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ABSTRACT

Controlling cellular adhesion is a critical step in the development of biomaterials, and in cell- based biosensing
assays. Usually, the adhesivity of cells is tuned by an appropriate biocompatible layer. Here, synthetic poly
(diallyldimethylammonium chloride) (PDADMAC), natural chitosan, and heparin (existing in an extracellular
matrix) were selected to assembly PDADMAC/heparin and chitosan/heparin films. The physicochemical prop-
erties of macroion multilayers were determined by streaming potential measurements (SPM), quartz crystal
microbalance (QCM-D), and optical waveguide lightmode spectroscopy (OWLS). The topography of the wet films
was imaged using atomic force microscopy (AFM).

The adhesion of preosteoblastic cell line MC3T3-E1 on those well-characterized polysaccharide-based multi-
layers was evaluated using a resonant waveguide grating (RWG) based optical biosensor and digital holographic
microscopy. The latter method was engaged to investigate long-term cellular behavior on the fabricated
multilayers.

(PDADMAC/heparin) films were proved to be the most effective in inducing cellular adhesion. The cell
attachment to chitosan/heparin-based multilayers was negligible. It was found that efficient adhesion of the cells
occurs onto homogeneous and rigid multilayers (PDADMAC/heparin), whereas the macroion films forming
“sponge-like” structures (chitosan/heparin) are less effective, and could be employed when reduced adhesion is

needed.

Polysaccharide-based multilayers can be considered versatile systems for medical applications. One can
postulate that the presented results are relevant not only for modeling studies but also for applied research.

1. Introduction

Cell adhesion plays an important role in the survival and function of
the development of tissue. Transmembrane receptor integrins in a cell
membrane mediate the adhesion process to connect a surface, another
cell, or the extracellular matrix (ECM). ECM is a three-dimensional
network consisting of various macromolecules (glycoproteins, colla-
gens, glycosaminoglycans, and proteoglycans) that provides structural
and biochemical support to surrounding cells and allows for the adhe-
sion of the cells [1].

In the process of cell adhesion, the elastic cell membrane deforms
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and extends on the surface during the cell spreading. The disruption of
integrin connections, i.e. detachment of cells from the surface, indicates
the process of anoikis, that follows the cell death. This process occurs
during inadequate cell growth and adhesion to a defective matrix. [2-5].

Control over the adhesion properties of surfaces is fundamental for
tissue engineering, medical implant improvement, and the development
of new drug delivery systems. In recent years, macroion multilayers
(engineered self-assembled films) have received great attention as
nanoscaffolds supporting cell adhesion, proliferation, and function
[6,7]. A strategy allowing to produce macroion multilayer films, that
can effectively bind cells is also a basis for the development of effective
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Fig. 1. Scheme representing the procedures used to prepare/investigate PDADMAC (or chitosan)/ heparin films.
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Fig. 2. Dependence of the zeta potential of silica (Si/SiO2) ({) covered by
PDADMAC () and chitosan (e) as a function of adsorption time (t). Points
denote experimental results obtained for convection-controlled adsorption. The
macrocation adsorption occurred at a flow rate of 0.01 ml s~1. SPM was carried
out in NaCl of I = 0.01 M and pH 5.8. Lines represent the fit of experi-

mental data.
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Fig. 3. Dependence of the zeta potential (¢) of silica (Si/SiO,) covered by
PDADMAC (A) and chitosan (A) layer as a function of heparin adsorption time
(t). Points denote experimental results obtained for convection-controlled
adsorption of macroions at flow rate = 0.01 ml s' SPM were carried out in
pure NaCl of I = 0.01 M and pH 5.8. A line represents the fit of experi-
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bilayer (a) under flow conditions shown as the dependence of the apparent zeta
potential ({) on the washing time (t). The points denote experimental results

obtained from SPM for pH 5.8, 0.01 M NaCl. Lines represent the fit of experi-
mental data.

biosensors. One should be aware that also the other type of biomaterials,
such as enzymes, antibodies can be used as biorecognition elements,
whereas graphite, carbon paste, glassy carbon electrode, screen printed
electrodes, and indium tin oxide are widely used as platform/sensor
matrix [8] More examples of the biomaterials for the formation of
effective biosensors can be found in the following books [9,10].

The ability of macroion films to promote cell adhesion depends on
many factors, such as film mechanical properties, the internal structure
of layers, the number of layers, hydration degree, charge density, or
ending layer type. [11-15]

To fabricate the macroion films, the layer-by-layer (LbL) technique is
applied. This method involves sequence-specific electrostatic in-
teractions between macroion chains [16] for producing more complex
structures with specific and controlled physicochemical properties [17].
Moreover, the LbL procedure is a universal technique as a large number
of macroions, natural or synthetic, can be used to functionalize surfaces.
This method enables development of bioactive macroion films for
particular applications such as antibacterial surfaces, smart healing
materials, tissue engineering, cell-supporting surfaces, coatings
enhancing cellular behavior (e.g. the ones applied on biosensor surfaces)
[9,10], and delivery systems for biologically relevant molecules
[18-22].

Among a wide variety of macroions, used in LbL assembly processes,
three of them have great potential in fundamental and practical
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Fig. 5. The zeta potential of silica (¢) as the function of the number of adsorbed
layers (Layer No.) determined for a) PDADMAC/heparin b) chitosan/heparin
multilayers. SPM were carried out in pure NaCl of I = 0.01 M and pH 5.8.

research. Poly(diallyldimethylammonium chloride) (PDADMAC) is a
synthetic, water-soluble polycation with a highly hydrophilic, positively
charged quaternary ammonium group. It is fully positively charged
throughout a broad pH range up to 11. If it is used in low concentrations,
it demonstrates little-to-no cytotoxicity. In biotechnology, it is applied in
the separation of proteins [23], biomolecule immobilization [24], and
removal of bacteria from sludge [25].

In recent years, chitosan, being a natural polycation derived from
chitin, has gained significant attention for its potential in tissue engi-
neering applications [26]. Chitosan usually occurs as a copolymer of
(1-4)-acetamido-2-deoxy-B-D-glucan (N-acetyl D-glucosamine) and
(1-4)-2-amino-2- deoxy-f-D-glucan (D-glucosamine) units [27]. It is
soluble in mildly acidic solutions. Due to its biodegradability and
biocompatibility, it is extensively used in wound healing and tissue
engineering. Chitosan is well known for its antimicrobial and antifungal
properties, thus, it is used in biomedical scaffold formation. Chitosan
effectively kills cancer cells by inducing their apoptosis [28]. Antimi-
crobial chitosan hydrogels and nanocomposites stimulate fibroblast
attachment and proliferation without cellular toxicity [29].

