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L
ayer-by-layer (LbL) assembly is
uniquely suited for fabricating func-
tional films with tailored composition

and designed properties.1,2 Sequential LbL

deposition of polymers relies on intermac-

romolecular binding between assembled

species, and can involve either charged or

neutral polymers. Temperature is one im-

portant stimulus which can be used to con-

trol film morphology, its swelling and its ca-

pacity for delivering functional molecules.

The LbL assembly of temperature-

responsive multilayers has been explored

in controlling the permeability of films and

microcapsules. Temperature-response has

often been imparted to LbL assemblies by

incorporating poly(N-isopropylacrylamide)

(PNIPAM) homopolymers or random co-

polymers within films. In one approach,

PNIPAM was incorporated into LbL multilay-

ers using sequential surface chemical reac-

tions of copolymers with activated poly-

mers containing amino or carboxylic

groups.3 Another approach is to use electro-

static interactions based on copolymers

containing a PNIPAM block and a charged

block to construct multilayers and cap-

sules.4 With cationic and anionic random co-

polymers of NIPAM, Jaber and Schlenoff con-

structed LbL films which demonstrated

reversible changes in ion permeability and

water content.5 With PNIPAM microgels and

cross-linker N,N=-methylene-bis-acrylamide,

Lyon and co-workers immobilized microgels

on glass slides and showed deswelling be-

haviors of microcomposite hydrogel films.6

The same group also reported on electrostati-

cally assembled films containing ionic

temperature-responsive microgels and found

that, because of the presence of extra charge

within microgel particles, thermal responsive-

ness of such films has been hindered at neu-
tral and basic values of pH.7,8

Besides electrostatically assembled films,
hydrogen bonding has also been used for
constructing temperature-responsive multi-
layers.9 Quinn and Caruso constructed films
of PNIPAM and poly(acrylic acid) (PAA), and
demonstrated that at higher temperatures,
such films show enhanced release rates of
loaded functional molecules.10 The same au-
thors have also fabricated hydrogen-bonded
films of poly(styrene-alt-maleic acid) and
poly(ethylene oxide) with similarly
temperature-enhanced but slower release
profiles.11 Li and co-workers demonstrated
that biocompatible PNIPAM/alginate films
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ABSTRACT We report on reversible temperature-triggered swelling transitions in hydrogen-bonded multilayer

films of a polycarboxylic acid and stimuli-responsive block copolymer micelles (BCMs). A neutral hydrogen-bonding

temperature-responsive diblock copolymer, poly(N-vinylpyrrolidone)-b-poly(N-isopropylacrylamide) (PVPON-b-

PNIPAM), was synthesized by macromolecular design via the interchange of xanthates (MADIX). The block

copolymer exhibited reversible micellization, forming PNIPAM-core micelles with PVPON coronae in 0.01 M buffer

solutions at temperatures higher than 34 °C, or in solutions with high salt concentrations (CNaCl > 0.4 M) at 20

°C. The PVPON-b-PNIPAM BCMs were then assembled with poly(methacrylic acid) (PMAA) at acidic pH and higher

temperature using the layer-by-layer (LbL) technique. Within the hydrogen-bonded multilayer, BCMs were

stabilized through hydrogen bonding between PVPON and PMAA units and, unlike in solution, did not dissociate

into unimers in low-salt solution at T < 34 °C. Instead, PVPON-b-PNIPAM BCMs reversibly swelled within film in

response to temperature- or salt-concentration variations, reflecting collapse and dissolution of the BCM PNIPAM

cores. The capacity of BCM/PMAA films to retain hydrophobic molecules was also dramatically dependent on

temperature and/or ionic strength. The characteristic release time of pyrene from a [BCM/PMAA]10 film decreased

from 80 to 10 min upon a decrease in temperature from 37 to 20 °C. In addition, at 20 °C, ionic strength was also

capable of controlling the collapse of PNIPAM micellar cores and the subsequent film swelling and pyrene release

rate. Incorporation of stimuli-responsive BCM micelles within LbL films opens new opportunities in designing

nanoscale films capable of controlling molecular swelling, transport, and diffusion in response to environmental

stimuli.

KEYWORDS: layer-by-layer · swelling · temperature response · block copolymer
micelles · hydrogen bonding · drug delivery · poly(N-isopropylacrylamide)
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are capable of controlling the release rate of film-loaded
crystalline taxol in response to temperature variations.12

Our group has studied temperature-dependent perme-
ability of a range of hydrogen-bonded multilayers, includ-
ing poly(vinyl methyl ether) (PVME)13 or poly(N-vinyl ca-
prolactam) (PVCL)14 with different LCSTs, and showed that
PVCL/poly(methacrylic acid) (PMAA) and PVME/PMAA
films exhibit temperature-responsive permeability of thy-
mol blue dye in a temperature range from 18 to 42 °C.15

To enhance functionality of surface coatings, block
copolymer micelles (BCMs) have recently been used as
building blocks for film construction. An attractive fea-
ture of BCM-containing films is the availability of hydro-
phobic micellar cores which can serve as high-capacity
depots for loading and release of functional hydropho-
bic molecules, such as drugs. Sequential assembly of
BCMs with charged coronae and oppositely charged lin-
ear polyelectrolytes to form BCM-containing LbL films
was described by Zhang’s group.16�18 In all these cases,
BCMs consisted of glassy, nondegradable, and nonre-
sponsive polystyrene cores and polyelectrolyte coro-
nae. Polyelectrolyte-stabilized surfactant micelles have
also been used as blocks to fabricate LbL-assembled
multilayers to avoid the synthesis of block copoly-
mers.19 To extend the apporach to the biomedical
arena, biocompatible and biodegradable micelles of
poly(lactic-co-glycolic acid)-b-poly(L-lysine) were in-
cluded within LbL films through sequential alternating
adsorption with a polyanion.20 In addition to BCM/poly-
electrolyte constructs, BCM/BCM assembly of two types
of BCMs having polycation and polyanion coronae
were described by Qi et al.21 and Cho et al.22 The possi-
bilty of controlling film structure and function, by com-
bining two different types of BCMs, renders the all-
BCM films attractive candidates for constructing highly
functional nanostructured LbL assemblies.23�25

