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1.1
Introduction

The majority of cells in our body are organized in tissues, where cell—-matrix and
cell—cell adhesions are important determinants of their function. Adhesion of
mammalian cells to the extracellular matrix (ECM) is regulated mainly by inte-
grins that represent not only anchoring functions but also two-directional signal-
ing machines [1]. Signal transduction processes induced by ligation of integrins to
ECM proteins such as collagens (COLSs), fibronectin (FN), laminin, and others lead
to intracellular phosphorylation of a plethora of proteins that regulate cell spread-
ing, motility, growth, differentiation, and survival [2]. Hence, adhesion of cells
on foreign surfaces has been studied for decades to understand how properties
of material surfaces affect cell behavior [3—5]. Adsorption of proteins from sur-
rounding media, but also secreted by cells, and their conformation is dependent
on chemical compositions and physical properties of surfaces such as wettabil-
ity, surface charge, and topography, which affects cell behavior [6—8]. In addition,
the ability of cells to organize matrix proteins on surfaces in a fibrillar manner
like in the natural matrix seems to be also an important process that is highly
dependent on surface properties [9—11]. Therefore, a precise control of surface
composition and properties of biomaterials may decide about success or failure of
medical interventions with blood linings, implants, artificial organs, and so on.
As discussed in following chapters, the layer-by-layer (LbL) technique was ini-
tially developed based on electrostatic interaction and ion pairing of oppositely
charged polyelectrolytes (PELs) that are adsorbed alternately onto charged sur-
faces [12]. However, other forces such as hydrogen bonding also might foster poly-
electrolyte multilayer (PEM) assembly as the intrinsic charge of the PEL might be
reduced dependent on the environmental conditions [13]. One great advantage
of the LbL technique is that PEM properties such as surface charge, wettability,
thickness, and viscoelasticity can be tailored by the selection of PEL (molar mass,
charge density, chain stiffness) as well as the ambient medium characteristics (pH
value, ionic strength, temperature) [12]. Stronger effects on charge and conforma-
tion of weak PEL are induced by pH value, whereas strong PEL such as heparin

Layer-by-Layer Films for Biomedical Applications, First Edition.
Edited by Catherine Picart, Frank Caruso, and Jean-Claude Voegel.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



4

1 Controlling Cell Adhesion Using pH-Modified Polyelectrolyte Multilayer Films

(HEP) are less affected. As a result, the adjustment of pH can be used to con-
trol PEL conformation as well as adsorption and, thus, the PEM structure and
composition [12]. Synthetic PEL are widely used in basic research for biomed-
ical applications and include polyanions such as poly (styrene sulfonate) (PSS,
strong PEL) or poly (acrylic acid) (PAA, weak PEL) and polycations such as poly
(allylamine hydrochloride) (PAH). Linear growing PSS/PAH multilayers are most
frequently used since layer formation can be easily controlled by pH value and
ionic strength [14, 15]. PAA/PAH multilayers are another synthetic system, which
allows the control of surface topography by pH variation or by posttreatment in
acidic solutions [16—18]. In addition, its viscoelasticity can be tuned from rather
soft (200 kPa) to highly rigid (142 MPa) surfaces, which influences cellular inter-
action, too [19]. However, in case of synthetic PEL, initial cell interactions are
based on nonspecific physical interaction forces (e.g., Coulomb and van der Waals
forces) and depend also on nonspecific adsorption of proteins from the surround-
ing media [20]. Hence, cell behavior on such kind of multilayers is not predictable
because adsorption of proteins can be followed by conformational changes that
negatively affect the interaction with cells [21, 22].

Cells in tissues are surrounded by and interact with the ECM, a mixture of pro-
teins and polysaccharides (i.e., mainly glycosaminoglycans (GAGs)) that provides
mechanical and chemical stimuli to cells. Hence, it seems prospective to use ECM
components as or within PEM systems. ECM components used for the assembly
of such bioactive PEM are, for example, COL [23], chondroitin sulfate (ChS) [24,
25], gelatine (GEL) [26], HEP [27, 28], and hyaluronic acid (HA) [29, 30]. Since
most of these molecules represent polyanions, polysaccharides such as chitosan
(CHI) [31, 32], and polypeptides such as poly-L-lysine (PLL) have been used as bio-
compatible polycations [33]. Since cells possess receptors for proteins such as COL
and GAG like HA, and GAG such as HEP specifically bind proteins important for
adhesion, growth, and differentiation of cells, multilayers composed of such natu-
ral polymers offer unique mechanical and biochemical signals to the cells [23, 30,
34]. It has been shown recently, that PEM formation with polysaccharide-based
molecules is highly affected by the charge of GAG. Hence, multilayer composition
and thickness can be tuned by pH value and ionic strength of the PEL solution [35,
36]. Thereby, the film thickness increases if the pH value of the adsorbing PEL is
close to its pK, value or the ionic strength increases within a narrow range [35, 37].
Moreover, hydration and swelling properties of PEM films are affected, too [38].
Interesting and important to note is that local interactions within the PEM dur-
ing multilayer formation are probably dependent on the nature of PEL that form
the outermost layer, as shown by Xie and Granick [39]. There, the ionization of
weak PEL inside multilayers was dependent on the nature of the outer layer, when
interacting with strong PEL. As a result, the ionization of weak PEL is changing
upon contact with subsequent PEL, which results in variations in corresponding
film characteristics such as thickness, hydration, and mechanical properties [40].
These minute variations can influence subsequent events such as protein adsorp-
tion as well as controlled release of bioactive molecules such as growth factors and
cell interactions [29].
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In conclusion, the LbL technique is an effective and rather simple method to tai-
lor not only the viscoelasticity and other biomaterial surface properties but also
the biocompatibility of materials intended to be used for biomedical applications.
Moreover, these properties can be fine-tuned, changing the environmental condi-
tions such as pH value, ionic strength, and so on, during PEM formation. Here, we
focus on how the pH value of PEL solutions influences layer growth and surface
properties such as wettability, charge, and topography of two similar PEM sys-
tems. Further, we show that a control of the solution pH value directly from the
beginning or at later stages of the PEM assembly leads to distinct surface charac-
teristics that affect adhesion and growth of different mammalian cells.

