Si wafers. Prior to film deposition, silicon
wafers were irradiated with UV light for 2 h to remove organic
impurities from the surface of supplied wafers, followed by
washing with DI water and treating with concentrated sulfuric
acid for 10 min. After rinsing with DI water, the silicon wafers
were immersed in 0.25 M NaOH solution for 10 min, rinsed with
DI water, and dried under a flow of nitrogen. A layer of PEl was
deposited as a precursor film to increase the surface adhesion of
clay particles to the substrate. To deposit the precursor layer,
cleaned silicon wafers were first exposed to 0.2 mg/mL PEI
solution at pH 6.5 for 15 min and then rinsed with phosphate
buffer solution at the same pH.

Film deposition was performed by alternating immersion of
silicon wafer in solutions of clay for 6 min and polymer for 15
min starting with clay. After deposition of each polymer, the
wafers were rinsed in two buffer solutions for 1 min each. Deposi-
tion was performed from 0.2 mg/mL polymer solutions in 0.01 M
phosphate buffer at pH 6.5. For rinsing steps, 0.01 M phosphate
buffer with the same pH was used. The Robot Arm Catalyst 3
(CRS Robotics Corp.) system operated with homemade software
was used for multilayer construction. The pH values of buffer
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solutions were adjusted using 0.01 M HCl or 0.01 M NaOH
solutions. For gel-in-gel films, every other clay layer was replaced
with PMAA. Deposition was performed from 0.2 mg/mL solu-
tions at pH 3.5. After deposition of multilayers cross-linking was
performed by activation of carboxylic groups with 3 mg/mL of
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochlor-
ide solution at pH 5.0 for 20 min, followed by reacting with
3 mg/mL of ethylenediamine at the same pH for various time.

Ellipsometry Measurements. Film thickness measurements
were performed using a home-built single-wavelength phase-
modulated ellipsometer at 65° and 70° angles of incidence for
dry and wet measurement, respectively. Detailed description of
the ellipsometry setup and swelling measurements can be
found in other publications.*” The optical properties of the
silicon substrates and oxide layer thickness were determined
prior to polymer deposition. Prior to ellipsometry measure-
ments, all films were blow-dried with nitrogen gas. For mea-
surement of dry films, the refractive index of all polymer films
was fixed at 1.5. Studies of film swelling were performed using a
cylindrical flow through a temperature-controlled liquid cell.
The silicon substrate was placed in an ellipsometry cell, which
was then filled with buffer solution with adjusted pH and salt
concentration. Measurements were performed after the tem-
perature was allowed to equilibrate for 30 min.

Atomic Force Microscopy. AFM measurements were performed
in air at room temperature using a NSCRIPTOR dip pen nano-
lithography system, Nanoink. The instrument was operated in the
ac (tapping) mode using P-MAN-SICC-0 AFM cantilevers (Pacific
Nanotechnology, Inc.) with a nominal force constant of 40 N/m. A
prior thickness measurement step was made with the razor.

SEM. SEM images were obtained using an Auriga scanning
electron microscope. Si wafers or polycarbonate membranes
were attached to the SEM stage using conductive tape. A few
monolayers of Au—Pt were sputtered onto the sample surface
using an RF-plasma chamber with a sputtering time of 10 s. The
applied voltage was varied from 1 to 3 kV.

Confocal Laser Scanning Microscopy. Confocal images of poly-
mer/clay multilayers were obtained with a CLSM 5 PASCAL laser
scanning microscope (Zeiss, Germany) equipped with a C-Apo-
chromat 60x/1.4 water immersion objective. Images were taken
using a homemade temperature-controlled cell, where samples
were placed vertically in order to be aligned parallel to the laser
beam. Thick films containing 400 bilayers were deposited on a Si
wafer and cut into 3 by 10 mm samples. Prior to measurements,
multilayer films were immersed in a solution of Alexa-488
(excitation wavelength of 488 nm). The dye was adsorbed
within the polymer/clay multilayers, allowing film visualization
in CLSM experiments. The average thicknesses and standard
deviations were determined from 50 measurements over the
area of one square millimeter.

UV—Vis Spectrometry. UV measurements were performed
using a Perkin-Elmer Lambda 40 spectrophotometer.

Permeability Studies. In order to investigate permeation
through clay-containing films in solution, multilayers were
deposited on a polycarbonate substrate. Permeability studies
were performed using PermeGear diffusion cells, which in-
cluded donor and receptor reservoirs equipped with a magnetic
stirrer (600 rpm) to provide sufficient intermixing of solution in
the cells. The temperature was controlled using a water jacket
around the cells. A polycarbonate membrane (nuclepore track-
etch membrane with a pore size of 100 nm, Whatman) with
deposited multilayer film was placed between half-cells. The
donor and receptor cells were filled with 10~ M solution of
fluorescently active molecules and buffer, respectively.

Periodically, an aliquot of 0.5 mL was taken and analyzed
using an RF-1501 Shimadzu spectrofluorometer as a function of
time. The permeability factor, P [cm/s], of a permeant across the
multilayers determined as an increase of fluorescence intensity
over time interval was calculated as

v
Tl At
were I, and / are initial solution fluorescence intensity in donor

and receptor cells at time t, respectively, V is the volume of the
cell (3.4 mL), and A is an effective area of permeation. Relative
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permeability factor, P/, was calculated as a ratio of permeability
factors of films deposited on the membrane to those measured
with the bare membrane at corresponding temperatures.
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