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Abstract

Plasma polymers (PPs) can easily modify material surfaces to improve their

bio‐applicability due to match‐made surface‐free energy and functionality.

However, cell adhesion to PPs typically composed of various functional

groups has not yet been fully understood. We explain the origin of strong

resistance to trypsin treatment previously noted for nonendothelial cells on

amine PPs. It is caused mainly by nonspecific adhesion of negatively charged

parts of transmembrane proteins to the positively charged amine PP surface,

enabled by thin glycocalyx. However, endothelial cells are bound primarily

by their thick, negatively charged glycocalyx and sporadically by integrins

in kinetic traps, both cleaved

by trypsin. Cell scratching

by atomic force microscopy

tip confirmed the correlation

of trypsin resistance to the

strength of cell adhesion.
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1 | INTRODUCTION

Diseases, injuries, and birth defects are, and always have
been, a part of human existence. At first, people tried to
cure or replace incurable defects with natural materi-
als.[1] Later on, they came up with the idea of the
transplantation of tissues and organs. However, the lack
of good immunosuppression and the inability to monitor
and control rejection, as well as a severe shortage of
organ donors, limited their efforts. But simultaneously, it
motivated the development of other alternatives, that is,
tissue engineering.[2,3] One of the main efforts in tissue
engineering is to find a suitable material to create a
scaffold for cell growth. High biocompatibility, appropri-
ate biodegradation, and low immunogenicity are
required for scaffolds. The ideal biomaterial further
promotes cell–cell interaction and development and
exhibits appropriate mechanical and physical properties.
Recent findings indicate that another important require-
ment is the proper extracellular matrix (ECM) environ-
ment, which contains proteins, cytokines, and other
substances that regulate cellular functions such as
migration, proliferation, and differentiation. Biomaterials
should appropriately simulate the ECM.[4]

Initial interactions of cells with biomaterials are
influenced by chemical composition, surface energy,
pore presence and size, roughness, and geometry of top
surface layers, which are in direct contact with body
fluid and cells. This interaction starts with the wetting
of the surface by water, the adsorption of proteins from
the blood or sera, and only then it is possible to attach
the cells.[5] Synthetic biodegradable polymers, such as
polycaprolactone (PCL), poly(L‐lactic acid), poly(gly-
colic acid), poly(lactic‐co‐glycolic acid), are promising
candidates for biomaterial development because they
can be easily electrospun in the form of nanofibers
resembling the structure of ECM offering more control-
lable nanofibrous morphology than natural polymers.[6]

However, it is necessary to overcome the hydrophobic-
ity of synthetic polymers, which is further increased by
a topological effect of nanofibrous architecture.[7] The
introduction of surface groups such as amino groups,
carboxyls, hydroxyls, or anhydrides increases the
surface‐free energy making the electrospun mat hydro-
philic, which in turn improves cell adhesion. Further-
more, the functional groups can mediate the
immobilization of proteins, enzymes, growth factors,
or drugs.[6] At the same time, long‐term stability of
surface functionalization can be attained by depositing a
plasma polymer (PP) thin film, while the bulk propert-
ies of the material remain intact.[8] PPs containing
carboxyl (–COOH) or primary amino (–NH2) groups are
often proposed for bioapplications.[7,9,10]

The nature of cell adhesion to the substrate surface
has a major impact on cell function and tissue develop-
ment, as signaling cascades triggered by cell adhesion
can regulate several events such as embryogenesis, tissue
differentiation, and cell migration.[11] Adherence of cells
to ECM is mainly provided by focal adhesion, the
subcellular complex that mediates the connection of
cytoskeleton and surface receptors on the cell membrane,
called integrins, which selectively bind to adhesion
proteins such as laminin, fibronectin, and vitronectin
occurring in ECM, and maintain a vital connection with
intracellular skeleton and thus affect cytokinetic pro-
cesses.[12] In our previous study,[13] we observed a unique
phenomenon related to cell adhesion—myoblasts
(C2C12), fibroblasts (LF), keratinocytes (HaCaT), smooth
muscle cells (VSMC), which we collectively called
nonendothelial cells, resisted trypsin/EDTA treatment
(used routinely for cell detachment during passaging)
when cultivated on amine PPs, whereas endothelial cells
(HSVEC, HUVEC, and CPAE) were detached. Thus, for
nonendothelial cells, the plasma‐chemically prepared
amine surfaces function as “amino‐glue.” Importantly,
compared to the chemical preparation of “amino‐glue,”
for example, the preparation of polydopamine‐based
coating,[14] plasma‐chemical preparation is much less
time‐consuming.

EDTA treatment chelates ions that are necessary for
the integrins’ proper function, and trypsin cleaves cell
adhesion mediating proteins, mainly extracellular parts
of integrin (cleaves C‐terminal to arginine and lysine
residues).[15,16] Besides the standard integrin‐based
mechanism, a significant contribution of nonspecific
adhesion through electrostatic interactions is applied on
“amino‐glue” surfaces. As proposed,[13] the nonspecific
interactions between the material surface and cells could
be mediated by many factors, for example, the negatively
charged glycocalyx, which is a complex of proteoglycans,
glycoproteins, and glycosaminoglycans surrounding the
cell membrane.[17,18] Another factor in nonspecific
adhesion may be tissue transglutaminase (TG) activity.
TGs are a family of Ca2+‐dependent enzymes that
covalently crosslink proteins by forming amide bonds
between glutamines and ε‐amino groups of lysine. TGs
can crosslink nearly all ECM proteins by post-
translational modification through transamidation or
deamidation and were reported to have also cell adhesion
activity.[19,20] Nonspecific cell adhesion can also be
affected by the composition of the cell culture media.[21]

This study addressed two main questions: which of
the above‐mentioned mechanisms causes nonspecific
binding to amine PPs and trypsin resistance of none-
ndothelial cells and whether the increased trypsin
resistance is directly correlated to increased cell
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adhesion. The strength of adhesion was assessed by cell
scratching by atomic force microscopy (AFM), which
measures the total strength of both integrin‐mediated
and nonspecific cell adhesion. The type of nonspecific
interaction that causes cell resistance to trypsin/EDTA
was elucidated by analyzing the activity of TGs and the
role of the glycocalyx. The work aims to explain the
nature of cell‐type specific adhesion to the “amino‐glue”
surfaces.