Heparin is a glycosaminoglycan, also known as mucopolysaccharide.
It naturally exists in ECM, where heparin molecules are bound to pro-
teins forming proteoglycans. Accordingly, heparin regulates cell prolif-
eration, cellular adhesion, matrix assembly, migration, immune
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response, lipid metabolism, angiogenesis, and wound healing [30]. This
glycosaminoglycan is well-known for its anticoagulant activity and has
the highest negative charge density of all biological polyanions due to
the presence of carboxyl and sulfonate groups within its chain [31,32].
Heparin modulates the biological activity of fibroblast growth factors
and protects them from denaturation and enzymatic degradation
[33-35].

The literature data suggest that the behavior of a murine osteoblast
cell line, MC3T3-E1, is greatly affected by the surface on which it is
grown. These cells easily adhere, proliferate, and mineralize on polymer
films [36]. Indeed, when the MC3T3-E1 line was cultivated on the chi-
tosan/collagen sponges, good attachment, growth, and differentiation
enhancement of osteoblasts into the mature stage were observed
[37,38]. These effects were explained by the presence of collagen, which
is also a major component of ECM [37]. On the other hand, MC3T3-E1
cells growing at equivalent rates on polymer surfaces such as poly-
(lactide-co-glycolide), and polycaprolactone as well as on unmodified
glass were also reported [39]. Accordingly, the type of surface,
mimicking ECM, allowing for efficient attachment and proliferation of
the murine osteoblast cell line is still an open question.

Here we address this lack of knowledge and present comprehensive
studies devoted to the in-depth physicochemical characterization of the
(PDADMAC/heparin) and (chitosan/heparin) multilayers in defined
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ionic strength as well as pH and the impact of the heparin-based films on
cell adhesion. These multilayers were built by sequential adsorption of
macroions from solution with low bulk concentrations, i.e., 5 mg L
The use of such low concentrations of macroions allowed for precise
control of the structure of obtained layers. It is worth noticing that the
films based on heparin, which naturally exists in ECM that mainly in-
fluence cell adhesion, have not been sufficiently characterized. More-
over, the adhesion of the murine preosteoblastic cell line on the heparin-
based multilayers has not been determined yet.

The formation process, electrokinetic properties, and stability of the
macroion-based materials were monitored by in situ streaming potential
measurements (SPM), optical waveguide lightmode spectroscopy
(OWLS), and quartz crystal microbalance with dissipation (QCM-D).
Additionally, multilayer film topography and roughness were measured
in liquid by atomic force microscopy (AFM).

Thoroughly characterized macroion layers were tested as supporting
surfaces for preosteoblast cell adhesion. The impact of the macroion type
forming the outer layer, the number of layers, and the charge of the
outer layer on preosteoblastic cell adhesion were evaluated using a
resonant waveguide grating (RWG) based optical biosensor. Evanescent
wave-based optical biosensors detect refractive index changes near the
sensor surface in a 100-200 nm thick sensing zone above the sensor
surface, defined by the so-called evanescent field. The binding between
the integrins in the cell membrane and the surface structures happen
within the sensing zone, making these type of sensors ideal for moni-
toring cell surface adhesion events in real time [40-42]. Moreover,
Sztilkovics et al. [42] have demonstrated that the recorded biosensor
signal correlates with the directly measured single-cell adhesion force,
but the throughput of the evanescent wave-based biosensors is signifi-
cantly larger than that of the direct single-cell force measuring tech-
nologies. Digital holographic microscopy [43] was also employed to
investigate long-term cellular behavior on the fabricated films in a label-
free manner, mainly to prove long-term cell viability on the fabricated
films.

We expect that the presented results allow for obtaining effective,
based on heparin, surface coatings for favorable and controlled cellular
adhesion that can be applied in advanced regenerative medicine in
immunomodulation therapy, tissue engineering as well as the produc-
tion of antimicrobial coatings for advanced medical devices.

2. Experimental section
2.1. Materials

Literature data do not clearly indicate which type of surface (soft,
hard, homogeneous or heterogenous film) has a real impact on cell
adhesion and proliferation. We decided to apply two various biocom-
patible macrocations, forming different types of layers, for further
determination of cell adhesion. Poly(diallyldimethylammonium chlo-
ride) is strongly positively charged macrocation, whereas weakly posi-
tively charged chitosan is the only polysaccharide possessing a positive
charge. Poly(diallyldimethylammonium chloride) -based films are ho-
mogenous, whereas gel-like structure is formed by chitosan layers.
Heparin being a biocompatible, strongly negatively charged poly-
saccharide was applied as macroanion.

All materials used in the study were analytical grade and used
without further purification. Poly(diallyldimethylammonium chloride),
hereafter referred to as PDADMAC, having a molecular mass of 101 kg
mol ! (number averaged, Mp,) and 160 kg mol ! (weight averaged, M,,),
was purchased from PSS Polymer Standards Service GmbH, Germany.
Low molecular weight chitosan and heparin for physicochemical anal-
ysis were purchased from Merck. A thorough physicochemical analysis
of the applied chitosan was performed in our previous paper [44]. It had
an average molecular weight of 120 kg mol~!, which was confirmed
experimentally (viscosity method) and theoretically (the slender body
hydrodynamics). The degree of deacetylation of chitosan was >75 %.
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Fig. 7. Evolution of PDADMAC/heparin film monitored by OWLS. Adsorption was carried out for NaCl solution of I = 0.01 M, pH 5.8. a) adsorbed dry mass (') as a
function of time, b) thickness (da) of adsorbed film. ¢) AFM topography image of (PDADMAC/heparin)s film. d) cross-section profile of (PDADMAC/heparin)s film.

