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Nanostructured Natural-Based Polyelectrolyte Multilayers
to Agglomerate Chitosan Particles into Scaffolds

for Tissue Engineering

Emanuel Sá Miranda, M.Sc.,1,2 Tiago H. Silva, Ph.D.,1,2 Rui L. Reis, Ph.D., D.Sc.,1,2 and João F. Mano, Ph.D.1,2

The layer-by-layer (LbL) deposition technique is a self-assembly process that allows the coating of material’s
surface with nanostructured layers of polyelectrolytes, allowing to control several surface properties. This
technique presents some advantages when compared with other thin film assembly techniques, like having
the possibility to coat surfaces with complex geometries in mild conditions or to incorporate active com-
pounds. Tissue engineering (TE) involves typically the use of porous biodegradable scaffolds for the tem-
porary support of cells. Such structures can be produced by agglomeration of microspheres that needs to be
fixed into a three-dimensional (3D) structure. In this work we suggest the use of LbL to promote such
mechanical fixation in free-formed microspheres assemblies and simultaneously to control the properties of its
surface. For the proof of concept the biological performance of chitosan/alginate multilayers is first inves-
tigated in two-dimensional (2D) models in which the attachment and proliferation of L929 and ATDC5 cells
are studied in function of the number of layers and the nature of the final layer. Scaffolds prepared by
agglomeration of chitosan particles using the same multilayered system were processed and characterized; it
was found that they could support the attachment and proliferation of ATDC5 cells. This study suggests that
LbL can be used as a versatile methodology to prepare scaffolds by particle agglomeration that could be
suitable for TE applications.

Introduction

Organ and tissue loss or failure from an injury, dis-
ease, or other type of damage is a major human health

problem. Organ or tissue transplantation or substitution by
prostheses and other medical devices are among the present
proposed strategies to solve that problem, but without total
success due to donor shortage or to the inability to replace all
the functions of the damaged tissue or organ. Tissue engi-
neering (TE) has thus emerged as an alternative approach to
treat the loss or malfunction of a tissue without the limita-
tions of current therapies since it aims the total regeneration
of the damaged tissue or organ.1–3

Scaffolds are considered an essential element in many TE
strategies. Several methods have been used to prepare such
interconnected porous structures,4,5 as for instance foam-
ing,6,7 fiber extrusion and bonding,8,9 three-dimensional (3D)
printing,10,11 phase separation,12,13 emulsion freeze-drying,14

porogen leaching,15–17 in situ pore forming,18 particle ag-
gregation,19,20 electrospinning,21 supercritical fluids technol-
ogy,22,23 and combinations of particles and cells.24

Particles agglomeration has been proposed to develop
scaffolds, based on the physical or chemical aggregation of
particles.19,20,25,26 The pore size of this type of scaffold is
controlled by the particle diameter, due to the interstices
formed when the particles are aggregated. One drawback is
that when using microparticles, pore size may be very low.
However, this type of scaffolds can exhibit very promising
mechanical properties, depending on the materials used and
the processing conditions and the interconnectivity of the
pores is assured. Further, mechanical properties can be im-
proved with the incorporation of a reinforcement phase
(namely, a ceramic). The greatest advantage of this type of
scaffolds is probably the possibility to incorporate high
quantities of molecules inside the particles, with the particles
being used not only to provide a support for cell adhesion
but also as carriers for the controlled delivery of bioactive
agents, such as growth or differentiation factors, to manip-
ulate cellular processes within the scaffold and in implanta-
tion place.27

In the general TE strategy, the materials used on the de-
velopment of scaffolds should be nontoxic and biocompatible
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and promote favorable cellular interactions and tissue devel-
opment, but also biodegradable and bioresorbable, to support
the reconstruction of a new tissue without inflammation.
Among the different materials that have been proposed, nat-
ural-based polymers are one of the most attractive options,
mainly due to their similarities to biological macromolecules,
which the biological environment is prepared to recognize
and deal with metabolically.28 Being similar to the extracel-
lular matrix, they may also avoid toxicity, inflammation, or
immunological reactions, often observed with synthetic
polymers. Particles agglomerated scaffolds have been pre-
pared using cross-linked chitosan particles by pressing them
into molds and heating the resulting constructs at 50�C during
a few days.20 It was also shown that chitosan particles could
agglomerate when combined with cells, as cells could be
linked to more than one particle.24

In this work, we propose a completely new way to join
free-formed assembly of particles into 3D scaffolds that could
take place in mild conditions, using layer-by-layer (LbL)
technology.

