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Multilayered thin films prepared with the layer-by-layer (LBL) assembly technique are typically “brittle” composites,
while many applications such as flexible electronics or biomedical devices would greatly benefit from ductile, and tough
nanostructured coatings. Here we present the preparation of highly ductile multilayered films via LBL assembly of
oppositely charged polyurethanes. Free-standing films were found to be robust, strong, and tough with ultimate strains
as high as 680% and toughness of ∼30 MJ/m3. These results are at least 2 orders of magnitude greater than most LBL
materials presented until today. In addition to enhanced ductility, the films showed first-order biocompatibility with
animal and human cells. Multilayered structures incorporating polyurethanes open up a new research avenue into the
preparation of multifunctional nanostructured films with great potential in biomedical applications.

Introduction

Multilayered nanostructured thin films prepared with the layer-
by-layer (LBL) assembly technique have gained wide popularity in
the past decade.1 Since its inception in the early 19900s, theLBL field
has experienced rapid growth, and today it is being utilized for a
wide variety of applications, ranging fromnanocomposites,2-4 drug
delivery platforms,5,6 superhydrophobic coatings,7 fuel cell and
photovoltaic membranes,8 microbatteries,9,10 and onto solid-state
memory devices.11 Overall, the technique has shown remarkable

versatility in combining a variety of components into functional
structures, including nanoparticles,12-14 nanotubes and nano-
wires,2,15,16 nanoplates,3,4 dendrimers,17 polysaccharides,18 poly-
peptides and DNA,19-21 proteins,22 and viruses.9,10,23,24

Most of the LBL films presented until today can be considered in
general as nonductile structures, while many applications, such as
flexible electronics or biomedical coatings, would greatly benefit
from enhanced ductility and toughness. In fact, nearly all LBL films
show elasticmoduli typically of a few gigapascals2,3,25-29 (as high as
106GPa4) and only a few percentiles of ultimate strain. Two recent
examples of hydrated multilayers and LBL tubes were shown to be
much “softer” in nature, withmoduli of only tens to a few hundreds
of megapascals; however, no strain data were provided.30,31 In
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another recent report, Hammond’s group showed preparation of a
film with unusually high ultimate strain. In this work, Lutkenhaus
et al. showed that hydrogen bonded multilayers of poly(ethylene
oxide) and poly(acrylic acid) can have tensilemodulus (E) of 2MPa
and ultimate tensile strain (εUTS) of 360%.32 The authors attributed
this high ductility to lowered glass transition temperature and also
hydration of the films.

In this paper we focus on the preparation of LBL composites
using a new assembly component: water-soluble polyurethanes
(PUs). PUs are well-known for their strength and toughness, and
they have found broad applications in construction, transporta-
tion, household appliances, packaging, electronics, and implan-
table biomedical devices, to name a few. PUs also represent an
important new component of LBL technique with a variety of
potential research directions. To this end, recently we showed
preparation of millimeter-thick composites by hierarchical stack-
ing of “exponential” LBL films composed of cationic PU (Cat
PU) and poly(acrylic acid).33 Individual, ∼70 μm-thick films
showed εUTS of ∼250%, ultimate tensile strength (σUTS) of
∼30 MPa, and toughness (K) of ∼50 MJ/m3. Hierarchical
stacking and consolidation of the films into >500 μm-thick
structures, enhanced the ultimate strain to εUTS ∼ 360%, along
with improvements in strength and toughness (σUTS ∼ 85 MPa,
K ∼130 MJ/m3).

Here, we demonstrate for the first time the preparation of
highly ductile nanostructured films from LBL assembly of
oppositely charged PUs. Film buildup was characterized with
ultraviolet-visible (UV-vis) spectroscopy and ellipsometry,
revealing uniform and steady growth. Composition of the film
was characterized with X-ray photoelectron spectroscopy (XPS)
and elemental analysis, revealing an overall intermediate compo-
sition between the two components and anisotropic distribution
between Cat PU- and anionic PU (An PU)-terminated surfaces,
as was expected from alternating deposition of polymer layers.
Internal structure was characterized with scanning electron
microscopy (SEM) and phase-contrast atomic force microscopy
(AFM). SEM of a cross-section revealed layered architecture,
while AFM showed cellular organization of the hard and soft
domains on the surface of the LBL film. Furthermore, we show
preparation of free-standing films and the results from evaluation
of their mechanical properties. The LBL films were found to be
highly robust and ductile with ultimate strains reaching as high as
εUTS ∼ 680%. This result is more than 2 orders of magnitude
greater than most LBL assemblies prepared thus far. In addition
to ductility, we have also evaluated the biocompatibility of the
films with rat skin and human osteoblast cell lines.We found that
both cell types were highly compatible with the surfaces as
indicated by live-dead assays and quantification of double-
strandedDNA (dsDNA). The relative ease of tuning the chemical
composition and thus mechanical properties of the PUs opens up
new possibilities for the preparation of highly ductile and multi-
functional nanostructured films for biomedical applications.