The influence of chitosan chains with different molecular weights on
multilayer film formation and the corresponding changes in physico-
chemical properties of the films is a complex topic. Literature references
do not explicitly identify these changes. For example, Bof et al. [45]
suggest that the different molecular mass of chitosan has an impact on
the physicochemical properties of the macroion film. However, no mo-
lecular weight effect was observed for the properties of the chitosan-
based films formed in an aqueous solution by Tachaboonyakiat et al.
[46]. On the other hand, Park et al. [47] reported that the tensile
strength of the chitosan-based films increased significantly with the
increase of its molecular mass while no significant difference was
observed for the other properties of the macroion films. Water barrier
property and tensile strength of chitosan films were improved along
with an increased molecular mass of chitosan; however, film antibac-
terial capacities against E. coli and L. innocua were descended with
increased molecular mass as was shown by Zhong et al. [48].

Phosphate buffer saline (PBS) and sodium chloride (NaCl) were also
supplied by Sigma Aldrich. Sodium hydroxide (NaOH) and hydrochloric
acid (HCI) were obtained from Avantor Performance Materials Poland S.
A. (formerly POCH S.A., Gliwice, Poland).

PDADMAC and heparin powder were dissolved in a suitable buffer
(NaCl, PBS) of desired pH (4 or 5.8) and ionic strength (I = 0.01 M) for
obtaining the macroion solutions of a constant bulk concentration of 5
mg L! before each adsorption experiment. A suitable amount of chi-
tosan powder was dissolved in 0.01 M HCI (pH 2.0) to obtain the solu-
tion of a bulk concentration of 100 mg L1, Then, the chitosan solution
was diluted using 0.01 M NacCl to obtain the solution of a bulk concen-
tration of 5 mg L1 (pH 4.0).

The silicon wafers (plates) were the commercial product of Siegert
Wafer GmbH (Germany) and were used as a model planar substrate for
macroion adsorption experiments in streaming potential measurements.
The silicon plates were cleaned by immersing them in piranha solution,
which is a mixture (1:1 ratio) of 95 % sulfuric acid and 30 % hydrogen
peroxide, for 30 min. After cleaning, the wafers were thoroughly washed
with deionized water and immersed in 353 K water for 30 min. The
wafers prepared in this way were stored in ultrapure water for no longer
than 48 h.

The OWLS sensors (MicroVacuum Ltd., Hungary), made of glass
support (refractive index ng = 1.52578) coated with 170 nm
Sig.78Tig.2202 (refractive index ny = 1.8) and an additional layer (10 nm)
of pure SiO,, were applied in optical waveguide lightmode spectroscopy
(OWLS). OWLS sensors were cleaned with 3 % Hellmanex solution in an
ultrasound bath for 30 min, then rinsed with ultrapure water at least 10
times, and dried with a gentle stream of nitrogen. In the next step of the
cleaning procedure, sensors were placed in a UV cleaner for 15 min,
rinsed with ultrapure water, and dried again with nitrogen. The sensors
were immediately used thereafter.

The QCM- D sensors covered with SiO5 (Qsense, Biolin Scientific)
were cleaned with a 30- min old dissolved piranha solution (1:1:1 ratio
of 95 % sulfuric acid, 30 % hydrogen peroxide, and distillate water) for
2 min. Subsequently, quartz crystals were rinsed with water (at least 10
times), boiled for 1 h, rinsed again, and dried with nitrogen. Sensors
were used immediately after cleaning or stored in a desiccator before
any experiment.

The osteoblastic cell line MC3T3-E1 (99072810, Merck KGaA,
Darmstadt, Germany) was cultured in tissue culture polystyrene Petri
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dishes (Greiner Bio-One International GmbH, Kremsmiinster, Austria) in
a humidified incubator (37 °C, 5 % CO5). The cells were maintained in
a-modified minimal essential medium (a-MEM, 22561021, Gibco),
supplemented with 10 % fetal bovine serum (Biowest SAS, France),
0.002 M r-glutamine, 100 U ml™~! penicillin and 100 pg ml~! strepto-
mycin solution, and 0.25 pg ml~! amphotericin B.

For the experiments, cells were detached from the Petri dish using a
standard protocol with 0.05 % (w/v) trypsin and 0.02 % (w/v) EDTA
solution. For the measurement with HoloMonitor (HM), cells were used
in a complete growth medium. For the measurements with Epic BT,
harvested cells were washed two times by centrifugation at 200 xg for 5
min to remove the complete culture medium and the cell pellet was re-
suspended in serum-free assay buffer, 0.02 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) in Hank’s balanced salt solution
(HBSS). Cells were then counted in a hemocytometer and diluted to a
final cell density of 8000 cells per well.

2.2. Methods

2.2.1. Multilayer build-up and characterization

The preparation route of the macroion films is shown in Fig. 1 a. The
film formation was conducted by alternative immersing of the substrates
(silica wafers, OWLS, QCM-D sensors, or microplate wells) — in macro-
cation (PDADMAC or chitosan) and macroanion (heparin) solutions of
bulk concentration of 5 mg L ™! for 20 min, followed by thorough rinsing
with electrolyte after each adsorption step. The macroion layers were
adsorbed alternately up to 10 layers (5 bilayers). One bilayer refers to
one macroanionic layer on top of one macrocationic layer, and 0.5 layer
refers to one macrocationic layer.

The measurements were repeated 3 times for each technique. In SPM
method statistical error does not exceed 5 %. SPM and RWG graphs are

plotted with standard deviation bars. However, it should be noted that
the presentation of OWLS and QCM multiplot graphs containing error
bars is practically impossible due to the discrepancy on the time axis. In
the case of AFM imaging, the topology of the samples was determined
from 5 to 10 AFM scans, each carried out over the areas of 2 x 2 pmz, 5
x 5 pmz, and 10 x 10 pmz. All AFM topography maps were captured
with a resolution of 384 x 384 pixels.

2.2.2. Streaming potential measurements (SPM)

Electrokinetic properties of the silica coated with macroion multi-
layers as well as multilayer stabilities were carried out by streaming
potential measurements using the home-made apparatus described in
detail in [49,50]. The streaming potential, AE;, was measured in a two-
electrode cell as a function of the hydrostatic pressure difference AP (see
Fig. 1). Using the slope of this dependence, the zeta potential of the silica
covered by the layers was calculated using the Smoluchowski equation
[51].

The streaming potential method is capable of precisely determining
the zeta potential changes with the particle coverage under in situ
conditions. This creates a unique possibility to study particle adsorption
and desorption kinetics in many configurations (charged particles/
charged surfaces, neutral particles/charged surfaces, charged particles/
neutral surfaces,).

