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L
ayer-by-layer (LbL) assembly has
been widely used as a versatile
method for fabricating multilayer

thin films with controlled structure and

composition.1,2 It is typically based on se-

quential adsorption of materials with

complementary functional groups employ-

ing electrostatic interactions, hydrogen

bonding, or covalent interactions. Due to

their facile, inexpensive, and environmen-

tally friendly nature, LbL-assembled multi-

layer thin films find broad applications rang-

ing from energy and electrochemical

devices to biological materials. In particu-

lar, recent advances in LbL-based drug de-

livery include direct integration of polyionic

drugs into multilayers,3 encapsulation

within a polyelectrolyte template,4 use of

polymer-bound prodrugs,5 and incorpora-

tion of drugs into porous multilayers.6 How-

ever, it has been challenging to directly in-

corporate small, uncharged, and

hydrophobic therapeutics–which com-

prises about 40% of FDA-approved drugs–

into multilayer thin films due to the lack of

general functionality.

One approach that would enable incor-

poration of hydrophobic drugs involves

the integration of amphiphilic block copoly-

mer micelles, which can serve as vehicles

for drugs to be incorporated in LbL films.

Similar to other means of embedding hy-

drophobic drugs within multilayer thin films

such as cyclodextrins,7 amphiphilic polysac-

charides,8 and liposomes,9 this micellar en-

capsulation method would provide a gen-

eral approach, because amphiphilic block

copolymers can spontaneously self-

assemble in water to encapsulate hydro-

phobic drugs. These polymeric micelles

have been extensively utilized to provide a

highly versatile nanometer-sized delivery

platform for drugs, proteins, DNA, and per-

sonal care products.10,11 The integration of

block copolymer micelles into LbL films has

been previously reported, relying either on

covalent linkages or on the electrostatic in-

teractions between the polyelectrolyte and

the micellar corona block.12–16 Herein, we

present the first example of polymeric mi-

celles incorporated into LbL films based on

hydrogen bonding, without the use of

charged polyelectrolyte. Specifically, we
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ABSTRACT We present the integration of amphiphilic block copolymer micelles as nanometer-sized vehicles

for hydrophobic drugs within layer-by-layer (LbL) films using alternating hydrogen bond interactions as the driving

force for assembly for the first time, thus enabling the incorporation of drugs and pH-sensitive release. The film

was constructed based on the hydrogen bonding between poly(acrylic acid) (PAA) as an H-bond donor and

biodegradable poly(ethylene oxide)-block-poly(�-caprolactone) (PEO-b-PCL) micelles as the H-bond acceptor

when assembled under acidic conditions. By taking advantage of the weak interactions of the hydrogen-bonded

film on hydrophobic surfaces, it is possible to generate flexible free-standing films of these materials. A free-

standing micelle LbL film of (PEO-b-PCL/PAA)60 with a thickness of 3.1 �m was isolated, allowing further

characterization of the bulk film properties, including morphology and phase transitions, using transmission

electron microscopy and differential scanning calorimetry. Because of the sensitive nature of the hydrogen

bonding employed to build the multilayers, the film can be rapidly deconstructed to release micelles upon

exposure to physiological conditions. However, we could also successfully control the rate of film deconstruction

by cross-linking carboxylic acid groups in PAA through thermally induced anhydride linkages, which retard the drug

release to the surrounding medium to enable sustained release over multiple days. To demonstrate efficacy in

delivering active therapeutics, in vitro Kirby�Bauer assays against Staphylococcus aureus were used to illustrate

that the drug-loaded micelle LbL film can release significant amounts of an active antibacterial drug, triclosan, to

inhibit the growth of bacteria. Because the micellar encapsulation of hydrophobic therapeutics does not require

specific chemical interactions, we believe this noncovalent approach provides a new route to integrating active

small, uncharged, and hydrophobic therapeutics into LbL thin films for biological and biomedical coatings.
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have constructed LbL films em-
ploying the hydrogen bonding
between biologically compat-
ible poly(acrylic acid) (PAA) and
a biodegradable block copoly-
mer micelle of poly(ethylene
oxide)-block-poly(�-
caprolactone) (PEO-b-PCL). We
demonstrate that the resulting
films can be easily disrupted to
release drug-loaded micelles
into the surrounding medium
under physiological conditions
due to the very sensitive nature
of hydrogen bonding em-
ployed to assemble the film
(Scheme 1).

Furthermore, we demonstrate the construction of
polymeric micelle-containing films on hydrophobic sur-
faces to obtain free-standing thin films that can carry
active therapeutics while providing additional flexibil-
ity in handling. Since micelle encapsulation and LbL as-
sembly into thin films does not require specific chemi-
cal interactions between the copolymer and the drugs
in the core, we argue that this method is particularly
well-suited to protecting and assembling hydrophobic
therapeutics into LbL thin films for various biological
and biomedical coatings.