LbL technology has been proposed by Decher and co-
workers29,30 and is based on the deposition of polyelectrolytes
of opposite charge in an alternate fashion that self-assemble
and self-organize on the material’s surface, rendering poly-
electrolyte multilayered films. This versatile technique has
attracted an increasing number of researchers in recent years,
due to its wide range of advantages for biomedical applica-
tions, such as the ease of preparation under physiological
compatible conditions, possibility to incorporate biopolymers,
bioactive molecules, and extracellular matrix components in
the films, tunable mechanical properties, and spatial-temporal
control over film organization.31–33

Most of the works that have been performed using LbL
technology are devoted to the build-up of these multilayered
films onto flat substrates. In this work, we intend to trans-
pose this methodology toward the 3D level, by using LbL
deposition technique to join particles together. The concept is
based on the formation of thin nanostructured films onto
initially packed particles in any given geometry, to obtain an
interconnected porous structure in which the particles are
physically held together by the multilayered coatings. This
could allow in a single method to agglomerate particles and
modify the surface of the scaffold through the selection of
polyelectrolytes with the desired chemical motifs.

For the proof of concept, particles of chitosan cross-linked
with genipin are joined together with alginate/chitosan
multilayers. The buildup of such multilayered structure film
onto flat surfaces was previously characterized by quartz
crystal microbalance and Fourier transform infrared spec-
troscopy.34 In this work, a preliminary evaluation of bio-
logical performance of developed scaffolds was assessed by
culturing ATDC5 cells in particles agglomerated by 10 and
20 bilayers of alginate and chitosan.

Materials and Methods

Materials

Chitosan (medium molecular weight, 87% deacetylation)
was purchased from Sigma-Aldrich and submitted to a pu-
rification process by repricipitation. Alginic acid and sodium
salt from brown algae was purchased from Sigma-Aldrich
and used as received.

LbL assembly in two-dimensional surfaces

The LbL deposition onto flat surfaces was performed in
13-mm-diameter glass coverslips (Agar Scientific). The cov-
erslips were placed in a sonicating solution for 15 min after
which they were rinsed with purified water. This procedure
was performed twice for the same samples that were then
rinsed with ethanol and finally dried by using nitrogen. For
the LbL coating, chitosan was dissolved in a 1% acetic acid
0.15 M NaCl solution and left overnight at room tempera-
ture. Alginate was dissolved in a 0.15 M NaCl solution and
left overnight at room temperature. Both solutions had a
polyelectrolyte concentration of 0.1% w/v. The glass cover-
slips have a negative surface charge and so, for the LbL as-
sembly, the chitosan solution was the first to be used in the
dipping process. Coverslips were dipped in the chitosan
solution for 15 min, followed by 5 min in purified water.
Then, the coverslips were dipped in the alginate solution for
15 min, followed by 5 min in purified water. After these four
steps one double layer (DL) was assembled. The process was
repeated until 10 DL (alginate in the terminal layer), 10½ DL
(chitosan in the terminal layer), 20 DL, and 20½ DL were
assembled. After the LbL deposition, the coverslips were
dried using nitrogen.

