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ABSTRACT

The alternate deposition of exponentially and linearly growing polyelectrolyte multilayers leads to the formation of multicompartment films. In
this study, a new system consisting in nanometer-sized multilayer barriers deposited on or between multilayer compartments was designed
to respond to mechanical stimuli and to act as nanovalves. The diffusion of polyelectrolytes through the barrier from one compartment to
another can be switched on/off by tuning the mechanical stretching and thereby opening or closing nanopores in the barrier. This work
represents a first step toward the design of chemically or biologically active films responding to mechanical stresses.

The alternate deposition of polyanions and polycations on
charged surfaces leads to the formation of nanostructured
films called polyelectrolyte multilayers.1 The layer-by-layer
deposition constitutes a formidable tool to functionalize sur-
faces and its potential applications are optical coatings,2

filtration devices,3 self-supported membranes with highly
enhanced Young’s moduli,4,5 fuel cell membranes,6 biologi-
cally active membranes,7 drug release,8-10 or biologically
active coatings.11-14 There exist two kinds of multilayers:
those whose thickness and mass increase linearly with the
number of deposition steps1 and those which grow exponen-
tially.15-17 Linearly growing films are usually dense, nicely
structured,1 a few tens of nanometers thick, and act as imper-
meable barriers for the diffusion of polyelectrolytes and even
of small ions.18 On the other hand exponentially growing
films are more gel-like,19 allow for the diffusion through the
film section of polyelectrolytes20 and even proteins, and reach

thicknesses up to a few micrometers within a few deposition
steps. These films can be loaded with bioactive com-
pounds21,22 and then act as reservoirs able to deliver such
molecules to surrounding cells.23 Recently we designed
multiple strata films composed of the alternation of linearly
and exponentially growing films that allows construction of
multicompartment architectures where the linearly growing
films act as barriers.24 The barriers prevent the diffusion of
active compounds between two compartments, meaning from
the upper compartment to the lower one, and inversely. These
multicompartment films are anticipated to be ideal architec-
tures to create multifunctionalized surfaces with time sched-
uled activity25 or should allow design new types of coatings
where reactions between chemicals present in different
compartments are induced by external stimuli. This, however,
requires the opening of the barriers by the stimuli.

In this article we demonstrate that some linearly growing
films can act as mechanically responsive nanosized barriers.
Mechanical stretching allows opening of such barriers in a
reversible manner. These barriers thus act as nanovalves. To
built multicompartment films, polymeric strata playing the
role of reservoirs are composed of poly(L-lysine)/hyaluronic
acid (PLL/HA) films. PLL/HA multilayers are known to
grow exponentially and PLL chains diffuse over the entire
architecture.20 On the other hand poly(diallyldimethylam-
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monium chloride)/poly(styrene sulfonate) (PDADMA/PSS)
multilayers which are known to be linearly growing films
with stratified architectures26 will act as barrier strata when
inserted between two PLL/HA compartments and thus
prevent PLL chain diffusion between different compartments.

The multicompartment films are deposited on bare silicon
sheets acting as elastomer substrates (see Supporting Infor-
mation for experimental details). Multicompartment films are
constructed by dipping the substrate alternately in the
polycation and polyanion solutions. Each polyelectrolyte
deposition is followed by a rinsing step by dipping the
substrate in the buffer solution. Film buildup is always
initiated by depositing a (PLL/HA)30 multilayer stratum on
the bare silicone sheet. On top of the (PLL/HA)30 multilayer,
green fluorescently labeled poly(L-lysine) chains (PLLFITC)
(FITC, fluoresceine isothiocyanate) are deposited, leading
to a complete labeling of the film section as previously
described.20 The thickness of the entire film is around 5µm.
This multilayer film is then submitted to a longitudinal
stretching under a confocal laser scanning microscope
(CLSM). The stretch degree is defined by the parameterl/l0
where l0 and l correspond to the initial length and to the
stretched length of the silicone sheet, respectively. Up to an
elongation of 2 of the (PLL/HA)30/PLLFITC film, no breakage
or defect is visible, at least at the length scale of the CLSM
(Figure 1). This demonstrates the strong adhesion of these
PLL/HA multilayers on the silicone substrate and it also
confirms their gel-like properties.27