Block copolymer micelles of PEO-b-PCL have been
widely explored for biocompatible and biodegradable
drug delivery systems.11,17,18 In this study, PEO-b-PCL
was chosen on the following basis: the biocompatible,
hydrophilic PEO block stabilizes the micellar structure in
water and forms a hydrogen-bonding network with
PAA, as we and others have previously demonstrated
with linear polymeric PEO/PAA multilayer systems,19–23

whereas the biodegradable, hydrophobic PCL block ac-
commodates hydrophobic drugs and provides the abil-
ity to tailor loading efficiency and the release profile of
drugs as a function of molecular weight.

According to the protocol established by Eisenberg
and co-workers, we prepared PEO-b-PCL micelles by ini-
tially dissolving the block copolymer in tetrahydrofu-
ran (THF) and induced micellization with a drop-
wise addition of water followed by dialysis.17 The
size and shape of micelles prepared were deter-
mined by transmission electron microscopy (TEM,
Figure 1a) and atomic force microscopy (AFM),
which indicate spherical micelles with an average
diameter of 55 � 12 nm. Dynamic light scattering
(DLS) also supports that the hydrodynamic diam-
eter of the micelles in solution was approximately
71 nm.

Utilizing the corona of the PEO-b-PCL block co-
polymer micelles as a hydrogen bond acceptor
and PAA as a donor, multilayer thin films were as-
sembled by repeatedly layering PEO-b-PCL mi-

celles and PAA under acidic conditions (pH 2.5) to en-

sure close to full protonation of PAA (pKa � 5.5– 6.5). It

should be noted that the concentration of micelles used

in the film build-up was about 300 times higher than

the known critical micelle concentration (1.2 � 10�3

mg/mL),24 ensuring that the polymers existed predomi-

nantly in the micellar form rather than as dissociated

free polymer chains.

The growth of hydrogen-bonded film was shown

to be linear with respect to the number of bilayers de-

posited after an initial induction period, in which the ini-

tial deposition of polymer layers is strongly influenced

by the underlying substrate. The average thickness of

one bilayer– one PEO-b-PCL micelle layer and one PAA

layer– corresponds to 54 nm when averaged over 20 bi-

layers of growth (Figure 1b). Although it does not nec-

essarily reflect the internal structure of thin film, it is in-

teresting to observe that the average bilayer thickness

is in close agreement with the dimension of micelles

used. Similarly, it is reported that phospholipid vesicles

incorporated within polyelectrolyte films exhibit a film

thickness which is very close to the diameter of the

vesicles in solution.9

As we have previously demonstrated for other

hydrogen-bonded PEO/PAA systems, we were able to

isolate free-standing thin films after deposition by tak-

Scheme 1. Schmatic representation of hydrogen-bonding layer-by-layer assembly of block copolymer
micelles for hydrophobic drug delivery vehicles from surfaces.

Figure 1. (a) TEM image of PEO-b-PCL micelles. (b) Growth curve of hydrogen-
bonded (PEO-b-PCL/PAA)n film measured by profilometry in the dried state. Aver-
age diameter of micelles by TEM is 52 � 16 nm.
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ing advantage of weak adhesive interactions of the
hydrogen-bonded film on smooth hydrophobic sur-
faces such as polypropylene and Teflon.19,21 This offers
an advantage in the characterization of the bulk film
that would otherwise be hard to access when films are
confined on the substrate. This ability is in clear contrast
to that of other approaches that require a sacrificial
layer25 or dissolution of the substrate26 to isolate free-
standing thin films. For example, a free-standing thin
film of (PEO-b-PCL/PAA)60 could be easily peeled off
from the polypropylene substrate with an average
thickness of 3.1 �m and a root-mean-square (rms)
roughness of 64 nm, as measured by profilometry (Fig-
ure 2a). Due to the versatility of LbL assembly, there
should be no restriction to obtaining free-standing
films of any size and shape. In addition, isolated
hydrogen-bonded films allowed us to further confirm
the presence of micelles. As shown in Figure 2b, we
were able to observe the incorporated micellar struc-
tures by taking a TEM image of a cross-section of the
(PEO-b-PCL/PAA)60 film, finding that the micelle struc-
tures are indeed incorporated within the film without
significant structural deformation. Additionally, micelles
within the films are closely located, and they formed a
network structure with the PAA matrix within the LbL
polymer film.