2 | MATERIALS AND METHODS

2.1 | Preparation and characterization
of PPs

PPs with different content of nitrogen and oxygen were
prepared by the plasma‐enhanced chemical vapor
deposition (PECVD) in radio frequency (13.56MHz)
discharge with a capacitive coupling on standard
polystyrene culture dishes (TPP, Switzerland). The PP
type selection was based on previous detailed studies of
PECVD from cyclopropylamine (CPA) vapors mixed with
Ar (for amine PPs),[13,22,23] and PECVD from the mixture
of ethylene (C2H4) and carbon dioxide (CO2) for carboxyl
PPs.[24–26]

Three types of amine PPs were deposited at a pressure
of 50 Pa and an Ar flow rate of 28 sccm; the flow rate of
CPA was held at 2 sccm. In two cases, the radio
frequency (RF) discharge was operated in the pulsed
mode using the duty cycle (DC) of 33% and the repetition
frequency of 500 Hz. The on‐time RF power was 30 or
100W. The third sample was prepared in continuous
wave discharge (DC 100%) at the RF power of 150W. The
governing parameter related to the film properties was
the average RF power, Pav, calculated as the on‐time
power multiplied by the DC. The average powers (Pav)
corresponding to the three used deposition conditions are
10, 33, and 150W.

The carboxyl PPs were deposited according to the
procedure previously optimized on Si substrates for
improved stability and surface functionality.[24,25] The
C2H4 gas flow rate was held constant at 4 sccm. First, a
highly crosslinked base layer was prepared at the RF
power and the CO2/C2H4 flow rate ratio of 70W and 2:1,
respectively. Then a less crosslinked layer with more
functional groups was deposited on the top at 30W and
the CO2/C2H4 ratio of 6:1 by enhancing the plasma
oxidation process. On the Si substrate, the PP coating had
a gradient structure, a 19 nm well‐crosslinked base layer,
and a 1 nm oxygen‐rich top layer, maintaining high
hydrophilicity.[24]

PPs were characterized for their chemical composition
and chemical bonds by X‐ray photoelectron spectroscopy
(XPS). The surface analysis was carried out using an Axis
Supra (Kratos Analytical) spectrometer. The elemental
composition was quantified from the high‐resolution spectra
of each element, and high‐resolution C1s spectra were fitted
to obtain individual components using CasaXPS software
(version 2.3.24) after subtracting the Shirley‐type back-
ground, employing Gaussian–Lorentzian (G–L) peaks with
a fixed G‐L percentage of 30%. The values of the binding
energies of the C environment were taken from the
literature. In the case of amine PPs, the C1s peak was fitted
with a sum of five components: aliphatic hydrocarbon
groups (CHx, C–C) at 285.0 eV, amino groups bonded to
carbon (C–NHx) at 285.9 eV, imine or nitrile groups (C═N/
C≡N) at 286.7 eV, aldehydes/ketones or amide groups (C═O/
N–C═O/N–C‐O) at 287.9 eV, and carboxyl/ester groups (C
(O)OR) at 288.9 eV.[27] The quantification of primary amino
groups was performed by 4‐trifluoromethyl benzaldehyde
(TFBA, purity 98%, Sigma Aldrich) derivatization.[28,29] Due
to the high sensitivity of TFBA to moisture and oxygen, the
reaction was carried out in an Ar atmosphere. The amine PP
layers were placed in the glovebox immediately after the
preparation. The glovebox chamber was pumped down with
a membrane pump and filled with Ar. The procedure was
repeated three times to avoid the residue of oxygen and
moisture. Each sample was placed on the top of the glass
beads inside the 100mL flask and 0.1mL of TFBA was
dropped in such a way as to avoid the contact of liquid with
the sample surface. Then the flask was closed and the
reaction proceeded for 90min. The density of primary amino
groups (NH2) expressed in at.% was calculated from the
fluorine and carbon atomic concentrations measured by XPS
similarly as reported in the literature.[30,31] For the
identification of functional groups in carboxyl PPs, a model
composed of four components was used: aliphatic hydro-
carbon (CHx, C–C) at 285.0 eV, hydroxyl/ether (C−O) at
286.4 eV, aldehyde/ketone (C═O) at 287.8 eV, and carboxyl/
ester (C(O)OR) at 289.0 eV.[24]

The water contact angle (WCA) was measured by the
sessile drop technique[27] with the See System (Advex
Instruments), enabling the observation of a solid–liquid
meniscus using a CCD camera. The contact angles were
determined from the CCD snapshots.