The (PLL/HA)30/PLL multilayer is then capped with a
(PSS/PDADMA)n multilayer. The buildup of both strata

multilayer films is checked with a quartz crystal microbalance
to control the regular change in frequency and dissipation
corresponding to the layer-by-layer deposition process and
the thickness of the (PSS/PDADMA)n bilayer is valued at
14 nm per bilayer (See Figure 1 of Supporting Information
II). Such a (PSS/PDADMA) multilayer being used as a
barrier for the first time, its efficiency to prevent diffusion
of PLLFITC chains from the solution into the reservoir is first
checked with CLSM. This is performed by constructing a
film with a PLL/HA compartment entirely labeled with
PLLRho (red fluorescence from PLL chains labeled with
rhodamine succinimidyl ester) and capped withn ) 2, 5,
15, and 30 bilayers of PSS/PDADMA. Then, the resulting
film corresponding to (PLL/HA)30/PLLRho/(HA/PLL)/(PSS/
PDADMA)n architecture is brought in contact with a PLLFITC

solution (0.5 mg‚mL-1). No green color is detected in the
film section over more than 8 h (see as an example, Figure
2a forn ) 5) proving that (PSS/PDADMA)n multilayers act
as barriers toward PLL diffusion. We also verify that these
multilayer barriers continue to prevent PLL diffusion when
a (PLL/HA)30 compartment is deposited on their top.

Next, the behavior of the (PLL/HA)30/PLLRho/HA/PLL/
(PSS/PDADMA)n films under stretching is investigated for
various architectures (n ) 2, 5, 15, and 30). The films in
contact with PLLFITC solutions are observed with CLSM. By
gradually increasing the stretching, a critical stretching degree
is reached where the (PSS/PDADMA)n films become inef-
ficient to play the barrier role for preventing PLL chain
diffusion from the solution to the underlying PLL/HA
compartment. This critical stretching degree depends on the
numbern of bilayers constituting the barrier and increases
with n. The results are summarized in Table 1. For stretching
degrees higher than the critical stretching degree, PLLFITC

chains from the solution diffuse into the (PLL/HA)30

compartment as can be seen in Figure 2b forn ) 5 and for
a stretching degree ofl/l0 ) 1.5. Once the barrier opens up
for stretching degrees exceeding the critical value, PLL
chains diffuse within a few minutes inside the (PLL/HA)30

film. The final PLLFITC concentration in the film by far
exceeds the PLLFITC concentration in the solution. Figure
3a illustrates the CLSM observation of the (PLL/HA)30/
PLLRho/HA/PLL/(PSS/PDADMA)5 film incubated in a
PLLFITC solution when no stretching is applied. The two-
dimensional view (x,y) at the film/solution interface depicts
a homogeneous film at the scale of the CLSM resolution
without any defects in the structure. For stretching degrees
smaller thanl/l0 ) 1.4 interfaces show similar features with
high homogeneity. When silicone sheets are stretched atl/l0
) 1.5, which is above the critical stretching degree forn )
5, small black spots corresponding to nonlabeled pores appear
on top of the film (Figure 3b). Their size is estimated to be
of the order of a few hundreds of nanometers (from 100 nm
to 1 µm). These pores are only visualized when one focuses
at the upper part of the film which corresponds to the PSS/
PDADMA strata. CLSM imaging of (x,y) planes inside the
films shows uniform green fluorescence indicating that the
pores are only located in the (PSS/PDADMA)n barrier and
do not extend down to the PLL/HA compartment. The

Figure 1. Confocal laser scanning microscope (CLSM) images
of a (PLL/HA)30/PLLFITC multilayer film deposited on a silicone
sheet and observed at a stretching degree ofl/l0 ) 2 (stretching
degree of 1 corresponds to the initial lengthl0 of the silicone
sheet): (a) top view (x,y) (77 × 77 µm2); (b) cross section view
(x,z) (77 × 11 µm2). The total thickness of the film is around 5.5
µm.
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appearance of pores under stretching is also confirmed by
atomic force microscopy (AFM) on a similar sample for a
stretching degree ofl/l0 ) 2 (Figure 4). The characteristic
sizes of the holes are of the order of 150-1500 nm in
accordance with the CLSM measurements. For barriers
constituted of less (n ) 2) or more (n ) 15 and 30) thann )
5 PSS/PDADMA strata, the same conclusions can be
drawn: below the critical stretching degree, the films remain
homogeneous and for stretching degrees higher than this

critical value, pores appear in the barrier layer. The perme-
ability of the barriers against PLL chains is related to the
presence of these nanopores and can thus be finely controlled
by the stretching degree applied on the film.

Figure 2. CLSM section images (x,z views) of a (PLL/HA)30/
PLLRho/(HA/PLL)/(PSS/PDADMA)5 multilayer film (one compart-
ment capped with a barrier) deposited on a silicone sheet and
brought in contact with a PLLFITC solution. Observations are
performed before stretching (a, a′, and a′′) and at a stretching degree
of l/l0 ) 1.5 (b, b′, and b′′). Film sections are observed (a, b) in
the red and green channels, (a′ and b′) in the red channel only, and
(a′′ and b′′) in the green channel only. The total thickness of the
multilayer film labeled in red is around 6µm. Image sizes are 77
× 30 µm2.

