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Abstract

Polyelectrolyte layer-by-layer (LbL) nanofilms are interesting polymeric structures, built by
alternating adsorption of positively and negatively charged polyelectrolytes. They consist of
multilayer sheets with nanometric overall thickness, and they can be used as supports and surface
coatings for in vitro and in vivo cells and tissues growth and regeneration. The present study focuses
on nanofilms based on alternated layers of poly(sodium-4-sulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH) fabricated using Spin Assisted LbL assembly (SA-LbL). The fabrication
process used to assemble polyelectrolyte nanofilms made of up to 60 bilayers is described, and the
influence of different surface charges (i.e. changing the terminal layer) and of different film
composition (e.g. varying PSS molecular weight) on cell behaviour is investigated. In particular,
C2C12 skeletal muscle cells viability, proliferation and differentiation on six different typologies of
polyelectrolyte nanofilms is evaluated and quantified, giving a reference for skeletal muscle

regeneration capabilities on such kind of structures.
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1. Introduction

Polyelectrolyte nanofilms are interesting structures generally obtained by layer-by-layer (LbL)
method, consisting of consecutive adsorption of polyanions and polycations. Layer thickness and
interlayer separation are controllable at the nanometer scale, thus allowing to obtain robust and
homogeneous films with tunable thickness (Decher 1997). The importance of biocompatible
materials made by LbL has been highlighted in many studies (Elbert et al 1999, Ngankam et al
2000, Katsuhiko et al 2006), and it can be mainly ascribed to the possibility to obtain conformal
thin film coatings with precisely tuned physical, biochemical, and chemical properties. This aspect
is of paramount importance to preserve normal cell activity and to maintain tissue-specific function
on synthetic scaffolds. Poly(sodium-4-styrene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH) are two synthetic polymers, negatively and positively charged respectively, which have been
already presented in literature as main component of multilayer polyelectrolyte nanofilms. These
multilayer biocompatible structures showed a linear growth of both mass and film thickness with
the number of deposited layers (Caruso ef al 1997). Polymers in exponentially growing films can
diffuse within the entire film structure and whether the terminal layer is cationic or anionic does not
influence cell adhesion (Guillame-Gentil et al 2010). The situation is different for the
polyelectrolyte multilayers used in the present study: such films have a stratified structure, and each
polyelectrolyte layer interpenetrates only its neighbouring layers (Boudou et al 2010). The
possibility to adjust chemical, physical, and mechanical properties of these kinds of synthetic
polymers attracted much interest in relation to the influence of such parameters on adherent cell
behaviour. Adhesion, proliferation and subsequent differentiation are the main events occurring
when cells come into contact with a material surface (Ratner er al 1996, Rehfeldt et al 2007). In the
case of synthetic polyelectrolytes such as PSS/PAH films, initial cell adhesion is mostly mediated
through electrostatic interaction and, more indirectly, it is favoured by serum proteins absorption on
the film surface (Ladam er al 2002, Salloum and Schlenoff 2004). PSS/PAH films have been tested
with different cell lines, such as fibroblasts (Shim ez al 2007), human hepatocellular carcinoma cells
and human fetal hepatoblasts (Wittmer et al 2008), smooth muscle cells (Li et al 2005), umbilical
vein endothelial cells (HUVECs) (Moby et al 2007), rabbit endothelial progenitor cells (EPCs)
(Berthelemy et al 2008), human progenitor-derived endothelial cells (PDECs) (Thébaud et al 2010),
and osteoblasts (Tryoen-Té6th et al 2001). Concerning skeletal muscle cells, C2C12 myoblasts have
been cultured on different types of polyelectrolyte films, such as poly(L-lysine)/Hyaluronan
(PLL/HA) (Ren et al 2008, Véazquez et al 2009), poly(acrylic acid)/poly(acryl amide) (PAA/PAAm)
and poly(acrylic acid)/poly(allyl amine hydrochloride) (PAA/PAH) (Richert ef al 2008); based on

the authors’ knowledge, the evaluation and quantification of growth and differentiation of C2C12