The experimental procedure of evaluating the zeta potential con-
sisted of measuring the zeta potential of a bare substrate (silica), then
forming the desired number of macroion layers, and finally, without
dismounting the cell, measuring the dependence of streaming potential
on the hydrostatic pressure difference and determining the zeta
potential.

The stability of the multilayers was also studied for longer times,
reaching 24 h. After completing the desired number of layers, the zeta
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potential of multilayer conditioning in the pure electrolyte was estab-
lished at specified time intervals.

Measurements were carried out for the initial bulk macroion con-
centration of 5 mg L. The macroions were adsorbed inside the cell for a
fixed period (0-40 min) under flow-controlled transport conditions
(flow velocity, Viow = 0.01 ml s7H. pH and ionic strength of the solu-
tions were 5.8 and 0.01 M, respectively.

2.2.3. Optical waveguide lightmode spectroscopy (OWLS)

The optical properties of the fabricated films were determined in situ
by an OWLS 210 instrument (MicroVacuum Ltd., Budapest, Hungary).
The setup is equipped with a laminar flow cell mounted on top of the
silica-coated waveguide sensor (OW2400, Microvacuum Ltd.). A
diffraction grating on the surface of the waveguide incouples a He—Ne
laser beam at two well-defined incident angles for the zeroth order
transverse electric (TE) and magnetic (TM) polarization modes [52,53].
Adsorption of molecules at the waveguide sensor surface alters the
interfacial refractive index and, therefore, the incoupling resonant an-
gles of the laser light are changed. This change is monitored in real-time
with a time resolution of 3 s. From the measured changes in incoupling
angles, the thickness and refractive index of the adsorbed layer can be
calculated by assuming an optically uniform adsorbed layer [53]. The
mass of adsorbed macroions per unit area Amowys is then calculated by
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Feijter’s formula [54].

Ny —n
Amowrs = dAW (@)

where ds (cm) and nu is the thickness and the refractive index of the
adlayer, respectively, dn/dc is the refractive index increment of the
macroion solutions, and ng is the refractive index of the solutions.

OWLS is a powerful method capable of detecting structural changes
of adlayer components. Both layer adsorption kinetic and nanostructure
can be analyzed by this technique. In contrast to QCM-D, the OWLS
technique provides the dry mass per unit area of adsorbed molecules
[53]. Additionally, OWLS offers a detection limit of <1 ng cm ™2 and the
independent measurement of ny and da.

A standard procedure in situ OWLS experiment started with the flow
of pure electrolyte solution to condition the surface and to achieve a
stable baseline (Am < 15 ng cm™2 per 1 h). As silica covered sensor is
negatively charged [55], the first macroion layer was formed by sup-
plying a solution of positively charged macroion (PDADMAC or chito-
san) over the sensor surface, which resulted in a signal shift. Upon
adsorption onto the sensor’s surface, the effective refractive index shifts
to higher values, allowing for in situ monitoring of the kinetics of
adsorption processes. After a rinsing step with electrolyte solution,
which was applied to remove the loosely bound molecules from the
surface, the negatively charged heparin solution was added and the ki-
netics of heparin adsorption was monitored. The experiment ended with
a rinsing phase. After achieving a stable final signal the whole procedure
was repeated 3 to 5 times to obtain the desired number of layers. As can
be seen in Fig. 1 c alternatively supplied macroions produce an increase
in the OWLS mass. This shows that multilayers composed of PDADMAC/
heparin and chitosan/heparin are being formed on the surface.

2.2.4. Quartz crystal microbalance with dissipation (QCM-D)

The formation of PDADMAC/heparin and chitosan/heparin multi-
layers on silica-coated QCM sensors was determined by a Q-Sense E1
system (QSense, Gothenburg, Sweden) following the standard procedure
described in Ref. [56]. QSense setup allows for data acquisition up to
300 datapoints per second and therefore exceptional mass sensitivity
(0.5 ng/cm?).

A stable baseline of the electrolyte (NaCl) at a fixed ionic strength of
0.01 M and pH value (5.8 for PDADMAC/heparin and 4.0 for chitosan/
heparin films, respectively) was acquired in the QCM-D cell for a defined
electrolyte flow (1.33 x 1073 cm® s’l). Subsequently, the solution of
PDADMAC or chitosan with the bulk concentration of 5 mg L™} was
introduced into the cell. Adsorption of positively charged macroion on
the negatively charged sensor was monitored in situ. After reaching a
plateau by two QCM parameters dependences (frequency shift AFg and
energy dissipation shift AD as a function of time), the attached layer was
flushed by the pure electrolyte, and the desorption process of loosely
bound molecules was followed. Thereafter, a 5 mg L™ solution of
heparin was introduced into the cell. The adsorption of the negatively
charged layer was carried out in the same way as the formation of the
positively charged layer. Each step of the experiment (layer formation
and rinsing of adsorbed layer) was carried out until the plateau values of
AFq vs. time and AD vs. time were obtained, i.e., for 20-30 min. The
whole procedure was repeated until the assembly of 5 bilayers (PDAD-
MAC/heparin or chitosan/ heparin) was acquired. The measurements
were completed at 298 K.

2.2.5. Atomic force microscopy

The topography of tested multilayers was investigated using atomic
force microscopy (AFM, Dimension ICON, Bruker, Santa Barbara, CA,
USA) working in the PeakForce Tapping® (PFT) and QNM® modes. The
topography measurements were performed in water under low loading
forces (typically 2 nN) using ScanAsyst-fluid probes to exclude sample
damage and limit the compression. The spring constant of the probe was
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Fig. 10. Part a) Kinetics of adhesion of preosteoblast cells on PDADMAC/heparin films. The data were obtained in triplicates (n = 3)) + SD. Part b) Phase contrast
images of preosteoblast cells on the PDADMAC/heparin films. Scale bars represent 50 pm.

calibrated by the thermal-noise method. The deflection sensitivity of the
optical beam-detection system was calibrated on a freshly cleaned mica
surface. The roughness parameters of (PDADMAC/heparin) and (chito-
san/heparin) layers were determined from 2 x 2 pm topography maps
(total resolution of 384 x 384 pixels) using NanoScope Analysis
software.

