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Wound dressings represent the first important defense line against potentially life-threatening infections. Suc-
cessful materials should unify efficiency, simplicity of production with the ease of application. Cationic polymers
based on quaternary ammonium salt moieties along the polymer chain promise high efficacy against growth of

Svtzrrel;n;:tszﬁ relevant pathogens including drug-resistant strains. We present a novel and easy-to-handle wound dressing
Gels & material based on the well-defined copolymers of oligo(ethylene glycol) methyl ether methacrylate (OEGMA)

and 2-(dimethylamino)ethyl methacrylate (DMAEMA), using quaternization with 1,6-dibromohexane for
hydrogel formation. The material obtained from this robust approach was perfectly biocompatible with human
dermal fibroblasts and revealed an auspicious degree of intrinsic antibacterial activity against P. aeruginosa as a
model pathogen for hospital-acquired infections. Formation of bacterial biofilms was prevented in early- and
late-stages and even planktonic cells were killed upon gel contact. The rheological properties of the hydrogel
materials were comprehensively characterized in both dry and swollen states. Excellent biological performance
and appropriate viscoelastic properties qualify the hydrogels from our production approach as truly promising
novel wound dressing materials with long-lasting and contact-active bactericidal activities. We believe that this
charmingly simple procedure and the mechanical properties of the hydrogel may open new avenues towards
cost-effective next-generation first-line wound-care materials.

P. aeruginosa

1. Introduction

Microbial infections have emerged as one of the main health threats
of our time, with nosocomial infections representing the most chal-
lenging tasks to be managed by healthcare facilities, especially intensive
care units that handle truly severe injuries, including large burn wounds
[1,2]. In particular, according to the World Health Organization (WHO),
infections are the second leading cause of mortality worldwide, and
according to the European Centre for Disease Control (ECDC), more than
4 million patients are affected by nosocomial infections every year in
Europe alone [3], with immune suppressed patients being the most
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threatened individuals.

Although wounds become chronic due to various reasons, they share
some common parameters. Hard-healing wounds are characterized by
high levels of pro-inflammatory cytokines, reactive oxygen species
(ROS), and matrix metalloproteinases (MMPs). Prolonged healing is also
the result of insufficient tissue vascularity, infection, and tissue necrosis
[4-8]. Colonization of the wound by bacteria is a particularly dangerous
factor that hinders tissue regeneration not only because pathogenic
bacteria can stimulate the inflammatory process but also because they
are an attractant for leukocytes synthesizing cytokines, ROS, and pro-
teases that lead to the destruction of the infected tissue [9]. A major
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pathogen that is normally acquired in hospital environments with
enormous pathogenic potential is the gramme-negative bacterium
P. aeruginosa, which, due to its ability to produce an impressive arsenal
of toxins and other secreted virulence factors, was among the first bac-
teria whose large genome was sequenced in the early 2000s [10].
P. aeruginosa PAO1 like many other Pseudomonas pose a considerable
additional threat to patient welfare, which originates from its intrinsic
lifestyle preference to form elaborated multicellular biofilms on surfaces
(e.g. wound surfaces, medical equipment) that allow it to persist under
harsh conditions [11,12]. P. aeruginosa, especially due to mutations
against last resort antibiotics such as carbapenem, has been identified as
a major global health threat and is therefore on the WHO priority list of
the most threatening pathogens with the highest demand for novel an-
tibiotics and treatment [13].

Despite the shockingly high number of cases and the severity of in-
dividual health consequences, mankind requires novel procedures,
methods, and materials to meet this tremendous health problem. Un-
doubtedly, the best infection treatment is to avoid the development of
full infections, which means to exclude or significantly inhibit early
infection stages. In clinical wound care, a significant focus has been put
on novel surgical (wound) dressings as first defense lines against major
(nosocomial) problematic human pathogens [14-17].

The selection of the appropriate dressing according to the charac-
teristics of the wound is an important element of the treatment process
[18]. Many materials have been used for rapid wound healing, including
porous foams, biocompatible membranes, electrospun nanofibers, and
functional hydrogels [19-25]. Hydrogels have come to the forefront
among these biomaterials due to their properties such as absorbing tis-
sue exudates, keeping the wound environment moist, cooling the sur-
face, having decent mechanical parameters, allowing oxygen to
penetrate [26-30].