1.2
Influence of pH-Modified PEM Films on Cell Adhesion and Growth

We have studied here particularly surface properties such as wettability and zeta
potential of two different pairs of PEL and the effect of film composition on adhe-
sion and growth of mammalian cells. The two multilayer systems were fabricated
at either acidic (pH 5.0) or alkaline (pH 9.0) pH value. In both PEM systems, the
GAG HEP was used as strong polyanion while either the biopolymer CHI or the
synthetic polymer poly(ethylene imine) (PEI) was used as polycation. The film
growth and surface properties of each system (HEP/CHI and PEI/HEP) as well
as the effect of film composition and pH value during PEM formation on cellular
behavior are discussed in the following sections.

1.2.1
HEP/CHI Multilayers

HEP belongs to the group of heterogeneous, linear, anionic GAG. Due to the
large amount of negatively charged functional groups such as sulfate monoesters,
carboxyl groups, and sulfamido groups, it can be considered as strong polyan-
ion, which means that charge and conformation are independent of a wide range
of solution pH value [41]. HEP used here was derived from porcine intestinal
mucosa and, according to the manufacturer, has a molecular weight distribution
of M, ~8—25kDa. The polycation CHI is prepared by deacetylation of chitin and
has a molecular weight of M, ~500kDa with a deacetylation degree of 87.5%.
CHI is soluble in water only below pH values of 6.0—6.5, which leads to protona-
tion of amino groups and hence better solubility [42]. The synthetic polymer PEI
(M,, ~750kDa) was used here as priming layer to obtain a positive charge and
appropriate bonding to the sample surfaces, which were either cleaned glass cover
slips or gold sensors that were pretreated with mercaptoundecanoic acid (MUDA)
to achieve a negative surface charge similar to glass [43]. Both CHI and PEI can be
considered as weak polycations meaning that their charge and conformation are
dependent on the pH value of the solutions [44]. All PEL were dissolved in 140 mM
sodium chloride solution at a concentration of 2mgml~!. The pH value of each
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solution was controlled directly from the start of the PEM formation and adjusted
to either pH 5.0 (denoted as PEM-5) or pH 9.0 (denoted as PEM-9) for the HEP
and PEI solutions. Further, the CHI solution was always adjusted to pH 5.0 due to
its pH-dependent solubility. Each layer was rinsed with aqueous solutions of the
same pH value. The PEM assembly was terminated after 4.0 or 4.5 bilayers of HEP
and CHI formed on top of a PEI priming layer.

Static water contact angle (WCA) measurements were performed with an OCA
15+ device (DataPhysics, Filderstadt, Germany) using ultrapure water as test
liquid to investigate the change in wetting properties after PEL adsorption. The
advantage of WCA measurements is based on the fact that only the uppermost
layer is exposed to the test liquid (i.e., water) while any layers underneath are
not involved [45]. Figure 1.1 shows that the deposition of PEI led to less wettable
surfaces indicated by the increase of WCA compared to glass. The subsequent
exposure of the PEI layer to HEP and CHI at acidic pH 5.0 led to an alternating
wetting behavior of the terminating layers, which points to a significant change
in the surface composition. Such pronounced change of WCA was not found at
alkaline conditions. Here, WCA decreased after adsorption of HEP and remained
constant during the next three adsorption steps. Then an alternation of WCA
was observed that suggests that the formation of a complete adsorption layer was
achieved.

Owing to the fact that pure CHI films are more hydrophobic [46] and HEP films
hydrophilic [47], the differences in WCA between HEP and CHI at pH 5.0 indicate
the dominance of one respective molecule in the outer regions after each coating
step. The charge of CHI as a weak PEL (pK, ~ 6.5) [48] is affected by the pH value
of the solvent, hence, the layer formation at acidic conditions should be based on
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Figure 1.1 Static WCA of PEM consisting of PEI (P), HEP (H) and CHI (C) and assembled at
either pH 5.0 (squares) or pH 9.0 (triangles). Mean values and standard deviations of three
independent experiments are shown (n>15).
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ion pairing, since HEP and CHI are both charged and a dominance of either the
polyanion or polycation in the terminal layer is achieved [49]. However, the PEM
formation at pH 9.0 was quite different. Here, WCA of HEP was shifted to higher
values compared to pH 5.0, whereas CHI layers were more hydrophilic than CHI
layers at pH 5.0. Since an adsorbed CHI layer becomes deprotonated at pH 9.0,
other mechanisms such as hydrogen bonding might be the base for PEM forma-
tion, which are weaker than electrostatic interactions, and solution complexation
might be favored over surface deposition [50]. The low difference and shifts of
WCA of PEM-9 point to a merge of both PEL in the outermost layers.