on PSS/PAH films have not been addressed up to now. C2C12 is a muscle-like cell line, capable of
differentiation of myoblasts, thus forming contractile myotubes. The aim of the present study is to
investigate how C2C12 cell activity can be modulated using PSS/PAH LbL nanofilms, varying
some of the fabrication parameters. These synthetic structures are thought to be used as biomaterial
coatings, and it is therefore important to know which is their effect (not necessarily a positive one)
on different cell populations. This paper provides a quantitative reference for proliferation and
differentiation capabilities of C2C12 cells on such kind of structures. Here we describe the
preparation method to obtain PSS/PAH nanofilms made by 60, 80, 100, and 120 layers with a
variable PSS molecular weight, thus obtaining thicknesses between 40 nm and 90 nm. We report
the characterization of such nanofilms in terms of thickness and surface roughness, clarifying the
choice of the 80 layers nanofilms as preferred substrate for cellular tests. We finally describe the
behaviour of C2CI12 cells cultured on them, quantifying the proliferation and differentiation
capabilities of myoblasts onto 6 film typologies, differing for the polyelectrolyte used as top layer,
and for the PSS molecular weight.

2. Materials and methods

2.1 Polyelectrolyte nanofilm preparation

Silicon wafers (Si-Mat Silicon Materials, Germany), used as substrates for film deposition, were cut
in squares (2 cm x 2 cm), treated using an acid mixture (SPM: 96% H>SO4: 30% H202 = 4:1 (v/v))
at 120°C for 10 min, and then thoroughly rinsed with deionized water (d-H20). Different PSS,
having distinct molecular weights (PSS1, My 76,000 Da; PSS2, M,, 200,000 Da; and PSS3, My
1,000,000 Da, Sigma Aldrich) and PAH (M 56,000 Da, Sigma Aldrich) were used as anionic and
cationic polymers, respectively. In this study, all the polyelectrolyte aqueous solutions of PSS (0.5
wt.%) and PAH (0.5 wt.%) were used without pH adjustment and without addition of ionic salt. The
SA-LbL deposition was carried out as follows: few drops of polyelectrolyte solution were placed on
the silicon substrate, that was rotated with a spinner at 3000 rpm for 15 s. After the deposition of
each polyelectrolyte layer, the substrates were thoroughly rinsed twice with d-H2O and then dried
by spinning for 15 s with a rotation speed of 4500 rpm. The polycation/polyanion deposition steps
were repeated until the multilayer film was built and constituted by the desired number of layers
and the desired polyelectrolyte as top layer. All the preparation routines for polymeric nanofilm
fabrication were performed in a clean-room (class 1000) to avoid contamination. Different types of

nanofilms were prepared changing the stacking sequence.



In the present paper, we use abbreviations for the different film typologies. PSS1, PSS2, and PSS3
stand for the three different PSS molecular weights used in the study (76,000, 200,000, and
1,000,000 Da, respectively). PSS1,* stands for (PAH-PSS1),-PAH, while PSS1,; stands for (PAH-
PSS1),, corresponding to films constituted of n pairs of layers and with PAH or PSS1 as top layer,

respectively. The same nomenclature is used for films constituted of PSS2 and PSS3.

2.2 Nanofilm characterization

Nanofilm morphology, thickness and surface roughness were evaluated by a Veeco Innova
Scanning Probe Microscope (Veeco Instuments Inc., Santa Barbara, CA) operating in tapping
mode, using a RTESPA Al coated silicon probe (Veeco Instruments Inc.), with an elastic modulus
of 20-80 N/m, a resonance frequency of 235-317 kHz and an average tip radius of 8 nm. All the
measurements were performed in air, at room temperature on SiO2 supported nanofilms.

For thickness measurements, the sample was scratched with a needle and then scanned across the
edge of the scratch over a 20 um x 20 um area, recording 64 x 64 samples. By elaborating the
resulting scan data by software analysis (SPMLab software Version 5.01), we quantified the
nanosheet thickness measuring the height profile of the edge. For roughness measurements, the
surface was scanned in tapping mode over 20 um X 20 um and 5 ym X 5 um areas, collecting 512 x

512 samples, and recording topography, phase and amplitude channels.