Table 1. Critical Stretching Degrees of the Silicone Sheet as a
Function of the Number of Bilayers,n, Constituting the
PSS/PDADMA Barriera

n
critical stretching

degrees n
critical stretching

degrees

2 1.1 15 1.9-2.0
5 1.3-1.4 30 >2.2

a Below these values, the barriers ensure impermeability against PLL
chains, when for higher values the barriers become inefficient to prevent
PLL diffusion.

Figure 3. CLSM top view (x,y) images in the green channel of a
(PLL/HA)30/PLLRho/(HA/PLL)/(PSS/PDADMA)5 multilayer film
(one compartment capped with a barrier) deposited on a silicone
sheet and brought in contact with a PLLFITC solution: (a) The
silicone sheet is not stretched. (b) The silicone sheet with the
multilayers is stretched atl/l0 ) 1.5. The black arrow indicates the
stretching direction. Image sizes are 47× 47 µm2.
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In order to investigate the reversibility of the barrier
opening, a (PLL/HA)30/PLLRho/HA/PLL/(PSS/PDADMA)5
film is stretched 30 min up tol/l0 ) 1.8, corresponding to a
value higher than the critical stretching degree, and then
brought back to its original nonstretched state. As soon as
the film is brought back to its nonstretched state, wrinkles
with a periodicity about 5µm and perpendicular to the
stretching direction (y direction) appeared (Figure 5a,b).
These regular structures observed on top of the red-labeled
zone probably concern the reservoir/barrier interface. After
the film was maintained for 30 min in a nonstretched state,
wrinkles totally disappeared and the film recovers a flat and
homogeneous configuration (Figure 5c). When this film is
brought in contact with a PLLFITC solution, no diffusion of
PLLFITC into the film is detected over 1 h (Figure 5d),
indicating that the (PSS/PDADMA)5 stratum plays again the
role of a PLL-tight barrier.These obserVations strongly

suggest that the barrier opening and pore formation are fully
reVersible.These experiments also demonstrate that both the
(HA/PLL)30 and the (PSS/PDADMA)5 multilayers behave
as viscous fluid-like materials leading to healing processes
of the barrier.

Let us now focus on the behavior of a film composed of
two compartments separated by one barrier. PLL from both
(PLL/HA)30 compartments are labeled, one with rhodamine,
the other with fluorescein, leading to the following archi-
tecture: (PLL/HA)30/PLLRho/HA/PLL/(PSS/PDADMA)5/
(HA/PLL)30/HA/PLLFITC. When this film is stretched below
l/l0 ) 1.4, no diffusion of PLL from one compartment to
the other is observed during the whole observation period
(4 h) and both compartments materialized by green and red
areas are clearly separated. The same conclusions can be
drawn from observations 1 min after applying a stretching

Figure 4. AFM images of a (PLL/HA)30/PLL/(HA/PLL)/(PSS/
PDADMA)5 multilayer film (one compartment capped with a
barrier) deposited on a silicone sheet. The silicone sheet with the
multilayers is stretched atl/l0 ) 2.0. White arrows indicate pores
in the film. The black arrow indicates the stretch direction. Image
sizes are 30× 30 µm2 (a) and 10× 10 µm2 (b).

Figure 5. CLSM images of a (PLL/HA)30/PLLRho/(HA/PLL)/(PSS/
PDADMA)5 multilayer film (one compartment capped with a
barrier) deposited on a silicone sheet and observed in a nonstretched
state after a stretching to a degree ofl/l0 ) 1.8 for 30 min: (a) top
view (x,y) (182× 182µm2) 5 min after being brought back to the
nonstretched state; (b) cross section view (x,z) (177× 21 µm2), 5
min after being brought back to the nonstretched state; (c) cross
section view (x,z) (177 × 21 µm2), 30 min after being brought
back to the nonstretched state; (d) cross section view (x,z) (77 ×
30 µm2), the film in the nonstretched state is maintained in contact
with a PLLFITC solution over 1 h.
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of l/l0 ) 1.9, a value higher than the critical stretching degree
(Figure 6a). On the other hand, when the film is stretched
up to l/l0 ) 1.9 for 4 h, a gradual diffusion of PLLFITC chains
from the upper to the lower compartment and a gradual
diffusion of PLLRho chains from the lower to the upper
compartment occurs (Figure 6b). The (PSS/PDADMA)5