2. Experimental Procedure

Materials and LBL Assembly. Aqueous dispersions of the
cationic (Cat PU,∼35wt%,MW≈ 92000) and anionic (An PU,
∼35wt%,MW≈ 280 000)PUswereobtained fromHepceChem.
Co., SouthKorea, andusedas received. Solutions used in theLBL
assembly were diluted to ∼3.5 wt % concentrations. The pH

values of the resulting solutions were pH≈ 7.7 and pH≈ 9.1, for
Cat PU and An PU, respectively. The LBL assembly was per-
formed on microscope glass slides and silicon wafers either
by hand for initial characterization or using a StratoSequence
IV automated dipping robot, from nanoStrata, Inc. (Tallahassee,
FL). LBL films used for cell culture experiments were assembled
on glass slides prescored into 1 cm� 1 cm squares for standardi-
zation and easy fitting into 24-cell culture well-plates. Upon
deposition, glass slides were broken up into pieces and used for
further experiments. The films were assembled using 2 min dips
into the PU solutions followed by 2-1 min rinses with pure
deionized (DI) water and a single, 1 min drying with compressed
air. Free-standing films consisting of 300 bilayers were isolated by
etching of the glass slides with 1% hydrofluoric acid. After
thorough rinsing with pure water, the films were dried in an oven
at 80 �C. Pure PU films were prepared by dry-casting of the
diluted solutions.

Mechanical Property Evaluation. The films were subjected
to uniaxial tensile tests using a vertical stretcher from Test
Resources. The tests were performed under ambient conditions
(∼35% relative humidity). Dog bone shaped test specimens were
lightly airbrushed with a random, black speckle pattern before
being cutwith an elliptical punch to a gauge lengthof 13mmanda
width of 2-3 mm. The specimens were pulled apart at a displace-
ment rate of 80 μm/s, and images of the center gage section were
collected every 5 s, using a Nikon D2x camera equipped with a
300mmmacro lens. The reactive tensile load on the specimenwas
measured using a 111 N load cell. The collected speckle images
were analyzed using ImageJ software equipped with a MetaJ
trackingmacro. TheX andY coordinate data of two neighboring
speckles, as a function of specimen load, was then processed with
a MATLAB script to produce Green-Lagrange strain data
corresponding to each load state. The Green-Lagrange strain
E11 in thedirection of theaxial force is defined asE11=(1/2)*[(1þ
e1)

2 - 1], where e1 = (dx - dX)/dX, is the change in length per
unit lengthof a line element that is initially parallel to the direction
of axial stretching.34 The force measurements from the load cell
were divided by the measured initial thickness and initial width of
the sample gage section to give engineering stress. This procedure
results in a plot of engineering stress versus e1. Three to five tests
were performed for each material type.