The results of static contact angle measurements were supported by WCA
titration using water with different pH values as test liquid [51]. The titration
curves in Figure 1.2a show that HEP layers at pH 5.0 were much more hydrophilic
than CHI layers and the WCA rose slightly with increase of pH value, which is
probably attributed to the low pK, value of the sulfate group (pK,~0.5-1.5)
[52]. 1t is interesting to see that WCA of CHI layers increased from pH2.0
and reached constant values at pH 5.0 (first CHI layer) or pH 4.0 (terminal CHI
layer), respectively. The pronounced change of the wetting properties of CHI
layers is relatively close to the pK, value of the CHI amino groups (pK, ~6.5)
and seems to correspond to changes in charges of the polycation. Others have
used contact angle titration to assess the content of charged species in mixed
self-assembled monolayers [53]. Here, we can draw the conclusion that PEM-5
possesses a high homogeneity of terminal layers. The WCA titration curves of
PEM-9 indicated that layer formation strongly differed from PEM-5 (Figure 1.2b).
Terminal CHI layers were much more hydrophilic, even more than the HEP
layers, no matter if initial or terminal layer. The WCA of all layers rose up to
pH 4.0 reaching an equilibrium thereafter, which could indicate the presence of
CHI even in terminal HEP layers. In addition, we speculate that layer formation
is distorted at pH 9.0 and solution complexation might be favored since the lower
WCA of CHI layers could indicate a higher amount of HEP, which means that
the HEP in solution complexes with desorbed CHI from the surface.

In addition to the effect of pH during multilayer formation on their wettability,
we studied here the zeta potential of PEM (SurPASS, Anton Paar, Graz, Austria).
Typically, a decrease of zeta potential with increasing pH value can be seen due
to deprotonation of functional groups and adsorption of hydroxyl ions [54]. As it
was deduced already from WCA measurements, the formation of more separated
PEM-5 with a dominance of either CHI or HEP in terminal layers should also lead
to an alternation of surfaces potential [23, 55, 56]. However, such observation was
not made here (Figure 1.3). It was found that zeta potentials of PEM-5 and PEM-9
showed both positive zeta potentials in the acidic and negative potentials in the
basic range. This indicates a contribution of both charged species, such as CHI at
low and HEP at high pH regions, to the zeta potential, which is also well in line
with findings of other groups that not only terminal but also inner layers of PEM
contribute to zeta potential [57]. Since these results here contrast observations of
other groups where zeta potential was alternating with change of terminal layer
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Figure 1.2 Static WCA titration on PEM
consisting of HEP and CHI assembled at

circles) and HEP layer (P(HC),H, diamonds)
are shown. Values were collected from three

either pH 5.0 (a) or pH 9.0 (b). Titration
curves from pH 2.0 to pH 10 for the first
HEP (PH, squares) and CHI layer (PHC, tri-

independent experiments and mean val-
ues and standard deviations were calculated
(n>15).

angles), as well as the terminal CHI (P(HC),,

[58], it indicates a more swollen nature of PEM based on hydrophilic polysaccha-
rides [57]. It was also surprising to see that a change of terminal layer of PEM-5
did not lead to remarkably different zeta potentials, although WCA measurements
indicated a separation of HEP and CHI. This result may be taken as further evi-
dence for a contribution of layers underneath the terminal to zeta potentials. A
small difference for both PEM-5 and PEM-9 was a slight shift of point of zero
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Figure 1.3 Zeta potential titration curves of (1 mM potassium chloride) was titrated from
the terminal CHI (a) and HEP layer (b) assem- pH 10.0 to pH 3.0 with 1 M hydrochloric acid
bled at either pH 5.0 (squares) or pH 9.0 (tri- and mean values of four single measure-
angles). The pH value of the buffer solution  ments were calculated.

charge (PZC) to more acidic values when HEP was forming the terminal layer.
Lower zeta potentials in the acidic range of PEM-9 could indicate that the glass
surface still contributes to the zeta potential, since a larger fraction of HEP would
lead to a higher wettability, which was not found in WCA measurements.

PEM formation was also monitored by quartz crystal microbalance (QCM) with
additional measurement of damping shifts (ifak, Magdeburg, Germany) and by
surface plasmon resonance (SPR) with a Biacore2000 device (GE Healthcare, Lit-
tle Chalfont, UK). However, SPR measurements were used here to determine the
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amount of adsorbed human plasma fibronectin (pFN) onto the terminal PEM.
Figure 1.4a shows the frequency shifts of QCM sensors due to the acoustically
coupled mass of the respective PEL and its solvent.