Chitosan particles production

Chitosan was dissolved overnight in an acetic acid solu-
tion (1% v/v) to obtain a 2% w/v chitosan solution. After
complete dissolution, the solution was extruded using a sy-
ringe, at a constant rate of 3 mL/s, to form chitosan droplets
into a previously prepared 1 M NaOH precipitation bath,
under stirring, where 1 mm particles were formed. Chitosan
particles were left in the precipitation bath overnight to be-
come more stable. Particles were then repeatedly washed
with distilled water and placed in a 0.3% w/v genipin
(Wako) cross-linking bath under stirring for about 2 h, after
which they were repeatedly washed with distilled water.35

The particles were then removed, placed into Petri dishes,
and left to dry overnight in a vacuum oven, at room tem-
perature. After drying, particle diameter was significantly
reduced from 1 mm to 450 mm and no aggregation between
particles was observed.

Particle agglomeration by LbL

Cross-linked chitosan particles previously produced were
placed into a cubic shaped mesh, with 1 cm side, to prevent
them from moving during the dipping process, but mostly to
serve as a mold for particles agglomeration, once it will de-
termine the final shape of the scaffold.

The polyelectrolyte solutions were prepared following the
same procedure described above. Since chitosan particles
exhibit positively charged surface in acidic solution, multi-
layer assembly must start now with alginate, which is neg-
atively charged. Thus, now multilayers with integer number
of DL have chitosan in the outermost layer. The chitosan
particles were then first dipped in the alginate solution for
15 min, followed by two periods of 5 min in purified water.
Then, the particles were dipped in the chitosan solution for
15 min, followed by two periods of 5 min in purified water.
After these six steps, one DL had been assembled. The pro-
cess was repeated until 10 and 20 DLs were assembled. The
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terminal layer was chosen to be chitosan to avoid surface
chemistry influence on the behavior of scaffolds, namely, on
cell culture results. The double washing period with water
warranted a more complete removal of the excess of poly-
electrolytes from the interior of the 3D construct.

Scanning electron microscopy

The surface morphology of the samples was analyzed via
scanning electron microscopy (SEM), equipped with a Leica
Cambridge S360 scanning electron microscope (Leica). All
samples were precoated with a conductive layer of sputtered
gold. All the images were taken at 15 keV with different
magnifications.

Atomic force microscopy

An atomic force microscope was used in the character-
ization of the surface topography of the two-dimensional
(2D) multilayers. The microscope used a Nanoscop Scan-
ning Probe Microscope System III (Multimode Digital In-
struments). The scanning tips were RTESP from Veeco,
and the scanning was performed in the tapping mode,
1 Hz frequency. 5 · 5 mm scans were performed in different
locations.

Microcomputed tomography

The scaffolds were scanned using a microcomputed to-
mography (micro-CT) for morphological and morphometric
characterization. Micro-CT was carried out with a high-
resolution micro-CT SkyScan 1072 scanner (Skyscan Kontich)
using a resolution of pixel size of 6.69mm and integration time
of 1.9 ms. The X-ray source was set at 33 keV of energy and
197 mA of current. The output format for each sample was
350 serial 1024 · 1024 bitmap images. This was used for
morphometric analysis, namely, porosity, interconnectivity,
and mean pore size (software CT Analyser v1.5.1.5; Skyscan).
Interconnectivity was calculated according to the follow-
ing formula: I = [(Vtotalpore - Vdisconnectedpore)/Vtotalpore] · 100,
where the volume of the disconnected pore stands for the
disconnected pore volume, which was defined to be higher
than 50mm.36

Contact angle measurements

The wettability of the studied surfaces was assessed by
contact angle measurements. Measurements were performed
using a goniometer OCA15+ (DataPhysics) using 3mL drops
of H2O HPLC. The water contact angle was determined by
the sensile drop method adjusting the drop contour to the
Laplace equation. The presented data were calculated using
the final averaged values of the contact angles, measured
using the Sca20 software.

Cell culture

Two different cell lines were used in this study, the
ATDC5 cells, a murine chondrocytic cell line, and L929
cells, a murine fibroblast cell line, both obtained from Eu-
ropean Collection of Cell Cultures. The L929 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) with phenol red supplemented with 10% of fetal
bovine serum (FBS; Invitrogen) and 1% antibiotic/anti-

micotic (Gibco) in a humidified atmosphere with 5% CO2

and at 37�C. The ATDC5 cells were cultured in DMEM
nutrient mixture F-12 (DMEM F-12, includes L-glutamine;
Invitrogen) supplemented with 10% FBS (Invitrogen) and
1% antibiotic/antimicotic (Gibco) in a humidified atmo-
sphere with 5% CO2 and at 37�C. The medium was changed
every 2 days.