An FTIR-ATR spectrum of a free-standing thin film
(shown in the Supporting Information) indicates the
presence of each layer component, both PAA and the
PEO-b-PCL block copolymer within the film, but the PCL
block was not clearly discernible in the spectrum due
to the large overlap of peaks. FTIR also indicated that
hydrogen bonding is responsible for the film formation;
all the carboxylic acid groups of PAA were fully proto-
nated (1700 cm�1), without any carboxylate anion peak
(1570 cm�1) visible.27

Previously, it has been shown that PEO-b-PCL mi-
celles spontaneously undergo degradation due to
chain-end hydrolysis of the PCL block, depending on

the pH and temperature.28 Be-
cause assembly of a hydrogen-
bonded film between PAA and
PEO-b-PCL micelles requires an
acidic condition (pH 2.5),23 we
have monitored the potential
degradation of the PCL core
during the LbL assembly pro-
cess. Using gel permeation
chromatography measure-
ments, we found that approxi-
mately 5% hydrolysis of the PCL
block occurs after 5 days of stor-
age at the assembly
conditions–PEO114-b-PCL60 was
shortened on average to
PEO114-b-PCL57; however, the
shape and the size of the mi-

celles did not change significantly with core block deg-
radation, as proven by AFM. Therefore, we have lim-
ited the use of the micelle solutions in sample
preparation processes to no longer than 5 days to pre-
vent substantive degradation of the micelle core.

The thermal properties of the isolated (PEO-b-PCL/
PAA)60 free-standing film were characterized with dif-
ferential scanning calorimetry (DSC). Interestingly, the
assembled thin film exhibits one melting peak (Tm) and
two glass transition temperatures (Tg and Tg*) (Figure
3a). This is in clear contrast to our previous result for
pure PEO/PAA films assembled under identical condi-
tions, which exhibited no melting temperature due to
the complete suppression of PEO crystallization when
hydrogen-bonded to PAA and an averaged Tg represen-
tative of the two miscible components.19 After a care-
ful comparison with each polymer component, it was
determined that the melting peak at 49.9 °C corre-
sponds to the crystalline PCL micelle core that does
not participate in the hydrogen bonding with PAA (Fig-
ure 3b).

We also observed that the Tg of the PCL core (Tg

� �69 °C) is also retained within the multilayer film
together with the Tg of the fully miscible, hydrogen-
bonded blend of PEO and PAA (Tg* � �32 °C), lo-
cated between the Tg values of pure PEO (�50 °C)
and PAA (99 °C). These results further support the
structure presented in the cross-sectional TEM im-
age of a homogeneous fully blended PEO/PAA ma-
trix containing dense numbers of randomly oriented
isolated crystalline PCL cores. Based on the values
obtained from DSC, we employed the Fox equation
to account for the composition of the multilayer film,
as was done in previous work on PEO/PAA multilay-
ers,19 yielding about 90 wt % PEO-b-PCL and 10 wt %
PAA within the film (81:19 wt % of PEO:PAA). This re-
sult suggests the potential for high drug loading
within the film. For reference, (PEO/PAA)100 bilayer
films assembled under analogous assembly condi-

Figure 2. (a) Photograph image and (b) TEM micrograph of a cross-section of free-standing (PEO-b-
PCL/PAA)60 film. Epoxy-embedded free-standing thin film was cryo-microtomed for cross-section TEM.
(See Supporting Information for a magnified TEM image.)
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tions yielded a film with a fraction of PEO reaching
about 29 wt %, as determined by DSC.19 The ratio
between the block copolymer micelle and PAA can
also be modulated by the assembly pH; for example,
increasing assembly pH results in the ionization of
the PAA block, which decreases both acid–acid
dimerization between PAA acid groups and interac-
tion with the PEO group through hydrogen bonding,
thereby enriching PEO-b-PCL micelles within the
film, as was similarly demonstrated with our previ-
ous (PEO/PAA) multilayer.19 It should be noted, how-
ever, that the Fox equation is a simple model oper-
ating only for non-interacting polymer blends.29