In this work, we added two other important
physico–chemical characteristics of the films that can
impact the cell‐surface interactions, surface charge
(ζ‐potential), and surface stiffness. Electrokinetic analysis
(ζ‐potential measurement) was performed on the device
SurPASS using the adjustable gap cell recommended for
the determination of the ζ‐potential of planar samples
(Anton Paar, Austria). Due to the requirements of
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ζ‐potential measurement, amine, and carboxyl PPs were
deposited on PET foil (product No. ES301230, thickness
0.023 mm, Goodfellow Ltd). Two samples of the same
surface were fixed on two holders; the size of the samples
was 2 × 1 cm2. Measurements were carried out in a cell
with an adjustable gap of about 100 μm, at room
temperature, atmospheric pressure, and constant pH
6.4 with an experimental error of 5%. For the determina-
tion of ζ‐potential, the streaming current method and the
Helmholtz‐Smoluchowski equation were used.[32,33]

PP stiffness was measured using a Dimension Icon
AFM microscope (Bruker Nano GmbH). Force–distance
curves were acquired using a TESPA‐V2 probe (Bruker
Nano GmbH) in at least 18 locations at each sample,
three curves 5 µm apart per location. They were
converted to force separation and fitted in the Nanoscope
Analysis software using a standard polystyrene sample
for modulus calibration.

2.2 | Cell cultivation

Cultivation of human skin fibroblasts (LF), human
keratinocytes (HaCaT), vascular smooth muscle cells
(VSMC), human endothelial cells (HSVEC), and bovine
endothelial cells (CPAE) took place in constant incubator
conditions (37°C, air atmosphere with 5% CO2, and 95%
humidity). All of them, except HSVEC, were cultivated in
DMEM (Dulbecco's modified Eagle's medium, high
glucose, Gibco, Thermo Fisher Scientific) with the
addition of 10% fetal bovine serum (FBS, Gibco, Thermo
Fisher Scientific), 1.2 mM L‐glutamine (Gibco, Thermo
Fisher Scientific) and 100 U/ml Penicillin/Streptomycin
(HyClone, Thermo Fisher Scientific). The HSVEC cells
were cultivated in special media for endothelial cells
Endothelial Cell Growth Medium 2 with the following
supplements: 5% FCS, Human Epidermal Growth Factor,
Vascular Endothelial Growth Factor, basic Fibroblast
Growth Factor, R3 Insulin‐like Growth Factor‐1, Ascor-
bic acid, Hydrocortisone, Heparin (PromoCell), and
100 U/ml Penicillin/Streptomycin (HyClone, Thermo
Fisher Scientific). The cell cultures in all the experiments
were used in the range of 10 passages. VSMC cells are
originally primary culture but with extended cultivation
till the 25th passage, and we used cell passages 15–25.
For endothelial HSVEC cells, only the first six passages
were used for experiments as they are primary cultures.

Cells in the stock passage and control dishes were
cultured in standard laboratory tissue culture dishes
(40× 10mm, volume 2mL, TPP, Merck, Kenilworth). The
same culture dishes coated with amine and carboxyl PPs
were used for the experiments. The properties of PPs
prepared in culture dishes are the same as for planar

substrates, as demonstrated by Michlíček et al.[34] The cells
were seeded on all the tested types of dishes in the
concentration of 0.5–1× 105 cells per dish. During passaging,
phosphate‐buffered saline (PBS; pH 7.4) was used to rinse all
types of cells. Then, they were enzymatically released from
the surface by trypsin/EDTA (ethylene‐diamine tetraacetic
acid, Biosera, Onsala, Sweden, product No. LM‐T1706/100).
HaCaT cells were pretreated for 10min with 0.05% EDTA
before exposure to trypsin (trypsinization) because of their
strong adhesion to culture dishes. Inversion microscope CKX
41 (Olympus) served for visual inspection of cells during
passage and experiments.

2.3 | Trypsinization

Before trypsinization, approximately 1 × 105 cells were
seeded on polystyrene culture dishes and cultivated at the
standard conditions as described in Section 2.2. for 24 h.
After washing them with PBS, 0.5mL of trypsin/EDTA was
added, and the cells were photographed at times of 0, 10, 20,
and 30min by using the IX51 microscope equipped with the
digital camera CAMEDIA (both Olympus). To take pictures
of attached cells only, the trypsin/EDTA containing detached
cells was replaced with the fresh trypsin/EDTA. Cell
resistance to the enzymatic activity of trypsin was evaluated
as the detachment of cells from the PP coated versus control
culture dishes.

To evaluate the effect of glycocalyx on cell adhesion,
endothelial cells CPAE and HSVEC were incubated in
three differently modified culture media that should
degrade their glycocalyx. First, cells were starved by
cultivation in the serum‐free medium DMEM:F12 with
the addition of ITS supplement[35,36] (containing only
insulin, transferrin, and selenium, all from Gibco BRL,
Chemos CZ, Prague, Czech Republic). Second, the effect
of the starvation was enhanced by the inhibitor of the
glycosylation 100 ng/mL tunicamycin,[37] and third, we
increased the glycemia of DMEM media from 25mM to
50mM[38] by the addition of glucose (Merck). After 5 h of
incubation, the cells were trypsinized as described above.

The results were evaluated using the 1.51w Fiji SW/
program (Wayne Rasband, NIH). At each condition, four
field shots focused on the surface automatically adjusted
for intensity, saturation, and color clarity were taken.
Subsequently, the binarization of the acquired mask and
its optimization were performed using image analysis
tools. The results were obtained by automatic counting of
particles larger than 600 pixels and in graphs given as the
average number of sessile cells per field of view. For each
sample, four independent measurements were done.
Each time the dependence was normalized indepen-
dently by dividing by the value for time t= 0min when
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trypsin was added. The variance of this value was taken
into account in the variances of plotted values at other
times using the standard error propagation rule.

