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with the cells, such as the substrate composition, sur-
face energy, wettability, charge, roughness, stiffness, and 
deformability, as well as the presence of patterns. [ 1 ]  For this 
scope, a large amount of different materials mimicking 
aspects of the interactions between cells and their envi-
ronment has been employed: natural and synthetic poly-
electrolyte multilayers (PEMs), protein-coated polymeric 
substrates with tunable stiffness, [ 2 ]  biocompatible hydro-
gels that can be biochemically and mechanically altered 
by chemical functionalization or by changing hydrogel 
cross-linking density, respectively. [ 3 ]  Furthermore, micro-
gels have been used alone to fabricate thin fi lm substrates 
or as constitutive units combined with polyelectrolytes. [ 4 ]  
On the other hand, microenvironmental cues that affect 
cell functions and appear in 3D cell culture can be repro-
duced employing micropatterned substrate containing 
regions with cell-adhesive material of well-defi ned shape 

 Polyelectrolyte multilayers (PEMs) with different polycation/polyanion pairs are fabricated by 
the layer-by-layer technique employing synthetic, natural, and both types of polyelectrolytes. 
The impact of the chemical composition of PEMs on cell adhesion is assessed by studying cell 
shape, spreading area, focal contacts, and cell proliferation for the A549 cell line. Cells exhibit 
good adhesion on PEMs containing natural polycations and 
poly(sodium 4-styrenesulfonate) (PSS) as polyanion, but lim-
ited adhesion is observed on PEMs fabricated from both nat-
ural polyelectrolytes. PEMs are then assembled, depositing 
a block of natural polyelectrolytes on top of a stiffer block 
with PSS as polyanion. Cell adhesion is enhanced on top of 
the diblock PEMs compared to purely natural PEMs. This fact 
could be explained by the interdigitation between polyelec-
trolytes from the two blocks. Diblock PEM assembly provides 
a simple means to tune cell adhesion on biocompatible PEMs. 
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  1.     Introduction 

 Featured materials employing natural and synthetic poly-
mers are increasingly being used for the modulation of cell 
functions based on diverse strategies that modify the phys-
ical and chemical properties of the substrate interacting 
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and spatial distribution, and by including nanofeatures 
that alter the mechanical properties of the environment. [ 5 ]  

 The layer-by-layer (LbL) technique offers a simple and 
effective means for the engineering of surfaces based 
mainly on the electrostatically driven assembly of poly-
electrolytes. [ 6,7 ]  In the LbL technique polyelectrolytes of 
opposite charge are sequentially assembled on top of a 
planar or colloidal charged surface. [ 8 ]  In addition to poly-
electrolytes, other molecules, [ 9,10 ]  nanoparticles, [ 11 ]  lipid 
vesicles, [ 12 ]  and even cells [ 13 ]  can be assembled on top of 
the multilayers or by replacing selected layers provided 
these are charged or may interact with previous and sub-
sequent assembled layers by any other type of interaction, 
i.e., coordination chemistry or hydrogen bonding. The 
LbL assembly results in the fabrication of thin fi lms with 
nanoscale controlled composition in the vertical direction. 

 Polyelectrolytes of natural origin, such as poly-L-
lysine (PLL), hyaluronic acid (HA), alginate, etc., are very 
appealing for the modifi cation of surfaces for biological 
applications, among them, for cell tissue engineering. [ 14,15 ]  
When assembled in PEMs, these polyelectrolytes form 
a biocompatible cushion on which growth factors, pro-
teins, peptide sequences, and other biomolecules can be 
covalently bonded or assembled, controlling cell function-
alities such as cell growth, adhesion, and migration. [ 16 ]  
Altogether LbL technique represents a powerful strategy 
for modifying surfaces and endowing them with specifi c 
components. PEMs are very promising materials to be 
used in the formulation of drug delivery systems, [ 17,18 ]  
single cell analysis for diagnostics, and fundamental cell 
biology studies as their chemical and physical properties 
can be modifi ed conveniently. [ 19 ]  

 Cell adhesion plays indeed a key role in many physi-
ological and pathological processes such as wound 
healing [ 20 ]  and bacterial infections, [ 21 ]  as well as in the 
progression of tumors. [ 22 ]  Gaining control on the adhesion 
properties of a surface is fundamental for tissue engi-
neering and medical implants, and for the development 
of strategies for drug delivery. [ 23 ]  Cell adhesion is possible 
if the substrate stiffness is enough to generate forces to 
balance intracellular tension forces generated by stress 
fi bers. [ 24 ]  Furthermore, matrix stiffness regulates cancer 
cell malignancy through a complex mechanism. [ 25 ]  

 Selective adhesion between endothelial and muscle 
cells has been achieved by changing the mechanical prop-
erties of substrates by coating with different PEMs. [ 26 ]  
In this case, stiffness modulation was based on the fact 
that cells can sense the stiffness of objects that are not in 
direct contact, [ 27 ]  depending on the number of polyelec-
trolyte layers assembled as well as on their chemical and 
physical properties. 

