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ABSTRACT: Neutral temperature responsive polymers, such as poly(N-vinylcaprolactam) (PVCL) and
poly(vinyl methyl ether) (PVME), were included in ultrathin films using layer-by-layer alternating
adsorption of these polymers with poly(methacrylic acid) (PMAA) at low pH. The amounts of polymers
adsorbed and ionization of carboxylic groups within a film were quantified using in situ FTIR-ATR (Fourier
transform infrared spectroscopy by attenuated total reflection). The strength of interlayer adhesion
provided through hydrogen-bonding interactions was inferred from the critical pH value (pHcgr) and critical
ionization (ocr) for multilayer decomposition which were pHcr 6.2, acr 2% and pHcr 6.95, acr 30% for
PMAA/PVME and PMAA/PVCL films, respectively. When deposited onto porous support membranes,
PMAA/PVME and PMAA/PVCL multilayers exhibited temperature-responsive changes in dye perme-
ability. The transition occurred in a wide temperature range from 25 to 35 °C, reflecting lower cooperativity
of the phase separation of PVME and PVCL chains included within the film. Finally, PMAA/PVME and
PMAA/PVCL self-assembly was performed onto particulate substrates, producing capsules which hold
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promise as temperature-responsive containers for controlled delivery applications.

Introduction

Recent years have seen an increasing interest in
endowing temperature-responsive properties to thin
polymer films at solid surfaces when such films are
exposed to aqueous environment. Temperature-respon-
sive films afford control of adhesion, adsorption, and
permeability by external stimuli and are, therefore,
promising for separation and controlled delivery ap-
plications. Building blocks for such films include poly-
mers that respond with large reversible change in
hydrophilicity to small temperature changes, showing
the phase transition of the polymer chains from solvated
coiled to dehydrated globular states when temperature
is increased above a lower critical solution temperature
(LCST). Of specific interest for biomedical applications
are water-soluble polymers with LCST close to physi-
ological temperature. One of the most studied polymers
of this type is poly(N-isopropylacrylamide) (PNIPAM)
whose hydrogels have been explored for biomedical
applications,2 including controlled sorption and release
of solutes,35 control of enzyme activity,® or protein
separation.”-® Copolymers of PNIPAM with alkyl meth-
acrylate, acrylic acid, and other hydrophilic and hydro-
phobic monomers have also been explored as a means
to control LCST?:10 and, consequently, the temperature
profile of drug permeation.!1~13 Networks of PNIPAM/
polyacid have also been explored as pH-regulated drug
delivery systems.!4

Besides studies on bulk hydrogels, there is an in-
creasing interest to use temperature-responsive poly-
mers for surface modification. This strategy allows
control of surface wetting and adhesion properties by
changes in temperature and shows promise in applica-
tions for separation technologies. Both surface-attached
monolytic PNIPAM or its copolymer hydrogels'®~18 and
PNIPAM brushes!®21 have shown promise for control
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of surface adhesion and separation applications as they
endow a surface with the ability to alternate its hydro-
philicity/hydrophobicity via temperature variations.??

Much less explored is the route of binding tempera-
ture-responsive polymers at surfaces by means of self-
assembly. A powerful yet facile technique for surface
modification is layer-by-layer (LbL) polymer deposition.
Lyon and co-workers were the first who applied the LbL
technique to self-assemble microgel particles at surfaces.
The approach combines the advantages known for
microgels such as high loading capacity and fast re-
sponse with simplicity of procedure. Specifically, tem-
perature-responsive poly(IN-isopropylacrylamide)-co-
acrylic acid microgels and polyallylamine were alternately
deposited at a surface via electrostatic self-assembly?3
and produced films used to demonstrate pulsed, ther-
mally triggered release of insulin?* and doxorubicin.??

The LbL method has been applied by Akashi and co-
workers for self-assembly of chemically activated se-
quential deposition of temperature responsive copoly-
mers containing amino or carboxylic groups.26-27 Such
self-assembly produced chemical linkages between amino
and carboxylic groups of a PNIPAM copolymer and poly-
(acrylic acid) or poly(vinylamine), respectively. Electro-
statically self-assembled multilayers and capsules based
on copolymers of PNIPAM with charged monomers, in
which free PNIPAM segments provided the film’s tem-
perature responsiveness were described by Glinel et al.?8
Using PNIPAM copolymers, Jaber and Schlenoff have
recently demonstrated reversibility of thermal modula-
tion of ion transport within electrostatically assembled
multilayers.2?

In the present study we explore self-assembly and
temperature response of poly(N-vinylcaprolactam)
(PVCL) and poly(vinyl methyl ether) (PVME) which
were self-assembled with poly(methacrylic acid) (PMAA)
through hydrogen bonding. The structures of the poly-
mers are shown in Scheme 1. Both PVCL and PVME
have LCST close to body temperature, 3630 and 35 °C,3!

© 2005 American Chemical Society

Published on Web 11/10/2005



10524 Kharlampieva et al.

Scheme 1. Chemical Structures of PVCL (a) and

PVME (b)
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respectively, and are promising for biomedical appli-
cations.?273¢ In contrast to active research on PNIPAM,
the number of studies carried out on PVCL and PVME
is limited and largely focused on PVCL?*73% and
PVME#0~# hydrogels and complexes in solutions. To our
knowledge, LbL self-assembly of these polymers and
temperature response of their films have not yet been
reported, though dye-release properties of hydrogen-
bonded self-assemblies of PNIPAM/PAA films at various
temperatures has been explored earlier by Quinn and
Caruso.#546 The main focus of this paper is to demon-
strate, using a range of hydrogen-bonding polymer
systems, the robustness of hydrogen-bonded self-
assembly in binding temperature-responsive polymers
at a surface and to explore the correlation between
strength of intermolecular association, pH stability of
multilayers, and their temperature response.

