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ABSTRACT: Self-standing nanocomposite films based on biopolymers and
functional nanostructures have been widely used due to their potential applications
as active elements in biomedical devices. The coupling between chitosan (CHI)
and alginate (ALG) multilayered films and magnetic nanoparticles (MNPs)
allowed to fabricate magnetic responsive freestanding membranes with a high
structural control along the thickness, using the layer-by-layer (LbL) methodology.
The mechanical characterization evidenced a trend for an increase of both Young
modulus, and ultimate tensile strength with the inclusion of MNPs, or by cross-
linking with genipin. Additionally, the multilayered membranes exhibited shape
memory properties triggered by hydration. The in vitro biological performance
studies showed that cells were more viable and adherent with higher proliferation
rates when MNPs were included in the membranes. Our results suggested the
potential of the developed magneto-active freestanding membranes for biomedical applications, such as in tissue engineering and
biomedical applications.

KEYWORDS: layer-by-layer, nanoparticles, magnetic responsive, shape memory, nanobiomaterials, smart nanocomposites,
tissue engineering

■ INTRODUCTION

The incorporation of nanoscale building blocks, with controlled
and predetermined architecture, into active nanostructured
substrates has gained increasing attention. However, in the vast
majority of systems developed so far, nanomaterials are firmly
anchored to supporting substrates, thus behaving as integrated
macroscopic systems.1,2 The development of active structures
whose properties are defined by the active nanoscale building
blocks still remains a challenge. When combined with varied
nanostructures, freestanding ultrathin polymeric films demon-
strate an increasing potential toward biomedical applications,
including termomechanical sensors, nanoactuators, chemical
and biological sensors, and in drug delivery systems.3−7 In this
work, we propose developing freestanding multilayered films
where nanomaterials are partially decoupled from the
supporting substrate.
Despite the different techniques available for the con-

struction of functional ultrathin organized films, layer-by-layer
(LbL) assembly still emerges as one of the most popular and
flexible methodologies to create advanced materials with nano-
and micrometer scale control.8,9 This methodology is very
versatile and enables the use of different charged species,
including biological molecules (polysaccharides, proteins,
viruses, or DNA)6,9−11 and organic or inorganic materials.12,13

Among the polysaccharides that have been used, chitosan
(CHI) and alginate (ALG) received particular attention

because of their potential to be assembled using LbL
methodology stability in physiological conditions, and also
their biocompatibility.14−16

With the simple adjustment of processing parameters such as
temperature, pH, charge density, polyelectrolyte concentration
chemical or photo cross-linking, and ionic strength, films with a
large variety of architectures and properties can be
produced.9−11,17−20 Besides simple coating, this technique has
successfully allowed the development of materials with more
complex structural arrangements such as capsules,21,22 mem-
branes,23−25 hollow tubes,26 and porous scaffolds.27,28 In
particular, the fabrication of freestanding nanocomposite LbL
films with the use of a sacrificial layer were first reported by
Mamedov and Kotov in 2000.29 Using low surface energy
substrates, it was shown that freestanding films could be simply
produced from the detachment of multilayers from the
template.24,30,31

Despite the myriad of nanomaterials available, magnetic
nanoparticles (MNPs) have been widely employed in several
biomedical applications because of their innate magnetic
characteristics. Nowadays, the application of magnetic fields
in surgical and diagnostic procedures is a well-accepted
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approach that allows the remote control of microdevices
implanted in the human body through magnetic actuation.32,33