2.3 Cell culture and in vitro analysis

C2C12 mouse myoblasts (ATCC, CRL-1772) were expanded using a culture medium, constituted
by Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. Cells were
maintained at 37°C, in a saturated humidity atmosphere (95% air / 5% CO.). Differentiation of
C2C12 myoblasts in myotubes was initially induced by switching, in cell specimens at ~90%
confluence, the culture medium from expansion to differentiation medium, constituted by DMEM
supplemented with 2mM glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin, 1% Insulin-
Transferrin-Selenium ([ITS] 13146; Sigma, St. Louis, MO), and 1% FBS. To allow late
differentiation, starting from the 3™ day of culture in differentiation medium, the samples were
cultured in differentiation medium supplemented with 5 pg/mL AraC, which eliminates dividing
cells. This kept the myoblasts from crowding out the myotubes, and allowed a myotube culture to

be maintained for 1 week.



Before C2C12 seeding, nanofilms attached to a Si wafer (5 x 5 mm) were immersed in phosphate
buffer saline (PBS) solution, supplemented with 2 mg/mL streptomycin for 30 min, in order to
sterilize them, and subsequently rinsed three times with sterile PBS.

For qualitative vitality studies, 15,000 cells/cm? were seeded on the film surface and the sample
cultured for 24 h in expansion medium. At the end of the 24 h, vitality of cells on the samples (3
samples for each typology) was investigated using the LIVE/DEAD® Viability/Cytotoxicity Kit
(Molecular Probes, 1.3224). With suck kit, live and dead cells can be identified on the basis of their
membrane integrity and esterase activity. Briefly, after removing the culture medium, the samples
were rinsed with PBS. 2 uM calcein AM and 4 uM EthD-1 in PBS were added, and incubation at
37°C for 10 min was performed. Samples were finally observed with an inverted fluorescent
microscope (Eclipse Ti, FITC-TRITC filters, Nikon) equipped with a cooled CCD camera (DS-
SMC USB2, Nikon) and with NIS Elements imaging software.

For proliferation studies, 15,000 cells/cm? were seeded on the film surface and the samples cultured
for 72 h in expansion medium. At the end of the 72 h, double-stranded (ds)-DNA quantification on
the samples (3 samples for each typology) was performed. Briefly, after removing the culture
medium, double distilled water (dd)-H>O was added to the samples. They were then immediately
frozen at -20°C and stored for subsequent assays. The PicoGreen kit (Molecular Probes) was used
in order to measure ds-DNA content in cell lysates. PicoGreen dye and working buffer solutions
were prepared according to the manufacturer’s instructions and 100 uL. and 150 pL for each well
added, respectively. Samples were incubated at room temperature for 10 min in the dark, and
fluorescence intensity was then measured on a plate reader (Victor3; PerkinElmer, Waltham, MA)
using an excitation wavelength of 485 nm and an emission wavelength of 535 nm.

For metabolic activity studies, 15,000 cells/cm? were seeded on the film surface and the samples
cultured for 72 h in expansion medium. 90 min before the endpoint, WST-1 assays were carried out
on the samples (3 samples for each typology). The culture medium was removed from the samples
and 100 pL of culture medium + 10 pL of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazoilium monosodium salt, provided in a pre-mix electro-coupling solution
(BioVision), were added. After 90 min of incubation at 37°C, absorbance at 450 nm was read with a
microplate reader.

For differentiation studies, cells were seeded at confluence on the film surface. The samples were
cultured in expansion medium for 24 h, after which the medium was switched towards
differentiation medium. Samples were then cultured replacing the medium every day. At the
required endpoints (3™ and 7" day of differentiation) the samples were treated for nucleus and F-

actin staining, using a standard immunofluorescence protocol. 1 uM DAPI (Invitrogen) and 100 uM



Oregon Green® 488 phalloidin (Invitrogen) in PBS were used, and after 30 min incubation the
samples were observed with the inverted fluorescent microscope.