Experimental Section

Materials. Poly(methacrylic acid) (PMAA; M, 150 000),
poly(N-vinylpyrrolidone) (PVPON; M., 55 000), poly(ethylene
oxide) (PEO; My, 200 000), poly(N-vinyl methyl ether) PVME
(M, 200 000) as 36.6% aqueous solution, poly(4-vinylpiridine)
(PVP; My, 200 000), 0.1 N hydrochloric acid, sodium hydroxide,
dibasic and monobasic sodium phosphate, and ethyl bromide
were purchased from Sigma-Aldrich. Poly(N-vinylcaprolactam)
(PVCL; M, 1800) was received from Polymer Source. All
chemicals were used without any further purification. PVP was
quaternized with ethyl bromide using well-established meth-
0ds.*” The produced polymer, Q90, contained 90% of quater-
nized units and was used for deposition of the precursor layer.

The SiO; template particles with diameter of 4.0 £+ 0.2 yum
were purchased from Polysciences Inc. as 10% aqueous disper-
sion. For in situ infrared experiments, we have used D20 with
99.9% isotope content which was purchased from Cambridge
Isotope Laboratories and used as received. For permeation
experiments, a side-by-side horizontal diffusion glass cell from
PermeGear with inner diameter of 9 mm and Anodisc 25
membranes from Whatman International with pore size of 0.02
um and diameter of 25 mm were used. Thymol Blue (TB)
supplied by Fisher Scientific was used as a permeant molecule.
The H30 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. To create acidic media, 0.1 N
hydrochloric acid was used to lower the pH of the buffer
solution from 4.6 to 3.5. To create pH 2 media, 0.01 M aqueous
solutions of hydrochloric acid were used.

Deposition of the Multilayers onto Si Substrates. For
in situ FTIR-ATR studies, multilayers were prepared on the
surface of an oxidized ATR silicon crystal using a procedure
similar to that described in our earlier papers.*” The silicon
crystal was installed within a flow-through stainless steel cell.
In a typical experiment, a Q90 layer, used as a precursor layer,
was allowed to adsorb from a 0.1 mg/mL solution in 102 M
phosphate buffer at pH 8.9, yielding an adsorbed amount of
~1.5 mg/m?. After rinsing with the phosphate buffer at pH
8.9, a PMAA layer was deposited at the same high pH value
of 8.9. This was followed by sequentially replacing the cell
content with a 1072 M phosphate buffer solution at pH 8.9 and
pH 2. Subsequent multilayer deposition was done from 0.1 mg/
mL polymer solutions at a constant pH of 2.

Deposition of Hydrogen-Bonded Multilayers for Per-
meability Measurements. Hydrogen-bonded multilayers
were deposited on Anodisc 25 membranes using Robot Arm
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Catalyst 3 (CRS Robotics Corp.) and homemade software. The
conditions for the multilayer deposition were chosen because
of the pKj, value of aluminum oxide Anodisc membrane of 7.8.48
Specifically, first PMAA layer was deposited from solution at
pH 6.5 (instead of pH 8.9 used for deposition of multilayers
on FTIR-ATR crystal) to provide electrostatic attraction be-
tween PMAA and the substrate. Subsequent deposition of
PMAA/PVME, PMAA/PEO, PMAA/PVCL, or PMAA/PVPON
films was performed at a constant pH 3.5. This pH was chosen
since the aluminum oxide membrane surface did not provide
sufficient adhesion to the film at lower pH values due to
weakening of electrostatic binding between protonated PMAA
and positive charges of the aluminum oxide surface at acidic
pH values. The deposition was performed using 0.2 mg/mL
aqueous polymer solutions and a deposition time of 20 min,
with two rinsing steps in 10~2 M phosphate buffer solution at
pH 3.5 applied between the polymer deposition steps. In all
experiments, the LbL procedure was terminated after neutral
polymer was self-assembled as an outermost layer.

Capsule Preparation. For all deposition steps, unless
otherwise noted, 0.2 mg/mL polymer solutions and a typical
deposition time of 15 min were used. During that time,
adsorption at each deposition cycle reached saturation. Multi-
layers of PMAA/PVCL were deposited on silica particles at pH
2 starting from PVCL polymer layers. Silica particle surfaces
have an abundant amount of silanol groups under those
conditions. Each deposition cycle was followed by centrifuga-
tion of suspensions at 1200 rpm for 1 min, removal of
supernatant, and redispersing particles in solution at pH 2.
The procedure was repeated three times to ensure complete
removal of excess polymer. In the case of PMAA/PVME, the
above procedure resulted in severe coagulation of silica
particles, which could be avoided by using different deposition
conditions. First, self-assembly was performed at pH 4.0
(starting from the deposition of PVME) to provide slight
ionization to PMAA chains. Second, PVME was allowed to
adsorb from a more dilute 0.08 mg/mL polymer solution for a
shorter time of 5 min. Finally, all polymer and buffer solutions
used in deposition were precooled to 10 °C, and the temper-
ature during all steps of polymer deposition steps was also
kept at 10 °C.