2.4 | Assessment of TG activity by
dansyl cadaverine incorporation

The activity of TGs in studied cells was assessed by
fluorimetric evaluation of incorporated amine donor dansyl
cadaverine (Merck).[39,40] All cells were seeded into a 96‐well
plate in quadruplicates in the concentration of 1 × 104 cells
per well. In 12 h, the 25 μM dansyl cadaverine was added.
The fluorescence of the dansyl group incorporated by TGs
was measured in cells washed by PBS in 5 h of incubation
(Hidex Sense microplate reader, Hidex, Turku, Finland; ex.
330/80 nm, em. 535/20 nm).

Fluorescence of dansyl groups, spontaneously,
adhered to the well surface (wells with dansyl cadaverine
without cells) was subtracted from the results and they
were normalized by dividing results by value of cells
autofluorescence (wells with cells without dansyl cadav-
erine). The variance of this value was taken into account
in the variances of plotted values of other cell lines using
the standard error propagation rule.

2.5 | Western blot analysis

Western blot analysis was performed to identify protein
expression of proteins involved in adhesion and connec-
tion with surface, especially integrins, and cadherins.
Briefly, cells were washed twice with PBS (pH 7.4), lysed
in lysis buffer containing 1% SDS, 5% β‐mercaptoethanol,
0.002% bromophenol blue, and 0.06M TRIS HCl (pH
6.8). The equal amounts of proteins measured by the DC
Protein Assay (5000111, Bio‐Rad) were denatured by
boiling and sonification, and a protease inhibitor cocktail
(11836145001, Roche) was added. Electrophoresis in 8%
SDS‐polyacrylamide gel followed. The proteins were
transferred to nitrocellulose Immobilon‐P PVDF Mem-
brane (IPVH00010, Millipore) and immunoblotted using
monoclonal antibodies: CD 29—integrin β1 (712591), CD
49b—integrin α2 (7125511), CD 49e—integrin α5
(7125995), CD 51—integrin αV (7125983), CD 61—
integrin β3 (7125997), CD 11a—integrin αL (7125502),
fibronectin (7125988) all of them from BD Biosciences
(Becton, Dickinson, and Company), N cadherin (59987),
VE cadherin (9989), M cadherin (398107), integrin α7
(515716), all of them from Santa Cruz Biotechnology,
Inc., tubulin α (5335), β‐catenin (2009), both from Cell
Signaling Technology, active β‐catenin (5665) from

Merck Millipore and E cadherin (1336510) from SONY
Biotechnology at dilutions of 1:1000. Then, correspond-
ing HRP‐conjugated secondary antibodies at dilutions of
1:5000 were used and detected on Fusion SL imaging
system (Vibler) using Immobilon Western Chemi-
luminescent HRP Substrate (Merck, WBKLS0500).

2.6 | Cell stiffness and scratching

Cell stiffness was measured using AFM microscope
NanoWizard 3 (Bruker Nano GmbH) in Force Mapping
mode.[41] The measurement of cell stiffness was per-
formed by nanomechanical mapping, which resulted in a
force map of 16 × 16 points. The force curves were
evaluated in the AtomicJ,[42] which offers the possibility
to specify selected parameters of the tip with which the
measurement took place. A truncated pyramid‐shaped
silicon tip with a radius of 5 μm, height of 10–15 μm, and
angle‐to‐edge of 18° (Figure 1a) was used for
the measurement. When evaluating the force map of
the cell, only the force curves from the center of the cell
were considered, thus eliminating the influence of the
base material. The region of interest (ROI) function of
AtomicJ was used to select a suitable cell area.

The cell adhesion to the surfaces was also studied
using the AFM microscope NanoWizard 3 (Bruker Nano
GmbH) but in the Imaging mode.[41] The strength of
adhesion was determined as the force required to scratch
the cell from the surface of the culture dish. Using a
truncated pyramid‐shaped tip (Figure 1a), the tip moved
across the cell until it was scratched off the surface. At
first, the adhesion complexes at the edge of the cell were
disrupted (Figure 2b); with increasing force, the disrup-
tion increased (Figure 2c) and then the cell was
completely torn off the surface (Figure 2d). This force
value was recorded as the force required to completely
scratch the cell from the surface.

After measuring cell stiffness and cell scratching,
SEM micrographs were taken by using SEM/FIB micro-
scope FEI Versa3D to inspect the tip. The tip remained
unchanged after the measurement; only the remains of
cells are visible (Figure 1b).

3 | RESULTS

3.1 | Surface properties influencing the
cell‐surface interaction

The chemical structure of the amine films (measured
by XPS) was thoroughly described in previous
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publications.[13,22] Regardless of the deposition conditions,
the nitrogen content was higher than 10 at.% in all amine
PPs (Figure 3b). A lower power invested into the plasma
polymerization process led to higher retention of the
functional group present in the precursor, which was
confirmed by chemical derivatization. The PP film deposited
at the lowest Pav = 10W (30W, 33%) possessed the highest
number of primary amino groups (3 at.%) and also nitrogen
functionalities in total (19 at.%). The nitrogen content
decreased with increased Pav in favor of carbon (Figure 3a,
atomic fraction of C). The same trend was followed by imine
and nitrile groups (C═N/C≡N) but, surprisingly, not by
amino groups (C–NHx). The content of all amino groups was
similar for all the deposition conditions—around 12 at.%.
The XPS analyses of the amine PPs were intentionally
performed after 14 days of air exposure, that is, at the same
aging time as the cell experiments. Oxygen content

originating from the oxidation of amine PPs was 5 at.% for
the PP prepared at the maximum Pav = 150W (150W, cont.)
and lower for the rest.