Although mechanical characterization of the micelle-
containing films was not undertaken, the (PEO-b-
PCL/PAA)60 film exhibited softer, more elastomeric
behavior upon handling compared to (PEO/PAA)100

films, indicating the higher percentage of rubbery,
low-Tg PEO in the film. Moreover, it is found that the
recrystallization tempera-
ture (Tc � �54.4 °C) of
(PEO-b-PCL/PAA)60 film is
much lower than the Tm of
any of its components in
the cooling cycle (Figure
3b). We postulate that the
fully hydrogen-bonded
network between the PEO
corona and PAA retards the
crystallization of the PCL
core of the micelle within
the film during the cooling
process. Previous reports
on the crystallization of
PCL similarly supported
that the spontaneous for-
mation of folded chains

within a lattice structure is restricted by covalent

bonds to other copolymer blocks.30 It is also known

that confinement within the block domain can de-

crease the melting point of the crystalline block.31

Hydrogen-bonded LbL films are of great interest, as

they exhibit the unique feature of film disintegration

upon external pH changes.19,22,32,33 For example, the

carboxylic acid group on PAA used to assemble the film

as a hydrogen bond donor is deprotonated above a

critical pH, thereby breaking the hydrogen-bonded net-

work with PEO to deconstruct the film. In order to evalu-

ate the disassembly of the hydrogen-bonded film un-

der physiological conditions, we exposed a film

deposited on a silicon wafer to phosphate-buffered sa-

line (PBS) at pH 7.4. As illustrated in Figure 4a, as soon as

the film is exposed to PBS, the deconstruction of the

film proceeds through rapid bulk disintegration rather

than gradual surface erosion, as the originally smooth

Figure 4. Deconstruction of a hydrogen-bonded (PEO-b-PCL/PAA)30 film in PBS buffer at pH 7.4. (a) Opti-
cal microscope and (b) AFM images of the film surface (left) before and (right) after incubation in PBS buffer
for 2 min. (c) Change of film thickness as measured by profilometry. The thickness of the as-prepared
film rapidly decreases and the surface becomes rougher upon introduction to PBS buffer, whereas the
cross-linked films do not undergo immediate film deconstruction. Note that the Z-scale in the AFM im-
age (left) is 25 nm, whereas that on the right is 100 nm. Error bars represent the average standard devia-
tion of measured thickness values from five different locations on the film.

Figure 3. (a) Differential scanning calorimetry graphs of free-standing (PEO-b-PCL/PAA)60 film. (b) Comparison with pure
components of the film. The number beside each graph indicates the peak position in °C. Note that the molecular weights
of polymers in comparison are in very close range to each other, and the second scan is used throughout the experiment. All
samples were equilibrated at 150 °C for 15 min before the temperature was ramped up at a rate of 10 °C/min under
nitrogen.
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film becomes significantly rougher, nonuniform, and
pitted with the progress of film deconstruction (Figure
4b). The thickness of the portions of film remaining on
the surface was determined to decrease linearly with re-
spect to time of exposure to PBS over a 3 min time pe-
riod (Figure 4c). Furthermore, we could also tailor the
rate of film deconstruction by introducing cross-linking
between carboxylic acid groups in PAA to form anhy-
dride linkages via heat treatment,19 which would resist
the film degradation for an extended period of time un-
der the identical condition (Figure 4c). For example,
cross-linked films (�2 h) persist even for hours in a
swollen state as opposed to the untreated (PEO-b-PCL/
PAA)30 film, which dissolves in PBS buffer within min-
utes. One-hour cross-linked film, on the other hand,
does not enhance the film resistance to the PBS buffer
to a large extent, possibly due to the low degree of an-
hydride linkage formation between PAA.

Finally, to examine the potential of this micelle-
containing LbL film as a platform for hydrophobic thera-
peutic delivery, we encapsulated an antibacterial drug, tri-
closan, within PEO-b-PCL micelles and assembled them
into LbL thin films with PAA (as shown in Scheme 1). The
drug content in a micelle was evaluated by measuring the
absorbance of triclosan (	max � 276 nm), which corre-
sponds to approximately 25 wt % of PEO-b-PCL. Film
growth was also followed by the measurement of tri-
closan incorporated as a function of number of bilayers
in the film, indicating a linear growth profile similar to that
previously demonstrated without the drug. In order to de-
termine the efficacy of the release of triclosan from the
micelle LbL film, we conducted a Kirby�Bauer assay,
which is a common antibiotic susceptibility test.34 For
comparison, LbL films of (PEO-b-PCL/PAA)30 with and
without triclosan on a silicon substrate (ca. 0.5 � 0.5 cm2)
were assayed against Gram-positive Staphylococcus au-
reus, a bacterial species responsible for many biomedical
device infections. As the films are incubated on the bacte-

rial agar plates, the drug dif-
fuses out of the micelles and in-
hibits the growth of the bacteria,
leaving a circular area free of
bacteria, called a zone of inhibi-
tion (ZOI). The ZOI of the film
containing triclosan was around
15.0 � 0.7 mm, whereas the
control film without triclosan
did not show any bacterial
growth inhibition. No residual
film was observed on the sub-
strate after the assay, suggest-
ing that the entire film was de-
constructed under physiological
conditions to release drug-
loaded micelles and, eventually,
to allow diffusion of antibacte-
rial triclosan to the surrounding