 Other strategies can be applied for the enhancement of 
cell adhesion on PEMs based on the increase in the sub-
strate stiffness via changes in the chemical composition 

of the fi lm. The crosslinking between polyelectrolytes [ 15,41 ]  
or the addition of nanoparticles [ 11,15 ]  has been successfully 
applied in this regard. Furthermore, cell adhesion can be 
improved on substrates assembled with the combination 
of different blocks of PEMs. In this case, HT29 cell adhe-
sion gradually increased when soft natural PEMs made of 
PLL and HA were successively capped with poly(sodium 
4-styrenesulfonate) (PSS) and blocks made of one and 
two bilayers of PSS and poly(allylamine hydrochloride) 
(PAH). [ 28 ]  This fact was attributed to the increase in the 
elastic modulus and the viscosity of the capped fi lms, 
as it has been demonstrated by indentation measure-
ments. [ 29 ]  It was suggested that the increase in stiffness 
was due to the penetration of PSS into the underlying fi lm 
made of PLL and HA, which was inferred from infrared 
spectroscopy. A similar approach has been employed to 
investigate the relationship between elasticity and repli-
cation and transcription in PtK2 cells. [ 30 ]  In this paper, the 
apparent elastic modulus of PEMs was varied from 0 to 
500 kPa by assembling an increasing number of bilayers 
assembled with PAH and PSS on top of a block of 24 PLL 
and HA based bilayers, and the trigger of distinct cell 
functions was mechanistically described in relation to 
the resulting substrate stiffness.   In another paper, a coop-
erative effect has been reported when chitosan (CHI) and 
HA PEMs were combined with a certain amount of CHI 
and polyacrylic acid (PAA) PEMs, obtaining a considerable 
increase in the Young modulus. [ 31 ]  The authors postulated 
the formation of a new interaction between polyelectro-
lytes due to the interdigitation process. 

 Although several articles have addressed the use 
of multilayers for many medical applications, [ 15,32 ]  no 
systematic study about the impact of the chemistry of 
PEMs on cell adhesion has been reported. The chemical 
composition of PEMs is directly related to their mechan-
ical properties, which are fundamental to controlling 
adhesion. PEMs properties are also a combination of the 
properties of the polycations and polyanions forming the 
multilayers. PEMs with the same top layer but different 
underlying counter polyelectrolytes may have different 
properties and, consequently, they may interact differ-
ently with cells. Also, a different composition of the PEMs 
along the vertical direction, i.e., different polyelectrolyte 
composition at the bottom and the top of the PEMs, can 
infl uence the interaction with cells as well. It is indeed 
interesting to know how far the properties of inner layers 
are sensed by cells interacting with the PEMs as PEMs 
could be produced using, for example, stiffer polyelectro-
lytes of synthetic origin and softer biopolymers on the top 
layers, in contrast with the sequence used in refs.  [ 28–    31 ] . In 
this way, the top layers facing the cells would be biocom-
patible. Also, the fi lm properties could be tuned for bio-
compatibility and stiffness, which is fundamental for the 
applications of PEMs related to cell adhesion control. We 
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have addressed these issues in this paper by varying the 
chemical composition of PEMs, combining synthetic and 
natural polyelectrolytes, by changing the composition of 
PEMs at defi ned positions, and fabricating PEMs with two 
different blocks assembled from diverse polycations and 
polyanions with different number of layers.  

  2.     Experimental Section 

  2.1.     Materials and Reagents 

 PLL solution ( M  w  70–150 kDa, P4707), PSS (average  M  w  ≈70 kDa, 
243051), PAH (average  M  w  ≈58 kDa, 283223), branched 
polyethylenimine (PEI; average  M  w  ≈25 kDa by LS, average 
 M  w  ≈10 kDa by GPC, 408727), poly(diallyldimethylammonium 
chloride) solution (PDADMAC; average  M  w  ≈200–350 kDa, 409022), 
poly(acrylic acid) solution (PAA; average  M  w  ≈100 kDa, 523925), 
dextran sulfate sodium salt from Leuconostoc spp. (DEX; average 
 M  w  9–20 kDa, D6924), sodium chloride, HEPES sodium salt, 
phosphate buffered saline (PBS; D1408), bovine serum albumin 
(BSA), anti-mouse IgG-FITC antibody (F0257), sodium dodecyl 
sulfate (SDS; L6026), Triton X-100 (T8787), Tween-20 (P9416), 
thiazolyl blue tetrazolium bromide (MTT; M5655), and dime-
thyl sulfoxide (DMSO; 472301) were purchased from Sigma-
Aldrich. Sodium Alginate (ALG; Cat. No. 17777-0050), CHI 
( M  w  100–300 kDa, Cat. No. 349051000), and HA ( M  w  1500–2200 kDa, 
Cat. No. 251770010) were acquired from Acros Organics. 

 Actin Cytoskeleton and Focal Adhesion Staining Kit (FAK100) 
and anti-fade mounting solution were obtained from Millipore. 
RPMI 1640 with L-glutamine was from Lonza and fetal bovine 
serum (FBS) was purchased from Fisher. Nanopure water was 
obtained using the Barnstead Nanopure Ultrapure Water Purifi -
cation System.  

  2.2.     Multilayer Films Preparation via LbL Assembly 

 All polyelectrolyte solutions were prepared at a concentra-
tion of 1 mg mL −1  in a 150 × 10 −3   M  NaCl, 10 × 10 −3   M  HEPES 
pH = 7.4 buffer (with the exception of CHI which was prepared 
in a 150 × 10 −3   M  NaCl, 10 × 10 −3   M  acetic acid buffer, and adjusted 
to pH 5.0) and fi ltered through a 0.45 μm fi lter. These assem-
bling conditions were selected because it is likely to assure PEMs 
stability in physiological conditions. 

 Before use the cover glasses were cleaned as reported previ-
ously. [ 33 ]  Briefl y, the glasses were immersed in 10 × 10 −3   M  SDS 
for 3 h, rinsed in sterile water three times, treated with 0.1  M  HCl 
overnight, and thoroughly rinsed in water. All PEMs were assem-
bled with 15 layers of polyelectrolytes, being the fi rst and the last 
layer always a polycation. Polycations and polyanions were alter-
nately assembled by manual dipping at 24 °C and were allowed 
to assemble for 15 min. After each layer deposition, fi lms were 
rinsed three times in water.  