The carboxyl PP had smaller carbon content
compared to amine PPs (Figure 3a) due to a higher
oxygen content of around 20 at.%. Although the
polymers contained a large amount of oxygen functional
groups and are called “carboxyl,” the amount of
carboxyl functional groups was just slightly above
4 at.%. More represented functional groups were
hydroxyls/ethers (C–O; 12.4 at.%) and aldehydes/ke-
tones (C═O; 7.4 at.%) (Figure 3b). The carboxyl PPs also
contained a small amount of nitrogen, which is
probably related to air leakage. In the reactor where
the carboxyl PPs were prepared the air leakage is
typically 0.1 sccm or less, depending on how precisely
the top electrode is placed.

FIGURE 1 Scanning electron microscope (SEM) micrographs of truncated pyramid‐shaped tip used to measure cell stiffness and
scratching. (a). Tip before measurement. (b) Tip after measurement with the remains of cells.
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FIGURE 2 Scheme of cell scratching. (a) Cell before scratching. (b) Cell started to detach from the surface at the edges. (c) Cell almost
detached from the surface. (d) Cell after scratching.

FIGURE 3 (a) Analyses of surface properties—atomic fraction of carbon content, ζ‐potential (at pH 6.4), Young's modulus, and water
contact angle. (b) Detailed analyses of chemical composition by X‐ray photoelectron spectroscopy (XPS), bold font denotes the
corresponding element and its high‐resolution spectrum fitting (red—carbon; green—nitrogen; blue—oxygen).
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The chemical composition of the films was well
reflected by electrokinetic analyses determining the
surface charges (ζ‐potential) of studied surfaces. As
demonstrated in Figure 3a (2nd graph), the ζ‐potential
was the highest for the layer prepared at 30W, 33%,
which had the highest nitrogen content and positively
charged amino and other nitrogen‐containing groups.
For the layer at 150W, cont., which had the lowest
nitrogen content and the highest content of negatively
charged oxygen‐containing groups (Figure 3b), the ζ‐
potential was the lowest among the amine PPs. However,
this PP still contained a significant amount of nitrogen
and amino functional groups compared to the PET
reference. Therefore, the ζ‐potential was less negative
than the PET reference.

In contrast, carboxyl PP, which contains predomi-
nantly oxygen and negatively charged oxygen functional
groups, has the ζ‐potential value even lower than for the
PET reference. It corresponds well with XPS results, the
higher amount of nitrogen groups, and the much positive
ζ‐potential. These changes could have been accompanied
by changes in surface stiffness. As shown in Figure 3a
(3rd graph), the stiffness of amine PPs deposited into
polystyrene culture dish is constantly increasing with
increasing Pav. The stiffness of carboxyl PPs is, within the
measurement errors, comparable to the stiffness of
150W, cont. amine PP.

3.2 | Trypsinization

In the previous publication,[13] we described the differ-
ences in trypsin resistance for several cell types on dishes
coated with amine PPs. Here, we expanded the study
with dishes coated with carboxyl PPs (Figure 4). For
comparison, the previously published results of trypsini-
zation on amine PPs are also shown in Figure 4. As
demonstrated in Figure 4, nonendothelial cells (HaCaT,
VSMC) show strong resistance to trypsin on amine PPs,
as the trypsinization of exposed cleavage sites only makes
the cell roundish, not detached (Supporting Information:
Figure S1). Interestingly, their resistance is only weak
when growing on carboxyl PPs. This difference is the
most pronounced for VSMC that remained on amine PPs
even after 30 min of trypsin treatment. They were alive
although a bit roundish. On carboxyl PP, their resistance
was similar to the control dish, where almost all cells
were detached from the surface after 10min of trypsin
treatment (Figure 4). HaCaT cells on carboxyl PPs
behaved similarly, just a bit delayed—there were no
cells attached after 20min of trypsin treatment. Thus,
nonendothelial cells were attached strongly to amine PPs
but adhered weakly to carboxyl PPs (Figure 4). Since this
phenomenon has not been shown on carboxyl surfaces,
we can indeed call it the “amino‐glue” effect, and further
experiments were carried out only with amine PPs.

FIGURE 4 Differences between trypsinization of endothelial cells (CPAE, HSVEC) and nonendothelial cells (HaCaT, VSMC) on
“amino‐glue” surfaces[13] and surfaces with carboxyl groups.
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3.3 | Cell stiffness and adhesion on
amine PPs

It is believed that focal adhesion plays an important role
in the mechanosensing of cells upon contact with the
substrate. It is recognized as the major intermedia
architecture connecting the ECM and F‐actin.[43] Thus,
different surface stiffness of amine PPs could be
manifested in different cell stiffness. We chose HSVEC
and VSMC as endothelial and nonendothelial cell
representatives, respectively (Figure 4). The stiffness of
the amine PPs varied slightly and was the lowest for layer

30W, 33%. However, the stiffness of the cells (both
HSVEC and VSMC) did not change (Figure 5a).

To answer whether increased trypsin resistance of
nonendothelial cells is directly related to their higher
adhesion to the PP surface, cell scratch tests were
performed with the two selected cell types. The relative
value of the force required to scratch the cell off the
surface was compared (Figure 5b). Interestingly,
HSVEC showed a similar degree of adhesion to amine
PPs as to the untreated control dish, except for the layer
deposited at 100W, 33%, where the adhesion was about
40% higher than on the control dish. On this surface, we
also observed a slightly increased resistance of HSVEC
cells to trypsin (Figure 4). In contrast, VSMCs adhered
very strongly to all the amine PPs compared to the
untreated control dish. The relative values are twice as
high. This result confirms the assumption that the
mechanism of adhesion of endothelial (HSVEC) and
nonendothelial cells (VSMC) to amine PPs is differ-
ent[13] and that trypsin resistance is accompanied by
higher cell adhesion.