Hydrogen-bonded self-assembly of biodegradable
poly(ethylene oxide)-b-poly(�-caprolactone) BCMs with
PAA has recently been reported by Hammond and co-
workers.26 In this system, the micellar cores were not en-
vironmentally responsive, but rather the capacity of
the BCM/PAA film to disintegrate at neutral pH values
was utilized to deliver drug-loaded micelles from sur-
faces in physiological conditions. Drug release and film
disintegration rates were additionally controlled by in-
troducing cross-links between the micellar PAA blocks
within self-assembled films.26

Incorporation of stimuli-responsive BCMs with LbL
films presents an attractive means of controlling film
swelling, morphology, and drug release. The advanced
film functionality is enabled by the capacity of the mi-
cellar cores to be reversibly dissolved in response to en-
vironmental stimuli. Webber et al.27 were first to report
on monolayers of pH-responsive micelles at surfaces.
These authors demonstrated reversible reconstructions
of deposited monolayer of poly(2-(dimethylamino)ethyl
methacrylate)-block-poly(2-(diethylamino)ethyl meth-

acrylate) (PDMA-b-PDEA) micelles at the mica-aqueous
solution interface upon pH variations. Very recently,
Hammond and co-workers reported controlled release
of an anticancer drug from hydrogen-bonded multilay-
ers of BCMs and tannic acid, occurring as a result of hy-
drolysis of the pH-sensitive carbamate linkage between
the drug and the BCM.28 To the best of our knowl-
edge, however, there have been no reports on multi-
layer films of BCMs with stimuli-responsive cores.

Micellization of PNIPAM-containing block copoly-
mers has been extensively studied in solution.29 Jiang
et al.30 reported “schizophrenic” BCM micelles of triblock
copolymers comprising PNIPAM blocks. By cross-linking
the shell, the micelles in solution exhibited thermal re-
sponsiveness as the result of reversible swelling and col-
lapse of micellar PNIPAM cores. Unlike the observed re-
versible temperature-controlled micellization of
PNIPAM-containing block copolymers, PNIPAM-grafted
nanoparticles undergo reversible aggregation driven by
temperature variations.31 Here, we explore the strategy
of including temperature-responsive biocompatible
poly(N-vinylpyrrolidone)-b-poly(N-isopropylacrylamide)
(PVPON-b-PNIPAM) BCMs within LbL films using hydro-
gen bonding between the PNIPAM-core/PVPON-corona
micelles and a poly(carboxylic acid). We study the ef-
fect of polymeric self-assembly on temperature-
response and stability of temperature-induced BCM
transitions, and we show that binding with polyacid in-
hibited temperature-triggered dissociation of PNIPAM-
core micelles to unimers. Instead, the films exhibited
pronounced and reversible swelling transitions in re-
sponse to temperature variations. Finally, reversible
temperature or salt-controlled swelling and deswelling
of BCMs in the multilayer showed dual control over re-
lease kinetics of the guest molecules, showing the ca-
pacity to retard or accelerate the diffusion of small mol-
ecules from the film.

RESULTS AND DISCUSSION
Polymer Synthesis and Characterization. N-vinylpyrrolidone

(VPON) and its polymer PVPON are attracting consider-
able attention because of their solubilty in water and
low toxicity. Recently, controlled radical polymerization
of PVPON has been reported using the MADIX/RAFT
technique.32 The procedure is based on the use of [1-(O-
ethylxanthyl)ethyl]benzene as an effective chain trans-
fer agent (CTA), which is able, in the presence of AIBN,
to effectively control molecular weight and the terminal
group chemistry of growing PVPON chains. In this work,
we used the reported procedure for the synthesis of
PVPON-CTA, and then used this polymer as macro-CTA
for polymerization of NIPAM to prepare PVPON-b-
PNIPAM diblock copolymer (Scheme 1). GPC analysis in
DMF revealed Mn of 19 700 with polydispersity index
Mw/Mn of 1.20 for PVPON-CTA polymer, and Mn of
35 800 and Mw/Mn of 1.23 for PVPON-b-PNIPAM copoly-
mer. Degree of polymerization of the PNIPAM block
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was calculated using 1H NMR peak intensities and the

known molecular weight of the PVPON block. Details of

GPC and 1H NMR characterization are described in the

Supporting Information (Figures S1 and S2). The ob-

tained block copolymer was denoted as PVPON165-b-

PNIPAM140.

Stimuli-Responsive Micellization of PVPON165-b-PNIPAM140. In

aqueous solution, PNIPAM homopolymers exhibit a

LCST of �32 °C.33,34 PNIPAM chains are molecularly dis-

persed at temperatures below LCST and collapse in

aqueous solution at temperatures above LCST. The

LCST of PNIPAM is also strongly dependent on the type

and concentration of small ions in solution. Binding of

anions with PNIPAM units can result in an increase, but

more often a decrease, in LCST with binding strength

and the effect on polymer solubility following the

Hofmeister series.35�39 Therefore the micellization of

PVPON-b-PNIPAM can be induced either by increasing

solution temperature or by increasing salt concentra-

tion. In both cases, BCMs are formed with collapsed

PNIPAM cores which are stabilized by PVPON coronal

chains. Figure 1a shows hydrodynamic size in 0.5

mg/mL PVPON165-b-PNIPAM140 solution as a function

of temperature. At room temperature, both the PVPON

and PNIPAM blocks are water-soluble and the copoly-

mers are molecularly dissolved with sizes of �8 to 10

nm. Above 34 °C the block copolymers self-assembled

into micellar aggregates with a size of �100 nm. Micel-

lization occurred in a narrow temperature range from

32.5 to 34 °C, and micelle size was almost constant in

the temperature range from 35 to 53 °C. The CMT of

PVPON165-b-PNIPAM140 block copolymer was very close

to the known LCST of PNIPAM block. Figure 1b shows

the hydrodynamic size in 0.5 mg/mL PVPON165-b-

PNIPAM140 aqueous solution as a function of NaCl con-

centration at room temperature. At concentrations of

NaCl below 0.35 M, the copolymers are water-soluble at

room temperature with a size of �10 nm. A drastic in-

crease in hydrodynamic size to �90 nm occurred in so-

lution with NaCl concentration of 0.4 M, with
only a slight further increase in size at high salt
concentration.