  2.3.     Atomic Force Microscopy 

 PEMs were prepared for atomic force microscopy imaging 
as described in the previous section. After the LbL assembly, 

samples were rinsed with nanopure water and left to dry in 
air. The morphology of PEMs was obtained using an AFM from 
Nanowizard II AFM (JPK, Berlin, Germany). Images were collected 
in tapping mode with TESP-V2 cantilever (Bruker, AFM Probes) 
with nominal spring constant of 40 N m −1  and oscillated near a 
resonant frequency in the range of 280 to 320 kHz.  

  2.4.     Quartz Crystal Microbalance with Dissipation 
Measurements 

 The deposition of the polyelectrolytes was monitored via the 
quartz crystal microbalance with dissipation (QCM-D) Q-Sense 
E4 system. The coating of the PEM fi lm was conducted on SiO 2  
(50 nm) coated quartz crystals (5 MHz, Q-Sense). Polyelectro-
lyte solutions were injected in the 4-sensor chamber with the 
help of a peristaltic pump and left under incubation for 10 min. 
After stabilization of the frequency another 10 min rinsing with 
150 × 10 −3   M  NaCl, 10 × 10 −3   M  Hepes buffer (pH = 7.4) was per-
formed. Experiments were conducted at 23 °C.  

  2.5.     Cell Culture 

 A549 epithelial cells, a human lung carcinoma cell line, were 
grown in RPMI medium supplemented with 10% FBS (and antibi-
otics) and incubated at 37 °C in a 5% CO 2  humidifi ed atmosphere. 
This cell line was used in various basic studies of polyelectrolyte 
coated surfaces. [ 17,18 ]  

 For adhesion assays, glass and fi lms were placed into Petri 
dishes 35 mm in diameter (Falcon) and UV-sterilized for 1 h, [ 34 ]  
a process widely used and from which no reports indicating 
signifi cant changes in the PEMs properties are known. Then, 
5 × 10 4  cells in 3 mL culture medium were seeded on top.  

  2.6.     Quantifi cation of Cell Adhesion 

 To quantify cell adhesion and spreading characteristics, cell con-
tours were manually traced using a Wacom graphic tablet and 
analyzed using Image Pro Plus 6.0 software, Media Cybernetics 
Inc. Cell area (in μm 2 ), aspect ratio (ratio between major axis 
and minor axis of an ellipse with area equivalent to that of the 
cell) was determined. [ 35 ]  An aspect ratio close to 1 corresponds to 
a rounded cell, whereas higher values are associated with cells 
having a tapered morphology. Differences in the average cell 
adhesion area and morphological parameters for each PEM and 
those obtained on glass were evaluated utilizing one-way anal-
ysis of variance (ANOVA) and Fisher test with a signifi cance level 
 p  = 0.05.  

  2.7.     MTT Cell Proliferation Assay 

 For MTT experiments, fi lms were assembled in 14 mm circle 
cover slips and placed in 24-well polystyrene plates. Approxi-
mately 2.5 × 10 4  cells were seeded adding 1 mL of medium. After 
24, 48, and 72 h incubation, 80 μL of MTT solution (5 mg mL −1  in 
10 × 10 −3   M  PBS) was added into each well. Cells were incubated 
in the presence of the MTT solution for 3 h at 37 °C. Then, the cul-
ture medium was completely removed and the formazan prod-
ucts were solubilized by adding 600 μL of DMSO to each well. The 
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absorbance spectra were measured at 550 nm by a plate reader 
(Genios Pro) and the viability was expressed as cell number. 
Measurements were repeated three times and the mean value 
and its standard deviation were reported for each condition.  

  2.8.     Cell Immunostaining 

 Fluorescent staining of vinculin, actin, and cell nucleus was 
carried out to study cell adhesion. The staining was performed 
following the protocol described in the Actin Cytoskeleton and 
Focal Adhesion Staining Kit user manual. Cultured cells were 
washed with washing buffer, PBS containing 0.05% Tween-20, 
and fi xed with 4% paraformaldehyde. Then, glass cover slips 
were washed and cells were permeabilized with 0.1% Triton 
X-100 in PBS for 5 min. After washing, blocking solution, 1% BSA 
in PBS, was applied for 30 min. Then, the anti-vinculin antibody 
diluted in blocking solution was added and incubated for 1 h, fol-
lowed by washing with buffer. The anti-mouse IgG-FITC conju-
gated antibody (secondary antibody) diluted in PBS was added to 
the samples and incubated for 1 h. TRITC-conjugated Phalloidin 
was incubated simultaneously with the secondary antibody for 
double labeling. After washing, nuclei counterstaining was per-
formed incubating cells with DAPI for 5 min. The samples were 
washed and mounted on a slide by using anti-fade mounting 
solution. Stained cells were observed by Confocal Laser Scanning 
Microscope (Carl-Zeiss LSM 10 META).   

  3.     Results 

  3.1.     (Polycation/Polyanion)  n  Polycation PEMs 

 For each selected polycation we fabricated PEMs with the 
following polyanions: ALG, DEX, HA, PAA, and PSS. As poly-
cations we chose: PLL, CHI, PEI, PAH, and PDADMAC. AFM 
imaging was used to prove the complete coating of glass 
with the different PEMs. In Figure  1  we can observe AFM 
images of PSS/PAH, PLL/ALG, and CHI/HA as example of 
PEMs made upon synthetic and natural polyelectrolytes. 
The images in dry state show a complete polymer coating 
on the glass surface in all cases. For each PEM the topology 
of the surface is different refl ecting the characteristics 

of the different polyelectrolyte involved and the interac-
tions among them. The assembly of the different PEMs 
studied was followed by the QCM-D technique, shown in 
the Supporting Information. Data are presented for each 
polycation varying the polyanion composition. All curves 
show a continuous growth for the PEMs, though the type 
of growth varies for each polycation in relation with the 
polyanion. For the same polycation depending on the pol-
yanion growth is lineal or supralineal without showing 
a clear trend among them (Figures S1–S3, Supporting 
Information).  