The application of engineered gradient magnetic fields at the
clinical level is currently being studied for targeting nano-
objects toward tumors and for positioning magnetic tip
guidewires in coronary arteries. LbL assembly has recently
been applied to the encapsulation in polymeric films of several
functional nanostructures as magnetic nanoparticles,34 gold
nanoparticles, and carbon nanotubes, thus imparting magnetic,
optical, mechanical, or electronic properties to the final
structures.35,36 In this work, we propose to incorporate
MNPs onto CHI-ALG multilayered freestanding membranes.
Superparamagnetic iron-oxide nanoparticles (SPIONs) are

unique because of the combination of excellent magnetic
properties and biocompatibility. These particular nanoparticles
do not retain any residual magnetism upon removal of a
magnetic field, and usually comprise a magnetite (Fe3O4) or
maghemite (γ-Fe2O3) core.37 Magnetic nanosheets can be
obtained when combining these nanoparticles with freestanding
films. LbL assembly allows the achievement of films with large
surface area (up to tens of cm2) but with controlled thickness at
the nanoscale level (on the order of few tens to hundreds of
nanometers).38,39 Such structures, exhibiting a magnetic
component, can be suitable for different applications in the
biomedical field. In addition to already known properties as
biocompatibility, and flexibility, magnetic structures can be
directed toward an injury, positioned, and handled by using
noninvasive external tools. In this sense, this work proposes the
incorporation of MNPs in CHI-ALG multilayered films
constructed using a bottom-up procedure through the alternate
deposition of these two polysaccharides (see Scheme 1). We
hypothesize that this technology could boost the development
of magnetic films with potential for remotely controlled

manipulation by permanent and gradient magnetic fields.
Because CHI-ALG freestanding membranes are commonly
reported to exhibit low stiffness and poor cell adhesion, a cross-
linking step will be added using genipin, a natural product
extracted from the gardenia fruit.14,40,41 It is our belief that the
additional advantages of magnetic response in highly nano-
structured films could be potentially interesting in the
development of new devices in biomedicine, in particular in
tissue engineering (TE).

■ MATERIALS AND METHODS
Synthesis of Magnetic Nanoparticles. Magnetite nanoparticles

were synthesized based on the procedure previously published.42

Briefly, Fe3O4 magnetic nanoparticles (MNPs) were synthesized by
the coprecipitation reaction of ferrous (FeCl2.4H2O) and ferric
(FeCl3.6H2O) salts in the presence of ammonium hydroxide
(NH4OH), all from Sigma-Aldrich, USA. The reaction took place
under a nitrogen atmosphere at 60 °C. The final product was washed
with deionized water and ethanol for several times, and dried overnight
in a VD23 (Binder, Germany) vacuum oven. TEM analysis of Fe3O4
MNPs was observed on a JEM-1010 (JEOL, USA) microscope (100
kV). Samples for TEM were obtained by the evaporation of a drop of
the solution sample (1 mg mL −1) on a carbon-coated copper grid,
under ambient conditions.

Production of Freestanding Membranes. CHI (Mw 190 000−
310. 000 Da, 82.6% degree of deacetylation, ref 448877, Sigma-Aldrich,
USA) and low-viscosity ALG (538 kDa, ≈ 250 cP, ref 71238, Sigma-
Aldrich, USA) were the two polyelectrolytes used for the construction
of the multilayered films. CHI was purified by a series of filtration and
precipitation steps both in water and ethanol. Freestanding
membranes were produced using polypropylene supports previously
washed in ethanol and water, using a protocol already reported.24,25,30

Briefly, polypropylene supports were alternately immersed in CHI and
ALG polyelectrolyte solutions (0.1% (w/v), pH 5.5, acetate buffer
solution (0.1M) in the presence of additional salt (0.15 M NaCl) for 8
min each, with an intermediate washing step in acetate buffer solution
in between (4 min). This process was performed using a dipping robot
specially designed for the automatic fabrication of multilayers, and was
repeated until a 100 bilayer freestanding film of CHI/ALG had been
deposited on the templates. In order to fabricate a magnetic responsive
system, MNPs were incorporated in both sides of the membranes.
After obtaining a 100 bilayer freestanding membrane of CHI-ALG,
polypropylene supports were once again alternately immersed in CHI,
MNPs (0.1% (w/v), pH 5.5, acetate buffer solution (0.1 M) in the
presence of additional salt (0.15 M NaCl)) and ALG solutions,
followed by an intermediate washing step in an acetate buffer solution
(5 cycles), see Scheme 1A. Afterward, membranes were cross-linked
with genipin (Wako chemical, USA). Briefly, a genipin solution (3.5
mg.mL−1) was prepared by dissolving the adequate amount of genipin
into a dimethyl sulfoxide (Sigma-Aldrich, USA)/sodium acetate buffer
(0.15 M NaCl, pH 5.5) mixture (1:4 (v/v)). CHI-ALG and CHI-ALG-
MNPs membranes were immersed in the cross-linking agent solution
and incubated at 37 °C overnight. Afterward, membranes were
thoroughly washed with ethanol to dissolve the amount of unreacted
genipin, and left to dry at room temperature. CHI-ALG and CHI-
ALG-MNPs multilayered films without cross-linking were used as
controls.