The spherical shape of PNIPAM-core/
PVPON-corona micelles was confirmed by
AFM imaging of monolayer of surface-bound
micelles. Figure 1c shows a contact-mode AFM
image of PNIPAM-core/PVPON-corona mi-
celles formed in solution at 45 °C and allowed
to adsorb on the surface of oxidized silicon wa-
fer at pH 2.2. The binding of BCMs at the sur-
face of silicon wafer occurred as a result of hy-
drogen bonding between silanol surface
groups and the carbonyl moiety of VPON
rings. The average lateral size of micelles
ranged from 120 to 150 nm, with average
height of 65�70 nm. The larger lateral size of

surface-bound micelles (as compared to their hydrody-

namic size in solution of �100 nm) reflects flattening of

micelles at surfaces. Such flattening is probably in-

duced by favorable interactions between the micellar

corona and surface silanol groups, and was previously

observed by others for different micellar systems.26 Us-

ing AFM imaging, we also confirmed a spherical shape

for PNIPAM-core/PVPON-corona BCMs formed in 0.5 M

NaCl solution (data not shown).

Formation of BCM/Polymer LbL Films. Temperature- or salt-

induced PNIPAM-core/PVPON-corona micelles were

then used as building blocks for LbL assembly with

PMAA. Film deposition was based on hydrogen bond-

ing between BCM PVPON coronal chains and PMAA ho-

mopolymer units (Scheme 2). All solutions were ad-

justed to pH 2.2 to ensure protonation of PMAA and

Scheme 1. Schematic representation for synthesis of PVPON165-b-
PNIPAM140 diblock copolymer.

Figure 1. Hydrodynamic size in 0.5 mg/mL PVPON165-b-PNIPAM140

aqueous solution of pH 2.2 as a function of temperature (a), or as a
function of concentration of sodium chloride at 20 °C (b). AFM image
of a monolayer of PVPON165-b-PNIPAM140 micelles adsorbed at the sur-
face of silicon wafer from low-salt 0.5 mg/mL PVPON165-b-PNIPAM140

solution at pH 2.2 and 45 °C (c). The sample was dried in air at 45 °C
prior to AFM imaging.
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the existence of hydrogen bonding.40 It was critical to

keep the temperature of all deposition solutions above

34 °C so that PNIPAM chains remained collapsed within

BCM cores, and the BCMs maintained their structural in-

tegrity during deposition and rinsing steps. The concen-

tration of the BCM solution was 0.5 mg/mL, which is

well above the critical micelle concentration of

PVPON165-b-PNIPAM140 in aqueous solution (about

0.008 mg/mL). To enhance surface adhesion of the sub-

sequently grown multilayers, silicon wafers or quartz

slides were modified with a BPEI/PMAA bilayer as a pre-

cursor layer as described in the Experimental Section.

Figure 2a shows dependence of the dry thickness

of BCM/PMAA films as a function of bilayer number.

Film thickness was inferred from AFM analysis of the

depth profile of the step, created by removing a por-

tion of multilayer film from the substrate with a razor

blade. Figure S3 in the Supporting Information shows
an example of the AFM analysis of the step height us-
ing a two-bilayer film. The data in Figure 2a show that
multilayer growth was linear after the third deposition
cycle. In another experiment, BCM/PMAA films were de-
posited at the surface of quartz slide, and absorbance
at 220 nm assigned to carbonyl group was used to
monitor the film growth (Figure 2b).41 The data also
demonstrate a linear growth, starting from 2 bilayers,
consistent with the trend in Figure 2a. From the slope
in Figure 2a, a bilayer thickness after the third deposi-
tion cycle was calculated to be 54.3 nm. Among these,
the thickness growth for each deposition of a PMAA
layer is �2 nm on average. The dry monolayer thick-
ness per BCM layer in the linear region was twice as
small as the hydrodynamic size of hydrated micelles of
�100 nm, reflecting dehydration of BCMs after deposi-
tion at surfaces. AFM images in Figures 1c and 3a indi-
cate that for a first bilayer deposited, silicon substrates
were not completely covered with BCMs. The ellipso-
metric thickness of a dry monolayer of BCMs was 20.9
� 4.2 nm. An initial nonlinear growth followed by lin-
ear growth curve was also reported for electrostatically
fabricated LbL films.42 In contrast to this reported data,
PNIPAM-b-PVPON micelles are neutral and lack electro-
static repulsion between charged coronae. The incom-
plete surface coverage in the case of PNIPAM-core/
PVPON-corona micelles is probably associated with a
lack of micellar mobility at the surface, which is required
for the formation of highly packed micelle monolayer.
Indeed, as micelles are randomly adsorbed at the sur-
face, adsorption of later-arriving micelles is inhibited
because of the insufficient size of landing spots remain-
ing in between surface-bound micelles. These “de-
fects” were filled as subsequent layers of PMAA and
BCMs were deposited at the surface, and for a three-
bilayer film the surface was fully covered by BCMs (Fig-
ure 3b). For thicker films, AFM images of dry films show
dense deposition of micelles at film surfaces (Figure
3c,d). The root-mean-square (rms) roughness of the
BCM/PMAA films increased with the number of bilay-
ers, and leveled off at a value of 54 � 5 nm for films
thicker than 6 bilayers. In particular, the rms roughness
of 1-, 3-, 6-, and 10-bilayer BCM/PMAA films was 24.0,
32.4, 57.1, and 50.8 nm, respectively. The limiting value
of rms roughness of 54 � 5 nm is close to the average
bilayer thickness in the linear film growth region of 54.3
nm. In this regime, BCMs are adsorbed onto a quasi-3D
surface with a constant roughness, and a constant num-
ber of micelles are deposited at surfaces per deposition
cycle, resulting in linear multilayer growth shown in
Figure 2.