2.2.6. Resonant waveguide grating (RWG) optical biosensor

To investigate the impact of the macroion type, the number of layers
and the charge of the outer layer on the cell adhesion the resonant
waveguide grating (RWG) based Epic BT instrument (Corning Incorpo-
rated, Corning, NY, USA) was applied. The measurements were per-
formed in 384-well uncoated Epic cell assay microplates (#5040,
Corning Incorporated, Corning, NY, USA) that bottom consists of a
Nb,Os layer supported by a glass substrate in each well. The grating
structure embedded in the waveguide allows to incouple one wave-
length (the resonant wavelength, 1) from the broadband light (825-840
nm) illuminating the sensors. The evanescent field is formed after the
excitation of the waveguide at the resonant wavelength. The penetration
depth of this field is around 150 nm and its intensity decays exponen-
tially from the surface of the sensor. After some short, micrometer scale,
propagation in the waveguide the resonant light is outcoupled from the
waveguide by the same grating structure used for incoupling. The out-
coupled resonant wavelength is detected by the instrument with a 0.25

pm resolution. The resonant wavelength where the in- and outcoupling
happens depends on the refractive index of the material above the
sensor, inside the evanescent sensing zone. When the refractive index of
the material above the sensor surface changes, the resonant wavelength
is altered leading to a new value (A" # A). (Of note, living cells have a
larger refractive index than that of the aqueous solutions, therefore they
increase the local refractive index in the sensing zone during their sur-
face adhesion process. The cell adhesion process leads to an increase in
the resonant wavelength.) The instrument’s camera detects the reflected
wavelength of light coming out of the sensor every 3s. The biosensor
measures the shift of resonant wavelength (AA = A’-)) in each well over
time. It should be underlined that the sensor possesses a low limit of
detection, which is 0.078 ng cm 2 [40,57].

At the beginning of the measurements, the buffer baseline was
recorded in physiological conditions (0.15 M PBS buffer, pH 7.4) for 10
min, then the macrocation solution of concentration of 5 mg L™ was
pipetted into the wells where it was stored for 30 min. In the next step,
the adsorbed macrocation layer was washed three times with NaCl so-
lution. Then, the macroanion was pipetted into the wells, in the same
way as the macrocation. After 30 min of incubation, the wells were again
washed three times with the NaCl buffer. These steps were repeated five
times, which resulted in five bilayer formations. Subsequently, all wells
were rinsed three times with 0.02 M HEPES HBSS buffer, and baselines
were recorded in the assay buffer for 10 min. Meanwhile, the cells were
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Fig. 11. a) Kinetic of adhesion of preosteoblast cells on the surface coated with (chitosan/heparin) films. The data were obtained in triplicates (n = 3) £ SD. b) The
phase contrast images of preosteoblast cells on the chitosan/heparin films. Scale bars represent 50 pm.

prepared as described above in the Material section. 25pl of cell sus-
pension, containing 8000 cells, was added to the sensor wells. Biosensor
signals were recorded for 4 h at room temperature. All measurements
were replicated three times.

2.2.7. Digital holographic microscopy

Morphological parameters of preosteoblastic cells on different coat-
ings were studied using the label-free time-lapse cytometer HoloMonitor
M4 (Phase Holographic Imaging AB, Lund, Sweden). Macroion multi-
layers were prepared in 96-well Sarstedt tissue culture plates in tripli-
cates. Cells were seeded at a density of 2500 cells per well in 200 pl
complete growth medium, and wells were covered with HoloLid. Three
regions of interest were assigned in each well automatically, and images
were taken every hour for 48 h inside a humidified incubator. Hol-
oMonitor images were evaluated by HStudio (Phase Holographic Im-
aging AB, Lund, Sweden) and data were analyzed in GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, USA) [58-62].

3. Results and discussion
3.1. Streaming potential measurements (SPM)

Streaming potential measurements (SPM) working under in situ
conditions provide essential information regarding the electrokinetic

state of macroion-covered substrates.

Primary experimental results on the dependence of the zeta potential
of silica on macrocation adsorption time are presented in Fig. 2.

One can observe that stationary zeta potential values were obtained
after 10 min of adsorption from 5 mg L~! of PDADMAC and chitosan.
However, the maximum zeta potential value of silica covered by
PDADMAC was much higher than that obtained for chitosan-coated
silica. Accordingly, one can state that only PDADMAC forms a mono-
layer on silica, whereas chitosan adsorbs on the surface in small
amounts, without forming a monolayer in these conditions.

Similar dependences and final zeta potentials were obtained for
PDADMAC monolayers adsorbed on silica and formed by adsorption
from solutions of the same macroion concentration and ionic strength
but various pHs, i.e., 4.0 and 7.4. Results were presented in Fig. S1 in
Supplementary Materials.

In the next step, the silica-coated with either preadsorbed PDADMAC
or chitosan layer was applied as a substrate for evaluating the adsorption
kinetics of heparin. PDADMAC and chitosan were adsorbed for 20 min
from the bulk concentration of 5 mg L.

As can be seen in Fig. 3, the heparin adsorption kinetics is inde-
pendent of the type and final charge of preadsorbed monolayers. Simi-
larly to the first monolayer, the stationary value of —25 mV is attained
after 10 min. of the heparin adsorption.

SPM can be also exploited for determining the stability of every layer
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Fig. 12. a) Kinetic of preosteoblast cells attached to (PDADMAC/heparin)s.
PDADMAC (==) and (chitosan/heparin)schitosan (==) films, respectively. The
grey curve represents data for the control sample (uncovered surface). The data
was obtained in triplicates (n = 3) + SD. The inset shows phase contrast images
of preosteoblast cells on the biosensor surfaces covered by macroion films. Scale
bars represent 50 pm. b) Normalized maximum biosensor response Almax/
AMMaXcontrol as a function of the macroion multilayers composition. Scale bars
represent 50 pm.

against rinsing [63].

In Fig. 4 a-b one can observe the consecutive changes in the zeta
potential of silica covered by the monolayers with flushing time. Initial
values of the zeta potentials of PDADMAC and chitosan monolayers
systematically decrease from 28 mV and 5 mV, respectively, to a stable
final value of —15 mV (after 24 h) (see Fig. 4a-b).

Contrary to the monolayers, the PDADMAC/heparin and chitosan/
heparin bilayers remain stable for prolongated washing time (see Fig. 4
a-b, blue and dark blue triangles). The obtained results suggest that the
heparin, due to its high negative charge, effectively immobilizes the
macroion chains leading to the formation of stable bilayers. It is worth
underlying that immobilized heparin also effectively binds proteins as
was shown in Refs. [64, 65].