The total mass increase during the alternating adsorption of HEP and CHI
was higher at acidic than at alkaline conditions, which is indicated by higher
frequency shifts here according to Sauerbrey equation [59] (Figure 1.4a). These
shifts were always higher for the polycation CHI, which fits to its higher molecular
weight [60]. However, the slope of adsorption curves was dependent on the pH

600 -

—=—pH 5.0 —4—pH 9.0

500

400 A

300 +

_Af (Hz)

200 A

100 -

—=—pH5.0—4—pH9.0
60 -

50

AD (10°9)

& R

Figure 1.4 QCM measurement of PEM
growth. Negative frequency shifts Af (a)
as well as the change in damping AD (b)
of PEI (P), HEP (H) and CHI (C) multilayers
assembled at either pH 5.0 (squares) or pH

9.0 (triangles) are shown. Mean values and
standard deviations of measurements per-
formed at room temperature were calculated
(T=25°C, n>3).
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value of the PEL solution because the mass increase was almost linear for PEM-5
and remained almost constant for PEM-9. The significant difference in layer
mass increase between both pH conditions reflects the different mechanism of
complexation of either ion pairing at pH 5.0 [61] and probably hydrogen bonding
between amino and hydroxyl groups of adsorbed CHI with HEP sulfate and
carboxylic groups at pH9.0 [50]. In addition, at alkaline conditions, a decrease
of PEM mass was observed after HEP adsorption, which was not seen in SPR
investigations published elsewhere, where a modest increase in layer mass was
observed at pH 9.0 [32]. While SPR measures changes in “dry” layer mass without
solvent molecules, QCM detects complete “wet” layer mass and, hence, the
solvation of PEL, too. Thus, the water content of the PEM affects the mass of
the whole system [58]. Figure 1.4b shows that the damping shift of PEM varied
not only with HEP and CHI adsorption but also with the pH value during PEM
formation. It is possible that PEI and CHI entrap water within the voluminous
architecture, which leads to higher viscoelasticity and, thus, higher damping
shifts, but with higher values for acidic conditions because of the much higher
mass of PEM. During adsorption of HEP, the smaller molecule might diffuse
into the layer structure and displace water molecules, which leads to stiffening
and compaction of the PEM along with a decrease in damping [61]. As a result,
negative frequency shifts do not necessarily indicate desorption of PEL, since
dehydration of the PEM might occur. However, it is also reported that CHI is
able to diffuse vertically within the layer architecture, which would cause a rise
in water content and, thus, an increase in damping, too [27, 37]. However, in
case of HEP/CHI layers assembled at pH 9.0, it could be possible that solution
complexation is favored as indicated by the negative frequency shifts. Here,
weaker forces such as hydrogen bonding or acid—base interactions might be the
driving force that contribute to the layer formation, which has been discussed
extensively [61, 62]. Further, CHI is not soluble above pH 6.5 and the ionogenic
groups will not be charged at higher pH values. Thus, they cannot contribute to
the electrostatic interaction at pH 9.0.

The different character of PEM-9 was also evident by characterization of
hydrated PEM with atomic force microscopy (AFM) (NanoWizard®ll, JPK,
Berlin, Germany) (Figure 1.5). Terminal layers of PEM-5 (a, b) were more
homogenous than PEM-9 (c, d). The latter one also showed strong textures that
point to island formation. Initial increased adsorption of HEP at pH 5.0 proven by
QCM investigations leads to more homogeneous layer formation, which results
in highly wettable surfaces, too. However, HEP layers were more textured than
CHI layers at acidic conditions, which could be attributed to erosion or solution
complexation of the terminal CHI layer. In contrast, layer formation at pH 9.0
is characterized by island formation, which might be related to adsorbed PEI
molecules of the priming PEI layer. With increasing layer number, the size of
islands could possibly increase and coalesce, which was also described in the
literature [60]. Further, the islands point to surfaces that are more inhomogeneous
and where still the underlying glass substrate might partly contribute to surface
characteristics as shown above.
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pH 5.0

P(HC),H
(d)

Figure 1.5 AFM images (height profile) of the terminal CHI (a, c) and HEP layer (b, d) in a
hydrated state and assembled at either pH 5.0 (a, b) or pH 9.0 (¢, d). (Scan size: 1 pm X 1 pm;
scan rate: 0.7 pms™', scale bar: 0.25 pm).

SPR measurements were used to investigate the adsorption of pFN on terminal
layers. FN represents a major ligand for integrin cell adhesion receptors and its
adsorption characterizes the potential of biomaterials to interact with cells [7, 11].
Figure 1.6 shows that the adsorption of pFN dissolved in phosphate buffered saline
(PBS), pH 7.4, was dependent on the pH value of the PEL solution during PEM
assembly. There was no pFN detectable on multilayers formed at acidic conditions,
which indicates that no or very limited adsorption of pFN took place. However,
on PEM-9 values up to 0.1 ngml~! pFN were detected with no significant differ-
ences between HEP and CHI layer. pFN possesses HEP-binding domains [63, 64]
and should enable the protein to adsorb on PEM, particularly when HEP is used
as terminal layer. Since HEP seemed to dominate the terminal layer formed at
pH 5.0, a high adsorption was expected. However, the apparent absence of pFN
adsorption indicates that the orientation or conformation of HEP is unsuitable
for interaction with pFN. HEP-binding domains of proteins such as FN require a
fitting of segments of HEP molecules into clefts of the protein [64], which would
require a loopy or in other way extended conformation of HEP. Due to the strong
electrostatic attraction of HEP and diffusion into the multilayer systems, such con-
formation seems not to be given, which would explain why FN adsorption was so
low. Terminal CHI layers formed at pH 5.0 might be also unsuitable because of
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Figure 1.6 Amount of adsorbed pFN on the terminal CHI (black bar) and HEP layer (white
bar) assembled at different pH combinations and determined by SPR measurements. The
protein was adsorbed with a velocity of 20 ulmin~' for 30 min.