BCM/PMAA multilayers were stable at pH values be-
low 6.2 and could be erased from the surface by expo-
sure to solution at higher pH values. Such behavior is
consistent with our earlier findings of dissolution of
PVPON/PMAA films at pH 6.9.43 The slightly lower criti-

Scheme 2. Schematic illustration of PVPON165-b-PNIPAM140 micelliza-
tion and hydrogen-bonded LbL assembly of BCM/PMAA multilayer
films.

Figure 2. (a) AFM-inferred thickness of dry BCM/PMAA
multilayer films deposited at the surface of silicon wafers as
a function of bilayer number. (b) UV�vis spectra for BCM/
PMAA film deposited at quartz slides as a function of bilayer
number. Inset is absorbance versus the number of bilayers.
Films were deposited at pH 2.2, which was first coated with
�4 nm branched polyethylenimine (BPEI)/PMAA bilayer as a
precursor layer.
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cal dissolution pH value for BCM/PMAA
films is probably due to steric instability
of coronal PVPON chains to conform to
PMAA chains.

Temperature Response of BCM FilmsOFrom
Monolayers to Multilayers. We then aimed to
explore whether the temperature-
triggered behavior of surface-bound mi-
celles differed from their micellization in
solution. Figure 4a,b shows AFM images
of a monolayer of adsorbed BCMs as de-
posited from phosphate buffer of pH 2.2
at 45 °C (Figure 4a) and after exposure to
the same buffer solution at room temper-
ature (Figure 4b). Figure 4c also shows
an example of a similar exposure of the
BCM/PMAA bilayer to a solution with
temperature below LCST. All substrates
were dried at 45 °C in air before AFM im-
aging. With no PMAA layer on the top,
the BCM monolayer disintegrated in low-
temperature solution, as seen from the
morphological changes in Figure 4b. The
ellipsometric thickness of dry BCM mono-
layer shown in Figure 4 panels a and b
decreased from 20.9 � 4.2 nm to 5.7 �

2.0 nm, respectively, indicating desorp-
tion of a significant fraction of PNIPAM-b-
PVPON chains into solution. The mass
loss and morphological changes were ir-
reversible with temperature change. In
work by others, environmentally triggered dissociation
of a surface-adsorbed BCM monolayer was studied,27

and the degree of reversibility of pH-triggered morpho-
logical changes was shown to be dependent on the
strength of binding between coronal chains and sub-
strate functional groups. Specifically, reversible or irre-
versible dissolution of a surface-bound micelle mono-
layer was observed for mica or oxidized silicon wafer
surfaces, respectively.27 We suggest that in our case the
strong binding between PVPON coronal chains and sur-
face silanol groups results in irreversibility of
temperature-triggered morphological changes of ad-
sorbed BCM monolayer. In addition, readsorption of all
PNIPAM-b-PVPON chains at the surface after
temperature-triggered micellar disintegration was not
possible because of the prohibitively high mass of the
PNIPAM-b-PVPON chains within the BCM monolayer.

In drastic contrast, the BCM/PMAA bilayer main-
tained its original dry mass and structural integrity for
surface-coated micelles when exposed to solution with
temperature below LCST (Figure 4c). With a PMAA top
layer, the thickness of a one-bilayer film remained 22.3
� 3.9 nm before and after exposure to solution at room
temperature. Moreover, we have immersed one-bilayer
BCM/PMAA films in phosphate buffer of pH 2.2 at room
temperature for as long as 96 h, and found no changes

in micellar morphology or in the micellar surface cover-
age. This suggests that a coating of hydrogen-bonding
PMAA chains on PNIPAM-core/PVPON-corona micelles
inhibited temperature-triggered dissolution of BCMs.
AFM data also suggest that stabilization of PNIPAM-
core/PVPON-corona micelles at the film surface at room
temperature occurred for BCM/PMAA films of various
thicknesses (e.g., 3-, 6-, and 10-bilayer films) with PMAA
deposited as the top layer. This result shows a facile
way of stabilization against temperature variation for
otherwise dissolvable micelles via self-assembly with a

homopolymer at surface.
Temperature-Triggered Swelling of BCM/PMAA Films. We

then aimed to explore whether temperature-induced
phase transitions within PNIPAM cores of self-
assembled BCMs can be used to control the extent of
film swelling. To that end, we fabricated a [BCM/PMAA]4

film with a dry thickness of 140 � 17 nm and applied
in situ ellipsometry to monitor film swelling as a func-
tion of temperature in aqueous solution. A [BCM/
PMAA]4 film was used for in situ ellipsometry, as its
thickness is most suitable for simultaneous determina-
tion of thickness and refractive index.44 These experi-
ments were performed in 0.01 M phosphate buffer of
pH 5.0. This pH is lower than the critical disintegration
pH of BCM/PMAA films at 6.2, and BCM/PMAA films are