The fusion index of the cultures was calculated, in order to quantitatively evaluate the
differentiation grade of cells on the different samples. Such index was determined by dividing the
total number of nuclei in myotubes (=2 nuclei) by the total number of nuclei counted. The total
myotube area, calculated as the percentage of the total image area covered by myotubes (Ren et al
2008), is another parameter that we used to evaluate cell differentiation. Experiments were
performed on three samples for each film typology, and by analyzing 5 low magnification images
for each sample.

Analysis of data was performed by analysis of variance (ANOVA) followed by Holm-Sidak tests in

order to evaluate differences among groups. Significance was set at 5%.

3. Results and discussion

3.1 Nanofilm structure and characterization results

The six nanofilm typologies (PSS1,*, PSS2,*, PSS3,*, PSS1,’, PSS2,”, PSS3,") were built varying
the number of bilayers; thus morphology, film thickness and surface roughness were evaluated by

means of AFM measurements. Figure 1 shows the results obtained.

Figure 1. Nanofilm thickness (a) and surface roughness (b) for the six nanofilm typologies.
Thickness and roughness measurements were performed in triplicate for each film type. On

the right, morphology of nanofilms with 40 couples is shown.

As expected, nanofilm thickness linearly increases with the number of bilayers (Caruso et al 1997).
Statistically significant differences among different nanofilm typologies having the same number of
layers were not evidenced. This indicates that the thickness increment per deposited pair of layers
for PSS/PAH films is independent of the polyelectrolytes molecular weights. These results are in
agreement with previous studies reporting the molecular weight independence of film growth curve
and thickness of exponentially growing films (Porcel et al 2007). Nanofilm surface roughness
increases with PSS molecular weight, but it does not significantly change with the terminal layer
keeping the PSS molecular weight constant. A small - but statistically significant - difference in
terms of surface roughness can be observed varying the number of bilayers, but the overall range is
restrained between 4 and 12 nm. By performing AFM imaging after immersion of the nanofilm in

culture medium for 24 h, a change in the nanofilm surface was evidenced (data not shown). The




film surface results covered by a uniform layer, changing the final height of the film and its
roughness (the final roughness is about 4 nm less in comparison with the non-serum covered
sample). No differences were remarkable among PAH-terminal and PSS-terminal serum covered
samples having the same PSS molecular weight.

We chose the 40 bilayers samples as substrates for cellular tests, because of their nanometric
thickness (57 £ 5 nm), surface roughness (7.5 + 3.4 nm), and reasonable time needed for their
fabrication (~ 90 min). As known, a higher level of roughness would be maybe preferable, in order
to have a better cellular response in terms of adhesion and proliferation (Richert et al 2008, Ciofani
et al 2010), but a compromise with the fabrication constraints is needed, in order to build coating

layers with reasonable cost and time.

3.2 Cell vitality, proliferation and metabolism assessment

The results obtained for qualitative cell vitality assessment, together with the quantification of the
proliferation capability of C2C12 on the different polyelectrolyte nanofilms and their metabolic

activity after 72 h of culture on these surfaces are reported in figure 2.

Figure 2. a) Viability/cytotoxicity staining of C2C12 on the 6 nanofilm typologies having PAH
as top layer (left) or PSS as top layer (right). Dead cells are stained in red, live cells are
stained in green. Scale bar is 100 um; quantification of proliferating capability (b) and

metabolic activity (c) of C2C12 cultured for 72 h on the 6 nanofilm tipologies and on standard

polystyrene controls. Tests were performed in triplicate for each sample typology.