In all cases, after a desired number of layers were deposited,
silica cores were dissolved using 8% hydrofluoric acid (HF),
yielding hollow polymeric capsules. Capsules of (PVCL/PMAA)
were then repeatedly washed with 0.1 M HCI aqueous solution
using centrifugation as a means to separate capsules from the
washing solution. Capsules of (PVME/PMAA) were washed
several times with a buffer solution at pH 4.

Permeability Measurements. Permeation studies were
performed using a PermeGear horizontal side-by-side diffusion
cell which was equipped with a magnetic stirrer (PermeGear
Inc.). The diffusion cell was thermostated by pumping water
at a constant temperature through the outer half-cells. Anodisc
25 support membranes with deposited multilayer films were
inserted between the two half-cells. Donor and receptor half-
cells were filled with 0.1 mg/mL (2.1 x 10™* M) TB solution
and with buffer solution at pH 3.5, respectively. The contents
of both compartments were agitated at 60 rpm. After a certain
time interval, dependent on the permeability rate of a solute
through the polyelectrolyte membrane, the contents of the
donor and the receptor cells were removed and replaced with
0.1 mg/mL TB solution and with a buffer solution, respectively.
At each temperature, the procedure was repeated three times
at three different time intervals. In all cases, the time required
for reaching a constant solution temperature was at least 30
times shorter than that allowed for solute permeation. The
data were used to determine the initial increase of solute
concentration in the receiving cell AC,; per unit time, AC,y/
At. Since the decrease in the solute concentration in the donor
cell was less than 1% in all experiments, the assumption of
the constant AC, /At was valid. The concentration of TB in
the receptor cell was determined using UV—vis spectropho-
tometry using the extinction coefficient for TB of 15 270 abs
units ecm™! M™! as determined at Am.x = 437 nm for TB
solutions in 1072 M phosphate buffer at pH 3.5. The perme-
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Figure 1. Representative FTIR-ATR spectra of the 8-layer
PMAA/PVCL (top panel) and 8-layer PMAA/PVME with
PMAA included into the top layers. Absorbance is plotted
against wavenumber. Multilayer deposition and measure-
ments were performed in D20 solution whose pH was adjusted
to pH 2. The spectra were obtained using a background
spectrum collected using Si or Ge crystals coated with a
precursor Q90 layer (for PMAA/PVCL and PMAA/PVME films,
respectively), which were in contact with D3O solution at pH

ability coefficient, P, was calculated by using the following
equation:

P = (AC, JADVI(CA)

where Cjy is the concentration of the solute in the donor cell
(2.1 x 107* M), V is the volume of each half cell (3.4 mL), and
A is the effective permeation area of the membrane (0.636 cm?).

UV-—vis Spectroscopy. Absorbance measurements were
performed using an UV—vis spectrophotometer U-300 Hitachi
(Hitachi International Inc.). Absorbance of all TB solutions was
measured at the wavelength of 437 nm.

FTIR-ATR Measurements. The amounts of polymers
adsorbed and the degree of ionization of the carboxylic groups
were quantified by in situ FTIR-ATR using experimental
protocols and calibration methods described earlier.® PMAA
amounts adsorbed were quantified from the calibrated intensi-
ties of the vibrational bands of —COO~ and —COOH as
described earlier.?® Figure 2 shows representative FTIR-ATR
spectra of 8-layer PMAA/PVCL (top panel) and 8-layer PMAA/
PVME (bottom panel) films which were deposited in situ on
the surface of Q90-pretreated Si and Ge ATR crystals, respec-
tively. The spectrum of a PMAA/PVCL multilayer (top panel)
shows two major peaks: an absorption band at 1701 cm™!
associated with stretch vibrations (C=O0) of uncharged car-
boxylic groups of PMAA and a band centered at 1607 cm™!
from carbonyl stretch vibrations (CON) of the caprolactam
ring. In the spectrum of PMAA/PVME multilayer (bottom
panel), besides the peak of protonated PMAA at 1701 cm™1,
one sees a broad band centered at 1088 cm™! associated with
the presence of PVME within the film. A similar peak in the
same region was observed for poly(ethylene oxide) (PEO) and
was assigned to COC stretch vibrations.?* The intensities of
the peaks shown in Figure 1 were integrated by Galactic
Grams/32 software. Note that for the same number of layers
within the films the intensity of the PMAA vibrational band
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Figure 2. Layer-by-layer deposition of PMAA/PVCL (tri-
angles) and PMAA/PVME (squares). The experiments were
done at pH 2 and monitored via ellipsometry using a refractive
index of 1.5.

(1701 em™) is much higher when the poly(carboxylic acid) is
included within the PMAA/PVME film (bottom panel) than
those within the PMAA/PVCL (top panel), suggesting a much
higher amount adsorbed for the PMAA/PVME film than for
the PMAA/PVCL film.

Confocal Laser Scanning Microscopy. Confocal images
of capsules were obtained with an LSM 5 PASCAL laser
scanning microscope (Zeiss, Germany) equipped with C-
Apochromat 63x/1.2 water immersion objective. Capsules were
visualized through deposition of the FITC-labeled PMAA in
the last two bilayers of capsules. The excitation wavelength
was 488 nm.