medium to inhibit the bacterial growth. However, ther-

mal cross-linking of the film would provide a tighter

mesh-like structure within the film, thereby preventing

the micellar structures from releasing into the medium to

release the drug. The release kinetics of triclosan were

also evaluated by measuring the drug release from LbL

films after incubation in PBS buffer. Drug release lasted for

90 min for the untreated, non-cross-linked (PEO-b-PCL/

PAA)30 film, whereas the cross-linked film exhibited a sig-

nificantly longer release lasting up to 4 days for a 2 h

cross-linked film and 13 days for a 39 h cross-linked film

(Figure 5). This is a unique feature of the hydrogen-

bonded system, for which simple postmodification to in-

troduce internal cross-links within the LbL film enables

the control of the release kinetics of active small, hydro-

phobic therapeutics from 90 min to up to 13 days in du-

ration of drug release. We expect that this fine control

over the release profile will be highly advantageous for

potential use in biological applications that require a con-

trollable release of active therapeutics with respect to

their needs. For example, untreated, non-cross-linked

films would be interesting for wound dressings and thera-

peutic surface coatings, where an immediate delivery of

therapeutics is necessary upon contact with the film. In

contrast, cross-linked film would be useful as a carrier for

active therapeutics on biomaterial surfaces for an ex-

tended period of time. Quantitatively, the amount of tri-

closan released was calculated on the basis of UV–vis

measurements to be 45.1 �g/cm2 for a (PEO-b-PCL/

PAA)30 film (ca. 0.5 � 0.5 cm2), which is well above the

known minimal inhibitory concentration of triclosan to S.

aureus (10 ng/mL).

CONCLUSION
In summary, we have established that incorporated

polymeric micelles can be utilized as nanometer-sized

vehicles for hydrophobic, neutral therapeutics that

Figure 5. Release profile of triclosan from (PEO-b-PCL/PAA)30 film in PBS buffer at pH 7.4 (a) Non-
cross-linked film. The inset shows a sample set of Kirby�Bauer disk diffusion assay from non-cross-
linked film. (b) Cross-linked film with different degrees of linking. All release profiles are normalized
with untreated control sample with the same surface area and averaged over two measurements.
Kirby�Bauer assay clearly demonstrated the efficacy of triclosan-loaded (PEO-b-PCL/PAA)30 antimicro-
bial films deposited on a silicon wafer in inhibiting the growth of Staphylococcus aureus. Cross-linking
significantly enhanced the duration of triclosan release compared to that of untreated, non-cross-
linked sample.
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would otherwise be difficult to incorporate within LbL
films. The assembly of these LbL films utilized the hy-
drogen bonding between biodegradable, amphiphilic
block copolymer micelles of PEO-b-PCL and PAA. Due to
the sensitive nature of the hydrogen bond, we were
able to demonstrate the disintegration of the LbL film
to release micelles under physiological conditions.
Moreover, by taking advantage of weak interactions of
the film with the hydrophobic substrates, we were able
to isolate a free-standing LbL thin film, which may make
this approach of interest for a broad range of applica-
tions. The ability to obtain free-standing films allowed

us to characterize the internal structure by TEM and to
determine the composition of the film by DSC. Finally,
micelle LbL films loaded with antibacterial triclosan
were fully functional in inhibiting the growth of S. au-
reus. We have also established tailoring the rate of film
deconstruction and drug release by introducing cross-
links between the PAA acid groups within the multi-
layer film structure. Overall, we anticipate that this
hydrogen-bonded micelle LbL approach will provide a
general means to deliver active therapeutics in bio-
medical applications for therapeutic surface coatings
with controllable release properties.

METHODS
Materials. Poly(acrylic acid) (PAA, Mw � 90 000, 25% aque-

ous solution) was obtained from Polysciences Inc. (War-
rington, PA). Amphiphilic block copolymer, poly(ethylene
oxide)114-block-poly(�-caprolactone)60 (PEO-b-PCL, Mn(PEO)
� 5000, Mn(PCL) � 6500, PDI � 1.3) was purchased from
Polymer Source (Montreal, Canada). PEO (Mn � 5000) and
PCL (Mn � 8000) were used for comparison. All other re-
agents and solvents were purchased from Aldrich and used
as received. Quartz slide, silicon wafer, Teflon, and polypro-
pylene were used as substrates for the LbL assembly and
cleaned extensively prior to the deposition.