The procedure of layer-by-layer adsorption of PDADMAC (or chito-
san) and heparin on silica substrate was continued. By plotting the zeta
potential of the consecutive layer against the layer number, one obtains
a zig-zag pattern, see Fig. 5 a-b.

Adsorption of the consecutive layers leads to zeta potential inversion,
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and these changes become quite periodic. The zeta potential of the
layers, determined for the ionic strength of 0.01 M and pH 5.8, attained
26 mV for PDADMAC, 1 mV for chitosan, and — 31 mV for heparin,
respectively. The presented results indicated that the zeta potential of
consecutive heparin layers was constant and independent of the charge
of the preadsorbed layer (PDADMAC or chitosan). It is worth mentioning
that at pH 5.8 and under undefined ionic strength, the same value of zeta
potential (—31 mV) of glass covered by four (chitosan/heparin) bilayers,
where heparin formed the outer layer, was determined by Zhou et al.
[66]

Almost identical values of zeta potentials of PDADMAC layers were
reported for PDADMAC/bovine serum albumin multilayer-covered sil-
ica nanoparticles [67].

Inspecting Fig. 5b, one can observe that the zeta potentials of suc-
cessive chitosan-terminated layers are significantly lower than the zeta
potentials of PDADMAC-terminated layers. This indicates that chitosan/
heparin can form rather heterogeneous structures than homogeneous
films in these conditions.

The results shown in Fig. 5 indicate that the SPM are useful for
efficiently characterizing in situ electrokinetic properties of macroion
multilayers.

Additionally, SPM were exploited for determining the stability of
macroion films against washing. The obtained results are presented in
Fig. 6a-b.

Upon adsorbing the desired number of macroion layers, the cell
channel was flushed with electrolyte (0.01 M at pH 5.8). The streaming
potential was measured at defined intervals. As can be seen in Fig. 6, the
changes in zeta potentials of the 6th layers, terminated with heparin,
were practically negligible. On the other hand, the zeta potentials of the
7th layers (terminated either with PDADMAC or chitosan) successively
decreased with time. However, in both cases (multi-layered assembly
with either PDADMAC or chitosan as the outermost layer) the 7th layers
were more stable against washing than the first ones (see Fig. 4).

It should be pointed out that it is not possible, without additional
measurements, to unequivocally attribute the differences in layer sta-
bility to washing. However, one can suggest that the higher resistance
against the washing of heparin may be associated with the possible
cross-linking properties of heparin, or stronger ionic interaction of
heparin being a stronger macroion than chitosan.

3.1.1. OWLS measurements

Macroion multilayer formation on SiOy coated sensors was moni-
tored in situ using optical waveguide lightmode spectroscopy (OWLS). It
allows one to determine the total optical mass of each adsorbed mac-
roion layer and its stabilities. As the silica-coated sensor is negatively
charged under applied experimental conditions the first layer was
formed by the adsorption of positively charged PDADMAC or chitosan.
After the rinsing step with pure electrolyte, the negatively charged
heparin was adsorbed. The adsorption of oppositely charged macroions
was continued until the film composed of 5 bilayers was created.

The dependencies of the dry mass of successively adsorbed (PDAD-
MAC/heparin)s and (chitosan/heparin)s layers as the function of time
are shown in Figs. 7 and 8, respectively.

At first inspection, it can be observed that the mass of adsorbed
PDADMAC/heparin layers increases with the adsorption steps (Fig. 7a).
Furthermore, the sequential adsorption of strong, oppositely charged
macroions (PDADMAC and heparin) leads to the formation of stable
films, which are resistant to rinsing. As can be seen in Fig. 7a an
adsorbed mass increases linearly with the adsorption steps. One should
notice that in each step the same mass equals ~1.1 mg m™2 per one
bilayer is adsorbed. The PDADMAC/heparin film thickness increases
during the adsorption of the subsequent layers in a linear fashion
reaching a value of 8 nm for 10-layer film (see Fig. 7b).

An interesting result concerning the changes in the surface properties
of the macroion films caused by graphene oxide incorporation were
reported by Andreeva et al. [68]. The authors found that the type of
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Fig. 13. Preosteblast parameters determined by digital holographic microscopy. a) Proliferation of the preosteoblast cells normalized to the initial cell number on
each multilayer fitted with the exponential growth model. b) Mean doubling time of preosteoblast cell areas on the various multilayers as estimated by the fitted
exponential growth model coefficient. ¢) Distribution of the cells on each surface type throughout the 48-h measurement, the vertical bar represents the median. (Ch/
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applied macroions, either strong synthetic or weak natural, had a strong
impact on the thickness of the adsorbed macroion films. Accordingly,
the growth mechanism of the macroion films can be modulated by
choosing the suitable types of macroions.

The AFM image of PDADMAC/heparin layers (Fig. 7c) showed fairly
homogenous morphology of the obtained films, which is also visible in
the generated height profile (Fig. 7d) and confirmed by a low value of
the average roughness (R, = 0.3 nm) (Fig. 7c). Strong interactions be-
tween PDADMAC and heparin, which are both strong macroions, sug-
gest that obtained films have a rather rigid structure.

The dependence of adsorbed mass on the number of layers of the
chitosan/heparin system exhibits a nonlinear growth (Fig. 8a). During
the adsorption of 6 layers, the mass increment per adsorbed macroion
pair is of a similar amplitude reaching ~1.4 mg m~2. As the adsorption
process continues the mass growth becomes higher and reaches a value
of ~2.1 mg m~2. This film is thicker than the PDADMAG/heparin one
with a thickness equal to ~20 nm for the film made of 10 layers (see
Fig. 8b).

The AFM images of (chitosan/heparin)s film (Fig. 8 Part c) revealed a
heterogenous, nanofibril/spongy-like structure with uncovered regions
of silicon. The height of the nanofibrils reaches 10-15 nm (Fig. 8 Part d).
As a result, the obtained film exhibits substantially larger average
roughness R, (3.1 nm) compared to (PDADMAC/heparin)s sample. It is
suggested that the formation of fibrilar chitosan/heparin structures is
responsible for an exponential buildup of the film. The observed expo-
nential growth of the film can be also explained by the diffusion of at
least one type of macroion chains into and out of an assembled film, as
was shown by Boulmedais et al. for poly-L-lysine/heparin multilayers
[69]. It should be noticed that OWLS and AFM results are well correlated
with the ones determined from SPM, where the zeta potentials of sub-
sequent chitosan/heparin layers were much lower than PDADMAC/
heparin layers.