Membranes Morphology and Composition. The surface of
CHI-ALG membranes with or without cross-linking, and with or
without incorporated MNPs was visualized by scanning electron
microscopy (SEM). Membranes were gold-sputtered and visualized
using a Jeol JSM-6010LV microscope operating at an accelerating
voltage of 15 kV. In addition, energy dispersive spectroscopy (EDS)
mapping was also performed. All samples were fixed by mutual
conductive adhesive tape. Samples were analyzed in order to visualize
the appearance of an iron component in the CHI/ALG membranes
with or without cross-linking and with incorporated MNPs.
Membranes without incorporated MNPs were used as control.

Scheme 1. (A) Schematic Illustration of the Production
Steps of Magnetic-Responsive Membranesa; (B) Scheme
Showing the Multilayered Rearrangements within the
Nanocomposite Membrane

a100 bilayers combining CHI and ALG are first produced, followed by
an extra 5 cycles incorporating the MNPs.
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Shape Memory. All the formulations of freestanding membranes
obtained by the LbL technique exhibited an initial flat permanent
shape that upon hydration could be elastically deformed into an
helicoidally shape. Afterward, the shape of the deformed membrane
was fixed by dehydration with ethanol 100% in order to accelerate the
extraction of water molecules. This stable shape (temporary shape)
was retained until the membrane was hydrated again in distilled water.
Additionally, the cross-linking reaction with genipin was also used to
surpass the limitation imposed by the initial flat geometry of the
fabricated membranes, permitting to obtain permanent shapes with
other geometrical configurations.
Water Uptake. The water-uptake ability of the freestanding

membranes was measured by soaking dry freestanding membranes of
known weight in phosphate buffer (PBS, Sigma, USA) at 37 °C. The
swollen membranes were removed after 12 h. After removing the
excess of PBS using a filter paper (Filter Lab, Spain), the freestanding
membranes were weighed with an analytical balance (Denver
Instrument, Germany). The water uptake was calculated as follows

=
−W W

W
water uptake % 100w d

d

where Ww and Wd are the weights of swollen and dried freestanding
membranes, respectively.
Mechanical Tests. Mechanical properties of freestanding mem-

branes were studied in the wet state using an INSTRON 5540
(INSTRON Int., Ltd., High Wycombe, UK) universal testing machine
with a cell load of 1 kN. Data presented is a result of at least three
independent measurements. The dimensions of the specimens used
were 60 mm in length, 6.5 mm in width, and 38 ± 2.5, 41.2 ± 3.4, 34
± 3.7, and 40.3 ± 4.5 μm in thickness for CHI/ALG membranes with
or without cross-linking, and with or without incorporated MNPs,
respectively. The load was placed midway between the supports with a
span of 10 mm. The crosshead speed was 1 mm min−1. For each
condition, the specimens were loaded until core break. Five samples
were used per condition.
Cell Culture. To evaluate the in vitro biological performance of all