The glycocalyx, whose morphology, thickness, and
composition can differ for different cell types, may play a
role in a different mechanism of cell adhesion. To verify
the hypothesis about the role of different compositions
and the thickness of glycocalyx in cell adhesion, three
different methods inducing the glycocalyx degradation
were used: hyperglycemia,[38] starvation,[37] and glyco-
sylation inhibition.[35,36] After degrading the thick and
negatively charged glycocalyx of endothelial cells, they
were expected to behave similarly to nonendothelial
cells, that is, adhere more strongly to amine PPs. As
shown in Figure 6, endothelial cells (CPAE and HSVEC)
before glycocalyx degradation adhered weakly to both the
control untreated surface and the amine PP deposited at
100W, 33%, which is shown by trypsinization in
Figure 4. HSVEC with glycocalyx degraded by any used
methods showed stronger resistance to trypsin treatment
on the tested 100W, 33% amine PP. Before glycocalyx

FIGURE 5 (a) Cell stiffness expressed as Young's modulus. (b)
Adhesion of cells to the surface, expressed as the force necessary to
detach cells from the surface by scratching.

FIGURE 6 Trypsinization after degradation of thick endothelial glycocalyx by 5 h long hyperglycemia (GLU), starvation (ITS), and
inhibition of glycosylation (ITS + TUN).
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degradation (trypsinization in standard culture medium),
about 30% of the seeded HSVEC cells remained adherent
on the surface after 10 min of trypsin treatment
(Figure 6). In contrast, under conditions corresponding
to hyperglycemia or starvation, about 60% of the seeded
cells remained adherent on the surface after 10min of
trypsin treatment. In glycosylation inhibition, it was even
almost 80% of the cells. Before glycocalyx degradation on
the control untreated surface, almost all HSVEC cells
were detached from the surface after 10 min of trypsin
treatment. However, after glycocalyx degradation by the
above‐mentioned methods, about 30% of the seeded
HSVEC cells remained adherent on the surface after
10 min of trypsin treatment.

3.4 | Assessment of TG activity by
dansyl cadaverine

The various activity of TG could also lead to the
formation of different bonds to the surface. As TGs are
numerous and differ among cell types, we chose a
functional test—incorporation of fluorescent dansyl
cadaverine by the activity of TGs. Fluorescence of cell‐
and surface‐bound dansyl group was measured after
5 h of incubation. The TG activity showed no correla-
tion supporting dividing cells into two groups, that is,
endothelial and nonendothelial. Although the activity
of TGs is the highest for VSMC (Figure 7), endothelial
HSVEC cells also have a relatively high TG activity. On
the other hand, both HaCaT keratinocytes none-
ndothelial cells and CPAE endothelial cells have lower
TG activity. We can conclude that the activity of TGs is
not significantly higher in exquisitely nonendothelial
cells.

4 | DISCUSSION

The principal difference in adhesion between endothelial
and nonendothelial cells should reveal why cells resist
trypsin treatment. Based on previous results, the
increased resistance to trypsinization of nonendothelial
cells on amine PPs was explained by a nonspecific cell
adhesion such as electrostatic interaction between the
(negatively charged) cells and (positively charged) amino
groups on the material surface.[17,44] Compliance of
endothelial cells to trypsin treatment also disproved our
first hypothesis that catalytic activity of trypsin might be
inhibited or blocked by the surface‐bound amino
groups.[13] Nevertheless, we cannot completely exclude
the possibility that the highly positively charged surfaces
affect the ability of trypsin to cleave. The nonspecific
binding of negatively charged domains of trans-
membrane proteins (including integrins) and phospholi-
pids may lead to steric hindrance of the cleavage sites or
changes in their conformation or chemical properties.[45]

4.1 | Trypsin resistance is directly
correlated to the strength of adhesion

All the cells in our previous study[13] attach more quickly
to PPs, which is more pronounced in nonendothelial,
trypsin‐resistant cell lines. The cell‐surface interactions
are governed by the physico–chemical properties of the
surfaces, such as chemical functional groups, surface
energy, roughness, and surface charge.[8,46–54]

Therefore, it was assumed that this effect could be
explained by the positive charge of amine PPs.[55,56] In
the current study, we found out that the surface ζ‐
potential is the most positive on 30 and 100W (33%)
surfaces (Figure 3a). Babaei et al.[46] showed that the
nitrogen‐rich PP films acquire positive surface charge
due to the presence of amino groups, whereas carboxyl
groups in oxygen‐rich coatings result in negative surface
charges. Babaei's study examined the ζ‐potential of
samples with an oxygen content of about 23 at.%, and
the ζ‐potential reached values around −27mV. Our
carboxyl PP with a similar oxygen content exhibited
more than two times higher negative ζ‐potential. The
layers could differ in the amount of various oxygen‐
containing groups, but the ζ‐potential is also significantly
influenced by the measurement of pH that was 7.4 in
Babaei and Girard‐Lauriault[46] and 6.4 here. Babaei's
samples with a nitrogen content of about 13 at.% reached
ζ‐potential values of +20mV.[46] This is comparable to
our ζ‐potential results for 100W, 33% amine PP (Pav =
33W), which has the ζ‐potential of +19.8 mV. For our
30W, 33% amine PP, the ζ‐potential value was doubled.