There is a defined difference of cellular response between PAH-terminal layer and PSS-terminal
layer samples. PAH-terminal layer films show a higher percentage of dead cells, increasing with the
the increase of PSS molecular weight, and a rounded-shape cell morphology, that suggests a weak
adhesion of cells to the substrate. PSS-terminal layer films show a low percentage of dead cells,
decreasing with the increase of PSS molecular weight, and a well-spread cell morphology, that
suggests a good adhesion of cells to the substrate. These preliminary observations seem in contrast
with many literature evidences, describing positively charged surfaces (like poly(L-lysine) and
polyethyleneimine) as good substrates for cell adhesion and proliferation (Bledi et al 2000, Mingyu
et al 2004). However, has been also demonstrated that PAH-terminal films have a cell-selective
behavior, promoting the attachment and growth of neuronal cells, but inhibiting the adhesion of
neonatal rat cardiac and skeletal muscle cells (Dhir 2009), and that PSS-terminal films generally

promote the attachment of different cell types, which can be ascribed to the presence of sulfonate




groups (Boudou et al 2010). In the long run, it would be useful to deeper investigate cell adhesion
mechanisms on these substrates by means of quantitative single-cell force microscopy experiments
(Benoit et al 2000), as well as to evaluate discrete interactions in cell adhesion by means of single-
molecule force spectroscopy measurements (Selhuber-Unkel et al 2010).

To quantify the proliferation capability of C2C12 on the different polyelectrolyte nanofilms and
their metabolic activity after 72 h of culture on these surfaces, ds-DNA quantification by means of
PicoGreen kit and WST-1 test were performed. The results are coherent and in agreement with the
qualitative results obtained at 24 h of culture. Concerning DNA quantification, from Figure 2b it is
clear that PSS14" and PSS14 samples show almost the same cell number, while in PSS24" and
PSS34" samples it is significantly lower. PSS249" samples show a much greater cell proliferation
rate respect to PSS14" and PSS14” samples (more than three times), tendency that is even greater in
PSS34 samples, even if statistical analysis shows no significance between PSS24 and PSS3.4

samples (p=0.07). Similar considerations can be done for WST-1 results (Figure 1c¢).

3.3 Cell differentiation evaluation

Differentiation evaluation was performed staining C2C12 nuclei and F-actin on the nanofilms at
two endpoints (3™ and 7" day of differentiation). From the fluorescence images acquired at low
magnification, it was then possible to quantify the differentiation grade, calculating the fusion index
and the total myotube area. Figure 3 reports the obtained fluorescence images, after 3 and 7 days of

differentiation.

Figure 3. Nuclei and F-actin staining of C2C12 after 3 days of differentiation (left panel) and
after 7 days of differentiation (right panel) on polystyrene (top image) and on the 6 nanofilm
tipologies having PAH as top layer (left) or PSS as top layer (right). PSS molecular weight
increases from the top to the bottom. Nuclei are stained in blue, F-actin is stained in green.

Scale bar is 100 pm.

After 3 days of differentiation, we can note some differences in myotube formation and shape
among the different samples, those with PSS as top layer being characterized by a higher level of
differentiation respect to the samples having PAH as top layer. This difference is probably due to
the surface charges, the influence of which is related not only to adhesion and proliferation, but also
to the differentiation process. This is confirmed by the higher differentiation level in PSS14*
respect to PSS240" and PSS34" samples. PSS14" samples, in fact, having a lower molecular weight,

are probably more affected by a surface charges compenetration among the different layers,




resulting in a top layer with positive but also negative charges, that promote differentiation in a
more efficient way than the PSS24" and PSS34" samples. Myotube formation is enhanced on PSS-
terminal films, with an increasing myotube percentage in correspondence to an increasing PSS
molecular weight. Myotube formation on polystyrene controls is comparable with that of PSS-
terminal samples. Same considerations can be done after 7 days of differentiation. Figure 4 shows

the quantitative data extracted from fluorescence images.

Figure 4. Bar graphs showing fusion index and total myotube area for C2C12 cultured on the
6 film typologies and on polystyrene control. a) and b) refer to data after 3 days of
differentiation; c¢) and d) refer to data collected after 7 days of differentiation. Both

parameters were obtained by means of software analysis on 5 low magnification images for

each sample typology. Each experiment was performed in triplicate.