Micelle Formation. Block copolymer micelles of PEO-b-PCL were
prepared according to a modification of a literature method.17

Briefly, a stock solution of PEO-b-PCL was freshly prepared in tet-
rahydrofuran (THF) at a concentration of 10 mg/mL. Then, 200
�L of stock solution was placed in a vial with a gentle stirring. To
this solution was gradually added 5.0 mL of Millipore water (18
M
 · cm) with vigorous stirring. After an additional 1 h of stirring,
the resulting suspension was subjected to dialysis against Milli-
pore water for over 24 h (Spectra/Por 4 regenerated cellulose
membrane, MWCO � 12 000 –14 000) to remove any residual
solvent. The resulting PEO-b-PCL micelle was filtered prior to use.
The pH of the resulting micelle suspension was adjusted with
0.10 M HCl solution right before LbL film formation. For triclosan
loading, we followed a modification of a literature protocol.35

Briefly, triclosan solution in CH2Cl2 (concentration 1.0 mg/mL)
was dropwise added to 5.0 mL of the micelle suspension pre-
pared above (0.40 mg/mL). The emulsion was vigorously stirred
overnight with a loose cap to evaporate the organic solvent. The
solution obtained was centrifuged (4500 rpm, 10 min) and fil-
tered through a 0.45 �m syringe filter. The drug content in a mi-
celle was evaluated by measuring the characteristic absorbance
of triclosan (	 max � 276 nm) in a solvent mixture of MeOH and
H2O (9:1 v/v), employing a calibration curve with a known con-
centration of triclosan using an Agilent 8453 UV–visible
spectrometer.

LbL Film Assembly. All LbL films were assembled with a modi-
fied programmable Carl Zeiss HMS slide stainer. Typically, films
were constructed on various substrates with approximate size of
1 � 2 in2. The substrate was first dipped into PEO-b-PCL micelle
solution (0.40 mg/mL, pH 2.5) for 10 min and rinsed three times
with water (pH 2.5) for 1 min each. Subsequently, the substrate
was introduced into aqueous solution of PAA (20 mM, concentra-
tion of repeating unit, pH 2.5) for 10 min and washed again
three times with water (pH 2.5) for 1 min each. This cycle pro-
vides one bilayer of PEO-b-PCL micelle and PAA polymer, de-
noted (PEO-b-PCL/PAA)1. The dipping process was repeated un-
til the desired number of bilayers was obtained. Similarly,
triclosan-loaded micelles were assembled with PAA according
to the same protocol.

LbL Film Characterizations. Film thickness was measured with a
Tencor P-10 surface profilometer. Epoxy-embedded free-
standing thin film was cryo-microtomed for cross-section TEM
measurement (JEOL JEM 200CX). A thin slice of carbon-coated

thin film was measured by TEM operated under a voltage of
200 kV. The thermal property of free-standing film was character-
ized on a TA Instruments Q50 thermogravimetric analyzer. The
films were equilibrated at 150 °C for 15 min before the tempera-
ture was ramped up at a rate of 10 °C/min. A second scan was
collected to report. The surface morphology of the LbL film was
observed by using a Nanoscope IIIa atomic force microscope
(Digital Instruments, Santa Barbara, CA) in tapping mode in air.

pH-Induced Film Deconstruction. Film deconstruction was ob-
served through profilometry measurement of a (PEO-b-PCL/
PAA)30 film built on a silicon substrate. After exposure to PBS
buffer (pH 7.4) for a predetermined time, each sample was dried
gently with air, and the thickness of the film left on the sub-
strate was measured. These films were also observed with
tapping-mode AFM in air.

Drug Release from LbL Film. Drug release from the LbL gilm was
followed by measuring UV–vis spectra of released triclosan (	max

� 280 nm) from a (PEO-b-PCL/PAA)30 film built on a silicon sub-
strate (ca. 0.5 � 0.5 cm2). After incubation of the film in a cuvette
containing PBS buffer (pH 7.4, 1 mL) for a predetermined time,
each spectrum was collected with using Agilent 8453 UV–visible
spectrometer. Cross-linked samples were also measured with
the same protocol until no more changes in the UV–vis spec-
trum were observed. All measurements were conducted in
duplicate.

Acknowledgment. We thank Nicholas Murlo for cryo-
microtoming the sample for TEM and Helen Chuang and Hye-
Mee Shin for Kirby�Bauer assays. We thank the Center for Mate-
rial Science and Engineering and Institute for Soldier Nanotech-
nologies for access to their characterization facilities. This work is
supported by Institute for Soldier Nanotechnologies and Na-
tional Institutes of Health.