To confirm the various viscoelastic properties of PDADMAC/heparin
and chitosan/heparin films, the gravimetric method (QCM-D) was
applied.

3.1.2. QCM-D measurements

QCM-D was employed to study in situ the formation and stability of
wet films composed of four bilayers: (PDADMAC/heparin)4 (Fig. 9a) and
(chitosan/heparin)4 (Fig. 9b). The multilayers were adsorbed on SiO2
covered quartz sensor and their adsorption process was monitored via a
shift of two main QCM parameters as a function of time: AFq (frequency
shift- representing mass uptake Al of the sensor during adsorption via
Sauerbrey eq. [56]) and AD (dissipation shift- following the viscoelastic
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properties variations of the adsorbate during an experiment).

QCM data confirm the formation of 4 bilayers for both macroion
systems. (PDADMAC/heparin)4 consists of stable (rinsed) PDADMAC
layers with an average mass of 0.2 mg m2 covered with a stable heparin
layer of 0.5 mg m2 (Fig. 9 Part a - black curve), reaching the wet mass of
2.6 mg m™2 of 4 bilayers. On the other hand, the dissipation shift (Fig. 9
Part a — red curve) does not increase with the mass uptake, reaching a
maximum value of 0.25 [dissipation unit] by the formation of the fourth
bilayer, suggesting that the system (PDADMAC/heparin)4 remains rigid.
One should notice that the same conclusions could be drawn based on
the results obtained from the OWLS measurements.

The second multi-layered system (chitosan/heparin), is thicker and
softer (Fig. 9 Part b) than the previous assembly. The average mass
uptake by adsorption of chitosan film is 0.6 mg m~2 (Fig. 9 Part b-black
curve). Heparin adsorbed on each chitosan layer with increasing mass
(1st bilayer- 0.36, 2nd-0.84, 3rd-1.22, and 4th —1.21 mg m_z), reaching
wet mass uptake of almost 5 mg m~2 of the whole system. Dissipation
shift increased with the deposition of each layer up to the value of 2.0
[dissipation unit], implying significant viscoelastic properties of the
adsorbate (Fig. 9 Part b- red curve). The observed negative spikes of AT’
and AD at the point of chitosan solution injection can be attributed to
structural deformation of the adsorbate and changes in the solution
density, followed by typical mass uptake signal AI" and AD increase
[701.

3.1.3. RWG optical biosensor measurements

Kinetics of preosteoblast cell adhesion was monitored using a 384-
well Corning Epic biosensor microplate. During the experiments al-
ways 8000 cells were added to each well. The delta lambda axis (AL)
shows the wavelength shift from the baseline value measured by the
biosensor. The greater wavelength shift means a greater change in
refractive index value, i.e. the greater degree of cell adhesion. Both the
contact area and the contact strength increase during the adhesion
process, increasing the local refractive index inside the sensing zone,
which leads to an increased biosensor signal (AML).

Microscopic images were not taken on the entire well surface, but
only of small local places at each condition. There is the same number of
cells in each well, but the distribution of cells in the images may differ in
specific locations. These images provide visual information about the
morphology and spreading conditions of the cells on each surface. The
typical adhesion kinetics of preosteoblasts to PDADMAC/heparin and
chitosan/heparin films are presented in Figs. 10 and 11, respectively.

Cell adhesion is autocatalytic, and a self-induced dynamic process,
which results in the cell contact area enhancement on the surface by the
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direct interaction between the integrins and surface ligands. During the
cell spreading process the cell contact area increase on the sensor surface
over time, and the biosensor record a sigmoidal kinetic signal (see Fig. 1
Methods and Results). The sigmoidal curve usually applies to describe
active, living processes or in some special cases in chemistry stands for
autocatalytic processes, too [57,71,72]. The adsorption of the non-living
species results in a kinetic curve with a monotonically decreasing slope
[4,57]. In an earlier publication, we have shown that the sigmoid
character of the adhesion kinetic curves correlates well with the viability
of the cells, dying cells lose their capability to respond actively to
external stimuli and thus lose their sigmoidal adhesion character [57].

As can be observed a sigmoid-like response, a typical characteristic
of active, living processes, was obtained for each PDADMAC/heparin
film. PDADMAC/heparin films enhanced preosteoblast cell adhesion
compared to cell adhesion to the uncoated sensors (see a grey curve in
Fig. 10a). The adherence of cells decreases with the number of PDAD-
MAC/heparin bilayers. The highest wavelength shift is obtained for
(PDADMAC/heparin)sPDADMALC film - seven layers system ended with
a positively charged macroion layer. This indicates that the strongest
adhesion of the cells to film is observed for PDADMAC terminated layers
(see the red curve in Fig. 10a). It is known from the literature, that cells
possessing a negative surface charge [73] strongly interact with the
positively charged surfaces [74]. The microscopy images of cells on the
biosensor surface taken directly after the measurements confirm cell
adhesion to macroion multilayers.

Heparin, being a member of the sulfated glycosaminoglycans (GAG)
family, may enhance cell adhesion by interacting with cell surface re-
ceptors. However, PDADMAC also contributes to cell adhesion. We
suggest that the presence of quaternary cations on the PDADMAC chains
can affect the stronger adhesion of preosteoblast cells by increasing the
electrostatic interactions between strongly positively charged PDAD-
MAC and negatively charged cell membranes.

The additional kinetic curve of cell adhesion on the PDADMAC
monolayer was obtained. Results are presented in Fig. S2 in Supple-
mentary Materials.

Analyzing the biosensor signals (Fig. 11a) obtained for cell adhesion
to chitosan/heparin films, significant inhibition of cell adhesion can be
observed. Similarly to PDADMAC/heparin system the number of chito-
san/heparin layers influences preosteoblast cell adhesion, but in con-
trary to film with PDADMAC outmost layer, see Fig. 11a, cells adhered
less on film terminated chitosan than at heparin ended one. We postulate
that weaker electrostatic interactions are present between chitosan and
heparin in chitosan/heparin multilayers. Hence, higher hydration and
reduced stiffness can lead to decreased cell adhesion. Richert et al. also
hypothesize that stiff films can enhance the cell adhesion process. They
found that myoblasts cells adhered less and spread very low on soft poly-
L-lysine/ hyaluronic acid films as compared to stiff poly-i-lysine/hyal-
uronic acid crosslinked ones [75]. Additionally, the possible diffusion of
heparin into multilayers, as implied by Boulmedais et al. [69] can affect
the conformation of heparin molecules and prevent interactions with
cell receptors.