FIGURE 7 Activity of transglutaminases assessed by
incorporation of fluorescent dansyl cadaverine for 5 h.
Nonendothelial cells (VSMC, LF, and HaCaT) are shown in green
and endothelial cells (HSVEC and CPAE) are shown in orange.
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Such a high positive ζ‐potential of around +40mV at pH
6.4 is notable as it is difficult to achieve.

Since all the studied cell types attached most quickly
on the highly positive surfaces (except CPAE), surface
charge likely plays an important role in the attachment
rate. This hypothesis was supported by single‐cell force
spectroscopy, indicating that the increased short‐time
adhesion of cells to PPs is correlated to the amount of
amino groups.[13] The reason could be the quicker
binding of ECM proteins such as fibronectin, a receptor
for integrins. Fibronectin has a negative net charge in
pH‐neutral liquids, meaning that it could bind to a
positively charged surface quickly and efficiently.[57–59]

Besides this fibronectin‐integrin binding system, it is
suggested that the increased attachment rate and short‐
time adhesion could be caused by electrostatic van der
Waals attractions of positively charged surfaces and
negatively charged parts of cell membranes.[55,60–62] In
addition, we confirmed that the increased trypsin
resistance and quicker attachment of nonendothelial
cells do not correlate with the stronger cell adhesion
caused by the increased number of the particular type of
cadherin or integrin molecules, that is, the strengthened
focal adhesion. We performed numerous Western blot-
tings (Supporting Information: Figure S2), but found the
same level of cadherin and integrin expressions in cells
growing on the control and the amine PP‐coated dishes.
To supplement the hypothesis that trypsin resistance of
nonendothelial cells is directly associated with their
increased adhesion to the amine PPs, we performed the
cell scratching by AFM in the current study. It showed
that VSMC (as an example of nonendothelial cells) on PP
surfaces are attached stronger than HSVEC endothelial
cells (Figure 5b). We can thus directly correlate trypsin
resistance and the strength of cell adhesion.

4.2 | Substrate stiffness does not affect
cell adhesion

Surface stiffness is an important parameter as cell‐surface
adhesion could be increased by increased surface
stiffness due to the more active adhesion proteins.[63,64]

The ECM creates the microenvironment, which can
regulate various cellular behaviors like growth, develop-
ment, and death.[65] The intimate connection between
cells and the surrounding ECM allows them to react to
changes in the external environment. In several stud-
ies,[66–70] it was demonstrated that adhesion, migration,
and proliferation of vascular endothelial cells (VECs) and
vascular smooth muscle cells (VSMCs) were reduced on
substrates with lower stiffness. Therefore, we tested the
stiffness of the polymer surfaces, which was in all cases

higher than the untreated control surface. For amine
PPs, there is a trend of stiffness increasing (moderately)
with plasma power (Figure 3a). This result can be related
to a significantly higher crosslinking of the amine PP
layer deposited at higher Pav, as seen from the water
stability of film revealed by Manakhov et al.[22] However,
even though one of the largest differences in surface
stiffness is between the control surface and the carboxyl
PP, they behave similarly with respect to cell trypsin
resistance (Figure 4). Thus, surface stiffness can be
eliminated as a key factor in the “amino‐glue” effect.
Furthermore, the cell stiffness is not correlated with the
different adhesion of endothelial and nonendothelial
cells on amine PPs nor with surface stiffness (Figure 5a).

4.3 | The activity of TGs does not affect
the trypsin resistance

One of the mechanisms that mediate cell adhesion and
spreading is the activity of cell surface TGs, which can
crosslink cells to ECM. TGs could also act as an integrin‐
binding coreceptor for fibronectin and support cell
adhesion in this way, and it was proved that over-
expression of TGs increases cell adhesion.[71] The
increased activity of tissue TG accompanied the
increased resistance to trypsinization in multiple cell
lines after photodynamic therapy.[72] All cell types
studied in this work are known to express TGs. In
fibroblast,[73] VSMC,[74] and endothelial cells TG2 is the
most expressed,[75] whereas in HaCaT it is TG1, 3, and
5.[76] To compare their activity, we used a universal
amine donor, a fluorescent monodansyl cadaverine.[77]

Dansyl fluorescence of incorporated cadaverine in
washed cells served as a marker of TG activity.[39,40]

This assay showed that TGs are the most active in VSMC
and LF cells, but also in the HSVEC cell line, whereas
HaCaT and CPAE cells incorporated significantly less
monodansyl cadaverine (Figure 7). If TGs were the cause
of nonspecific binding of nonendothelial cells, then only
nonendothelial cells would have higher levels of incor-
porated cadaverine. However, we found that TG activity
in HaCaT and HSVEC does not support this hypothesis,
indicating that TGs most probably do not cause the
“amino‐glue” effect.