Figure 3. AFM images of dry [BCM/PMAA]n films as a function of bilayer number n: n � 1
(a), n � 3 (b), n � 6 (c), and n � 10 (d). Their root-mean-square roughness is 24.0, 32.4, 57.1,
and 50.8 nm, respectively. Films were deposited from solutions of pH 2.2 at 45 °C and
dried in air at 45 °C. In all images, the scanned area was 5 �m � 5 �m. All silicon wafers
were coated with a BPEI/PMAA bilayer as a precursor layer.
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stable because of sufficiently extensive hydrogen bond-

ing between protonated PMAA chains (pKa value of

PMAA is reported to be �6 to 6.845) and the PVPON

chains in the micellar corona. An ellipsometry cell con-

taining silicon substrate deposited with a [BCM/PMAA]4

film was filled with 0.01 M phosphate buffer of pH 5.0,

and measurements were performed after the tempera-

ture was allowed to equilibrate for 10 min. Figure 5 pan-

els a and b show the temperature dependence of thick-

ness and refractive index for a [BCM/PMAA]4 film. At

20 °C, an average film thickness of 230 � 15 nm, and a

low refractive index of 1.365 suggests a significant

swelling of the multilayer film (swell ratio of 1.60�1.65).

When the solution temperature was elevated to 45 °C,

the film thickness decreased to 156 � 10 nm (swell ra-

tio of 1.10�1.16), and its refractive index increased to

1.405, suggesting deswelling of the film resulting from

the collapse of the PNIPAM-core polymer chains of

hydrogen-bonded micelles. Theoretically, a single poly-

mer chain will swell in order to maximize the number

of polymer-fluid contacts in good solvent. If we assume

a PNIPAM chain behaves as Gauss-
ian chain in aqueous solution at 20
°C, the radius of gyration for the
PNIPAM140 chain was estimated to
be �6 nm. As temperature in-
creases to 45 °C, the PNIPAM140

chain behaves like a solid sphere in
bad solvent, undergoing a coil-to-
globule transition. With the as-
sumption of a density of 1.0 g cm�3

for the collapsed polymer sphere,
the radius of the hard globule at 45
°C is calculated to be �2 nm. The
theoretical ratio of these radii at 3.0
reveals a change of the PNIPAM140

chain conformation in water with
an increase in temperatures. The
measured value of swelling ratio of
1.60 is twice as small as the calcu-
lated value of 3 because the sur-
rounding matrix of the PVPON shell
and PMMA layer makes up more
than half of the composite mass
and exhibits no change of confor-
mation with temperature. Figure 5c
shows an AFM image of the same
area after the film was dried at 45 °C
and Figure 5d shows the wet film
at 20 °C. For a film soaked with wa-
ter at 20 °C, swollen micelles were
clearly observed with sizes of �180
to 220 nm (Figure 5d), while micel-
lar size was �100 to 120 nm for film
dried at 45 °C (Figure 5c). The corre-
sponding root-mean-square rough-
ness of the wet and dry films shown

in Figure 5 panels c and d was 19.7 and 34.3 nm, respec-
tively. Remarkably, film swelling/deswelling was largely
reversible even after four swelling cycles. The film swell-
ing/deswelling occurred as a result of temperature-
induced collapse or dissolution of PNIPAM cores of self-
assembled BCMs. The transition is reversible due to
stabilization of BCMs within LbL films achieved by
hydrogen-bonding with PMAA chains. These results in-
dicate that while hydrogen-bonded within multilayer
films, PNIPAM-core micelles retain the LCST behavior
that enables temperature control over film swelling.
Earlier experiments by others demonstrated that elec-
trostatic repulsion within poly(NIPAM-co-acrylic acid)
microgels resulted in the loss of temperature respon-
siveness for microgel-containing LbL films.8 Our system
lacks these potentially inhibiting electrostatic interac-
tions and is therefore advantageous over systems
which employ charged copolymers of NIPAM.5,8 Finally,
it is important that a simple noncovalent self-assembly
of PMAA homopolymer with PNIPAM-core/PVPON-
corona micelles results in robust films that show revers-

Figure 4. AFM images of a monolayer of PVPON-b-PNIPAM micelles deposited from 0.01 M
phosphate buffer of pH 2.2 at 45 °C at the silicon wafer surface before (a) and after (b) expo-
sure to phosphate buffer of pH 2.2 at 20 °C. AFM image of a [BCM/PMAA]1 film after exposure
to phosphate buffer of pH 2.2 at 20 °C overnight (c). All films were dried in air at 45 °C before
AFM imaging. In all images, the scanned area was 2 �m � 2 �m. All silicon wafers were first
coated with a BPEI/PMAA bilayer as precursor layer.
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ible temperature-induced swelling transi-
tions. The reversibility of such transitions is
assured by strong hydrogen bonding be-
tween PVPON coronae and PMAA ho-
mopolymer units.