the freestanding membrane’s formulation, cell culture studies were
performed with L929, a mouse fibroblast of connective tissue cell line
(European Collection of Cell Cultures (ECCC, UK). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma,
USA), supplemented by 10% heat-inactivated fetal bovine serum
(FBS; Biochrom AG, Germany) and 1% antibiotic- antimicotic
(Gibco, USA). Prior to cell seeding (25 000 cells per well) membranes
were sterilized with 70%(v/v) ethanol overnight and rinsed three times
in PBS.
Morphological Characterization: DAPI−Phalloidin and Scan-

ning Electron Microscopy (SEM). The different formulations of
freestanding membranes were incubated for 1, 3, and 7 days at 37 °C
in a humidified 5% CO2 atmosphere. 4,6-Diaminidino-2-phenylindole-
dilactate (DAPI, 20 mg mL−1, Sigma-Aldrich, USA) and phalloidinte-
tramethylrhodamine B isothiocyanate dyes (phalloidin, 10 mg mL−1,
Sigma-Aldrich, USA) were used to perform a DAPI−phalloidin assay
(n = 3 samples per well, in triplicate). Briefly at each time point,
culture medium was removed and the samples fixed in 10% formalin.
After 1 h, formalin was removed and replaced by PBS. Upon PBS
washing, 1 mL of PBS containing 5 μL of phalloidin was added for 40
min at room temperature and protected from light. After extensively
washing with PBS, samples were stained with DAPI by adding 1 μL of
it in 1 mL of PBS for 10 min. After DAPI staining, samples were
washed three times with PBS and visualized in the dark by inverted
fluorescent microscope (Zeiss, Germany). For SEM analysis samples
were dehydrated, sputtered-coated with gold, and visualized by SEM
(Jeol, USA).
Cellular Viability Assay. The viability of cells seeded on

freestanding membranes was also tested using a MTS colorimetric
assay (Cell Titer 96AQueous One Solution Cell Proliferation Assay,
Promega, USA) at 1, 3, and 7 days of culture. Briefly, samples were
washed with PBS and immersed in a mixture consisting of serum-free
cell culture medium and MTS reagent in a 5:1 ratio and incubated for

3 h at 37 °C in a humidified atmosphere containing 5% CO2. After
this, 100 μL of each well (in triplicate) were transferred to a 96-well
plate. The amount of formazan product was measured by absorbance
at a wavelength of 490 nm using a microplate spectrophotometer
(Synergy HT, Bio-TEK, USA). The background was corrected by
subtracting the absorbance obtained from freestanding membranes
without cells to those with cells.

Statistical Analysis. Statistical analysis was performed with
Graphpad Prism version 5.0 for Windows (Graphpad software,
USA). All variables are expressed as mean ± standard deviation
(SD) from at least three independent experiments. Nonparametric
(Kruskal−Wallis test) or parametric tests (one way ANOVA followed
by Turkey test) depending on whether the samples were from
normally distributed populations or not, respectively.

■ RESULTS AND DISCUSSION
Morphology and Composition. CHI and ALG, or CHI,

MNPs, and ALG, were sequentially adsorbed on the surface of
hydrophobic polypropylene substrates to produce CHI/ALG
or CHI-ALG-MNPs membranes. Freestanding membranes
were easily detached from the polypropylene substrate due to
weak van der Waals forces between the initial CHI layer and
the substrate. With 100 bilayers, membranes were found to be
robust, compliant, and easy to handle which allowed the
shaping of the membranes in virtually any shape.24,25,30

Additionally, freestanding films allowed the direct experimental
determination of many physicochemical and mechanical
properties of fundamental significance without the influence
of the substrate, which is just used as a processing platform.
All the formulations of freestanding membranes were first

assessed at the naked eye (Figure 1). Photographs reveal an

homogeneous morphology in all the formulations but different
colors due to the chemical cross-linking and/or inclusion of
MNPs. Genipin cross-linking has the ability to cross-link
polymers containing amine-groups, generating a greenish color
on the samples, as previously reported. This effect has been
explained by oxygen-radical induced polymerization of genipin,
as well as with its reaction with amine groups.43,44 However, the