The obtained results indicate that the cell adhesion is also sensitive to
surface charge. In Fig. 12 Part b the normalized maximum biosensor
response (AAmax/AAmaXcontrol) as the function of macroion multilayers
clearly indicates charge-dependent reduction on cell adhesion. As can be
observed (chitosan/heparin) films with chitosan terminated layer,
exhibiting almost neutral net charge (see Fig. 5), inhibited cells adhe-
sion. Cells adhered less on this barely charged film as compared to
highly positively charged PDADMAC ended (PDADMAC/heparin)s.
PDADMALC film.

3.1.4. Digital holographic microscopy

To assess the capability of the multilayers to support adherent cell
culture, preosteoblast cells were monitored for 48 h with digital holo-
graphic microscopy. The proliferation of preosteoblast cells on the
various multilayers was compared to that on the control tissue culture
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surface. By tracking cells within a defined area, we estimated the
doubling rate of proliferation by fitting an exponential growth model to
the normalized cell number detected within the area (Fig. 13a).
Doubling time was reduced by approximately 30 % on PDADMAC-
containing multilayers compared to the control. In contrast, a slight
increase was observed on the chitosan-containing surfaces in compari-
son to the control surfaces, with the highest increase of approximately
10 % was observed on (chitosan/heparin)s-chitosan (see Fig. 13b). This
can, in part, be explained by the decrease in cell spreading observed on
the chitosan-containing surfaces, as indicated by a lower average cell
area (see Fig. 13c). This finding is consistent with the results obtained
from the RWG biosensor. Interestingly, on PDADMAC/heparin multi-
layers the presence of PDADMAC as the top layer led to larger cell areas
compared to when heparin was the top layer. However, this difference
did not have an impact on the proliferation rate of the cells (Fig. 13c).
Representative images of results obtained with the digital holographic
microscopy are presented as Fig. S3 in Supplementary Materials. It is
important to note that the observed behavior on the PDADMAC-
containing layers (reduced doubling time and decreased cell area)
could potentially be attributed to the limited vertical resolution of the
Holomonitor instrument, which may have resulted in undetected cell
areas [43].

4. Conclusions

The physicochemical properties of PDADMAC/heparin and chito-
san/heparin films and their impact on preosteoblast cell adhesion and
spreading were successfully evaluated by various experimental methods
such as SPM, OWLS, AFM, QCM-D, RWG- based optical biosensor and
digital holographic microscopy. The applied techniques provided
important information concerning the formation of effective coatings for
favorable cell adhesion.

Upon adsorption of the positively charged macrocations (PDADMAC
or chitosan), the zeta potential of silica changed its sign. Further
adsorption of consecutive PDADMAC, chitosan, or heparin layers led to
periodic oscillations of zeta potential. The macroion multilayer termi-
nated by heparin was significantly more stable than the one terminated
with PDADMAC and chitosan, respectively, implying cross-linking
properties of heparin. Evaluation of OWLS, AFM, and QCM-D data
provides valuable insights into the formation and structure of those
macroion films. Stronger electrostatic interactions within (PDADMAC/
heparin) multilayers lead to the assembly of stable, homogeneous, and
rigid films, whereas (chitosan/heparin) films were less stable against
rinsing, softer and possess a higher swelling capacity. Those conclusions
were verified using AFM imaging in the liquid of respective assemblies.
Collected topography mappings of wet (PDADMAC/heparin)s film
confirmed a homogenous plane layer, although wet (chitosan/heparin)s
film images revealed heterogenous nanofibril/spongy structure with
uncovered substrate regions. The formation of stable and rigid PDAD-
MAC/heparin films was explained by the effective creation of ion-pair
complexes between oppositely charged strong macroions. On the other
hand, the interactions between weak chitosan and strong heparin were
significantly weaker, leading to softer, more hydrated quasi-gel films,
exhibiting nonlinear growth.

Apart from its undoubted advantages, the applied experimental
methods also have several disadvantages. Correction for surface con-
ductivity should be undertaken if the measurements are carried out at
low ionic strength and thin channels in SPM. Furthermore, assembling
the SP cell is tedious and time-consuming and the side walls can be made
of different materials than the basal walls. On the other hand, OWLS
technique cannot be used with opaque substrates because it relies on the
assumption of a homogeneous layer and an isotropic refractive index.
While OWLS uses both TE and TM polarisations, RWG employs the TM
polarization only, making impossible to independently measure both
layer thickness and refractive index when thin adlayers are measured.
Concerning cell adhesion, RWG records the adhesion force of living cells
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indirectly, its calibration was conducted only recently (Sztilkovics). It is
also important to note that the employed DH setup has a strong limi-
tation in resolving very thin parts of the adhered cells, but it is ideal to
measure cellular movements [43]. In case of AFM measurements, special
attention must be paid to controlling the loading forces to minimize
sample deformation or damage as well as the generation of artifacts.
Moreover, the resolution of an AFM microscope is limited by the tip
radius. Sharp AFM probes provide high resolution but are more likely to
be damaged during scanning, which may result in overestimation of the
size of the scanned objects.

The RWG real-time monitoring disclosed that (PDADMAC/hep-
arin)sPDADMAC multilayers strongly affected the cell adhesion,
whereas it was negligible on (chitosan/heparin)s multilayers. Accord-
ingly, one can state that the murine preosteoblastic cells adhere more
easily to the positively charged, homogeneous, and rigid macroion films.
Furthermore, multilayers with positively charged top layer allow for a
more pronounced cell spreading as was confirmed by digital holo-
graphic microscopy. The significant cell attachment and spreading could
be explained by strong electrostatic interactions that occurred between
the negatively charged cell membrane and positively charged substrate.

Hereby characterized films constitute a scaffold for effective pre-
osteoblast adhesion and spreading. In the future, these polysaccharide-
based multilayers can be considered as versatile systems for medical
applications such as immunomodulation therapy, tissue engineering,
and antimicrobial coatings for medical devices.
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