The fusion index is quite low for PSS14* and almost zero for PSS24" and PSS34* samples, while
it reaches higher values for PSS140", PSS240°, PSS3407, and polystyrene control samples. There is not
statistically significant difference among the three PSS-terminal substrates and polystyrene samples,
whose fusion index is around 20% and around 30% after 3 days and 7 days of differentiation,
respectively. Concerning the total myotube area, PSS14" samples show low values, while for
PSS24" and PSS34" the parameter is close to zero. PSS-terminal samples show higher values of
this parameter, with a strong tendency to increase in correspondence to a higher PSS molecular
weight. The total myotube area values for PSS140°, PSS24, and PSS34 samples are significantly
different, while the values for polystyrene control samples are similar to those of PSS24" samples.
Interestingly, both fusion index and total myotube area are not continuously decreasing with the
increase of the molecular weight on PAH-terminal substrates. The smallest values, in fact, are those
related to PSS240" samples, while PSS34* samples show slightly greater values. This result appears,
at first sight, in contradiction with proliferation results. After 7 days of differentiation, few cells are
still adhered to the PSS24" and PSS34" film surfaces (figure 3), but the percentage of cells fused
together and forming myotubes is greater on PSS34" samples. This can be explained taking into
account the different mechanical properties of the samples (due to the different polymer molecular

weight), that concur to influence myotube development.

4. Conclusions




In order to evaluate the use of multilayer polyelectrolyte nanofilms as tunable coating of substrates
for cell culture, PSS/PAH polyelectrolyte films with variable number of layers, of PSS molecular
weight and terminal layer were fabricated and characterized. Proliferation and differentiation of
C2C12 skeletal muscle cells were quantified on 6 nanofilm typologies. Results showed that cell
mortality is favored on PAH-terminal layer samples, while cell proliferation is higher on nanofilms
with final PSS layer. Both phenomena increase, corresponding to a larger PSS molecular weight.
We also reported quantitative data regarding C2C12 differentiation on the different substrates. PSS-
terminal layer samples show a higher differentiation grade, which varies, in terms of total myotube
area, among the different PSS molecular weights. In conclusion, the present study gives quantitative
reference values concerning skeletal muscle regeneration capability on PSS/PAH multilayer films,
that can be used to precisely tune the characteristics of biomaterial coatings in order to have
predictable cellular responses. The possibility to change many parameters influencing cell
behaviour, suggests that the use of polyelectrolyte multilayer films allows a more precise tuning and
a wider range of the coating characteristics, in comparison with conventional surface coatings or
surface plasma treatments. To better understand and predict cell behaviour on such structures,
future studies will focus on a deeper characterization of the nanofilm in culture conditions. AFM
analyses in dry state would allow to understand how and how much the nanofilm structure changes

after protein coating and cell culture, as well as RICM measurements (Picart et al 2004).
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FIGURE CAPTIONS

Figure 1 - Nanofilm thickness (a) and surface roughness (b) for the six nanofilm typologies.
Thickness and roughness measurements were performed in triplicate for each film type. On the
right, morphology of nanofilms with 40 couples is shown (scale bar is 500 nm). For each substrate

type, an exemplary height profile is reported (corresponding to the red line in the AFM image).

Figure 2 - a) Viability/cytotoxicity staining of C2C12 on the 6 nanofilm typologies having PAH as
top layer (left) or PSS as top layer (right). Dead cells are stained in red, live cells are stained in
green. Scale bar is 100 pm; quantification of proliferating capability (b) and metabolic activity (c)
of C2C12 cultured for 72 h on the 6 nanofilm tipologies and on standard polystyrene controls. Tests

were performed in triplicate for each sample typology.

Figure 3 — Nuclei and F-actin staining of C2C12 after 3 days of differentiation (left panel) and after
7 days of differentiation (right panel) on polystyrene (top image) and on the 6 nanofilm tipologies
having PAH as top layer (left) or PSS as top layer (right). PSS molecular weight increases from the

top to the bottom. Nuclei are stained in blue, F-actin is stained in green. Scale bar is 100 pm.

Figure 4 — Bar graphs showing fusion index and total myotube area for C2C12 cultured on the 6
film typologies and on polystyrene control. a) and b) refer to data after 3 days of differentiation; c)
and d) refer to data collected after 7 days of differentiation. Both parameters were obtained by
means of software analysis on 5 low magnification images for each sample typology. Each

experiment was performed in triplicate.
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