Cell seeding

The samples were placed in contact with cells during
different culturing time periods (1, 3, and 7 days) to identify
differences in attachment and proliferation. Three samples
per material per culturing time were studied. Cells were
detached from culture flasks using a 0.25% trypsin/EDTA
solution (Sigma). The cells were then concentrated by cen-
trifugation at 1200 rpm for 5 min and resuspended in culture
medium. A total of 1.5 · 105 cells for 2D samples and 2 · 105

cells for scaffolds were used for each sample. Samples were
put under UV light for 60 min, and then they were placed
into 24-well culture suspension plates and then washed in a
1 mL phosphate-buffered saline (PBS) for 30 min. Cells sam-
ples previously prepared were then seeded in each sample.
Samples were then placed into the incubator for 2 h. After
that period, the culture medium was added to each sample
and plates placed into the incubator for the established pe-
riods of time.

DNA quantification

After each culturing period, samples were washed in
sterile PBS twice and then placed into a 15 mL Falcon tube,
after which 1 mL of ultrapure water was added. The tubes
were placed in a bath at 37�C for 60 min. The tubes were then
placed in the - 80�C freezer for at least 24 h before use. At the
time of use, a 1 · TE solution was prepared. Quantification
standard solutions of lDNA (component C) 0, 0.2, 0.5, 1, and
2mg/mL were prepared to obtain a standard curve. A 200-
fold PicoGreen dsDNA quantification kit (component A) was
prepared using 1 · TE as the solvent. Before starting the as-
say, samples were sonicated at 37�C for 20 min. Samples and
control standards were vortexed and 28.8 mL of each, plus
71.2 mL of the PicoGreen solution and 100 mL of the 1 · TE
buffer were transferred into an opaque 96-well plate. Tri-
plicates were made from each sample and control standards.
The plate was read using a microplate ELISA reader (BioTek)
using an excitation of 485/20 nm and an emission wave-
length of 528/20 nm.

MTS viability test

After each culturing period, samples were washed in
sterile PBS twice and placed in a new 24-well plate. Samples
were then washed for a third time. To start the test, 500mL of
culture medium without FBS were added to each well con-
taining a sample and to one well without samples to serve as
control. After this, 100mL of MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
reagent was added to each well containing samples and to
the sample control well. The ratio for the culture medium/
MTS is 5:1. Incubation took place for 3 h at 37�C and 5% CO2

atmosphere. In the end of the incubation period, 100mL
volumes in triplicate was transferred from each well to a
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96-well plate. The plate was read using a microplate ELISA
reader (BioTek) at 490 nm absorbance mode.

Statistical analysis

The quantification of dsDNA and MTS was performed in
three separate sets of experiments with three replicates for
each material. All data were averaged and the mean – stan-
dard deviation was reported. The data were statistically
compared by a two-sample assuming equal variances anal-
ysis using a Student’s t-test. In all statistical evaluations,
p < 0.05 was considered as statistically significant.

Results and Discussion

Multilayer surface characterization

The effect of substrate surface characteristics on cell ad-
hesion and differentiation has been the subject of a number
of investigations.37–42 The LbL methodology allows the
production of surfaces exhibiting different properties, in-

cluding roughness and stiffness. The effect of the substrate
characteristics on cell adhesion had been checked for several
different cell types, such as fibroblasts, skeletal muscle cells,
and myoblasts.43–46

In this work, multilayers of chitosan and alginate have
been prepared in glass coverslips by using the LbL meth-
odology, obtaining assemblies with 10 and 20 DLs (alginate
as terminal layer) and 10½ and 20½ DL (chitosan as terminal
layer).