  3.1.1.     Cell Morphology and Adhesion 

 Cell adherence studies were performed on PEMs with a 
positively charged polyelectrolyte as outermost layer and 
using glass surfaces as control samples. The cell adhesion 
area was normalized considering the cell area on glass, 
620 ± 20 μm 2 , as reference. 

 In Figures  2  and  3  we can observe representative images 
of A549 cells grown for 48 h on PEMs with PLL (Figure  2 ) 
and PAH (Figure  3 ) as polycations and with all the poly-
anions studied. PLL and PAH were chosen as examples of 
natural and synthetic polycations, respectively.   

 As we can appreciate in Figure  4 , the normalized cell 
adhesion area depends on the PEM composition. By 
changing the nature of the polyanion for each termi-
nating polycation, PEMs with different cell adhesion 
properties were obtained. For PEMs assembled with PLL 
as polycation, the normalized average cell spreading area 
decreased to about 0.4 with ALG, HA, or DEX as polyanion 
and to 0.7 with the polyanion PAA. On PEMs assembled 
with the polycation PAH, the normalized average cell area 
was lower than on glass for all tested polyanions. In this 
case, values lower than 0.4 were obtained with HA and 
PAA, in the range 0.4–0.7 for ALG and DEX, and about 
0.8 for PSS as polyanion. On (CHI/HA) 7 CHI multilayers, 
the cell spreading area was larger than on glass, but it 
was smaller on PEMs assembled with CHI as polycation 
and ALG, DEX, and PAA as polyanion, with values in the 
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 Figure 1.    AFM images in dry state of PEMs of a) PSS/PAH, b) PLL/ALG, and 3) CHI/HA.
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0.35–0.75 range. Similarly, for PEMs assembled with PEI 
and HA, ALG, DEX, and PAA cells spread less than on glass, 
the normalized average cell area being about 0.75 for the 
latter three polyanions and 0.4 for HA. On the other hand, 
cell spreading was promoted on PEMs assembled with PSS 
and all the polycations except PDADMAC. The average cell 
area for (PLL/PSS) 7 PLL and (CHI/PSS) 7 CHI multilayers was 
similar to that observed on glass, but for (PAH/PSS) 7 PAH 
the cell area had slightly smaller values. Furthermore, for 
(PEI/PSS) 7 PEI multilayers a normalized cell area of ≈1.2 was 
measured. Finally, PEMs assembled with PDADMAC as 
polycation exhibited poor cell adhesion irrespective of the 
polyanion, with an average normalized area close to 0.4.  

 The aspect ratio of cells seeded on each of the PEMs 
studied is shown in Figure  5 . Values close to 1 indicate 
that cells are round and without long fi lopodia and 
adhere poorly on the substrates. On the other hand, a 
high value of the aspect ratio is associated with tapered 
cells. This interpretation is valid for cells without very 

rough contours or long fi lopodia. The average aspect ratio 
of cells depended on PEM composition and was compared 
with values obtained on glass utilizing the ANOVA test 
with  p  = 0.05. For PLL/ALG, PLL/DEX, PAH/PAA, and PEMs 
assembled with PDADMAC as polycation and all the poly-
anions evaluated in this work except for PSS, cells have a 
low average aspect ratio in comparison to glass; for the 
latter a value of 1.6 was observed. The smallest values for 
this parameter were found when cells were seeded on 
PEMs with PDADMAC, with the aspect ratio in the range 
1.2–1.4. For PLL/HA, all PEMs assembled with CHI, PEI/
HA, and PEMs assembled with PSS and all tested polyca-
tions except PAH, the values of the average aspect ratio 
were similar to those obtained from cells on glass. It is 
worth noting that the similarity in the aspect ratio of cells 
on PEMs and on glass correlates with good cell adhesion 
properties, i.e., large adhesion area, only for CHI/HA and 
PEMs assembled with PSS as the polyanion. For PAH based 
PEMs, the relative average cell area varies with the same 
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 Figure 2.    Microimages of A549 cells adhering on glass and PLL 
PEMs 48 h after seeding. The different polyanions are indicated 
in the corresponding microimages. The top layer is always PLL.

 Figure 3.    Microimages of A549 cells adhering on glass and PAH 
PEMs 48 h after seeding. The different polyanions are indicated 
in the corresponding microimages. The top layer is always PAH.
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trend as the average cell aspect ratio, the latter with a 
value close to that obtained on glass only for (PAH/PSS), 
and either smaller or higher than that obtained on glass 
for the other polyanions. For PEI/ALG, PEI/DEX, PEI/PAA, 

PAH/ALG, PAH/DEX, and PAH/PSS multilayers, values of 
the average cell aspect ratio in the range 1.7–2.5 were 
determined. The highest aspect ratio was obtained from 
A549 cells, which present many thin and long pseudo-
podia, and may suggest stressed cells due to poor interac-
tions with the substrate. 
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 Figure 4.    Normalized average cell adhesion area for A549 cells 
on PEMs of different composition. Each graph corresponds to a 
specifi c polycation with different polyanions; the polycation is 
always the top layer. Polyanions are listed in the abscise axis. At 
least 100 cells from four different positions of the substrate were 
considered for the evaluation of cell spreading area for each fi lm. 
For each PEM the average cell adhesion areas were assigned to 
be smaller (light gray), equal (gray), or larger (dark gray) than on 
glass employing the ANOVA Fisher test with 0.05 signifi cance.