Effect of Temperature on Release of Pyrene from
BCM/PMAA Multilayers. We then explored
whether temperature-controlled collapse/
swelling transitions in self-assembled BCM
PNIPAM cores could be used to control the
release rate of hydrophobic functional mol-
ecules. Pyrene, a small hydrophobic mol-
ecule, was used as the model molecule.
With the expectation that poorly water-
soluble pyrene can be incorporated within
BCM/PMAA films at temperatures above
PNIPAM’s LCST where micellar PNIPAM
cores are collapsed, pyrene dye was loaded
into [BCM/PMAA]10 films using saturated
pyrene solution of pH 5.0 at 45 °C as de-
scribed in the Experimental Section. Fluo-
rescence spectrum of pyrene-loaded film is
shown in Figure S4. To avoid desorption of
loaded pyrene from the film, spectrum was
taken immediately after immersing the
pyrene-loaded BCM/PMAA film into pH 5.0
solution at 45 °C. From Figure S4, we calcu-
lated ratio of the fluorescence intensities at 373 and
383 nm, I373/I383, as 0.92. This value indicates that pyrene
was included into the hydrophobic environment of
film.46 Note that the I373/I383 intensity ratio in pyrene-
loaded BCM/PMAA multilayer films was lower than that
of �1.10 for solution of BCMs at elevated tempera-
tures. The difference in intensity ratios between pyrene-
loaded micelle solution and dry multilayer films were
also reported by others.16 We suggest that the lower
I373/I383 ratio of pyrene fluorescence within multilayer
films as compared with the BCM solution is attributed
to a more hydrophobic environment within the film re-
sulting from dehydrated hydrogen-bonded PMAA and
PVPON coronal chains. Indeed, hydrogen-bonding poly-
mers will collapse from solution upon formation of in-
terpolymer complexes, and poly(carboxylic acid) chains
contract as a result of hydrogen bonding with neutral
polymers.47 To differentiate loading of pyrene dye be-
tween collapsed micellar PNIPAM cores and hydropho-
bic PVPON-corona/PMAA matrix, we conducted a con-
trolled experiment in which pyrene dye was loaded into
a model film built from homopolymers of PVPON and
PMAA. Pyrene release experiments were all conducted
on 1.4 � 2 cm2 quartz slides deposited with [BCM/
PMAA]10 or [PVPON/PMAA]10 films immersed in 30 mL
of pH 5.0 buffer solution. Figure 6 shows that a much
larger amount of pyrene was released from the [BCM/
PMAA]10 film during first extraction compared to the
control [PVPON/PMAA]10 film. Loaded pyrene dye was
then extracted from films with fresh buffer solution sev-

eral times until completion. Inset in Figure 6 shows

that while �90% of pyrene was released from [PVPON/

PMAA]10 film after first extraction, multiple extractions

were needed to release all pyrene from [BCM/PMAA]10

film. The pyrene loading capacity of films was calcu-

lated from the cumulative amount of pyrene released

to solution after multiple extraction cycles. Importantly,

BCM-containing films were capable of loading and re-

leasing 25 times more dye than [PVPON/PMAA]10 film.

The result confirms that dye loading and release is pri-

Figure 5. In situ ellipsometry measurements of thickness (a) and refractive index (b) of a
[BCM/PMAA]4 film in 0.01 M phosphate buffer of pH 5.0 at 20 °C (filled squares) and 45 °C
(open squares), and AFM images taken for film dried at 45 °C (c) as well as for wet film
at 20 °C (d).

Figure 6. Release profiles of pyrene from a [BCM/PMAA]10

film (squares) and a (PVPON/PMAA)10 film (triangles) as in-
ferred from fluorescence measurements at �ex � 338 nm and
�em � 373 nm. Pyrene release was conducted in 30 mL of
0.01 M phosphate buffer of pH 5.0 at 20 °C. Inset shows the
total percentage of pyrene released from films after multiple
extraction cycles.
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marily due to micellar PNIPAM cores. From the overall
fluorescence intensity of pyrene released to solution
from [BCM/PMAA]10 film, we calculated the amount of
pyrene loaded within the 1.4 � 2 cm2 [BCM/PMAA]10

film to be 0.18 �g/cm2. This value corresponds to 3.7
� 10�12 �g pyrene or 1.1 � 103 pyrene molecules per
micelle.

Figure 7 shows the release profiles of pyrene from
a [BCM/PMAA]10 film immersed in 0.01 M phosphate
buffer of pH 5.0 at two different temperatures of 20 or
37 °C. At 37 °C, pyrene was released over a span of 4 h
(the characteristic release time at which 50% of pyrene
was released was at 80 min). A similar release experi-
ment at a lower temperature of 20 °C showed a much
faster release in 1 h (50% released at 10 min). The differ-
ence in release time is evidently due to thermorespon-
sive behavior of PNIPAM micellar cores. At tempera-
tures above PNIPAM’s LCST, pyrene was more strongly
retained by the collapsed hydrophobic BCM PNIPAM
cores, and the redistribution kinetics between the hy-
drophobic micellar and aqueous phase was slow. At
room temperature, when the PNIPAM core in self-
assembled BCMs swelled and absorbed large amounts
of water, release of pyrene molecules occurred faster.
The release mechanism was also analyzed from plots of
log M(t)/M(�) against log t, where M is the amount of
pyrene released, M(t)/M(�) is the fraction of pyrene re-

leased at time t, and M(�) the total amount of pyrene
in loaded film. The plots of pyrene release are shown in
Figure S5. The calculated slopes for the multilayer film
were 0.65 and 0.48, at 20 to 37 °C, respectively. These
values show that while at 37 °C, the dye is released from
the film by Fickian diffusion (n � 0.5),48 the release be-
comes non-Fickian (0.5 � n � 1)48 at 20 °C as dye disso-
ciates from the PNIPAM chains which become hydro-
philic at this temperature.

Effect of Salt on Release of Pyrene from BCM/PMAA
Multilayers. As shown in Figure 1b above, collapse of
PNIPAM chain in PVPON-b-PNIPAM block copolymer
can also be induced at room temperature by increas-
ing concentration of sodium chloride. At high salt con-
centrations, binding of anions to PNIPAM unit results in
chain dehydration, and “salted-out” PNIPAM chains seg-
regate into the micellar core.39 PNIPAM-core micelles
with size of �90 nm exist at concentrations of NaCl
higher than 0.4 M. We then aimed to explore whether
ionic strength can cause a similar collapse of PNIPAM
blocks of micelles within BCM/PMAA multilayers, and
whether such a collapse can affect the release rate of
micelle-loaded dye. BCM/PMAA films were produced
and loaded with pyrene dye at high temperature, and
the loaded dye was then allowed to release from film
into solution with different NaCl concentrations. Figure
8a compares pyrene release rates at several concentra-
tions of salt. In buffer solutions at 20 °C and with no ad-
ditional sodium chloride, the release rate was relatively
fast, with a short span of 1 h (50% released at 10 min). A
similar result has been shown in Figure 7. The fast re-

Figure 7. (a) Release kinetics of pyrene from a [BCM/PMAA]10

film in 30 mL of pH 5.0 buffer solution at 20 and 37 °C.
Pyrene release was monitored by measuring fluorescence in-
tensity of pyrene accumulated in solution (�ex � 338 nm,
�em � 373 nm). (b) Schematic representation of reversible
temperature-triggered swelling of BCM/PMAA films.