Film-Structure Characterization. The LBL process was
monitored using an 8453 UV-vis Chem Station spectrophoto-
meter (Agilent Technologies), with data collected after each
deposited layer. The reference spectrum for the instrument was
ambient air, and collected spectra of the adsorbed material were
compared to UV-vis absorbance of a fresh, piranha-cleaned
glass slide. SEM images were obtained with an FEI Nova
Nanolab dual-beam FIB and scanning electron microscope
operated at 15 kV beam voltage. Ellipsometry measurements
were obtained using a BASE-160 Spectroscopic Ellipsometer
(J. A. Woollam Co., Inc.). The instrument was calibrated to a
standard silicon wafer with a thin layer of silicon dioxide, and the
subsequent calculationswere fittedusing aCauchy’smodel.AFM
experiments were performed in tapping mode using NanoScope
IIIa (Veeco Instruments, Santa Barbara, CA). Differential scan-
ning calorimetry (DSC) analysis was performed using a Perkin-
Elmer DSC-7 (PerkinElmer, Wellesley, MA). A small amount
(5 mg) of the sample was encapsulated in an aluminum pan and
was first heated from10 to 300 �Cat a scan rate of 10 �C/min. The
sample was then cooled from 300 to 10 �C at the same rate. Data
acquisition and processing was done with PerkinElmer Pyris
software. X-ray powder diffraction (XRD) patterns were col-
lected on a RigakuMiniflex (Rigaku, The Woodlands, TX). The
diffractometer is equipped with a Cu X-ray tube (Cu KR, λ =
1.54059 Å) with an operating voltage of 30 kV and current of
15 mA. Scans were performed continuously from 2� to 90� 2θ(32) Lutkenhaus, J. L.; Hrabak, K. D.; McEnnis, K.; Hammond, P. T. J. Am.

Chem. Soc. 2005, 127, 17228.
(33) Podsiadlo, P.; Arruda, E. M.; Kheng, E.; Waas, A. M.; Lee, J.; Critchley,

K.; Qin, M.; Chuang, E.; Kaushik, A. K.; Kim, H. S.; Qi, Y.; Noh, S. T.; Kotov,
N. A. ACS Nano 2009, 3, 1564.

(34) Malvern, L. An Introduction to the Mechanics of a Continuous Medium;
Prentice-Hall: Upper Saddle River, NJ, 1969.
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in increments of 5� per min. Elemental analysis was performed
using a Perkin-Elmer 2400 Series II combustion analyzer.

Composition Analysis by XPS. XPS spectra were obtained
using a Thermo Electron Corporation ESCA Lab 250 with a
chamber pressure maintained below 5 � 10-9 mbar during
acquisition. A monochromated Al KR X-ray source (15 kV;
150 W) irradiated the samples, with a spot diameter of approxi-
mately 0.5mm. The spectrometer was operated in LargeAreaXL
magnetic lensmode using pass energy of 150 and 20 eV for survey
and detailed scans, respectively. The spectra were obtained with
an electron takeoff angle of 90�. High-resolution spectra were
fittedusingAvantage (ThermoVGsoftware package) peak fitting
algorithms. All spectra have been normalized to the C 1s peak
(284.6 eV).

Cell Culture. Human osteoblast cell line hFOB 1.19 (CRL-
11372) and Rattus norvegicus (FR) rat skin cell line were pur-
chased from American Tissue Culture Corporation (ATCC,
Manassas, VA) and grown as recommended by ATCC. Specifi-
cally, hFOB 1.19 cells were grown in 45% Ham0s F12 medium,
45% Dulbecco’s modified Eagle’s medium (DMEM) and 10%
fetal bovine serum (Gibco, Frederick, MD) supplemented with
0.3 mg/mL G-418 (Gibco, Frederick, MD). FR cells were grown
in Eagle’s minimum essential medium (EMEM) supplemented
with 10% fetal bovine serum and 1% penicillin streptomycin.
Cells were grown at 37 �C and 5% CO2, while changing medium
every 2-3 days.

Cell Loading and Culture on Films. For each film-bilayer-
number (0.5, 1, 10, 10.5), 24 pieces of film on cut glass slides were
placed individually into wells of 12-well microplates. Films were
sterilized in 70% ethanol for 30 min and rinsed three times with
phosphate buffered saline (PBS). Twelve of the films were slated
for FR culture, and the remaining 12 were slated for hFOB
culture. For each cell type, an equal number of cells were placed
onto the films, and all wells were filled with respective media and
incubated. The media was changed every 2-3 days.

At two, five, and seven days, the following procedure was
performed to prepare cells for dsDNA quantification. Media was
removed from thewells of three films for each cell type and bilayer
number, and films were rinsed in PBS. Films were then removed
from wells and placed into new wells to be treated with tryp-
sin-ethylenediaminetetraacetic acid (EDTA) until cells detached
from the films. After detachment, cells were collected with
trypsin-EDTA intomicrocentrifuge tubes, and films were rinsed
once more in PBS that was added to the cell collection tubes and
stored at -70 �C so that all samples could be analyzed at once.