 Figure 5.    Morphological characteristics of A549 cells adhered 
on PEMs of different compositions. The top layer was always a 
polycation. Cell average aspect ratio is plotted for each evaluated 
PEM. The average aspect ratio were smaller (light gray), equal 
(gray), or larger (dark gray) than on glass according to the ANOVA 
Fisher test ( p  = 0.05).
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    3.1.2.     Cell Proliferation 

 Cell viability was measured with the MTT assay 24, 48, and 
72 h after seeding on the different PEMs tested in this work 
(Figure  6 ). Data showed that the viability of cells seeded on 
all the PEMs was smaller than for cells adhered on glass, 
irrespective of time, and depended on the particular PEM 
composition. Furthermore, viability data for different time 
disclosed three distinct behaviors for cell proliferation: 
(i) cell number increased with an exponential like behavior. 
This was the case of cells seeded on glass, PLL/PAA, CHI/
HA, CHI/PAA, and PEMs assembled with ALG and DEX as 
polyanions and all tested polycations except PDADMAC/
ALG, CHI/ALG, and CHI/DEX multilayers. (ii) Cell number 
increased linearly with time. This was observed for cells 
seeded on PEMs with PSS as polyanion irrespective of the 
polycation, CHI/ALG, CHI/DEX, and PDADMAC/ALG multi-
layers. (iii) The rate of cell proliferation diminished with 
time, a behavior observed for cells on PLL/HA, PEI/HA, 
PAH/HA, and PEMs assembled with PDADMAC as polyca-
tion and all the polyanions tested, except for DEX. 

     3.2.     Diblock PEMs 

 With the exception of CHI/HA all other combination of 
biological polyelectrolytes resulted in poorer cell adhesion 
than the observed for PEMs of synthetic polyelectro-
lytes, especially than the PEMs with PSS. With the aim 
of increasing adhesion properties of natural biocompat-
ible fi lms, PEMs where assembled in the form of two 
blocks with two different polyelectrolyte combinations 
(Figure  7 ). The fi rst block was formed with PSS and PLL to 
reinforce substrate mechanical properties and to increase 
cell adhesion on the resulting diblock PEMs. The topmost 
block was always constituted of a biopolymer combination 
displaying moderate cell adhesion but is biocompatible, 
i.e., PLL/ALG with an exponential like proliferation curve. 
In Figure  7  we have sketched the diblock PEMs constituted 
of an initial block of PLL assembled with PSS followed 
by an outer block of PLL assembled with ALG. The same 
strategy was employed to construct a diblock PEM with 
the same initial (PLL/PSS) block and (PLL/DEX) as the outer 
block (cf. the Supporting Information).  

 The assembly of the two blocks was studied by QCM-D 
as shown in Figure  8  for the fi rst block of PLL/PSS followed 
by the assembly of PLL/ALG in the top layer. QCM-D data 
(Figure  8 ) show a continuous growth of the PEM for the 
two blocks. Data also indicate a rather supralineal growth 
for the (PLL/PSS) multilayer, which was grown up to 
12 layers, then the growth of the subsequent (PLL/ALG)  n  PLL 
multilayer follows a lineal trend for the nine polyelectrolyte 
layers assembled. The PLL/ALG PEM assembled without 
the initial block (shown in the Supporting Information) 
displays supralineal growth. Accordingly, the PLL/PSS PEM 

seems to affect the growth of the subsequent PLL/ALG 
block. This fact can also be inferred from AFM imaging as 
well. In Figure  8 c we can appreciate that the PLL/PSS PEM 
is quite fl at and this fl atness is retained by the assembly 
of PLL/ALG (Figure  8 d). The topology of the PLL/ALG caped 
PEM is quite different from the pure PLL/ALG PEM shown 
in Figure  1 , highlighting the infl uence of the PLL/PSS on the 
properties of the PLL/ALG assembled on top. QCM-D data 
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 Figure 6.    Cell proliferation of A549 cells on PEMs coated glass 
substrates measured by MTT. Cell number was measured after 
culturing on PEMs for 24, 48, and 72 h, as indicated in the fi gure. 
The standard deviation of the average number of cells is included.
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and AFM images of the PLL/PSS with PLL/DEX on top are 
shown in the Supporting Information. PEM growth in this 
case is similar to the observed for the PLL/PSS and PLL/ALG 
as shown by the QCM-D but the assembly of PLL/DEX on 
top of PLL/PSS results in a rougher surface. 

   3.2.1.     Cell Adhesion on Diblock PEMs Constituted of 
(PLL/PSS) 6 (PLL/ALG)  n  PLL 

 A549 cell adhesion on (PLL/ALG)  n  PLL PEMs was considerably 
improved when the polyelectrolytes were assembled on 
a (PLL/PSS)-coated substrate, forming a diblock structure, 
namely (PLL/PSS) 6 (PLL/ALG)  n  PLL (Figure  9 ). Fluorescence 
images of the cell cytoskeleton and focal contacts were 
obtained by staining F-actin and vinculin (Figure  10 ). 
Extended cells with focal contacts formation (green spots) 
were observed on glass, (PLL/PSS) 7 PLL and (PLL/PSS) 6 (PLL/
ALG)  n  PLL (with  n  = 2 and 4). In contrast, cell seeded on 
(PLL/ALG) 7 PLL exhibited a poor cytoskeleton spreading, 
a few focal contacts, and a diffuse fl uorescence image. 
From Figure  10  it can be observed that cells adhered on 
(PLL/PSS) 6 (PLL/ALG) 2 PLL show longer actin fi bers distrib-
uted along the cytoskeleton and larger spreading areas 
than cells adhered on (PLL/PSS) 6 (PLL/ALG) 4 PLL.   