Surface topography of multilayers was characterized us-
ing atomic force microscopy (AFM). The 3D micrographs are
illustrated in Figure 1 and allowed the determination of
surface roughness: 23 – 7 nm on the 10 DL film, 29 – 8 nm on
the 10½ DL film, 76 – 4 nm on the 20 DL film and 81 – 15 nm
on the 20½ DL film. It is observed that surface roughness
increases with increasing number of layers. Moreover, films
having chitosan as terminal layer tended to have a slightly
rougher surface than alginate-terminated films, which is at-
tributed not only to the addiction of one polymer layer but
mainly to the polymers surface characteristics, once chitosan

FIG. 1. Atomic force micrographs showing the surface morphology of (A) 10 double layer (DL), (B) 10½ DL, (C) 20 DL, and
(D) 20½ DL films. Height scale (0–500 nm) and scan size (5 · 5 mm) are the same for all samples to allow better comparison.
Color images available online at www.liebertonline.com/tea
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terminated films also present more variability (higher stan-
dard deviation).

Surface topography was also characterized by SEM anal-
ysis (Fig. 2C, D) and surface roughness was observed to in-
crease with increasing number of layers, confirming the
observations made by AFM. Cross sections of assembled
multilayers were also observed by SEM analysis, with the
results for 10½ and 20½ DL films being depicted in Figure 2A
and B, allowing the assessment of film thickness. It is ob-
served that thickness increases with increasing number of
layers, from 200 – 70 nm of 10½ DL film to 800 – 200 nm of
20½ DL film. The thickness of 10 and 20 DL films were also
observed (data not shown), being 180 – 70 nm and
720 – 140 nm, respectively.

These observations show a nonlinear growth for this mul-
tilayer, in the described experimental conditions. Linear
growth of multilayers using the same polyelectrolytes has also
been observed, but when assembled onto a different substrate
and under different experimental conditions (namely pH and
dipping time).34

Surface properties of prepared multilayers were also
characterized by contact angle measurements, to assess sur-
face energy and wettability. Such parameters significantly
influence the way cells adhere and proliferate on a sub-
strate.47–49 The obtained results are illustrated in Figure 3
and shown an increase of contact angle from 25� to 43� with
increasing number of layers, which can be explained by the
increase in surface roughness as can be understood based on
the Wenzel model.50

Cell behavior in multilayers

Cell performance onto the assembled multilayers was
assessed with two types of cell lines: L929, a murine fi-
broblast cell line, and ATDC5, a murine chondrocytic cell
line. The L929 cells were seeded in all the different sample
configurations (10, 10½, 20, and 20½ DL modified glass
coverslips) to test cell behavior in surfaces with different
roughness and chemical cues. Samples were analyzed by
SEM after 7 days of culture and the respective images are
illustrated in Figure 4, where cell attachment and mor-
phology can be observed. Image analysis showed that cell
morphology was very similar between samples and thus
surface roughness and chemistry appeared to have no vis-
ible effect in cell morphology and attachment, as ex-
pected from the results reported in literature, where L929
fibroblasts are known to attach on both smooth and rough
surfaces51 and accordingly to our previous findings on
L929 cells culture onto multilayers of chitosan and
alginate.52

The proliferation of L929 cells was also evaluated and
Figure 5A depicts the amount of DNA measured after 1, 3,
and 7 days of culture. At day 1 of culture, the DNA quantity
increased with increasing number of DLs. At day 3 of cul-
ture, the differences between samples DNA amount in-
creased and kept the same tendency showed in day 1. At day
7 of culture, DNA quantity also increased with increasing
number of DLs. The DNA quantity generally increased in all
samples for all times of culture, showing the progressive
proliferation of cells into the modified glass slides, with more

FIG. 2. Scanning electron
micrographs showing the
film thickness (A, B) and film
roughness (C, D) of 10½ and
20½ DL, respectively. The
scale bar in images (A) and
(B) corresponds to 2 mm, and
in images (C) and (D) corre-
sponds to 50 mm.