Figure 8. Release profiles of pyrene from a [BCM/PMAA]10

film (a) at 20 °C with different NaCl concentrations; (b) in 0.55
M NaCl solution with two temperatures; (c) at 37 °C with 0
and 0.55 M NaCl solutions. All release experiments were con-
ducted in 0.01 M phosphate buffer of pH 5.0.
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lease rate results from decreased retention of pyrene
by the hydrated, hydrophilic PNIPAM chains. In buffer
solution containing 0.15 M NaCl, a significant decrease
of the release rate occurred in a sustained manner over
2 h (50% released at 35 min), and the amount of re-
leased dye was smaller. Interestingly, this effect was ob-
served despite the fact that at this salt concentration
PNIPAM chains were not yet completely dehydrated. Fi-
nally, in solution with 0.55 M NaCl, release of pyrene
was further slowed down, with release occurring over
a span of 5 h (50% released at 120 min). This decelera-
tion of dye diffusion from the film is a result of stronger
partitioning of dye in collapsed hydrophobic micellar
PNIPAM cores. Such effect of salt on dye release is very
different from the previously demonstrated ionic-
strength-triggered loosening of polystyrene micellar
cores within electrostatically assembled multilayer films
of a polycation and polystryrene-b-poly(acrylic acid)
BCMs, and resultant faster release of pyrene from the
film.16 Also note that thermally induced structural tran-
sitions in polyelectrolyte multilayers as a result of ther-
mally induced breakage of ionic pairs have been re-
ported earlier.49 In our case, swelling transitions in
multilayer occurred as a result of temperature- or salt-
induced collapse or dissolution of PNIPAM cores of as-
sembled BCMs.

We then aimed to compare the magnitudes of the
effects of temperature and salt on dye retention and re-
lease. Figure 8b shows that release rates of pyrene
from the BCM/PMAA film were comparable in 0.55 M
NaCl solution at 20 and 37 °C. However, for the same
temperature of 37 °C, dye was more strongly retained

within film when exposed to solution with 0.55 M NaCl
(Figure 8c). The data reflect a synergistic effect of tem-
perature and salt on dehydration of PNIPAM chains and
show that even at temperatures above LCST where
PNIPAM chains are collapsed, further chain dehydra-
tion occurs in salt solution. Indeed, it has been reported
that collapsed PNIPAM cores may contain as much as
80% water.50 The similarity of pyrene release rates in
Figure 8b is likely due to the offsetting effect of in-
creased chain hydrophobicity by the fundamentally
faster diffusion rate at higher temperatures.

CONCLUSION
We report here on environmentally responsive

hydrogen-bonded multilayer films which are fabri-
cated using neutral diblock copolymer micelles as
building blocks. Self-assembly of environmentally re-
sponsive BCM with a polycabroxylic acid using
hydrogen-bonding self-assembly results in stabilization
of BCMs toward dissociation. The assemblies exhibit re-
versible swelling transitions and are capable of control-
ling the release rate of an incorporated hydrophobic
dye in response to variations in temperature or salt con-
centration. The maintenance of structural integrity of
assembled micelles is essential for loading functional
molecules, and, by tailoring the size of the micellar core,
might allow further control over the loading capacity.
A combination of the structural integrity of stabilized
BCM with the film’s capacity for reversible swelling in re-
sponse to temperature variations makes BCM/poly(car-
boxylic acid) multilayers excellent candidate for future
controlled delivery and microfluidic device applications.

EXPERIMENTAL SECTION
Materials. N-vinylpyrrolidone (VPON) (Aldrich, 	99%) was dis-

tilled twice under reduced pressure to remove inhibitors.
N-isopropylacrylamide (NIPAM) (Aldrich, 97%) was purified twice
by recrystallization from a mixture of hexane and benzene (7/3,
v/v). 
,
-Azobis(isobutyronitrile) (AIBN) (Aldrich, 98%) was puri-
fied by recrystallization from methanol. N,N-Dimethylformamide
(DMF) (Aldrich, 99%) was freshly distilled under reduced pres-
sure before use. [1-(O-Ethylxanthyl)ethyl]benzene was prepared
according to the literature.32 Millipore (Milli-Q system) water with
a 18.2 M� cm�1 resistivity was used. BPEI with Mw � 25 kDa,
PMAA with Mw � 150 kDa, hydrochloric acid, sodium hydrox-
ide, sodium chloride, and dibasic and monobasic sodium phos-
phate were purchased from Sigma-Aldrich. All other reagents
were purchased from Sigma-Aldrich and used as received.

Synthesis of PVPON-b-PNIPAM Diblock Copolymers. Homopolymerization of
VPON by MADIX. VPON (8.88 g, 80 mmol), [1-(O-
ethylxanthyl)ethyl]benzene (120.8 mg, 0.53 mmol), and AIBN
(17 mg, 0.11 mmol) were mixed in a glass ampule with a mag-
netic stirring bar. The solution was degassed by three cycles of
freeze-vacuum�thawing, and then sealed under argon atmo-
sphere. The polymerization was carried out at 60 °C for 12 h. The
mixture was diluted with methanol and precipitated into a large
amount of anhydrous diethyl ether three times. The product
was collected by filtration and dried at room temperature for
24 h. The gravimetrically determined product yield was 62%.