Fluorescent Labeling of Poly(methacrylic acid). To
visualize capsules for CLSM, labeling of PMAA was peformed
as described elsewhere.! Specifically, PMAA (M,, = 150 000)
was dissolved in 0.1 M phosphate buffer solution, and the
solution pH was adjusted to 5.0 with 0.1 M sodium hydroxide
solution. The polymer solution was mixed with of 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide hydrochloride and N-
hydroxysulfosuccinimide sodium salt, 5 mg/mL each, and
stirred for 30 min. The activation step was followed by addi-
tion of fluoresceinyl—ethylenediamine solution at pH = 6
with constant stirring for 10 h in darkness. Fluoresceinyl—
ethylenediamine was synthesized as described earlier.?? The
labeled PMAA was dialyzed against phosphate buffer (pH 7,
0.1 M) for at least 7 days and then pure deionized water for
12 h. The molecular weight cutoff of dialysis tubing was 25 000.
The dialysis was interrupted after no traces of fluorescence
could be determined in the dialysis water. The dialyzed
polymer solution was lyophilized, and 0.2 mg/mL solutions of
labeled PMAA at pH = 2 were prepared and used for capsule
preparation.

Scanning Electron Microscopy (SEM). SEM analysis
was performed using a LEO 982 DSM instrument with a field
emission gun at an operation voltage of 1 or 5 kV. Measure-
ments were conducted after a drop of a particle suspension
was applied to a precleaned silicon wafer and dried for 2 h.

Electron Energy-Loss Spectrometry (EELS). EELS
thickness measurements were carried out using a 200 keV
Philips CM20 field emission scanning transmission electron
microscope with a Gatan 776 Enfina PEELS spectrometer.
Hollow capsules were deposited from solution at pH = 1.0 onto
a lacy-carbon gold TEM grid, dried, and cooled to —165 °C.
The capsule wall thickness was derived at each point in a line
scan across using the relation Iy = Iioa €xp(—t/4), where ¢ is
thickness, 4 is the mean free path (MFP) for total inelastic
electron scattering of the polymer, Iioa is total and I the zero-
loss electron intensity,’® and 4 = 260 nm was based on
independent measurements of polymers.

Preparation of Hydrogen-Bonded Multilayers on Silica
Wafers. Hydrogen-bonded multilayers were deposited onto flat
silica wafers. A precursor layer of Q-90 was deposited first onto
silica wafers at pH 8.9 followed by two washings with buffers
at pH = 8.9 and adsorption of the PMAA from solution at pH
= 6.5 followed by washing with buffers at pH = 6.5 and 3.5.
Then PVME/PMAA layers were self-assembled at pH = 3.5.
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Table 1. Average Bilayer Thicknesses for Different
Hydrogen-Bonded Multilayers Ellipsometrically
Determined with Five-Bilayer Films

ellipsometric bilayer thickness, nm

pH 2, no pH 3.5, with Q90
polymer system precursor layer precursor layer
PMAA/PVME 15.6 15.1
PMAA/PVCL 4.8 5.4
PMAA/PVPON 4 3.8
PMAA/PEO 20 20.6

The washing cycles were performed at pH 2.0. The thick-
ness measurements followed by drying of wafers with self-
assembled polymers. To check whether the thickness of the
layers changes with temperature increase, the wafers were
immersed into the phosphate buffer solution at pH 3.5, heated
to 35, 52, and 74 °C, and the thicknesses of layers were
measured again.

Ellipsometry. Thickness measurements of self-assembled
films were done using a custom-made phase-modulated ellip-
someter. Before film deposition, silicon wafers were irradiated
with UV light for 30 min, washed with distilled water, and
treated with concentrated sulfuric acid for 15 min, followed
by washing with distilled water and drying under a stream of
compressed air.