Optical and Confocal Microscopy for Viability. After
three days of culture, one filmof each cell type andbilayer number
was rinsedwith PBS and stained with 2 μMcalcein AMand 4 μM

EthD-1 using a Live/Dead Viability/Cytotoxicity Kit (Invitrogen
Corporation, Carlsbad, CA) for 30 min. Samples were rinsed
again and viewed immediately using a Leica TCS SP2 Confocal
Laser Scanning Microscope with 10� and 20� objectives.

To further examinemorphology of cells on films, after 4 daysof
culture, cells were imaged directly on films in wells using a Nikon
(Melville, NY) Eclipse TS100 inverted microscope and a Qima-
ging (Surrey, BC) Micropublisher 3.3 RTV camera.

dsDNA Quantification. At the time of dsDNA quantifica-
tion, all cell collections were thawed and centrifuged for 5 min at
300� g. Excess trypsin-EDTAand PBSwere removed, and cells
were resuspended and sonicated in 500 μL passive lysis buffer
(Promega Corporation, Madison, WI). Samples were then cen-
trifuged for 10 min at 10000 rpm. Of the supernatant, 50 μL was
prepared for dsDNA quantification using Quant-iT PicoGreen
dsDNA Reagent (Invitrogen Corporation, Carlsbad, CA), ac-
cording to manufacturer protocol. Sample fluorescence was
measured at 520 nm by excitation at 480 nm on a Biotek Synergy
2 Multi-Detection Microplate Reader (Winooski, VT).

3. Results and Discussion

A. Assembly and Structure. PUs represent a very large
family of polymers, with a common structural feature being the
urethane linkers connecting its subunits. In this workwe used two
commercially available PUswith chemical compositions shown in
Figure 1. We note that the particular compositions are by no
means the only available; however, they satisfy two important
parameters for LBL assembly: (1) they are soluble in aqueous
conditions as the result of a high density of hydrophilic groups
and (2) they have charged units (Figure 1, red groups) in the form
of a short tertiary ammonium side chain in the Cat PU and a
carboxylic acid group in the An PU. Furthermore, we chose these
particular structures because of their fairly long “soft” segments
(Figure 1, green groups), (-CH2-CH2-CH2-CH2-O-)28 and
(-C2H4-CH2-O-)51, for Cat and An PUs, respectively, which
impart these polymers with high ductility at the molecular and
nanoscale levels.

In a typical assembly, piranha-cleaned substrates (microscope
glass slides or siliconwafers) were first immersed into a∼3.5wt%
solution ofCat PU for 2min, rinsedwithDIwater, and driedwith
compressed air. In this stage, Cat PU adsorbs onto the charged
substrate via electrostatic and hydrogen bonds and, under opti-
mal conditions, reverses surface charge to accommodate adsorp-
tion of a negative species. After adsorption of the polycation, the
substrates were immersed into a∼3.5 wt% solution ofAn PU for

Figure 1. Chemical structures of (A) Cat and (B) An PUs. Charged groups are highlighted in red, counterions in blue, and soft segments in
green.
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2min, and again rinsedwithDIwater, and dried with compressed
air. Similarly to the polycation adsorption, the adsorbing poly-
anion reverses the surface charge to negative and returns the
substrate to the original state. At this stage, the substrate is
covered with a pair of cationic and anionic layers, which from this
point forward will be referred to as bilayers. Reversal of the
surface charge to the starting point allowed for adsorption of new
bilayers allowing incremental growth of the multilayers to a
desired final thickness.

Filmbuildupwas characterizedwithUV-vis spectroscopy and
ellipsometry. (Figure 2) Figure 2A shows compilation of spectra
collected after successive adsorption of (Cat PU-An PU)1
bilayers up to a total of 10 bilayers, denoted as (Cat PU-An
PU)10. Similarly to previous demonstrations of multilayer build-
up, the assembly conditions described above showed uniform and
regular growth. Plotting of absorbance versus bilayer number for
different wavelengths of light (Figure 2B) revealed steady and

nearly linear growth with some evidence of an upswing when 10
bilayers were approached. Interestingly, ellipsometry showed
complete linearity up to 20 bilayers with incremental growth of
nearly ∼10 nm per bilayers. (Figure 2C).