FIG. 3. Contact angle measurements for the different
number of DLs. Representative micrographs showing the
water drop profiles are shown for each condition.
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significant proliferation with higher number of polymer
layers and higher surface roughness.

The viability of L929 cells was evaluated after the direct
contact assay by using the MTS test. The obtained results are
illustrated in Figure 5B that depicts the respective absorbance
values for 490 nm for the experiments after 1, 3, and 7 days of

culture. At day 1 of culture, cell viability increased with in-
creasing number of DLs, independent on the outermost
layer. However, at day 3 of culture, a new tendency was
observed. Higher cell viability was observed when chitosan
was the terminal layer (10½ and 20½ DL), when comparing
with multilayers where alginate was the terminal layer (10

FIG. 4. Scanning electron
micrographs showing L929
cells in (A) 10½ DL sample
and (B) 20½ DL sample 7
days after seeding. The scale
bar on the down left corner of
each image corresponds to
20 mm.

FIG. 5. DNA quantity (A) and
cell viability, determined by using
MTS test, measuring the absor-
bance at 490 nm (B) in L929 cells
direct contact assay with 10, 10½,
20, and 20½ DL in 1, 3, and 7 days
of culture. Data represent mean
and error bars – standard devia-
tion, n ‡ 9. *Significant difference
when compared to 10 DL sample.
#Significant difference when com-
pared to 10½ DL. **Significant
difference when compared to
20 DL.
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and 20 DL). Thus, a preference of L929 cells for chitosan
surfaces seems to exist. At day 7, cell viability increased in all
samples and the same tendency observed in day 3 was
maintained. Correlating cell proliferation and cell viability
data, it was concluded that L929 have a preference for chit-
osan surface chemistry rather than alginate surfaces, which is
in agreement with other studies related to fibroblast adhe-
sion that have suggested that surface amine groups en-
hanced cell attachment and proliferation.53

Cell behavior onto assembled multilayers was also as-
sessed using a murine chondrocytic cell line, ATDC5, since
surface roughness is known to play a major role on chon-
drocytes attachment.54–56 SEM images of glass coverslips
modified with 10, 10½, 20, and 20½ DL of chitosan and
alginate were obtained, being illustrated in Figure 6 with
the images of (Fig. 6A) 10 DL and (Fig. 6B) 20 DL films
obtained 7 days after ATD5 cells seeding. The images show
significant differences in cell morphology and cells attach-
ment. Onto 10 and 10½ DL films, cells were highly spread
on the surface and reached confluence 7 days after seeding.
In the other hand, cells in the 20 and 20½ DL samples were
agglomerated in small cell populations and presented a
more round morphology.

The proliferation of ATDC5 cells was also evaluated.
Figure 7A shows the amount of DNA after 1, 3, and 7 days of
culture. The behavior of the ATDC5 cells found for the dif-
ferent surfaces is very distinct of the data obtained with the
L929 cells. At day 1 of culture, the number of adhered cells
was significantly different in 10 and 10½ DL samples when
compared with 20½ DL samples. At day 3, the mentioned
differences are more pronounced and a tendency seems to be
forming: DNA quantity decreases with increasing number of
layers. The 10, 10½, and 20 DL samples registered a signifi-
cant increase in DNA quantity when compared with day 1.
However, 20½ DL samples registered a reduction in the
DNA quantity when compared with day 1. The 20½ DL
samples were the ones with the rougher surface and that is
thought to be the main reason for the reduced cell attach-
ment.54–56 It must be noted that culture medium was chan-
ged every 2 days, so cells that could not successfully attach to
the materials surface in the first 2 days were removed. After
7 days of culture, the tendency observed after 3 days of
culture is confirmed, with DNA quantity decreasing with
increasing number of layers. On the other hand, DNA
quantities increased in all samples when compared with day
3. Thus, cells growth in all multilayers studied, but the in-
creasing number of layers seems to hinder that growth, being

more significant when chitosan is the terminal layer (10½
and 20½ DL).