Figure 1. (A) Photographs of all membrane formulations: (i) CHI-
ALG, (ii) CHI-ALG with genipin (G) cross-linking, (iii) CHI-ALG-
MNPs, (iv) CHI-ALG-G-MNPs. The inset image represent TEM
micrographs of MNPs. The scale bar is 50 nm. Magnetic response of
freestanding membranes upon application of an external magnetic field
for (B) CHI-ALG-MNPS and (C) CHI-ALG-G-MNPS freestanding
membranes.
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main aim of this work was not to study the genipin cross-
linking mechanism but evaluate the magneto-active propensity
of these polysaccharide membranes.
Membranes with incorporated MNPs presented a dark

brown appearance due to the magnetite content of the
freestanding membranes. Additionally, all the membranes
presented a dark brown color which indicates a homogeneous
dispersion of MNPs and a good interfacial bonding and
interaction between the MNPs and the PEMs. MNPs were
incorporated within the multilayers by electrostatic interactions
because of their negative charge (−37.9 ± 0.3 mV)42 and also
by van der Waals interactions, which results in an apparent
uniform film with inorganic filler well-dispersed, and integrated
in polyelectrolyte multilayers (PEMs). However, considering
that the MNPs might diffuse across the film (which was not
detected during the manipulation of the membranes, including
during cell culture) genipin cross-linking was used to improve
the stability of the multilayers decrease the void space between
the layers, which in turn led to a lower diffusion across the
membrane. Similar protocols were also used in LbL composite
multilayers based on silica nanoparticles and polycyclic
aromatic hydrocarbons (PAH) as the components.45

Figure 1B, C as well as Videos S1−S4 show the response of
freestanding membranes upon application of an external
magnetic field. As expected, the obtained freestanding
membranes retain the magnetic properties of the nanoparticles.
The magnetic flux density generated by the external magnet
attracts the CHI-ALG-MNPs (with cross-linking or without
cross-linking) membranes. The same effect cannot be replicated
if the freestanding do not possess incorporated MNPs.
The proposed technique allows the production of flexible

freestanding membranes which can be manipulated and
precisely positioned within the working environment by using
an external (stimuli magnetic field) and could thus provide a
novel controllable support in biomedical applications. Tradi-
tional multilayered membranes were proposed as an alternative
for wound sutures, patches, bone defect covers, or as flexible
cell growth supports. The responsiveness of theses membranes
to magnetic fields will allow to finely manipulate the
membranes within wet or liquid environments by using

noninvasive external tools. The use of incorporated magnetic
nanoparticles in freestanding membranes may function as
gastrointestinal patches,33 contrast agents for magnetic
resonance imaging,46 TE approaches for bone repair (bone
implant fixation, local drug delivery, mimicking microenviron-
ment for stem cell differentiation,47 hyperthermia-based
therapy48 and controlled drug delivery of growth factors49

and/or bioactive molecules for stented blood vessels.50

The morphology of the developed freestanding membranes
was evaluated by SEM (Figure 2). The results reveal an
homogeneous morphology of all the membranes and,
consequently, an uniform deposition of multilayers. The
absence of defects reveals the efficacy of the detachment of
the multilayers using these supports. The SEM analysis was
made using the upper part of the membrane (ALG side) and
the substrate side (CHI side). As expected and previously
reported, the substrate side (side in contact with the substrate
prior to the detachment) is smoother.24

The results reveal a similar morphology between the samples.
However, the cross-linked membranes present a smoother
surface which corroborated previous results obtained in CHI-
ALG membranes.14,24,25,30 With the addition of MNPs, an
increase in roughness occurs, which indicates their effective
inclusion into the multilayers. The presence of MNPs was
further confirmed by EDS: membranes with incorporated
MNPs presented Fe content, that was not detected in the
control membranes (Figure 3).
The thickness of the freestanding membranes was also

determined using cross sections of all the formulations used
(Figure 2). CHI-ALG membranes presented a dry thickness of
19.3 ± 4.4 or 17.5 ± 2.9 μm without and with MNPs,
respectively. On the other side, a dry thickness of 21.2 ± 2.5 or
23 ± 3.04 μm was attained for cross-linked membranes without
or with MNPs, respectively. These results are in accordance
with earlier results, where cross-linking increased the stiffness of
the multilayers without significant changes in PEMs’ thickness
in the dry state.30 Additionally, the cross-sections of all the
freestanding membranes also revealed some porosity. For
biomedical applications, such porosity could be beneficial, for
example, to enhance nutrient transport to cells or to increase