their hydrophilicity and the low capability of CHI to adsorb proteins [65, 66]. By
contrast, the adsorption of pFN on PEM-9 indicates a more loopy conformation
of HEP adsorption due to the weaker interactions with CHL It is also evident that
no difference between terminal HEP and CHI layer exists, which again supports
the idea of a more intermingled nature of PEM-9.

MG-63 cells were used to investigate the influence of PEM with different ter-
minating molecules on cell adhesion and growth. First adhesion studies were car-
ried out with scanning electron microscopy (SEM, Quanta 3D FEG, FEI, Frank-
furt, Germany) with cells cultured for 4 h in Dulbecco’s modified Eagle’s medium
(DMEM) without serum but preadsorption of 0.5 ug ml~! pFN to allow adhesion
of cells, since plain PEM were cytophobic. Figure 1.7 shows clear differences in
cell morphology dependent on the pH value and partly the type of terminal layer.
First, cells seeded on PEM-5 were strongly polarized (a—d). Second, lamellipodia
were present, which points to a motile phenotype of cells. Further, cells on the
terminal HEP layer (Figure 1.7c) had a smaller spreading area than cells adher-
ent on the terminal CHI layer (Figure 1.7a). A higher magnification revealed the
presence of filopodia, which are used for adhesion to and sensing of the material
surface (b, d). An interesting finding was that the edges of the cells were arched,
which indicates that cell attachment on these substrata was weaker. Interestingly,
a strong difference of cell adhesion dependent on the terminal layer was not found.
Cells attached to PEM-9 clearly showed a different behavior. The cells were quite
flattened and larger than cells on PEM-5, which indicates a stronger attachment.
Again, a clear trend in cell morphology dependent on the terminal layer was not
found, which corresponds well to pFN adsorption data.

Quantification of cell adhesion was done by evaluation of phase contrast images
of cells (done with Image J) cultured for 4 h in DMEM without serum, but partly
with preadsorption of pEN. All PEM exhibited a cytophobic character without
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Figure 1.7 SEM images of MG-63 cells at low (left column) and high (right column) magni-
fication and adherent on terminal CHI and HEP layers assembled at pH 5.0 (a-d) and pH 9.0
(e-h) after preadsorption of 0.5 pgml~" pFN and 4 h incubation in serum-free medium.
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pEN preadsorption, which is probably due to the high hydrophilicity of PEM bind-
ing water that acts as repulsive barrier for cell adhesion (Figure 1.8a). After pread-
sorption of 0.5pgml~! pFN, a significant increase in cell adhesion was found,
which was dependent on pH during multilayer formation. PEM-9, both CHI and
HEP, showed the highest cell numbers. For PEM formed at acidic conditions, CHI-
terminated showed a higher number of adhering cells than HEP-terminated PEM,
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Figure 1.8 Adhesion and growth of MG-
63 cells on terminal CHI and HEP layers
assembled at pH 5.0 or pH9.0. (a) The
amount of adherent cells to unmodified
PEM (white bars) and after preadsorption of
0.5ugml~! (light gray bars) or 5.0 ugmi~!
(dark gray bars) human pFN in compari-
son to unmodified glass. Mean values and
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standard deviations of cells of five images
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ments were calculated. (b) The proliferation
of cells over a period of 1day (white bars), 3
days (light gray bars), and 6 days (dark gray
bars) quantified by QBlue metabolic assay of
three independent experiments.
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but with lower cell numbers than at pH9.0. After increasing the pFN concen-
tration by 10-fold (5.0 pgml~!), a rise in cell count was observed. The results of
cell adhesion experiments are partly consistent with low pFN adsorption studies,
although no pFN adsorption could be detected with SPR on PEM-5. That points
to the possibility that minor quantities adsorb also on PEM-5 not detectable by
SPR, but effective in interaction with cell adhesion receptors.

The cytophobic character of PEM-5 under protein-free conditions is related to
the enhanced hydrophilicity and strong hydration of the GAG, which was proven
by WCA and QCM investigations. The adsorption of pEN led to an increase in
adhesivity of the PEM dependent on the pFN concentration, which can later be
recognized by integrins [7, 67, 68].