Besides proliferation, ATDC5 cell viability was also eval-
uated and the results are depicted in Figure 7B, as the ab-
sorbance values for 490 nm after reaction of MTS reagent
with samples previously cultured during 1, 3, and 7 days.
After 1 day of culture, there were significant differences in
viability between some samples, but just after 3 days of
culture a tendency arises: it was registered a decrease in cell
viability with the increasing number of layers, with signifi-
cant differences between all samples. After 7 days of culture,
it is confirmed the decrease of cell viability with increasing
number of layers, despite the continuous increase in cell vi-
ability with culture days.

From results obtained for cell proliferation and viability, it
can be stated that multilayers with alginate as terminal layer
and rendering smother surfaces are more adequate for
ATDC5 cells attachment and proliferation. Equivalent results
on the effect of surface roughness have been observed with
titanium, by Boyan, Schwartz, and collaborators.54–56

Scaffold assembly by particle agglomeration

It has been hypothesized in the present work that porous
scaffolds could be prepared by particle agglomeration by
using polyelectrolyte multilayers (PEM) as agglomeration
agent. To assess that hypothesis, chitosan particles have been
prepared, put together in a mesh mold, and immersed con-
secutively in polyelectrolyte solutions as described with de-
tail in the experimental section. After the deposition of 10 or
20 DL using the LbL technique, chitosan particles were
successfully assembled into porous scaffolds, with particles
being coated with multilayers that acted as a joining force.
This kind of particle linkage allowed the particle agglomer-
ation without the use of non-natural chemicals and pro-
ceeded under mild conditions. The 3D structure was
registered using micro-CT, illustrated in Figure 8A and C
and porosity and pores interconnectivity were evaluated
from analysis of multiple cross-sectional images (illustrated
in Fig. 8B), by using software CT Analyser v1.5.1.5, Skyscan.
One can conclude that the method proposed enable to pro-
duce geometrically stable scaffolds even using 10 DL coat-
ings. Porosity and interconnectivity were calculated for both
10 and 20 DL samples. The porosity was determined to be
42% and 39% for 10 and 20 DL samples, respectively. The
interconnectivity was 36% and 42% to 10 and 20 DL samples,
respectively.

FIG. 6. Scanning electron
micrographs showing
ATDC5 cells in (A) 10 DL
sample and (B) 20 DL sample
7 days after seeding. The
scale bar on the down left
corner of each image corre-
sponds to 20 mm.
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FIG. 7. DNA quantity (A) and
cell viability, determined by using
MTS test, measuring the absor-
bance at 490 nm (B) in ATDC5
cells direct contact assay with 10,
10½, 20, and 20½ DL in 1, 3, and 7
days of culture. Data represent
mean and error bars – standard
deviation, n ‡ 9. *Significant dif-
ference when compared to 10 DL
sample. #Significant difference
when compared to 10½ DL.
**Significant difference when
compared to 20 DL.

FIG. 8. Microcomputed to-
mography (micro-CT) from
the 10 DL assembled chitosan
particle scaffolds. (A) Mesh
rendered 3D structure. (B)
Cross-sectional representative
views of the scaffold showing
porosity and interconnection
between the particles. (C)
Lateral image of the scaffold
in the micro-CT support.
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Scaffolds structure showed in Figure 8 corresponds to a
dry sample. When in solution, particles became hydrated
and grew in size to about 900mm diameter. It is not expected
that porosity size would be significantly affected by this
particle growth, since all the structure will swell. Regarding
mean pore size, it may increase since pores correspond to the
empty spaces between spheres and the sphere size is in-
creasing (and so the space between them). However, the
swelled structure will have a soft structure and thus some
variability can occur in pore sizes.

It should be stressed that the final shape of the scaffold
will be determined by the mold used to assemble the parti-
cles. As the particles are easily packed into any geometry,
one can have a great control on the final architecture of the
construct.

ATDC5 cells behavior in assembled scaffolds

The performance of agglomerated particles as scaffold was
assessed by culture of ATDC5 cells. In 2D cell culture studies
(previous sections), these cells have shown to be sensitive to
both surface chemistry and roughness. Figure 9 shows SEM
micrographs of agglomerated chitosan particles after 7 days
of culture with ATDC5 cells. Cell attachment in scaffolds
surface can be observed in Figure 9B and C.