Having established successful growth of the multilayer, we
proceeded with growing thick films on microscope glass slides
using automatic dipping robots from NanoStrata (Tallahassee,
FL). A set of 300-bilayer films was prepared, and free-standing
films were separated using the substrate etching with HF solution
described in our previous publications3 (Figure 3A). Compared to
the previous publications, we allowed the detached film to float in
pure DI water to remove any excess of HF. The films were then
lifted out from water using a rigid Teflon substrate.

Uponremoval fromwater, films supportedon theTeflon substrate
were placed in a convection oven at 80 �C and allowed to dry. Using
Teflon allowed for easy detachment of free-standing films. The films
were found to be thin, highly robust, and ductile. Careful handling
was required as the films showed substantially lower stiffness when
compared to the films incorporating nanoparticles.2-4

SEM characterization of the free-standing films revealed uni-
form cross-section however with much greater thickness than
expected. Extrapolation of the data obtained from ellipsometry
suggested that the thickness should not be more then ∼3 μm for
the 300-bilayer film, while the SEM revealed approximately 4x
greater thickness of ∼13 μm. This translates into an average of
∼40 nm per bilayer. This could potentially be a result of
incomplete rinsing of the films; however, a closer look at the
SEM images revealed a well-defined stratified structure through-
out the entire thickness which was not observed in the pure
polymers. (Figures 3B- 3E) An explanation may come from the
fact that the charge density along the polymers’ backbones is
small and it is already well established that weakly charged
polyelectrolytes can have nonlinear and even exponential growth
leading to structures having thicknesses in excess of 100 μm for
200 bilayers.33,35,36

Figure 2. (A) Compilation of UV-vis absorbance spectra for Cat
PU-An PU assembly for the first 10 bilayers. (B) Absorbance
versus bilayer number regressions for Cat PU-An PU assembly
frompanelA showinguniformgrowth. (C)Ellipsometry results for
Cat PU-An PU assembly on silicon substrate.

Figure 3. (A) Photograph of a free-standing, 300-bilayer Cat
PU-An PU LBL film. (B) SEM cross-section of pure Cat PU.
(C) SEMcross-section of pureAnPU. (D,E) Cross-sectional SEM
images of the free-standing, 300-bilayer Cat PU-AnPULBL film
showing regular stratification. All filmswere cut with a razor blade
to reveal the cross-section.

(35) Podsiadlo, P.; Michel, M.; Lee, J.; Verploegen, E.; Kam, N. W. S.; Ball, V.;
Qi, Y.; Hart, A. J.; Hammond, P. T.; Kotov, N. A. Nano Lett. 2008, 8, 1762.

(36) Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, G. D.; Schaaf, P.;
Voegel, J. C.; Lavalle, P. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 12531.
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An important question that one needs to ask is how the
molecular and nanoscale organization of the polymers is affected
by nanostructuring via alternating layering of nanometer-thick
strata in LBL. This is an especially important question because
the exceptional ductility of the PUs is attributed to the ability of
formation of “hard” (crystalline) and “soft” (amorphous) do-
mains. In the case of our polymers, the hard domains contain
charged groups,which are primarily responsible for the formation
of electrostatic interactions between each other and may com-
promise the ability of the two polymers to form ductile material.
To help answer this question, we characterized the chemical
composition of the LBL film using elemental analysis and XPS.

(see the Experimental Section and the Supporting Information)
The XPS results revealed substantial differences in composition
between Cat- and An-PU-terminated surfaces. The Cat-PU-
terminated surface had a ∼1:2 molar ratio (∼1:1.5 wt % ratio)
of the An PU to Cat PUmonomers, while the An-PU-terminated
surface had ∼2.6:1 (∼3.5:1 wt % ratio) An PU to Cat PU
monomers. Because of the close similarity between the two
polymers, it was difficult to accurately characterize the composi-
tion of the LBL films using elemental analysis; however, we could
conclude that the film does not have a preferential composition of
either of the two polymers. DSC characterization of the pure
polymers and the LBL film (Figure 4A) showed that the char-
acteristic transition peak of Cat PU present at ∼300 �C was
greatly suppressed when compared to the peak of An PU at
∼375 �C. Furthermore, characterization of the polymers and
LBL film by wide-angle X-ray scattering (WAXS) showed
that the multilayer film in fact contains amorphous domains
characteristic to both components, spanning a 2θ angle range of
approximately 15� (from 10� to 25�). (Figure 4B,C) Overall, we
can conclude that the LBL film has close to equal molar
concentration of the two PUs, with slightly greater content of
the An PU.