Results and Discussion

PMAA/PVCL and PMAA/PVME Films on a Flat
Substrate. The layer-by-layer deposition of PMAA/
PVCL and PMAA/PVME was monitored by ellipsometry
and in situ FTIR-ATR experiments. The deposition
procedures are described in the Experimental Section.
As seen in Figure 1, the FTIR-ATR spectra of the
multilayers do not contain the 1552 ecm~! —COO~
vibrational band, suggesting that PMAA is completely
protonated under these conditions. Note that a priming
polycation layer was used for depositing hydrogen-
bonded films in FTIR-ATR experiments. However, we
have also deposited multilayers at the surface of the
oxidized silicon crystal without the precursor layer,
relying on hydrogen bonding of protonated silanol
groups and hydrogen-bonded polymer. In addition, to
model multilayer growth onto Anodisk membrane,
multilayers were also assembled onto a polycation-
precoated silicon wafer surfaces at a higher pH of 3.5
using a polycation precursor layer. The deposition
procedures are described in detail in the Experimental
Section. Table 1 compares bilayer film thicknesses
measured for the three cases described above. In addi-
tion to PMAA/PVCL and PMAA/PVME systems, poly-
(N-vinylpyrrolidone) (PMAA/PVPON) and poly(ethylene
oxide) (PMAA/PEO) multilayer growth is also shown for
comparison. For different deposition pH and regardless
of the presence of a precursor layer, the amounts
adsorbed determined by FTIR or ellipsometry for a
particular system were always consistent within 1—10%.
In our recent paper, we have reported on the effect of
ionization within a precursor layer on the growth of
weakly associated PMAA/PEO system.?* Specifically,
PMAA/PEO growth on particulate substrates at pH 3.5
was inhibited when a poly(ethylenimine) precursor layer
was deposited at the pH used for film deposition.
However, PMAA/PEO films could be grown on those
substrates when the PEI precursor was allowed to
adsorb at a pH value higher than that used for hydrogen-
bonding deposition. Inhomogeneous structure and dif-
ferent charge of precursor-treated surface layers formed
through the latter deposition route promoted further
PMAA/PEO growth. In this work we deposited Q90 at
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pH 9 to prime the surface of silicon wafers with
subsequent hydrogen-bonded multilayer growing per-
formed at pH 3.5. Figure 2 also illustrates deposition
of PMAA/PVCL and PMAA/PVME multilayers as a
function of layer number at the surface of silicon wafers
at pH 2. One can see a linear increase in deposited mass
for both PMAA/PVME and PMAA/PVCL films at layer
numbers higher than four. For PVCL systems, the
incremental bilayer thickness was 4.8 nm, with the
same mass in mg/m? of PMAA and PVCL deposited
within each bilayer. This corresponds to ~1.6 molar
excess of PMAA units—a value that is in good agreement
with those (2.1 times molar excess of PMAA over
PVPON) reported in our earlier work for hydrogen-
bonded PVPON/PMAA multilayers.’® The amount of
PMAA/PVME deposited within a bilayer was about 4
times larger than in PMAA/PVCL films. Similarly thick
films, with sharp increase in thickness starting from the
fourth layer, were shown before for PMAA/PEO systems
and contrasted with the robust deposition of PMAA/
PVPON films.5% The difference was explained by weaker
intermolecular hydrogen bonding between PMAA and
PEO molecules compared to PMAA and PVPON bind-
ing. Since PVCL can be considered as a homologue of
PVPON, and PVME is related to PEO as both polymers
contain ether groups, a similar argument for the smaller
number of intermolecular hydrogen bonds between
PVME with the polyacid explains the larger thickness
of PMAA/PVME bilayers. Control experiments with
deposition of PVCL with a larger molecular weight of
70 000 showed that the PVCL/PMAA bilayer thickness
was largely independent of PVCL molecular weights,
suggesting that the molecular weight effects cannot
explain the observed large difference in amounts of
polymers deposited in PMAA/PVME and PMAA/PVCL
films.

We have shown earlier that, for hydrogen-bonded self-
assemblies that involve poly(carboxylic acid)s, an in-
crease in pH to a certain value results in dissociation
of the polymer chains and film destruction.56 The pH of
film disintegrations determined as critical pH was
directly correlated with critical ionization of PMAA and
controlled by the strength of the hydrogen bonding.
Figure 3 (top panel) shows the evolution of mass
adsorbed when PMAA/PVME or PMAA/PVCL multi-
layers prepared at pH 2 were sequentially exposed to
buffer solutions with increasingly high pH. Changes in
ionization of the self-assembled polyacids during pH
increase are shown in the bottom panel in Figure 3. The
critical pH values were 6.2 and 6.95 for PMAA/PVME
to PMAA/PVCL films, respectively. Increased film sta-
bility from PMAA/PVME to PMAA/PVCL systems was
directly correlated with an increase in the critical
amounts of the ionized carboxylic groups. The weakly
bound PMAA/PVME complex can tolerate only ~2%
ionization of PMAA, but PMAA/PVCL films dissolved
when PMAA ionization was as high as 30%. Similar
differences in strength of intermolecular interactions
within hydrogen-bonded systems were also observed for
PMAA/PEO and PMAA/PVPON films which dissolved
at 1% and 14% PMAA ionization, respectively.56 PMAA/
PVCL films studied in this paper showed the highest
stability among all hydrogen-bonded systems in similar
conditions. Enhanced pH stability of PMAA/PVCL mul-
tilayers as compared to PVPON/PMAA systems cor-
relates with the presence of two extra methyl groups in
the caprolactam ring and points to significant contribu-
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Figure 3. pH-triggered disintegration (top panel) and average
ionization of PMAA (bottom panel) within 8-layer PMAA/
PVME (squares) and PMAA/PVCL (circles) films monitored
by in situ FTIR-ATR. The multilayers were deposited from DO
solutions of 0.01 M phosphate buffer whose pH was adjusted
to pH 2.

tion of hydrophobic interactions to film stabilization.
Additional hydrophobic contribution to stabilization of
hydrogen-bonded self-assembly is even more evident
from comparison of the pH stability of PMAA/PVME
films with earlier studies on PMAA/PEO systems.
Specifically, more hydrocarbon moieties in PVME chains
resulted in the shift of critical pH by about 1.6 units
compared to PMAA/PEO whose dissociation occurred at
pH 4.6. For complexation of hydrogen-bonding polymers
with poly(carboxylic acid)s in aqueous solutions, ad-
ditional contribution of hydrophobicity to macromolecu-
lar association has been much discussed in the litera-
ture. Specifically, using potentiometry and viscometry,
Staikos et al. reported an increase in the complexation
constant of PNIPAM with poly(acrylic acid) (PAA) at
elevated temperatures.’® Khutoryanskiy et al. also
found temperature-enhanced aggregation of interpoly-
mer complexes of several hydrogen-bonding polymers
(including PAA/PVME)#* that is consistent with the
endothermic nature of interpolymer interactions in
aqueous solutions. These data on complexation of poly-
mer chains in solution are consistent with results on
multilayer stability reported here and suggest that
chain association is controlled to a large degree by the
effects of water “caging” around interacting units and
release of water molecules from hydrophobic hydration
cages upon association, usually referred to as hydro-
phobic interactions. Specifically, this is relevant for
complexation of temperature-responsive polymers which
show significant hydrophobicity in aqueous solutions,
especially at temperatures close to phase transition of
the polymers in solution.