 While the average A549 cell area on (PLL/ALG) 7 PLL was 
smaller than a half of that obtained from cells on glass, 
cells seeded on a diblock PEM with  n  = 1 achieved an 
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 Figure 7.    Scheme of a diblock polyelectrolyte multilayer. An initial 
PEM block of (PLL/PSS) 6  was fi rst deposited, on top of which a 
block of a) (PLL/ALG)  n  PLL was assembled. Scheme (b) shows the 
possible interdigitation between the blocks.

 Figure 8.    a) Frequency and dissipation changes as a function of the time for the assembly of (PLL/PSS) 6 (PLL/ALG) 4 PLL multilayers. 
b) Corresponding absolute Frequency values as a function of the number of assembled layers. c) AFM image in dry state of (PLL/PSS) 6 . 
d) AFM image in dry state of (PLL/PSS) 6 (PLL/ALG) 4 PLL.
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average spreading area that approached that obtained 
on (PLL/PSS) 7 PLL (Figure  11 ). Surprisingly, cells on diblock 
PEMs with  n  = 2 yielded an average spreading area larger 
than on glass. Furthermore, with  n  = 4 the average cell 
spreading area decayed to a value similar to that obtained 
for (PLL/PSS) 7 PLL (Figures  9–11 ). Thus, the deposition of a 
few (PLL/ALG)  n   bilayers ( n  = 2) produced either an abrupt 
decrease or an enhancement in cell adhesion when they 
were directly deposited on a glass substrate (Figure  12 ) or 
a (PLL/PSS) PEM (Figure  11 ), respectively. For the PLL/ALG 
on glass the normalized cell spreading area decreased to a 
constant value close to 0.4 after the assemble of 3–4 (PLL/
ALG) bilayers (Figure  12 ).   

 We found a similar behavior for C2C12 (mouse myo-
blasts) cell line than that reported above for A549 cells. 
An enhance in cell adhesion was observed when cells 
where seeded on a (PLL/PSS) 6 (PLL/ALG) 1 PLL in comparison 
to each one of the blocks (cf. the Supporting Information).    

  4.     Discussion 

  4.1.     (Polycation/Polyanion) 7 Polycation PEMs 
(Single-Block PEMs) 

 The data presented showed that the adhesion and prolif-
eration of A549 cells could be modulated by PEM compo-
sition (Figures  2  and  3 ). Cell morphology and spreading 
area were related to its adhesion on PEMs. The average cell 
spreading area on glass, 620 ± 20 μm 2 , was used as refer-
ence for presenting results of adhesion areas on the PEMs. 
Thus, large relative spreading areas and values of aspect 
ratio close to 1.5 indicated good adhesion properties. We 
showed that these parameters depended on the chem-
istry of the PEMs defi ned by the combination of distinct 
polycations and polyanions, in all the cases the polycation 
was the outermost layer (Figures  4  and  5 ). For instance PLL 
terminated PEMs resulted in poor adhesive surfaces when 
the underneath layers were assembled with the natural 
polyanions HA, ALG, DEX; the average cell spreading areas 
were below a half the value obtained on glass. These PEMs 
were demonstrated to grow exponentially (cf. Supporting 
Information Figure S1) and render relative soft compos-
ites; [ 36–38 ]  PLL/HA multilayers are, for example, essentially 
a viscous liquid [ 39 ]  with a Young modulus ( E ) in the range 
3–85 kPa [ 40–42 ]  depending on the assembling conditions. 
Results from our work showed that in general, except for 
the particular case of (CHI/HA), natural polyelectrolytes 
that result in softer PEMs as known from literature [ 43 ]  
exhibited inhibition of cell adhesion. For (CHI/HA) 24  PEMs 
assembled at pH = 4.5 and 0.15  M  NaCl, the Young modulus 
resulted in  E  = 15 kPa. [ 44 ]  Nevertheless, cells seeded on 
(CHI/HA) PEMs appeared to be good for cell adhesion with 
a spreading area 1.2 larger than for glass. The combination 
of biological polyanion with synthetic PEI or PAH resulted 
in a quite improvement in the A549 cell spreading only 
for certain combinations, namely, PEI/ALG, PEI/DEX, and 
PAH/DEX with relative average cell spreading areas in the 
range 0.6–0.8. In the case of PAA, its relatively high hydro-
philicity [ 45 ]  would explain the fact that for PEMs with PAA 
as polyanion, cell adhesion areas were larger than those 
observed on ALG or HA, but remained signifi cantly smaller 
than on glass. 

 On the opposite situation we found that PEMs assem-
bled with the synthetic polyanion PSS resulted in more 
adherent surfaces, within the timeframe of our studies; 
the largest relative area was obtained from cell seeded on 
PEI/PSS multilayers, i.e., the average cell spreading area 
was 1.2 times larger than on glass. Typical values of  E  for 
synthetic PEMs such as (PAH/PSS) PEMS are in the order 
of GPa, [ 46 ]  and as expected they exhibited a linear growth 
(cf. Supporting Information Figure S2). 

 It is worth to note that the described behavior is cell 
type dependent, thus valid for the cell line used in this 
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 Figure 9.    Microimages of A549 cells adhered on glass, 
(PLL/PSS) 7 PLL (PLL/ALG) 7 PLL, single-block PEMs, and diblock 
(PLL/PSS) 6 (PLL/ALG)  n  PLL ( n  = 1, 2, and 4). Microimages were taken 
48 h after seeding.
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work. For instance, while adhesion of some cell lines has 
been demonstrated to be sensitive to the substrate stiff-
ness, other cells appear to be nonsensitive. [ 47 ]  

 It is also important to keep in mind that adhesion 
experiments presented in this work were performed in 
FBS supplemented media and therefore serum proteins 
adsorbed on the PEM surface and partially blocked poly-
electrolyte moieties that are likely to interact with cells. 