AFM characterization of top surface morphologies with phase
contrast imaging mode showed striking differences between the
different films. (Figure 5) First, the two oppositely charged PUs
showed very different morphologies: Cat PU (Figure 5A) showed
a distinctly granular structure with hard domains clearly con-
trasting the soft regions, while An PU showed very little contrast
between the hard and soft domains. The hard domains in Cat PU
have mainly oval shapes with widths up to ∼150 nm and lengths
as large as 2 μm (typical lengths are less than 1 μm). The LBL film
also showed evidence of hard and soft domains as in the Cat PU
(Figure 5C), but with very different morphology. The hard
domains appear to form a cellular structure with hard domains
having spherical shape and diameters up to ∼150 nm. Overall,
evidence of domain formation was encouraging for the ultimate
goal of this work, i.e, preparation of ductile multilayered films.
B. Mechanical Properties. Evaluation of tensile mechan-

ical properties of the films showed high ductility with proper-
ties being intermediate between the two components. (Figure 6
and Table 1) The Cat PU showed yield strength (σY) of
∼2 MPa, ultimate strength (σUTS) of ∼30 MPa, modulus (E)
of ∼26 MPa, and ultimate tensile strain (εUTS) of ∼540%.
The An PU showed no evidence of yield strength, lower
σUTS (∼10 MPa) and E (∼2 MPa); however, it showed much
higher strain: εUTS ∼ 1200%. Comparing to the two, the LBL
film showed improvement in σY to ∼3 MPa, but significant
reduction of σUTS to ∼6.5 MPa. The modulus and strain
showed intermediate values between the two polymers:
E ∼ 15 MPa and εUTS ∼ 630%. The significant reduction in
σUTS may be explained with fragility of the films to handling.
While not visible with the naked eye, very soft nature of the

Figure 4. (A)DSCspectra comparison for pure polymers andLBL
film. (B,C) WAXS spectra comparison of pure polymers and LBL
film. The spectra in DSC and WAXS are normalized to the same
height due to large differences in the thickness of the samples.
Because of small thickness of the LBL film, the spectrum shows
lower signal-to-noise ratiowhen compared to that of purepolymers.

Figure 5. Phase-contrast AFM images of surface morphologies
for (A) Cat PU, (B) An PU, and (C) Cat PU-An PU LBL film.
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films can be easily prone to defects from handling, and the
ultimate strength and strain can be reduced by premature
failure.

Furthermore, the improvement in σY can be attributed to the
formation of electrostatic cross-links between the two poly-
mers. The same cross-links can also be responsible for decreas-
ing the ultimate strain to values closer to those of the Cat PU.
Overall, these are excellent results given that most of the
previously reported LBL films showed 2 orders of magnitude
lower strains.2-4,35,37-39 They open new opportunities for
research and applications, especially when the assemblies
will be combined with different nanomaterials for prepara-
tion of mechanically responsive and ductile nanostructured
assemblies.
C. Cell Culture Evaluation. The attachment and prolifera-

tion of cells can be controlled by various materials’ surface
properties, such as hydrophobicity, charge, chemistry, crystal-
linity, and topography. In particular, substrate surface charge
can be manipulated to affect cell adhesion depending on cell
type or the presence or absence of serum. Here, we utilized
the simplicity of imposing a positive or negative charge on PU
bilayer films to explore the biocompatibility of films of either
charge. In this study, four-film-bilayer numbers were studied:
0.5, 1, 10, and 10.5. These were constructed in a manner such
thatCat PUwas the first bilayer applied, followedbyAnPU, such
that 0.5 and 10.5 bilayer films presented a positively charged
surface, while 1 and 10 bilayer films presented An PU on the
surface.