Figure 2. Morphology of the produced membranes: SEM micrographs of the top side and substrate side of the membranes. The scale bars are 50
and 10 μm for the overview and higher magnification, respectively. Cross-section micrographs of the different freestanding membranes were also
performed. The scale bar is 10 μm.
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the surface area. The diffusion properties of CHI/ALG
membranes were already reported in previous studies.24,26,30

Shape Memory. The shape memory effect offers novel
materials-based devices that can surpass some of today’s
scientific challenges, for solving scientific challenges due to their
demonstrated ability to actively undergo geometric trans-
formation upon exposure to environmental stimuli, such as
hydration.51 The shape memory capability of freestanding
membranes with and without MNPs was evaluated. Figure 4
shows representative photographs of water-triggered shape
memory properties of control membranes (CHI-ALG, CHI-
ALG-G) and membranes with incorporated MNPs.
In all the cases, membranes lifted off from the substrate

presented a flat permanent shape that upon hydration can be
virtually deformed in any shape (in this case, an helicoidal
shape). After elastical deformation, the helicoidal shape was
fixed by dehydration which led to a stable temporary shape.
The dehydration step was performed with pure ethanol,
allowing a fast extraction of plasticizing water molecules. The
permanent shape of the membrane can be easily recovered by
hydration, being the process completely reversible (see Video
S5). This process has been previously explored and it is
intrinsically related with the molecular mobility and glass
transition dynamics of PEMs.52 The glass transition of the
freestanding membranes is highly dependent on the water
content, and in this sense, a minimum hydration level to
promote the shape memory recovery is strictly necessary.
Additionally the use of genipin as cross-linking offered the

possibility to surpass the limitation imposed by the permanent
shape, determined by the geometry of the processed
membrane, allowing us to have several permanent shapes.
Such shapes could be easily adapted for several applications,
such as the biomedical ones. Using this methodology,
freestanding membranes with and without MNPs were
deformed into an helicoidal temporary shape by hydration,
deformation and winding around a mandrel−see Figure 5. This
temporary shape was fixed into a new and stable permanent
shape using in this case genipin cross-linking. The dry cross-
linked membranes became rigid and could not deform freely,
keeping the helicoidal shape. The cross-linked membranes were
further deformed by hydration and its geometry was fixed by
dehydration, leading to a new flat temporary shape. Upon
rehydration, the membranes became soft and easily deformed,
recovering their initial helicoidal shape (Figure 5).
These kinds of materials are ideal candidates for biomedical

applications in which the temporary shape has to be preserved
until the device is inserted in the defect/cavity to be filled, and

then reach their application, i.e., their permanent shape when a
certain hydration level is achieved. The additional magnetic
responsiveness of the nanocomposite membrane could allow an
extra capability for the device to adapt and fix to the implanted
site.

Swelling Properties. Membranes based on CHI and ALG
are inherently composed by a considerable number of
hydrophilic groups such as amine, carboxyl and hydroxyl
groups which can promote the water uptake.53,54 The swelling
ability of the prepared membranes was evaluated in phosphate

Figure 3. EDS spectra of the produced membranes formulations.

Figure 4. Optical photographs that demonstrate the hydration
triggered shape memory of native (A) CHIT-ALG and genipin
cross-linked membranes (B) CHI-ALG-G, (C) CHI-ALG-MNPs, and
(D) CHI-ALG-G-MNPs.