However, we observed differences in cell behavior seeded 
on each polycation terminating PEM. A cushion of pro-
teins with different characteristics may be deposited 
according to the PEM composition. In this respect, it has 
been reported that PDADMAC-capped (PDADMAC/PSS) 
PEMs showed poor biocompatibility toward muscle 
cells even in the presence of FBS that blocked some 
unassociated positive PDADMAC segments. [ 48 ]  Our results 

Macromol. Biosci. 2016,  16,  482−495

 Figure 10.    Fluorescence microimages of A549 cell stained for actin (red) and vinculin (green). The nuclei were also labeled with DAPI (blue). 
Labeling was performed 72 h after cell seeding on the substrates as indicated in the fi gure.
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indicated poor A549 cell adhesion and proliferation on 
PEMs assembled with PDADMAC, as it was expected from 
the combination of the unbound segments of PDADMAC 
with the negative membrane proteins and phospholipids 
causing cytotoxicity. [ 48,50 ]  Despite the above character-
istics of PDADMAC, it can be used to study the effect of 
swelling gradients on cell migration. [ 51 ]  

 Cell proliferation on PEMs was assessed by MTT assay 
performed 24, 48, and 72 h after seeding (Figure  6 ). The 
number of cells that is proportional to the increase in the 
absorbance of metabolized MTT, evaluated at different 
time post seeding, allowed us to infer about the possible 
polyelectrolyte fi lm cytotoxicity. For the experimental 
setup utilized in our proliferation assays, proliferation of 
cell was infl uenced by their adhesion; a lack of anchorage 
signaling results in a block at an early checkpoint of the 

cell cycle. [ 52 ]  It has been reported for various cell types 
and diverse substrates that proliferation is optimal at 
intermediate adhesion strength, remaining quiescent 
when the adhesion capacity is very high. [ 53 ]  Cell number 
for PEMs assembled with both natural polycations and 
polyanions, except PLL/HA, exhibited and exponential 
like growth, although cell spreading areas, in some cases, 
were smaller than on other PEMs assembled with syn-
thetic polyanions. The proliferation rate was constant 
when cells were seeded on PEMs assembled with PSS 
and all tested polycations where good adhesion proper-
ties were found. When PDADMAC was used as polycation 
a sublinear relationship of the number of cells with time 
was obtained. PDADMAC positive chains, after serum 
protein absorption, appeared to inhibit cell proliferation, 
particularly for PEMs assembled with ALG, HA, PAA, and 
PSS as polyanion. [ 38 ]  In summary, a change in PEM compo-
sition affected cell adhesion and proliferation differently. 

 Data discussed above indicate the dependence of cell 
functions, adhesion, and proliferation on the fi lm com-
position. The latter determines the type of growth and 
the physical properties of the substrate, such as stiff-
ness and wettability that cells can sense. The more bio-
compatible PEMs, obtained from the combination of any 
of the polycation PLL or CHI with any of the polyanion 
HA, ALG, or DEX, resulted in surfaces where cells spread 
more poorly than on glass, except for the (CHI/HA) 7 CHI 
multilayer. The PEMs obtained assembling either PLL 
or CHI with PSS resulted in more adherent surfaces for 
A549 cells, approaching the behavior of glass. Neverthe-
less, the cell number increased with a constant rate rather 
than with an exponential-like law. Moreover, the largest 
value of the relative average cell spreading area was 
obtained for (PEI/PSS) multilayers, although cell prolifera-
tion was hampered, and the cell number only increased 
linearly with time. These results would indicate that PEM 
composition is relevant for tuning specifi c cell functions 
properly, and could be used for designing material with 
particular applications.  

  4.2.     Diblock PEMs 

 An appropriate PEM composition is needed to generate bio-
compatible materials with well-controlled adhesion prop-
erties, likely to be useful for the design of drug carrier with 
specifi c target, for tissue engineering, or to assist in wound 
healing processes to mention potential applications. Based 
on results on single PEMs (Section 4.1), PSS based PEMs dis-
play very good adhesion properties. In order to enhance 
cell adhesion of the biocompatible (PLL/ALG)-based PEM 
we decided to change the internal composition of the PEM 
including PSS in the fi rst layers of the PEM without altering 
the top layers and surface chemistry of the PEMs which 
remains PLL/ALG. 

 Figure 11.    Normalized average cell adhesion area from A549 cells 
cultured for 48 h for (PLL/PSS) 7 PLL, (PLL/ALG) 2 PLL, (PLL/ALG) 7 PLL 
single-block PEMs, and diblock (PLL/PSS) 6 (PLL/ALG)  n  PLL assem-
blies ( n  = 1, 2, and 4). At least 100 cells from four different parts of 
the substrate were considered for the evaluation of cell spreading 
area for each PEM. ANOVA test was employed to decide if average 
cell areas obtained on PEMs were smaller (light gray), equal (gray), 
or larger (dark gray) than those obtained on glass.