Block Copolymerization of NIPAM. The obtained PVPON contained
an ethylxanthyl group at its terminus and has been used as
macromolecular chain transfer agent (macro-CTA) for the syn-

thesis of PVPON-b-PNIPAM block copolymer. A representative
procedure was as follows: PVPON macro-CTA (1.832 g, 0.1 mmol),
AIBN (2.2 mg, 14 mmol), and NIPAM (1.695 g, 15 mmol) were
mixed in DMF (4 mL), and the solution was degassed by three
freeze-vacuum�thawing cycles and sealed under argon atmos-
phere. The polymerization was carried out at 60 °C for 18 h. The
product was purified by precipitation from chloroform into a
large amount of diethyl ether three times. The product was col-
lected by filtration and dried at room temperature for 24 h. The
gravimetrically determined product yield was 70%.

Characterization Techniques. NMR Spectroscopy. All 1H NMR spectra
were recorded using a Varian Inova 400-MHz NMR spectrom-
eter in D2O at room temperature.

Gel Permeable Chromatography (GPC). Molecular weights and molec-
ular weight distributions were determined by GPC using two lin-
ear Styragel columns HT3 and HT4 and a column temperature
of 35 °C. Waters 1515 pump and Waters 2414 differential refrac-
tive index detector (set at 30 °C) was used. The eluent was DMF
at a flow rate of 1.0 mL/min. To determine number average mo-
lecular weights Mn and molecular weight distributions Mw/Mn

for the sample polymers, chromatographic columns have been
calibrated with standard polystyrene samples.

Dynamic Light Scattering. Hydrodynamic sizes in block copolymer
solution were measured using Zetasizer Nano-ZS equipment
(Malvern Inc.).

Atomic Force Microscopy (AFM). AFM measurements were per-
formed in air using NSCRIPTOR Dip Pen Nanolithography sys-
tem (Nanoink). For AFM imaging, micelles were deposited on sili-
con wafers by drying BCM-containing solution at 45 °C.
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Ellipsometry Measurements of Dry and Swollen Films. The thicknesses of
dry and swollen BCM/PMAA films were measured by a home-
built phase-modulated ellipsometer at 65° angle of incidence.44

Optical properties of the substrates and oxide layer thickness
were determined prior to polymer deposition. In the case of dry
polymer films, the refractive index was fixed at a value of 1.5.

Measurements of the swelling of BCM/PMAA films were per-
formed in situ using a custom-made cylindrical flow-through
quartz cell. To obtain swollen film thickness, the cell was filled
with 0.01 M phosphate pH 5.0 buffer solution at different tem-
peratures, and measurements were taken after a minimum
equilibration time of 10 min.

Multilayer Deposition and Dye Loading and Release. Preparation of Block
Copolymer Micelles (BCMs). Above the critical micellization tempera-
ture (CMT) of 34 °C, the block copolymer PVPON-b-PNIPAM self-
assembled into PNIPAM-core micelles. A typical procedure to
prepare BCMs is as follows: 20 mg block copolymer PVPON-b-
PNIPAM was dissolved into 40 mL of 0.01 M phosphate buffer
of pH 2.2. The solution was heated to 45 °C, when BCMs were
formed. The presence of micelles in PVPON-b-PNIPAM solution
at temperatures higher than 34 °C was confirmed by AFM.

Deposition of a Precursor Layer. Silicon wafers or quartz slides were
cleaned as described elsewhere.45 To enhance surface adhesion
of subsequently grown multilayers, substrate was coated with
BPEI/PMAA bilayer as a precursor layer. BPEI and PMAA solutions
used in precursor deposition were prepared in 0.01 M phos-
phate buffer of pH 5.5; the same buffer solution was used for
rinsing steps. Silicon wafers or quartz slides were alternately ex-
posed to 0.2 mg/mL BPEI and PMAA solution for 10 min, with
two 1-min rinsing cycles in buffer solution between polymer
deposition steps. The substrates with deposited BPEI/PMAA pre-
cursor film were rinsed in Milli-Q water and used for construc-
tion of BCM/PMAA multilayer films.

Deposition of BCM/PMAA Multilayers. All deposition and rinsing steps
were performed in 0.01 M phosphate buffer of pH 2.2 at 45 °C.
Hydrogen-bonded BCM/PMAA multilayers were deposited by al-
ternately exposing the substrate to BCM and PMAA solution for
15 min with two 1-min intermediate rinsing steps with 0.01 M
phosphate buffer. Multilayer construction started with exposing
the precusor-coated substrate to BCM solution in a 0.01 M phos-
phate buffer of pH 2.2 at 45 °C and continued until the desired
number of bilayers n was deposited. The produced [BCM/PMAA]n

films were dried in air at 45 °C.
Dye Loading and Release. For all loading and release experiments,

we used a [BCM/PMAA]10 film. Specifically, quartz substrates
with [BCM/PMAA]10 films were immersed in 100 mL of pyrene-
saturated 0.01 M phosphate buffer of pH 5.0 at 45 °C for 4 h. The
loading monitored by fluorescence spectra of film showed that
loading capacity reached the maximum in 3 h under these con-
ditions (Figure S4). Fluorescence intensity at 
em � 391 nm was
used to monitor the loading of pyrene dye. The wafers were then
rinsed three times with 0.01 M phosphate buffer of pH 5.0 (1
min for each rinse) and dried in air at 45 °C. Pyrene release ex-
periments were all conducted in pH 5.0 buffer solution. Specifi-
cally, a 1.4 � 2 cm2 quartz slide deposited with [BCM/PMAA]10

film was immersed in 30 mL of buffer solution under different
conditions. Aliquots (3 mL) of the buffer solutions were taken at
time intervals to determine the rate of pyrene release. Fluores-
cence intensity at 
em � 373 nm was used to measure the pyrene
accumulated in solution. When the released pyrene reached
equilibrium, the buffer solution was replaced with 30 mL of fresh
buffer solution to continue the release. Multiple extractions
with fresh buffer solutions were carried out until the loaded
pyrene dye was completely released.
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