Supporting Information Available: FTIR-ATR spectrum of (PEO-
b-PCL/PAA)60 free-standing film, magnified TEM image of free-
standing (PEO-b-PCL/PAA)60 film, AFM of PEO-b-PCL micelles,
model dye loading and release experiments on preassembled
(PEO-b-PCL/PAA)20 film, and FT-IR spectrum of triclosan-loaded
(PEO-b-PCL/PAA)30 film. This material is available free of charge
via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Decher, G. Fuzzy Nanoassemblies: Toward Layered

Polymeric Multicomposites. Science 1997, 277, 1232–1237.
2. Hammond, P. T. Form and Function in Multilayer

Assembly: New Applications at the Nanoscale. Adv. Mater.
2004, 16, 1271–1293.

3. Wood, K. C.; Chuang, H. F.; Batten, R. D.; Lynn, D. M.;
Hammond, P. T. Controlling Interlayer Diffusion to Achieve
Sustained, Multiagent Delivery from Layer-by-Layer Thin
Films. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10207–10212.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 2 ▪ 386–392 ▪ 2008 391



4. Caruso, F.; Yang, W. J.; Trau, D.; Renneberg, R.
Microencapsulation of Uncharged Low Molecular Weight
Organic Materials by Polyelectrolyte Multilayer Self-
Assembly. Langmuir 2000, 16, 8932–8936.

5. Thierry, B.; Kujawa, P.; Tkaczyk, C.; Winnik, F. M.; Bilodeau,
L.; Tabrizian, M. Delivery Platform for Hydrophobic Drugs:
Prodrug Approach Combined with Self-Assembled
Multilayers. J. Am. Chem. Soc. 2005, 127, 1626–1627.

6. Berg, M. C.; Zhai, L.; Cohen, R. E.; Rubner, M. F. Controlled
Drug Release from Porous Polyelectrolyte Multilayers.
Biomacromolecules 2006, 7, 357–364.

7. Benkirane-Jessel, N.; Schwinte, P.; Falvey, P.; Darcy, R.;
Haikel, Y.; Schaaf, P.; Voegel, J. C.; Ogier, J. Build-up of
Polypeptide Multilayer Coatings with Anti-Inflammatory
Properties Based on the Embedding of Piroxicam-
Cyclodextrin Complexes. Adv. Funct. Mater. 2004, 14, 174–
182.

8. Guyomard, A.; Nysten, B.; Muller, G.; Glinel, K. Loading and
Release of Small Hydrophobic Molecules in Multilayer
Films Based on Amphiphilic Polysaccharides. Langmuir
2006, 22, 2281–2287.

9. Michel, M.; Arntz, Y.; Fleith, G.; Toquant, J.; Haikel, Y.;
Voegel, J. C.; Schaaf, P.; Ball, V. Layer-by-Layer Self-
Assembled Polyelectrolyte Multilayers with Embedded
Liposomes: Immobilized Submicronic Reactors for
Mineralization. Langmuir 2006, 22, 2358–2364.

10. Kataoka, K.; Harada, A.; Nagasaki, Y. Block Copolymer
Micelles for Drug Delivery: Design, Characterization and
Biological Significance. Adv. Drug Delivery Rev. 2001, 47,
113–131.

11. Savic, R.; Luo, L.; Eisenberg, A.; Maysinger, D. Micellar
Nanocontainers Distribute to Defined Cytoplasmic
Organelles. Science 2003, 300, 615–618.

12. Emoto, K.; Iijima, M.; Nagasaki, Y.; Kataoka, K. Functionality
of Polymeric Micelle Hydrogels with Organized Three-
Dimensional Architecture on Surfaces. J. Am. Chem. Soc.
2000, 122, 2653–2654.

13. Ma, N.; Zhang, H. Y.; Song, B.; Wang, Z. Q.; Zhang, X.
Polymer Micelles as Building Blocks for Layer-by-Layer
Assembly: An Approach for Incorporation and Controlled
Release of Water-Insoluble Dyes. Chem. Mater. 2005, 17,
5065–5069.

14. Qi, B.; Tong, X.; Zhao, Y. Layer-by-Layer Assembly of Two
Different Polymer Micelles with Polycation and Polyanion
Coronas. Macromolecules 2006, 39, 5714–5719.

15. Cho, J. H.; Hong, J. K.; Char, K.; Caruso, F. Nanoporous
Block Copolymer Micelle/Micelle Multilayer Films with
Dual Optical Properties. J. Am. Chem. Soc. 2006, 128, 9935–
9942.

16. Nguyen, P. M.; Zacharia, N. S.; Verploegen, E.; Hammond,
P. T. Extended Release Antibacterial Layer-by-Layer Films
Incorporating Linear-Dendritic Block Copolymer Micelles.
Chem. Mater. 2007, 22, 5524–5530.