Cell proliferation is dependent on protein adsorption as well as cell adhesion
and spreading that induce integrin clustering, signal transduction, and activation
of mitogen-activated protein (MAP) kinase pathways [69]. Here, we investigated
proliferation in the presence of fetal bovine serum (10% FBS in DMEM) with-
out pFN adsorption applying the QBlue® assay, which determines the metabolic
activity of cells. Figure 1.8b shows that MG-63 cells were able to adhere initially
to the various PEM and to proliferate subsequently over a period of 6 days. HEP-
terminated PEM tended to have similar or lower amounts of metabolically active
cells than CHI-terminated PEM of the same pH combination. It is also remarkable
that the number of metabolically active cells increased with increasing pH during
PEM assembly. Further, the proliferation data are in accordance with the adhesion
experiments as the interaction of cells with the surface is realized by integrin clus-
tering through outside-in signaling and cell morphology, and actin organization
as well as gene expression and migration are influenced [1, 70].

1.2.2
PEI/HEP Multilayers

The system presented here uses HEP as polyanion and PEI as polycation through-
out the whole PEM formation process to obtain a system composed of 4.0 or 4.5
bilayers. Both PEL were dissolved in PBS (5.1 mM NaH,PO,, 11.7 mM Na,HPO,,
140 mM NaCl, pH 7.4) at 2.0 mg mI~!. For the ease of multilayer formation, the pH
value during PEM assembly was not further controlled during the initial adsorp-
tion steps. The intrinsic pH value of the PEI solution was pH 10.3 + 0.1, while the
pH value of the HEP solution was constant at pH 7.4 + 0.03. Finally, the pH value
was solely adjusted to pH 5.0 (denoted as PEM-5) or pH 9.0 (denoted as PEM-9)
for the terminal HEP layer (eighth layer), as in the previous system, to see whether
such limited change of condition during the final steps of layer formation would
have measurable effect on PEM properties and biological response.

Figure 1.9 shows that the static WCA changed with each PEL adsorption. The
polycation always led to a decrease in wettability, whereas the polyanion increased
it, which was also seen in the previous study. After adjusting the pH value of HEP
solution to either pH 5.0 or 9.0, PEM-5 remained unchanged with low WCA,
which was also observed in the HEP/CHI system discussed above, while PEM-9
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Figure 1.9 Static WCA of PEM consisting of HEP (H) and PEI (P). The pH value of the termi-
nal HEP layer was adjusted to either pH 5.0 (squares) or pH 9.0 (triangles). Mean values and
standard deviations of three independent experiments are shown (n>15).

had (significantly) higher WCA values. Since PEI has a pK, of 8.5, it should
become less charged upon contact with HEP at pH 9.0, which reduces probably
HEP adsorption due to a reduction in ion pairing. However, no significant
differences in WCA were observed after adsorption of the last PEI layer, although
different quantities of HEP can be expected in the preceding layer.

Zeta potential measurements also revealed a change in PEM composition upon
change of the pH value of the HEP solution, but not as expected (Figure 1.10).
First, zeta potential of terminal HEP layer followed a sigmoidal trend, which
indicates again a contribution of both PEL to the surface potential (Figure 1.10a).
Although WCA between PEM-5 and PEM-9 with HEP as terminal layer were
different, a significant difference was not found here. Such findings were also
made for the HEP/CHI system and indicate that the zeta potential depends
not only on the outermost surface but also on the bulk composition of PEM
[71]. An additional indicator for this is the PZC, which is located between that
of HEP (pK, ~0.5-1.5 for sulfate groups; pK, ~ 3.0 for hydroxyl groups) and
PEI (pK, ~8.5). However, such differences between PEM-5 and PEM-9 were
observed for the next PEI layer (Figure 1.10b), although the wetting behavior
(WCA) was not different. Zeta potentials of the terminal PEI layers were always
positive, but lower at PEM-5 than at PEM-9, especially at higher pH values. This
supports the idea that more HEP is present in PEM-5. Due to the contribution
of material underneath the terminal layer, it can be sensed here in contrast to
WCA measurements. Still, the positive zeta potential of PEI shows that the
acidic residues of HEP are efficiently screened, which was also found in similar
studies by others [44]. It is interesting to see in later parts of this section that such
possibly “hidden” HEP molecules can obviously affect the interaction with cells.
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The pH value of the terminal HEP layer was  hydrochloric acid, and mean values as well
adjusted to either pH 5.0 (squares) or pH9.0  as standard deviations of four single mea-
(triangles). Further, the pH value of the buffer surements were calculated.

The growth of layer mass was measured here with a quartz crystal microbalance
with dissipation (QCM-D, QSense, Gothenburg, Sweden). Again, gold sensors
were first coated with MUDA to achieve a negative surface charge. An interesting
finding was that the total mass increase during the alternating adsorption of HEP
and PEI was always higher for the polyanion here, indicated by higher frequency
shifts according to Sauerbrey equation [59], which is contrary to the HEP/CHI
system (Figure 1.11a). We speculate that the large amount of ionogenic amino
groups within the PEI molecule lead to strong ion pairing with HEP. Possibly,
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Figure 1.11 QCM-D measurement of PEM adjusted to either pH 5.0 (squares) or pH9.0

growth. Negative frequency shifts Af (a) as
well as the change in dissipation AD (b) of
HEP (H) and PEI (P) multilayers are shown.