DNA quantification on the two different types of scaffolds
samples (10 and 20 DL) was performed to assess cell pro-
liferation and the results are illustrated in Figure 10A. After 1
day of culture, DNA quantity in the 10 DL scaffolds was
higher than the quantity in the 20 DL scaffolds. After 3 days
of culture, DNA quantity for the 10 DL scaffolds increased in
a small amount, whereas in the 20 DL scaffolds decrease to
about half of the previous time point (day 1). After 7 days of
culture, DNA quantity increase significantly in both 10 and
20 DL scaffolds, but being much higher in 10 DL scaffolds,
thus showing that cell proliferation decreases with increasing
number of DLs.

Cell viability in both 10 and 20 DL scaffolds was also
assessed by using the MTS test, and the obtained results are
shown in Figure 10B as absorbance at 490 nm after 1, 3, and 7
days of culture. It is observed that cell viability in 10 DL

scaffolds was higher than in 20 DL scaffolds for all times of
culture. After 3 days of culture, cell viability is similar (10 DL
scaffold) to or smaller (20 DL scaffold) than the observed
after 1 day of culture, but after 7 days of culture, cell viability
increased very significantly for both type of samples, being
much higher in 10 DL scaffold.

The obtained results of cell proliferation and viability have
shown that ATDC5 cells attach and proliferate better in
smoother surfaces, with lower number of layers, as had been
observed in 2D surfaces.

Thus, it is herein proposed that the results observed with
multilayers assembled onto planar substrates may be suc-
cessfully extrapolated to more complex structures such as
multilayers assembled onto 3D porous scaffolds.

Conclusions

The LbL technique was successfully used to deposit mul-
tilayers of chitosan and alginate onto glass coverslips.

FIG. 9. Scanning electron micrographs of 20 DL scaffold
showing (A) chitosan particles agglomerated into a scaffold
by multilayers. (B) Multilayer connection between two chit-
osan particles. (C) Adherent ATDC5 cells in the scaffolds
surface.

FIG. 10. DNA quantity (A) and cell viability, determined
by using MTS test, measuring the absorbance at 490 nm (B)
in ATDC5 cells direct contact assay with 10 and 20 DL
scaffolds in 1, 3, and 7 days of culture. Data represent mean
and error bars – standard deviation, n ‡ 9. *Significant dif-
ference when compared to 10 DL sample.
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Multilayers of 10, 10½, 20, and 20½ DL were assembled,
following a nonlinear film growth behavior, according with
thickness measurements from SEM analysis of film cross
sections. Surface roughness increases with increasing num-
ber of layers, supporting an increase in water contact angle.

Chitosan particles were successfully produced, further
cross-linked with genipin, and assembled into 3D scaffolds
using the LbL technique, where polyelectrolyte multilayers
act as agglomeration agent, avoiding the use of non-natural
and harsh chemicals or processing conditions.

The effect of polyelectrolyte multilayers in cell behavior
was assessed with a mouse fibroblast cell line (L929)
and with a mouse chondrocytic cell line (ATDC5). L929 cells
were observed to attach and proliferate better in chitosan-
terminated multilayers, whereas ATDC5 cells were ob-
served to attach and proliferate better also in smother
surfaces, besides the positive effect of chitosan as terminal
layer. This behavior of ATDC5 cells was also observed in
porous scaffolds resulting from the chitosan particle ag-
gregation with polyelectrolyte multilayers. It was thus
shown that the number of layers and the terminal layer of
polyelectrolyte multilayers might have an important role in
cell attachment, viability, and proliferation, depending on
the cell type.

This study suggests that LbL can be used as a single
methodology to prepare scaffolds by particle agglomeration
that could be suitable for TE applications. Moreover, optimal
configurations of polyelectrolyte multilayers can be deter-
mined according to cell type to render scaffolds with tuned
surface properties to enhance cells behavior.
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