4.4 | Glycocalyx degradation results in
increased trypsin resistance

Endothelial cells are known to have an extremely thick,
negatively charged glycocalyx, unlike nonendothelial
cells. For a long time, glycocalyx was taken only as a
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protective cover of the cell, but recently it was shown that
it has many effects on cellular behavior.[78] Glycocalyx
affects the reorganization of cell surface receptors,
including integrins, and can change their activation
and thus directly affect, among other things, cell
adhesion. It was shown that bulky glycocalyx could
sterically restrict the efficient binding of integrins to the
matrix by creating a gap.[79] On the other hand, cells with
a thick glycocalyx contain so‐called “kinetic traps”
created in spots where the glycocalyx is compressed,
and the cytoplasmic membrane forms protrusions rich in
integrin molecules.[79] The glycocalyx is a very dynamic
structure reacting to the presence of reactive oxygen and
nitrogen radicals, which can be degraded and rebuilt in a
few hours. Cells respond by glycocalyx degradation to
many impulses such as starvation, hyperglycemia, and
ischemia, and it is probably a mechanism that alters cell
metabolism via integrin‐mediated signaling.[36,80,81] For
this study, it is crucial that trypsin treatment destroys
glycocalyx.[82–85] The ability of trypsin to cleave cell
membrane‐associated protein is decelerated by bulky
glycocalyx as it first has to get through its pores, and then
it also has to cleave the glycocalyx to get to surface
proteins.[82,86]

Based on this knowledge, we hypothesized that
nonendothelial cells bind, besides standard integrin‐
based mechanisms, mainly nonspecifically to positively
charged PPs by all the negatively charged areas of their
transmembrane proteins peeking through their thin
glycocalyx and by the negatively charged membrane
phospholipids.[44,87–89] Therefore, cleavage in trypsin‐
specific sites does not result in efficient cell detachment.
This correlates with our observation that HaCaT and
VSMC cells grown on the most positively charged surface
(Pav = 10W) are the most trypsin‐resistant ones.[13] On
the other hand, endothelial cells are bound mainly by
their thick, negatively charged glycocalyx and by only a
few spots of integrins in the kinetic traps. Trypsin
treatment destroys glycocalyx and cleaves specifically
bound integrins in those traps. Therefore, endothelial
cells on PP surfaces detach slightly slower compared to
the control surface, as it takes some time for the tensile
force to break the remaining few nonspecific bonds
(Figure 4).

We tested the hypothesis by degrading the glycocalyx
of endothelial CPAE and HSVEC cells before trypsiniza-
tion using three different methods, starvation, hyper-
glycemia, and inhibition of glycosylation by tunicamycin.
We found that 5 h of glycocalyx degradation by all the
treatments resulted in increased trypsin resistance in
both tested endothelial cell lines. It was shown that cell
adhesion could be increased by cell death, in particular
necrosis.[90] However, we did not observe any

morphological signs of necrosis such as swelling of cells
and organelles causing an increased number and volume
of cytoplasmic “vacuoles.”[91] Thus we can exclude the
impact of necrosis. The treatment of cells by tunicamycin
and deprivation of glucose could also cause interruption
of cell proliferation as tunicamycin leads to loss of cyclin
D1. Both treatments result in the activation of ERK
kinase, which leads to the stabilization of p53 and
activation of p21cip1 causing G1 arrest.[92,93] Never-
theless, the G1 arrest is noticeable only after longer
treatments (at least 12 h), thus our result should not be
affected.

Therefore, the results of the glycocalyx degradation
experiments confirm the hypothesis. The increased
resistance to trypsin treatment follows from the revealing
of transmembrane proteins, which became attached to
PPs the same way as in nonendothelial cells, that is, by
electrostatic attraction between positive PP surface and
negative parts of transmembrane proteins and phospho-
lipids. The question remains, why do even cells grown on
control (untreated) dishes show a slightly increased
trypsin resistance after degradation of their glycocalyx?
We can speculate that untreated endothelial cells with
thick glycocalyx are more easily or quickly trypsinized as
there are only integrin traps to cleave by trypsin.
However, when the glycocalyx is removed, the integrins
are more evenly distributed on the membrane, so it takes
more time to cleave them. The increase can even be
related to carboxyl groups on the surface, as the control
dishes are plasma treated by the producer.[27]

All other suggested “amino‐glue” explanations, such
as the effect of surface stiffness and TG activity, were
excluded. We can thus conclude that the binding of
endothelial cells via glycocalyx is weaker and more prone
to trypsin cleavage than the binding through negatively
charged parts of proteins to the positive amino groups of
PPs via electrostatic attraction.

5 | CONCLUSION

The central question of this manuscript is the nature of
cell adhesion to the amine and carboxyl PP surfaces. We
demonstrated increased resistance to trypsin treatment
observed for the nonendothelial cell lines (VSMC and
HaCaT) on amine PPs, which was observed neither for
endothelial cells (HSVEC and CPAE) nor on carboxyl PP.
The strong attachment of nonendothelial VSMC cells was
confirmed by cell scratching by AFM, which measures
the total strength of integrin‐mediated and nonspecific
cell adhesion. Trypsin resistance could thus be correlated
with the strength of cell adhesion. The mechanism of
adhesion of endothelial and nonendothelial cells to
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amine PPs is influenced by the action of nonspecific
adhesion, especially electrostatic interactions between
cells and amino functional groups. The effect of surface
stiffness and TG activity were excluded as mechanisms
affecting the different adhesion of endothelial and
nonendothelial cells. The crucial factor is glycocalyx
thickness. In nonendothelial cells with the thin glycoca-
lyx membrane‐associated proteins/glycoproteins/phos-
pholipids, including specifically‐bound integrins, pro-
trude from the glycocalyx. They are also evenly
distributed on the cell's surface and bound to the
positively charged amine PP by all their negative
domains. Trypsinization of exposed cleavage sites thus
only makes the cell roundish, not detached. On the other
hand, endothelial cells with a thick glycocalyx bind to the
PPs by their negatively charged “sugar coat” as glycoca-
lyx covers all the transmembrane proteins. There are
only a few kinetic traps where glycocalyx is compressed
and cytoplasmic membrane arches toward the surface to
form adhesive complexes between integrins and PPs.
However, trypsin can cleave both integrins in kinetic
traps and glycocalyx, causing endothelial cells to detach
after trypsin treatment.
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