The pH value of the terminal HEP layer was

(triangles). Mean values and standard devia-
tions of three independent experiments are
indicated.

because of no perfect charge compensation within the PEM system, attraction of
water molecules by the charged groups of both PEL is increased that leads to such
larger layer mass [61], although PEI is a much larger molecule. This idea is also
supported by dissipation measurements shown in Figure 1.11b, where dissipation
was always lower for the HEP layers except when pH 5.0 was used during adsorp-
tion of the last HEP layer. Conversely, addition of next PEI molecules in solution
may drive complexation of previously adsorbed HEP to solution that leads to less
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amount of coupled water and lower layer mass. However, a change of pH value of
HEP solution for the terminal layer caused a severe shift in frequency, especially
at pH 5.0, which points to the fact that much more material is deposited at acidic
conditions found also for the HEP/CHI system. It can be assumed that the pre-
vious PEI layer becomes highly protonated at pH 5.0, which drives adsorption of
more HEP due to a higher match in ion pairing in comparison to pH 9.0 condi-
tions, where hydrogen bonding is favored. Figure 1.11b shows also that more rigid
PEM were formed under acidic condition even after addition of PEI that indicates
some stable cross-linking of the system due to larger amount of HEP in PEM-5,
which was also observed with zeta potential measurements [31, 72]. Higher dis-
sipation values for the polycation layers were also found for the HEP/CHI system
and it could indicate that the large polycation PEI is able to entrap large amounts of
water, which can be displaced by the smaller molecules such as HEP [31, 43], indi-
cated by a drop in viscoelasticity. However, the high water content was not seen
in WCA measurements, which should cause an increase in wettability. Thus, the
larger molecule structure of PEI might be the origin of increased viscoelasticity in
comparison to the smaller HEP.

The different character of PEM-5 and PEM-9 was also evident by characteriza-
tion with AFM in hydrated state using a 3D-molecular force probe device (MFP-
3D-BIO, Asylum Research, Santa Barbara, USA) (Figure 1.12). Terminal layers of
PEM-5 (a, b) were more homogenous than PEM-9 (c, d). Especially, the termi-
nal HEP layer of PEM-9 showed an increase in structure formation that might
be attributed to erosion and solution complexation due to the lower electrostatic
interaction and increased hydrogen bonding [73]. The high adsorption of HEP at
PEM-5, proven by QCM investigations, led to more homogeneous layers due to
more flat conformation, which caused highly wettable surfaces, too. Further, the
large PEI molecule led to smoother surfaces in comparison to HEP, which was also
observed elsewhere [74].

The bioactivity of PEM prepared from HEP and PEI toward cells was studied
with human dermal fibroblasts (HDFs). Confocal laser scanning microscopy
(CLSM, Leica Microsystems, Wetzlar, Germany) was used to study cell adhesion
by visualization of actin cytoskeleton and vinculin in focal adhesions (FAs) after
4h incubation in DMEM without FBS and preadsorption of 2.0 ugml~! pFN.
Figure 1.13 shows cell adhesion on PEM assembled at pH5.0 (a, b) or pH9.0
(c, d). Even though pFN should specifically bind to HEP due to HEP-binding
domains [63, 64], no cells were detected on terminal HEP layers assembled at
pH 5.0. This is in line with our previous observations for HEP/CHI PEM-5 and
indicates that adsorption of HEP under conditions when ion pairing prevails
leads to unfavorable conformation of the molecules for further interactions
with proteins [31]. Cells seeded on terminal HEP layers of PEM-9 were slightly
spread and polarized with longitudinal actin stress fibers and a large number
of shorter FA positive for vinculin. This is also in line with the previous section
on HEP/CHI. It demonstrates that adsorption of HEP under conditions when
weaker interaction forces such as hydrogen bonding should prevail, its bioactivity
is much higher, which is supported by other work published recently [31].
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Figure 1.12 AFM images (height profile) of the terminal HEP (a, c) or PEl layer (b, d) in a
hydrated state. The pH value of the terminal HEP layer was adjusted to either pH 5.0 (a, b)
or pH9.0 (¢, d). (Scan size: 1 pm X 1 pm).

In addition, the wettability and viscoelasticity were reduced at pH 5.0, which is
also favorable to cell adhesion [75, 76]. It is interesting to note that adhesion
of HDF on terminal PEI layer was also strongly affected by pH during PEM
assembly. Here, spreading and FA formation was high on PEI at PEM-5, whereas
cell death was indicated by the appearance of cells on PEI at PEM-9. In general,
positively charged surfaces are more attractive for protein adsorption and cell
adhesion [77], which explains the good attachment of cells on terminal PEI
layers. The lower cytotoxicity of terminal PEI layers in PEM-5 indicates some
intermingling with HEP that seems to reduce the toxic effect of the polycation.
Qualitative cell adhesion studies were succeeded by quantification of the
amount of metabolically active cells using the QBlue® assay after culturing the cells
for 4 h with or without preadsorption of 2.0 pg ml~! pFN in the absence of serum
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Figure 1.13 CLSM images of HDF adher- incubation in serum-free medium. The cells
ent on terminal layers of HEP (a, ¢) and PEI were stained for filamentous actin (red) and
(b, d) at pH5.0 (a, b) or pH9.0 (c, d) after vinculin in focal adhesion plaques (green).
preadsorption of 2.0 ugml~" pFN and 4h (Scale: 50 pm)