Permeability Studies. In this section, we present
permeation studies of a small molecule through hydro-
gen-bonded films as a means to probe temperature
responsiveness of self-assembled films. The central
question to study was whether PVCL and PVME retain
their temperature responsive properties after these
polymers are included within self-assembled films. For
these experiments, PMAA/PVCL or PMAA/PVME films
as well as reference PEO/PMAA and PVPON/PMAA
self-assembled films were deposited onto a supporting
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Scheme 2. Chemical Structure of Thymol Blue

Anodisc 25 membrane with an average pore size of 0.02
um, as described in the Experimental Section. The use
of pH 3.5 for film deposition provided stability of a self-
assembled film and its strong adhesion to the substrate.
As inferred from in situ FTIR-ATR measurements, in
all hydrogen-bonded systems (except for PMAA/PEO
films) small ionization of PMAA in solution (~1—2%)
at pH 3.5 was completely suppressed when PMAA was
included within the film due to hydrogen bonding
between carboxylic acid groups and proton-accepting
moieties. In the PEO/PMAA system, the suppression of
ionization was weak as a result of weak association
between PEO and PMAA chains and the small fraction
of carboxylic groups (~0.5 to 1%) ionized at this pH
value. A permeant molecule, TB, whose structure is
shown in Scheme 2 had pK,; of 1.5 and did not interact
with hydrogen-bonded films at pH 3.5 due to its nega-
tive charge at this pH value. The latter was demon-
strated by in situ FTIR-ATR using PMAA/PVPON as
an example. Another control experiment showed that
permeability of the bare support membrane was not
altered after having been coated with a single layer of
PMAA (data not shown) in the wide temperature range
from 15 to 50 °C.

When the number of layers deposited onto a PMAA-
primed Anodisk membrane increased, the permeability
of all films decreased at 25 °C, illustrating the bridging
of membrane pores by adsorbed polymer chains and
building a polymer film that retards TB diffusion (data
not shown). Table 2 summarizes the permeability data
for hydrogen-bonded multilayer films for several sys-
tems. The extent to which multilayers decreased diffu-
sion of TB was dependent on the polymer system. For
the same number of polymer layers deposited, systems
in which hydrogen bonding occurred through ether
group (PMAA/PEO and PMAA/PVME films) provided
about 1 order of magnitude decrease in solute perme-
ation rate, while deposition of PMAA/PVCL and PMAA/
PVPON films resulted in about 2 or 3 orders of magni-
tude slower permeation of TB for a 10-layer films. Some
authors reported much stronger decreases in diffusion
of solute molecules of about 6 orders of magnitude for
strongly bound PAH/PSS.5758 Qiu et al. have also shown
that permeability of electrostatically bound multilayers
can be further varied by a factor of several times by
choosing different polymer pairs.>® Because of multi-
layer deposition inside the cylindrical pores of the
support membrane, the actual polymer layer thickness
through which permeant molecules diffuse is usually
poorly determined in such systems, and diffusion coef-
ficients of permeant molecules using the relation D ~
Pd, where d is the membrane thickness, could not be
calculated. However, data in Tables 1 and 2 allow us to
make relative estimates of the TB diffusivity within
multilayers. These values followed the ratio 1:5:40:380
for PMAA/PVCL, PMAA/PVPON, PMAA/PVME, and
PMAA/PEO systems, respectively. One can see that
PMAA/PEO multilayers demonstrated the highest in-
trinsic permeability to TB, indicating highly swollen and
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Table 2. Permeability of 10-Layer Hydrogen-Bonded Multilayers Deposited at a Porous Anodisk 25 Support Membrane
at pH 3.5 and 25 °C

bare support membrane
1.7 x 1074

polymer system
TB permeability at
25 °C, cm/s

1.2 x 107

easily permeable multilayer structure that results from
weak association of PEO and PMAA chains. In contrast,
PMAA/PVCL showed the smallest intrinsic permeability
as a consequence of large number of intermolecular
hydrogen bonds and additional hydrophobic interactions
between them. Also note that the data on permeability
are in good agreement with pH stability and critical
ionization series for these hydrogen-bonded films dis-
cussed above.

Figure 4 contrasts the permeability of a supporting
membrane coated with a 10-layer PMAA/PVME or
PMAA/PVCL film. Apart from slower permeability of
TB through the PMAA/PVCL film, one can see that in
both cases a gradual increase in the multilayer perme-
ability was observed in the temperature interval from
18 to 40 °C.

Temperature dependences of permeability for pairs
of self-assembled polymers, PMAA/PVME vs PMAA/
PEO and PMAA/PVCL vs PMAA/PVPON, are con-
trasted in Figure 5. One can see that while PMAA/PEO
films showed moderate changes in permeability in the
temperature interval 18—42 °C, PMAA/PVME films
responded with a sharp increase in TB permeability in
the temperature interval 25—35 °C, approaching per-
meability of the bare supporting membrane at temper-
atures higher than 35 °C. A similar trend is seen for
different pairs of multilayers (PMAA/PVCL and PMAA/
PVPON). This comparison shows that the observed
increased permeation of TB through PMAA/PVME and
PMAA/PVCL films is rooted in temperature-induced
morphological changes of the films. Control experiments
performed with PMAA/PVME and PMAA/PVCL films
deposited onto silicon substrates at the same pH values
showed that exposing hydrogen-bonded films to tem-
peratures close to LCST (35 °C) in 1072 M buffer
solution at pH 3.5 for 6 h did not result in significant
mass loss, which was always less than 7%. Thus, the
small mass loss cannot explain the greatly increased
permeability of PMAA/PVME and PMAA/PVCL films.