 Figure 12.    Normalized average cell adhesion area for (PLL/ALG)  n  PLL 
multilayers 48 h after seeding. The number of deposited layers is 
indicated in the abscise axis. At least 50 cells from four different 
parts of the substrate were considered for the evaluation of 
cell spreading area. Light gray, gray, and dark gray bars indicate 
average cell adhesion areas smaller, equal, or larger than on glass, 
respectively (one-way ANOVA with fi sher test,  p  = 0.05).
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 Therefore, we prepared PEMs with an initial block of 
PEM assembled with PSS as polyanion and PLL as polyca-
tion. On top of this block a variable number of PLL/ALG or 
PLL/DEX bilayers (for the latter cf. the Supporting Informa-
tion) were assembled as outer block. In this way we assure 
that the surface of the fi lm remains biocompatible. The 
combination of (PLL/PSS) 6  with (PLL/ALG)  n   or (PLL/DEX)  n   
forming a diblock system resulted in an enhancement in 
cell adhesion properties compared to (PLL/ALG)  n   or (PLL/
DEX)  n  -coated glass for the same number of multilayers 
(Figures  9–12 ). Furthermore for DEX and ALG based PEMs, 
larger adhesion areas were obtained for  n  = 2 than for 1 or 
4 (Figure  11 ). The relative adhesion area resulted in 1.2 for 
(PLL/PSS) 6 (PLL/ALG) 2 PLL, a fi gure larger than that obtained 
from each one of the single blocks utilized to generate the 
diblock system (Figures  11  and  12 ). Furthermore, immu-
nostaining microimages of cells (Figure  10 ) seeded on 
(PLL/ALG) 7 PLL exhibited a diffuse actin cytoskeleton and 
no evidence of vinculin adhesion protein recruitment 
forming focal adhesion contacts. On the other hand, cell 
seeded on glass or diblock PEMs showed stress fi bers 
and the formation of focal adhesion that maintain the 
cell cytoplasm extended and under tension, a fact that is 
more remarkable for (PLL/PSS) 6 (PLL/ALG) 2 PLL, in agree-
ment with the trends indicated by the normalized cell 
adhesion areas. 

 Diblock PEMs appeared to have different proper-
ties toward cell adhesion and proliferation than those 
observed on each single-block PEMs. This fact is in agree-
ment with the idea that polyelectrolyte interdigitation 
during assembling or in the post assembling stage is con-
ferring physicochemical properties, which are not found 
on each block system individually. In other words PSS 
molecules from the inner block are likely to be present in 
the outer block as well as ALG molecules are present in 
the inner block (Figure  7 ). QCM-D and AFM data indicated 
that the growth and morphology of (PLL/ALG) or (PLL/
DEX) PEMs were different depending on whether they 
were deposited on glass or on an underneath (PLL/PSS) 
fi lm (Figure  8  and Figure S3, Supporting Information). 

 Interdigitation is a well-known phenomenon in PEMs 
and has been described in previous articles. [ 54–57 ]  When 
a polyelectrolyte layer is assembled in a PEM it can 
affect the fi lm up to four layers below. This process takes 
place in PEMs with thickness increasing either linearly 
or supralinearly. [ 58 ]  Even in linear relatively compact 
growing PEMs the newly adsorbed layers interdigitate 
into some top layers. [ 59 ]  It has been reported that rough-
ness is smaller next to the fi lm/air interface and increases 
with the number of bilayers inward, [ 58 ]  a fact that has 
been explained by the supporting layer interdiffusion 
promoted by each new deposition step. 

 The consequence of the interdigitation is that the 
properties of the outer block are different from those of 

the same block assembled on glass. When the number of 
PEMs in the outer block increases over four to six bilayers, 
the effects of the inner block decrease and cell adhesion 
starts to decrease. Addition of more layers of polyelectro-
lytes on the outer block promotes further decrease of adhe-
sion, thus suggesting that after four to six bilayers deposi-
tion, interdigitation is no longer playing a signifi cant role. 

 Interdigitation experiments provide a simple means 
to tune adhesion in multilayers by preparing them as 
blocks keeping the surface chemistry of the fi lm almost 
unaltered. In this way, our results showed that biocom-
patible surfaces with improved adhesion can be achieved 
as, for example, in fi lms with the glassy PSS, due to its 
high Elastic module. On the other hand the experiments 
proved how important the mechanical properties of the 
fi lm are in determining adhesion. For the same surface 
chemistry if the mechanical properties of the fi lm are 
changed adhesion can also change.   

  5.     Conclusions 

 The effect of PEM chemistry on A549 cell adhesion and pro-
liferation was studied by comparing cell behavior, cellular 
area, and morphology on glass and on PEMs with different 
compositions. 

 Polyelectrolytes of natural and synthetic origin were 
employed to assemble polycation-terminated PEMs with 
a constant number of polyelectrolyte layers. In general, 
soft PEMs with a supralinear growth resulted in sub-
strates with poor cell adhesion properties. Furthermore, 
PEMs assembled with the glassy PSS polyanion and each 
polycation except PDADMAC resulted in much more 
adherent surfaces. For instance, for PEI/PSS PEMs a nor-
malized spreading area of 1.2 was determined. 

 On the other hand, we observed that the change in PEM 
composition affects cell adhesion characteristics and pro-
liferation differently. Particularly, for PEMs with PSS and 
good cell adhesion properties, cell number increases with 
time following a linear relationship instead of an expo-
nential-like law. 

 For each PEM with a defi ned terminal polycation, 
even in the presence of adhered proteins from the cul-
ture medium, cells are able to sense physical and chem-
ical properties impaired by varying the polyanion at 
inner layers. The different polyelectrolyte combination 
employed in the assembling process generates PEMs with 
a constant number of layers but with varying physical 
and chemical properties that can be sensed by the cells. 
Thus, differences in fi lm thickness, stiffness, the cushion 
of adsorbed proteins from the culture medium, and the 
intrinsic moieties of each polyelectrolyte are refl ected 
in differences in cell behavior toward adhesion and 
proliferation. 



N. E. Muzzio et al.

 

www.MaterialsViews.com494 © 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Macromolecular
Bioscience

www.mbs-journal.de

Macromol. Biosci. 2016,  16,  482−495

 In the case of diblock PEMs, interdigitation between the 
polyelectrolytes of the inner and outer blocks would gen-
erate an interface with properties different than those of 
each one of the blocks deposited on glass. These changes 
in fi lm properties can be sensed by cells up to four to 
six bilayers of the outer block. The fabrication of diblock 
PEMs offers a simple and easy procedure for engineering 
surfaces to modulate cell adhesion by the precise combi-
nation of single blocks of PEMs to generate biocompatible 
complex substrates.  
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