proteins. It was found that that all PEM exhibited cytophobic character without
pEN preadsorption independent of the pH value (Figure 1.14a). However, it can be
seen that the adsorption of pFN had a promoting, but not significant, effect on cell
adhesion on all PEM, except on PEI in PEM-5, where less metabolically active cells
were found. Nevertheless, here actin was organized in bundles circumferentially
and vinculin present in FA and cells in the CLSM images did appear metabolically
active in comparison to pH 9.0. The improved adhesion on PEI of PEM-5 might be
attributed to the viscoelasticity, since no differences in wettability were found and
the zeta potential was lower in PEM-5. Further, HEP that could be intermingled
with PEL as indicated by the lower zeta potential, might allow specific interaction
with pEN supporting cell adhesion. The hampered spreading of HDF at alkaline
conditions indicated that PEI exerted a certain cytotoxicity [78] due to high PEI
concentration supported by higher zeta potentials of PEM-9.

Proliferation of HDF was monitored again with the QBlue® assay over a period
of 7 days (Figure 1.14b). In the presence of 10% FBS containing adhesive proteins
with HEP-binding domains such as FN and vitronectin [79], cells were able to
adhere initially to the various PEM and to proliferate subsequently. The amount
of metabolically active cells was always lower on HEP-terminated in comparison
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Figure 1.14 Adhesion and growth of HDF independent experiments are indicated. (b)
on terminal HEP and PEI layers assem- The proliferation of cells over a period of
bled at pH 5.0 or pH9.0. (a) The amount 1 day (white bars), 3 days (light gray bars),

of metabolically active cells on unmodified and 7 days (dark gray bars) quantified by
PEM (white bars) and after preadsorption of  QBlue metabolic assay. Differences were ana-
2.0ugml~" human pFN (gray bars). Mean lyzed by ANOVA and post hoc Tukey testing
values and standard deviations of three (*p <0.05).

to PEI-terminated PEM. The presence of serum reduced obviously the cytotoxic
effect of PEI [28] in terminal layers of PEM-9 and diminished the differences
found under serum-free conditions during adhesion studies. Further, the impact
of FBS was stronger on PEI in comparison to HEP layers. It can be assumed here
that the positive zeta potential under physiological conditions leads to much
higher adsorption of proteins [80]. It is interesting to note that the number
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of metabolically active cells increased with increasing pH on HEP-terminated
PEM, which was also found during the cell adhesion studies. Moreover, this
phenomenon was also observed for the HEP/CHI system described before.
Overall, the data show that also with the use of HEP and PEI as PEL, a multilayer
system can be established that allows regulation of cell adhesion and growth by
changes of pH value during layer assembly. It is remarkable that a change of pH
during the final steps of PEM formation has such strong effect, which we showed
also in a recent paper for the CHI/HEP system [31].

1.3
Summary and Outlook

The studies presented here show how a change of pH value during PEL complex-
ation from conditions when ion pairing should prevail to when most probably
hydrogen bonding becomes dominating influence multilayer wetting properties,
partly zeta potential, multilayer mass, and viscoelastic properties and with that
adhesion and growth of cells. Besides, the use of a simple parameter such as pH
value to change multilayer properties, also the choice of molecules, being either
biogenic or synthetic, contributes to the value of this study. HEP as GAG has an
inherent bioactivity by its ability to interact with a plethora of different proteins
that regulate adhesion, growth, and differentiation of cells [41]. Hence, multilay-
ers composed of HEP are potential candidates to be reservoirs for proteins such
as FN, bone morphogenic proteins (BMPs), and other growth factors that regulate
adhesion, homing, and differentiation of cells or chemokines such as stromal cell-
derived factor 1 (SDF-1) that attract stem cells [81—83]. CHI, on the other hand,
does not only represent a simple building block because of its cationic nature at
acidic pH values, but has inherent antibacterial, antifungal, and anti-inflammatory
properties [42]. In addition, the use of PEI as polycation bears the potential to
use multilayers for complexation with DNA and as in situ transfection system for
coating implant materials and tissue engineering scaffolds [84, 85].

As it was shown in this study, adhesion and growth of two different cell types
such as MG-63 osteosarcoma cells and primary fibroblasts could be regulated by
the conditions applied during multilayer formation and the dominating molecule
in the terminal layer. This not only enables to support or block cell adhesion but
also could be used by more subtle changes of pH value during multilayer forma-
tion [35, 43] to regulate adhesion and spreading of cells. It is interesting to note
that cell spreading has different effect on cells from epithelial and mesenchymal
origin, which is also important for their function [11, 86, 87]. Since cell spreading
is related to signal transduction [2, 88], degree of cell spreading on material sur-
faces is a tool to control cell functions and with that, the outcome of application
of implants and tissue engineering scaffolds. Because of its ease and application of
fluids that also wet materials with sophisticated shape and inner porosity, the LbL
technique is a versatile tool to adapt biomaterials to specific medical applications.
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