Evidently, an increase of permeation of TB through
the films in the range of the LCST of PVCL or PVME
reflected loosening of the film structure as a result of
PVCL or PVME phase transitions. Note that both
increased and decreased permeations were observed for
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Figure 4. Permeability of TB molecules through 10-layer
PMAA/PVME and PMAA/PVCL multilayers deposited on a
porous Anodisk 25 support membrane at pH 3.5.

PMAA/PVME 10L

PMAA/PEO 20L
42 x 107°

PMAA/PVCL 10L
8.0 x 1077

PMAA/PVPON 10L
6.6 x 1076

films and surfaces modified with thermosensitive poly-
mers. For example, Peng et al. reported that the
direction of changes in the permeability of the PNIPAM-
grafted porous membranes depended on the graft den-
sity of PNIPAM chains, with decreased permeability at
high graft density of PNIPAM chains and vice versa.
An increase in permeability in a membrane of cross-
linked PNIPAM hydrogel above the LCST was reported
by Liang et al.!® However, hydrogels prepared by
stepwise deposition and sequential reaction of PNIPAM-
co-acrylic acid with poly(allylamine hydrochloride) showed
suppression of ionic permeability above the LCST of
PNIPAM because of shrinkage of polymer chains on the
substrate.?’” We suggest that in our case when polymers
were not covalently fixed within the film, deswelling of
PVME or PVCL chains at temperatures near and above
the LCST was accompanied by the appearance of voids
in the multilayer film and an increase in dye perme-
ability.

It is interesting to contrast the observed temperature-
dependent behavior of PMAA/PVME and PMAA/PVCL
films with the effect of intermolecular complexation of
PVME and PVCL chains on their phase transition
properties. Complexation of thermosensitive polymers
with poly(carboxylic acid)s in solution was shown to
significantly suppress thermoresponsive properties of
these polymers.®0 Significant factors which have been
shown to play an important role are the strength of
intermolecular interactions and the composition of
interpolymer complexes. Specifically, an increase in the
polyacid content resulted in drastic suppression of
cooperativity and the magnitude of the temperature
response of PNIPAM chains in the polyacid/PNIPAM
complexes.®! For example, the temperature sensitivity
of PVCL included in PMAA/PVCL complexes or PVCL-
MAA copolymers was largely lost in systems with
polyacid content r (calculated as molar ratio of polyacid
units to those of a neutral polymer) as low as unity.38

PMAA/PVME
20+

-—

10+ /
PMAA/PEO
- cﬁé : o_g—o—0
0 ; .
90+ -— ;
6oL PMAA/PVCL

30} /

PMAA/PVPON
0—0-00

TB normalized permeability

ot . oo
20 30 40 50

Temperature, °C

Figure 5. Temperature evolution of permeability of TB
molecules, normalized to 18 °C, through 10-layer PMAA/
PVME, PMAA/PEO, PMAA/PVCL, and PMAA/PVPON multi-
layers. Multilayers were deposited on a porous Anodisk 25
support membrane at pH 3.5 and exposed to increasing and
then decreasing temperatures (see arrows).
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Figure 6. (A) CLSM image of (PMAA/PVCL)s capsule in solution at pH 2. (B) SEM image of the (PMAA/PVCL);5 capsules after
drying from water solution at pH 2. Capsules were produced using 4 um silica particles.

Figure 7. Comparison of the aggregation state of (PMAA/PVME); capsules when they were prepared on silica cores using different
deposition procedures. (A) CLSM image of (PMAA/PVME); capsules produced on 4 um silica core substrates from 0.2 mg/mL
polymer solutions at pH 2 at room temperature with deposition time of 15 min. (B) CLSM of the (PMAA/PVME); capsules solution
produced on silica substrates at 10 °C using 0.08 mg/mL polymer solutions at pH 4 with 5 min deposition time. Scale bars are 5

um for both images.

Similar effects were reported for PVME.3 In our case,
r was 0.45 for PMAA/PVME and 1.6 for PMAA/PVCL,
and both systems showed temperature responsiveness.
Small multilayer thickness and proximity of the solid
substrate significantly contribute even when the film
bridges the substrate’s narrow pores, ~0.02 ym diam-
eter, as free-standing film might account for the differ-
ence.