Figure 5. Optical photographs that demonstrate the possibility of
multilayer membranes with nonflat permanent shapes, exhibiting
shape memory triggered by hydration: (A) CHI-ALG-G-MNPS and
(B) CHI-ALG-G.
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buffer at 37 °C overnight (Figure 6A). The chemical cross-
linking with genipin led to a higher reduction on water-uptake
due to the smaller free volume and intermolecular space
between the polyelectrolyte chains, which limits the molecular

mobility of the polymer chains at the nanoscale level, as
previously reported.25 The incorporation of MNPs on native
freestanding membranes also led to a reduction on the water-
uptake ability because these nanoparticles are not able to

Figure 6. Physicochemical characterization of the developed freestanding membranes formulations. (A) Swelling ability of native and cross-linked
membranes with and without MNPs (PBS, 37 °C). (B) Strain−stress curves for all the freestanding membrane’s formulations, (C) Young modulus
(E), (D) ultimate tensile strain (σ), and (E) maximum extension (ε). Significant differences were found for p < 0.05(*) and p < 0.001(***).

Figure 7. DAPI-phalloidin fluorescence assay at 1, 3, and 7 days of culture in all the membranes formulations. Cells nuclei were stained blye by DAPI
and F-actin filaments in red by phalloidin. Scale bars represents 200 and 50 μm in lower- and higher-magnification images, respectively.
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adsorb water. The decreasing of swelling for CHI-ALG-G
freestanding membranes containing MNPs was lower when
compared with the ones without cross-linking. This can be
explained by the fact that the number of layers containing
MNPs is much lower (i.e., 10 bilayers) than the ones containing
CHIT-ALG (i.e., 100 bilayers). Thus, the cross-linking effect
prevails when compared with the incorporation of MNPs.
Mechanical Properties. The mechanical properties of

freestanding membranes were evaluated in the wet state using
an Universal Mechanical Testing machine. Figure 6B shows
representative stress−strain curves for all the formulations. The
results show a tendency for an increase of Young modulus (E),
ultimate tensile strength (σ) with the genipin cross-linking, as
well as with the incorporation of MNPs (Figure 6C, D).
However, the maximum extension in both cases decrease, since
the structures became more brittle (Figure 6E). The same
behavior has been previously reported when CHI-ALG
freestanding membranes were cross-linked with genipin.25,30

With the presence of MNPs as second component of the
multiphase nanocomposite, the mechanical properties increased
an effect that can be explained by classic composite models,
such as Takayanagi model.55According to this model, the
modulus of a composite material can be calculated as the
composite modulus of the components by taking in
consideration their volume fraction and the composite
morphology of the membranes. The same behavior has been
previously reported for gold13 and magnetite nanoparticles35

when included in multilayered systems.
All together, these results confirm the hypothesis that cross-

linking of PEMs with genipin substantially increases the
mechanical properties of the freestanding membranes when
compared with the inclusion of MNPs.
Biological Performance. The potential of CHI-ALG

freestanding membranes with cross-linking and/or with
MNPs incorporated was evaluated in vitro with L929 cells.
Cell adhesion and morphology was studied by DAPI-phalloidin
assay and also by SEM observation (Figures 7 and 8). Both
results were concordant. Cells seeded on the membranes
adhere on the surface but behave quite different between all the
formulations used. As expected and previously reported the

cross-linking has a positive effect on specific cellular events,
because it is well-known to decrease its water content,
increasing the stiffness.14 The cells seeded on cross-linked
membranes are well spread and anchored to the film,
presenting a stretched morphology. On the other side, the
cells cultured on native membranes are less susceptible to
creating strong anchors, which can occur because of the
softness and, especially, high hydration of these films. Thus, the
cells seeded on these films tend to aggregate, presenting a
round morphology.
With these results, it is also possible to verify an increase in

cell number with increasing culture time. However, in cross-
linked membranes without and with MNPs, cells proliferate in
dense layers, whereas on native membranes, they are organized
in clusters. The same trend was also verified for CHI-ALG
membranes containing MNPs besides the higher mechanical
properties and lower hydration. Clusters have been widely
reported as prominent in cases of deficient cell−matrix
interactions, which protect them against anoikis, that is,
apoptosis induced by poor adhesion.41