barrier located in the middle of the film section becomes
then strongly labeled with PLLFITC and PLLRho. The time
scale of the diffusion of PLL chains from one compartment
to the other lies in the order of 8 h (Figure 6c). After this
time delay, the fluorescence through the film section is
homogeneous and the two compartments can no longer be
differentiated. Moreover, as for the (PLL/HA)30/PLLRho/(HA/
PLL)/(PSS/PDADMA)5 film, the appearance of pores in the
barrier separating the two compartments, under stretching
degrees exceeding the critical value (l/l0 ) 1.9), is observed
(Figure 7). Size and distribution of the pores in the film are
very comparable to previous AFM observations on the
multilayer capped by a barrier. Thus the upper (PLL/HA)n

compartment exhibits only a minor influence on the behavior
of the barrier under stretching. Once the film is brought back
to its nonstretched state, wrinkles perpendicular to the
stretching direction (y direction) also appeared as it is the
case for the compartment/barrier system. These wrinkles also
disappear after a few tens of minutes.

Our experiments do not allow access to the mechanism
that leads to the formation of pores, at a molecular level.
One can thus only speculate about such a mechanism.
Nevertheless, preliminary experiments performed on (PLL/
HA)30/PLL/(PSS/PAH)n where PAH stands for poly(allyl
amine hydrochloride) reveal that the (PSS/PAH)n cap also
acts as a barrier but that, even under a moderate stretching
degree of 1.10, cracks appear in the film (see Figure 2 of
Supporting Information II). These cracks are very different

from the holes observed in the (PSS/PDADMA)n barriers.
It appears as if the (PSS/PAH)m multilayers behave as a solid,
brittle material, confirming the glassy nature of these films.
In contrast, the (PSS/PDADMA)n films appear softer and
viscoelastic. The origin of the holes seems thus not to
originate from microcracking or crazing of the barrier but
rather to debonding of the chains. One can assume that before
stretching the thickness of the (PSS/PDADMA)n barrier is
not rigorously constant over the whole film but that there

Figure 6. CLSM section images (x,z views) of a (PLL/HA)30/PLLRho/(HA/PLL)/(PSS/PDADMA)5/(HA/PLL)30/HA/PLLFITC multilayer
film (two compartments separated by a barrier) deposited on a silicone sheet maintained in a 0.15 M NaCl solution. Observations are
performed after a stretching degree of 1.9 during (a) 1 min, (b) 240 min, and (c) 480 min. Panels a, b, and c correspond tox,z sections in
the green and red channels, panels a′, b′, and c′ to the green channel, and panels a′′, b′′, and c′′ to the red channel. The total thickness of
the multilayer film is around 10µm. Image sizes are 55× 28 µm2.

Figure 7. CLSM (x,y) image in the red channel of a (PLL/HA)30/
PLLRho/(HA/PLL)/(PSS/PDADMA)5/(HA/PLL)30/HA/PLLFITC mul-
tilayer film (two compartments separated by a barrier) focused on
the (PSS/PDADMA)5 barrier. The silicone sheet with the multi-
layers is stretched at a degree of 1.9. White arrow on the image
shows an example of a pore localized in the barrier. The black
arrow indicates stretching direction. Image size is 30× 30 µm2.
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exist thickness fluctuations. Under stress due to stretching,
the (PSS/PDADMA)n film reorganizes with chains that
diffuse one with respect to others. The locations of smaller
thickness are then the ones where the lateral stress on the
chains is highest. This induces lateral diffusion of the chains
and leads to a thinning of the film before the appearance of
small holes. This process is entirely driven by diffusion of
the chains under stress. Once the stress is removed, the
diffusion of the chains leads again to an interdiffusion and
interdigitation of the different polyelectrolytes of the barrier.
This then constitutes the healing process.

To summarize, by alternating exponentially and linearly
growing multilayers on silicone sheets, we designed multi-
compartment films with nanosized barriers. These barriers
can be opened and reversibly closed by mechanical stretching
and thus act as nanovalves. For the investigated system, the
stretching induces the formation of pores in the barriers once
a critical stretching degree is reached and consequently
allows a diffusion process through the barrier of polyelec-
trolyte chains initially contained in the different compart-
ments. This critical stretching degree depends upon the
number of bilayers constituting the barrier. These architec-
tures should allow creating films able to respond, chemically
or biologically, to mechanical stimuli. In particular, the
design of multicompartment films containing several barriers
whose critical stretching rates decrease gradually from the
substrate toward the outer part of the architecture can be
considered, leading to cascades of reactions controlled by
adjusting the mechanical stretching rates.
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