17. Soo, P. L.; Lovric, J.; Davidson, P.; Maysinger, D.; Eisenberg,
A. Polycaprolactone-block-poly(ethylene ocide) Micelles:
A Nanodelivery System for 17�-Estradiol. Mol.
Pharmaceutics 2005, 2, 519–527.

18. Xiong, X. B.; Mahmud, A.; Uludag, H.; Lavasanifar, A.
Conjugation of Arginine-Glycine-Aspartic Acid Peptides to
poly(ethylene oxide)-b-poly(�-caprolactone) Micelles for
Enhanced Intracellular Drug Delivery to Metastatic Tumor
Cells. Biomacromolecules 2007, 8, 874–884.

19. Lutkenhaus, J. L.; Hrabak, K. D.; McEnnis, K.; Hammond,
P. T. Elastomeric Flexible Free-Standing Hydrogen-Bonded
Nanoscale Assemblies. J. Am. Chem. Soc. 2005, 127,
17228–17234.

20. DeLongchamp, D. M.; Hammond, P. T. Highly Ion
Conductive poly(ethylene oxide)-Based Solid Polymer
Electrolytes from Hydrogen Bonding Layer-by-Layer
Assembly. Langmuir 2004, 20, 5403–5411.

21. Seo, J.; Lutkenhaus, J. L.; Kim, J.; Hammond, P. T.; Char, K.
Development of Surface Morphology in Multilayered Films
Prepared by Layer-by-Layer Deposition Using poly(acrylic
acid) and Hydrophobically Modified poly(ethylene oxide).
Macromolecules 2007, 40, 4028–4036.

22. Sukhishvili, S. A.; Granick, S. Layered, Erasable, Ultrathin
Polymer Films. J. Am. Chem. Soc. 2000, 122, 9550–9551.

23. Sukhishvili, S. A.; Granick, S. Layered, Erasable Polymer
Multilayers Formed by Hydrogen-Bonded Sequential Self-
Assembly. Macromolecules 2002, 35, 301–310.

24. Luo, L.; Tam, J.; Maysinger, D.; Eisenberg, A. Cellular
Internalization of poly(ethylene oxide)-b-poly(�-
caprolactone) Diblock Copolymer Micelles. Bioconjugate
Chem. 2002, 13, 1259–1265.

25. Ono, S. S.; Decher, G. Preparation of Ultrathin Self-
Standing Polyelectrolyte Multilayer Membranes at
Physiological Conditions Using pH-Responsive Film
Segments as Sacrificial Layers. Nano Lett. 2006, 6, 592–598.

26. Mamedov, A. A.; Kotov, N. A. Free-Standing Layer-by-Layer
Assembled Films of Magnetite Nanoparticles. Langmuir
2000, 16, 5530–5533.

27. See Supporting Information for details.
28. Geng, Y.; Discher, D. E. Hydrolytic Degradation of

poly(ethylene oxide)-block-Polycaprolactone Worm
Micelles. J. Am. Chem. Soc. 2005, 127, 12780–12781.

29. Fox, T. G. Influence of Diluent and of Copolymer
Composition on the Glass Temperature of a Polymer
System. Bull. Am. Phys. Soc. 1956, 1, 123.

30. Zhang, Q.; Remsen, E. E.; Wooley, K. L. Shell Cross-Linked
Nanoparticles Containing Hydrolytically Degradable,
Crystalline Core Domains. J. Am. Chem. Soc. 2000, 122,
3642–3651.

31. Loo, Y. L.; Register, R. A.; Ryan, A. J.; Dee, G. T. Polymer
Crystallization Confined in One, Two, or Three Dimensions.
Macromolecules 2001, 34, 8968–8977.

32. Stockton, W. B.; Rubner, M. F. Molecular-Level Processing
of Conjugated Polymers. 4. Layer-by-Layer Manipulation of
Polyaniline via Hydrogen-Bonding Interactions.
Macromolecules 1997, 30, 2717–2725.

33. Kharlampieva, E.; Sukhishvili, S. A. Hydrogen-Bonded
Layer-by-Layer Polymer Films. Polym. Rev. 2006, 46, 377–
395.

34. Barry, A. L. Antibiotics in Laboratory Medicine, 2nd ed.;
Williams & Wilkins: Baltimore, 1986; pp 1–25.

35. Nguyen, P. M.; Hammond, P. T. Amphiphilic Linear-
Dendritic Triblock Copolymers Composed of
poly(amidoamine) and poly(propylene oxide) and Their
Micellar-Phase and Encapsulation Properties. Langmuir
2006, 22, 7825–7832.

A
RT

IC
LE

VOL. 2 ▪ NO. 2 ▪ KIM ET AL. www.acsnano.org392