Regarding the cell viability assessment, in general the results
revealed that cells were able to remain viable in the membranes
up to 7 days in culture (Figure 9). Additionally, the MTS

Figure 8. SEM images of L929 seeded on all the freestanding formulations at day 3 and day 7 of culture. Scale bar represents 50 and 10 μm in lower-
and higher-magnification images, respectively.

Figure 9. Cell viability at 1, 3, and 7 days of culture in the different
freestanding membrane formulations by MTS assay. Significant
differences were found for p < 0.05(*).
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results corroborated the results obtained in DAPI-phalloidin
assay and SEM because a statistically significant enhancement
was observed with the inclusion of MNPs as well as with
genipin cross-linking. These results are a consequence of better
cell adherence and spreading in the formulation with higher
mechanical properties and lower hydration levels. This behavior
is consistent with other studies reported in literature for other
types of cells (fibroblasts, smooth muscle cells, and neurons)
using different PEMs.56−58 Tailoring the mechanical properties
of PEMs play an important role in many cellular processes
ranging from motility, to spreading, proliferation and differ-
entiation.57,59,60 Gathering all the results, this work demon-
strates the important role of membrane mechanics (cross-
linking or incorporation of fillers) in cell adhesive and
proliferation properties.

■ CONCLUSIONS
In summary we have demonstrated the successful and facile
production of functional nanocomposite multilayered free-
standing membranes by simple control of the coupling between
the multilayered films and the MNPs. Using polypropylene
supports as template, it was possible to obtain a robust,
compliant and flexible freestanding membranes with magnetic
properties whose architecture can have an unprecedented
control at the nanometer and micrometer scale. The results
showed that MNPs have a minor effect in the morphology of
freestanding membranes. The magnetic character of free-
standing membranes with intercalated layers of MNPs was
confirmed by EDS analysis, which revealed the presence of iron
(Fe) in the membranes. In addition, the application of a
remotely and controllable external magnetic field also
confirmed their magnetic field responsiveness. The mechanical
properties were also evaluated, and it was observed that the
presence of MNPs increases the Young modulus and ultimate
tensile strength of the multilayered membranes. The shape
memory property of the freestanding membranes triggered by
hydration was also confirmed, and we consider that it
constitutes a promising feature for their use as smart materials
in a plethora of research fields, especially in biomedical fields
e.g. implantable devices where the 3D devices should be
implanted in empty and hydrate regions, such as in bone and
cartilage defects. The in vitro biological performance
demonstrates that the inclusion of MNPs affected and
enhanced cell behavior regarding their viability, adhesion, and
morphology. Our results suggest that the developed magnetic−
responsive freestanding membranes obtained mainly by LbL
methodology could open new perspectives in TE approaches
and in flexible biomedical devices for drug delivery field. Other
functionalities, and properties associated with the magnetic
component of freestanding membranes will be envisaged in
future studies, namely their incorporation into three-dimen-
sional tissues. As foreseen in previous studies, magnetic films
can be manipulated and precisely positioned by using an
external magnetic field, and could offer a new controllable
support in TE.50 Classical examples of biomedical applications
of flexible freestanding membranes would be their use as
gastrointestinal patches,33 contrast agents for magnetic
resonance imaging,46 TE approaches for bone repair (bone
implant fixation, local drug delivery, and mimicking micro-
environment of stem cell differentiation),47 hyperthermia-based
therapy,48 and controlled drug delivery of growth factors49 and/
or bioactive molecules for stented blood vessels.50 The
responsiveness of theses membranes to magnetic fields,

together with the ability to easily tune different properties in
one structure, are the most promising features of the proposed
system toward the development of flexible biodevices with
potential use in TE.
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