We have evaluated biocompatibility of the different surfaces
against 2 different cell lines: human osteoblasts (hFOB 1.19) and
rat skin cells (FR). Both FR and hFOB 1.19 cell types were
studied to explore the biocompatibility on PU films of skin and

Table 1. Experimental Results from Comparison of the Mechanical Properties of Cationic, Anionic, and Cat PU-An PU LBL Films

sample
type

yield strength,
σY (MPa)

ultimate tensile strength,
σUTS (MPa)

Young0s modulus,
E (MPa)

ultimate tensile strain,
εUTS (%)

toughness,
K (MJ/m3)

Cat PU 2.3 ( 0.7 29 ( 2 26 ( 15 540 ( 40 43 ( 4
An PU 10 ( 1 2.4 ( 0.6 1220 ( 100 55 ( 9
Cat-An LBL 3.1 ( 0.4 6.5 ( 1.7 15 ( 6 630 ( 50 29 ( 8

Figure 7. dsDNAdata for (A) FR and (B) hFOB 1.19 cells at 2, 5,
and 7 days for different numbers of bilayers. All samples appeared
to maintain an approximately constant amount of cells present
over the time studied.

Figure 6. Mechanical properties ofPUsandLBLfilm. (A,B)Photographs ofadog-bone specimenof a 300-bilayerLBLat ε=0and ε∼ εUTS

(prior to rupture), respectively. (C) Comparison of stress-strain responses for pure polymers and the LBL film.

(37) Gao, C. Y.; Leporatti, S.; Moya, S.; Donath, E.; Mohwald, H. Langmuir
2001, 17, 3491.
(38) Mertz, D.; Hemmerle, J.; Mutterer, J.; Ollivier, S.; Voegel, J. C.; Schaaf, P.;

Lavalle, P. Nano Lett. 2007, 7, 657.
(39) Podsiadlo, P.; Liu, Z. Q.; Paterson, D.; Messersmith, P. B.; Kotov, N. A.

Adv. Mater. 2007, 19, 949.
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bone cells of multiple species. The method in which biocompat-
ibility was quantified was by assaying the amount of dsDNA
present in a sample over the course of a week (Figure 7);
comparing the amount of dsDNA in a set of samples is repre-
sentative of number of cells in those samples. Here, it was
observed that, for both cell types, the amount of cells present
was fairly consistent with time. One could speculate that FR cells
may be affected by the surface charge of the substrate, in that
there is a trend toward growth over time for samples with 0.5 and
10.5 bilayers, whereas cell numbers remained fairly consistent for
samples with 1 and 10 bilayers. This would indicate that perhaps
for anionic charged surfaces, FR cells attach quickly and reach
confluence, whereas for cationic charged surfaces initial attach-
ment is limited, thus there is room for cells to replicate with time.
In contrast, hFOB 1.19 samples have fewer trends over time, so
these cells may attach and become confluent with equal time. One
must also note that all cultures were performed with FBS, so one
must consider cell adhesion to proteins in the serum that may
adhere to the surfaces. These speculationsmust be supportedwith
further data.

Both inverted microscope and confocal images of live/dead
stained cells (Figure 8) demonstrate biocompatibility with all
surfaces. In both sets of images, cells are spread and plentiful,
indicating that cellular interactions with surfaces are attractive
and biocompatible.

4. Conclusions

In conclusion, we presented here preparation and character-
ization of highly ductile free-standing LBL films. The films
showed ultimate strains of several hundred percent, which are

at least 2 orders of magnitude greater than most of previous LBL
assemblies. A new assembly component, i.e., charged PUs, was
instrumental to this demonstration, and this work represents the
first use of PUs in multilayered assemblies. PUs constitute a large
family of polymers with a wide range of compositions and, when
combined with the wide array of already available assembly
components, they represent a fundamentally novel material. In
particular, theLBL films fromPUsmight beuseful for biomedical
applications as permanent implants such as artificial cartilage.
Unlike standard PU blends, the LBL multilayers offer the
possibility of producing nano/micro scale gradient structureswith
excellent control of the progression of mechanical properties,
which is a common need for long-term implants.
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Figure 8. Invertedmicroscope images of (A,C) FR cells and (B,D) hFOB1.19 cells on (A) 0.5, (B) 1.0, (C) 10, and (D) 10.5 bilayer films after
4daysof culture. (E,F)Representative imagesof live/deadassayafter 3daysof culture. (E)FRcells on filmswith1bilayer. (F) hFOB1.19 cells
on filmswith 10 bilayers. Only live cells (green) are visible because the dead cells (red) typically detached from the substrates andwere washed
out with the cell culture serum.