It is also evident from Figure 5 that the range in
which the temperature response of PMAA/PVME and
PMAA/PVCL multilayers occurs is wide, about 10—15
°C, while phase separation of PVME or PVCL in
solution occurs in a narrow temperature region close to
the LCST of the polymer solution. In polymer systems
containing noninteracted groups of temperature-respon-
sive polymers, such as in copolymers of vinylcaprolac-
tam with a low content of acrylic acid in aqueous
solutions at basic pH, temperature-induced phase sepa-
ration occurs with high cooperativity in a narrow
temperature interval. At the same time, a decrease of
the phase transition temperature®! and strong broaden-
ing of the transition3%6! were observed when tempera-
ture-responsive moieties are hydrogen bonded with
carboxylic groups in solutions at low pH values. These
observations reflect hydrophobization of a polymer
system caused by chain association. Broadening of the
phase transition region reflected a decrease of the
cooperativity of the phase transition and shortening of

the average length of the temperature-responsive poly-
mer sequences which are not bound to carboxylic groups
and participate in the transition. Intermolecular binding
within multilayer films also produces sequences of
bound/unbound units which are intrinsically heteroge-
neous. Spatial constraints may account for broadening
of the temperature transition region when temperature-
responsive polymers are adsorbed®? or grafted?® onto
solid surfaces, as well as for microgels containing cross-
linked temperature-responsive polymers.!® Within a
multilayer of interacting chains of a temperature-
sensitive polymer, a large density and broad distribution
of these constraints (binding sites) are expected. Note
that, for electrostatically assembled multilayers con-
taining unbound PNIPAM sequences, a broad temper-
ature range for changes in diameter of self-assembled
hollow capsules?® and for water uptake or loss by
substrate-attached films?® was reported.

Permeability of both PMAA/PVME and PMAA/PVCL
films was not reversible (Figure 5). The data are
consistent with irreversible morphological changes of
PMAA/PVME and PMAA/PVCL due to the lack of
permanent chemical cross-links within self-assembled
films. In such films, initial mutual arrangements of
polymer chains do not recover when temperature is
lowered. Irreversibility of the film response does not
diminish the potential interest of these films for con-
trolled delivery applications, as in many cases a one-
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Table 3. Comparison of Bilayer PMAA/PVME and PMAA/
PVCL Thickness in Hollow Capsules As Determined by
EELS and in the Flat Films As Measured with
Ellipsometry®

capsule wall

thickness as ellipsometric thickness of

determined by  films deposited at silicon
polymer system EELS, nm wafer at pH 3.5, nm
PMAA/PVME 8+ 20 14+2
PMAA/PVCL 5+1 5+1

@ The data were averaged over at least 10 capsules for EELS
measurements and over three samples with four measurements
per sample for ellipsometric determination. ® Capsules prepared
at pH 4.0 with deposition time 5 min per layer using 0.08 mg/mL
PVME concentration.

time controlled delivery is needed, such as in the case
of delivery containers described below.

Toward Temperature-Responsive Capsules:
PMAA/PVME and PMAA/PVCL Systems. While us-
ing silica particles as a core material, direct deposition
of PMAA/PVCL or PMAA/PVME multilayers was pos-
sible without prior deposition of precursor layers. This
occurred due to hydrogen-bonding interactions of silanol
groups on silica surfaces with —C=O0O groups along
PVCL chains or with ether group of PVME at low pH
values. A typical confocal laser scanning microscopy
image of hollow PMAA/PVCL capsules shown in Figure
6 (panel A) and a SEM image of dried capsules (panel
B) show that nonaggregated capsules can be produced
at ambient temperature and pH 2. However, the deposi-
tion of PVME layers induced strong coagulation of
template particles when the self-assembly was done
under these conditions. Comparison of the CLSM im-
ages of PMAA/PVCL (Figure 6, panel A) and PMAA/
PVME capsules (Figure 7, panel A) shows that while
PVCL-containing capsules can be easily produced on
silica cores at pH 2 even at room temperature, PVME-
containing capsules tend to coagulate and produce
clusters which cannot be separated. We attributed this
to high hydrophobicity of the PVME layers at temper-
ature close to LCST of the polymer. Since PVME
undergoes a phase transition at 35—36 °C, handling the
test tubes during capsule preparation has probably
resulted in an increase in suspension temperature and
induced coagulation of the PVME-coated particles.

To minimize the coagulation of the PMAA/PVME-
coated particles, we have introduced the following
modifications into the multilayer deposition procedure:
(1) multilayer deposition and subsequent washings were
performed at +10 °C to keep PVME far below its LCST,
(2) a deposition pH was increased to 4.0 to provide a
slight negative charge to PMAA chains, and (3) the
deposition time was reduced to 5 min to reduce the
amount of the PVME adsorbed. Figure 7 (panel B)
shows a CLSM image of (PMAA/PVME); capsules in
solution at pH 4 prepared at 10 °C. One can see that
the capsules are mostly separated.

The differences in capsule preparation were directly
reflected in capsule wall thicknesses as measured by
electron energy-loss spectrometry. These data are sum-
marized in Table 3. While bilayer thickness of PMAA/
PVCL capsules whose preparation conditions were very
close to those used for a flat substrate, PMAA/PVME
capsule walls obtained with EELS were significantly
thinner than films deposited on the flat substrate
because of a higher pH value, lower PVME concentra-
tions, and a shorter time allowed for PVME deposition
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used during PMAA/PVME capsule construction. Studies
of temperature response of the produced capsules are
underway.

In summary, we have demonstrated that layer-by-
layer hydrogen-bonded films and capsules can be pro-
duced through self-assembly of a weak poly(carboxylic
acid) and temperature responsive polymers such as
PVME or PVCL. The permeability of such films to low
molecular weight permeant molecules was observed but
was significantly attenuated through interaction with
the poly(carboxylic acid) chains, resulting in broadening
of the temperature range of the phase transition. We
demonstrate feasibility of preparation of hollow capsules
based on PMAA/PVME and PMAA/PVCL which hold
promise as temperature-responsive containers for con-
trolled delivery applications. Work targeted to quanti-
fication of temperature response of such capsules is
currently underway.
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