Recently, we have introduced antimicrobial hydrogel composite
materials functionalized with affinity molecules facing the wound and
consequently, the pathogen freshly starting its development toward a
full and potentially deadly infection. These so-called ‘capture-and-kill’
concepts are based on (specific) binding of bacterial or yeast cells with
lectins or aptamers [15,16,31]. The aim is to remove the early stages of
infection together with the wound dressing during the standard daily
exchange procedure. This removal of immobilized cells is conceptually
safeguarded by a second defense line which is realized by loading the
gels with appropriate antimicrobial drugs (e.g., antibiotics or antimi-
crobial peptides). These drug-loaded composite constructs have intrinsic
drawbacks residing in their complexity and resulting from that in ma-
terial costs of the final product which may render them economically
unattractive. In this context, hydrogels with inherent antimicrobial ac-
tivity, for example positively charged polymers, constitute valuable al-
ternatives for real applications on the mid-term time scale [32-34]. In
addition to these properties, it should be painless and hassle-free to
change the gels used as wound dressings during the application, there-
fore it is important to prepare the gels as a thin film [35-40].

Contact-active biocidal materials kill bacteria through direct contact
with the bacterial membrane and have received great attention due to
their environmental friendliness and their long-term durability [41-44].
Among the various biocidal materials developed so far, cationic poly-
mers carrying quaternary ammonium salt moieties along the polymer
chain have been shown to exhibit high efficacy in inhibiting the growth
of drug-resistant microbes [45-50]. Due to their multifunctionality,
biocompatibility, and immunogenic nature, they have attracted great
interest in the prevention and/or treatment of bacterial diseases [51].
Quaternized poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA)
and its derivatives have been extensively studied as effective antimi-
crobial materials [52-55]. Such polymers provide an ideal platform for
the development of long-lasting, contact-active bactericidal surfaces
[56].

In this study we developed very robust and simple wound dressing
system based on well-defined copolymer of oligo(ethylene glycol)
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methyl ether methacrylate (OEGMA) and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) utilizing quaternization with 1,6-dibromohex-
ane for hydrogel formation. Notably, the obtained hydrogel significantly
addressed the need for hydrophilic, immunogenic, and non-cytotoxic
polymers with intrinsic antibacterial activities against P. aeruginosa.
Moreover, the proposed approach allows to obtain the discussed mate-
rial under mild conditions. Since the P(OEGMA-stat-DMAEMA) copol-
ymer was synthesized via reversible addition-fragmentation chain-
transfer polymerization (RAFT) the gel demonstrated a very uniform
structure. The viscoelastic properties of the synthesized gels with varied
amounts of crosslinkers, 1,6-dibromohexane, were investigated and
discussed. In addition, the results of biological tests verified the designed
biomaterial as a promising new material for wound dressing applica-
tions. Inhibition tests against P. aeruginosa bacteria, biocompatibility on
healthy cells, and proliferation mechanisms upon healthy cell culture
reported within this work.

2. Materials and methods
2.1. Materials

Monomers: oligo(ethylene glycol) methyl ether methacrylate
(OEGMA3p9, 98%) and 2-(dimethyl amino)ethyl methacrylate
(DMAEMA, 98%) were purchased from Sigma Aldrich and filtered on
basic alumina to remove butylated hydroxytoluene (BHT) and 4-
methoxyphenol (MEHQ) inhibitors prior the usage. 2-Cyano-2-propyl
benzodithioate ~(CPBD, 99%), 2,2-azobis(2-methylpropionitrile)
(AIBN, 98%), and 1,6-dibromohexane (98%) were purchased from
Sigma Aldrich and used as received. The N,N-dimethylformamide (DMF,
99.8%) and n-hexane (99%) solvents were provided by Avantor Per-
formance Materials Poland. Dry tetrahydrofuran (THF, 99.8%) was
purchased from Sigma Aldrich and used as received.

2.2. Methods

2.2.1. Preparation of the thin film gels

The copolymers of poly(oligo(ethylene glycol) methyl ether meth-
acrylate)-stat-poly(2-(dimethylamino)ethyl methacrylate), (POEGMA-
stat-PDMAEMA), were synthesized by RAFT polymerization of OEGMA
and DMAEMA monomers. Briefly, the gels were obtained by quaterni-
zation of the obtained copolymers with 1,6-dibromohexane in THF.
Fig. 1A and Fig. 1B represent the gel synthesis procedure. Detailed
methods are given in the supporting information.

2.2.2. Characterizations

'H nuclear magnetic resonance (*H NMR), gel permeation chroma-
tography (GPC), a light microscopy (LM) and cryogenic scanning elec-
tron microscopy (cryo-SEM), dynamic rheological measurements and
swelling ratio tests were conducted to characterize the copolymer
samples or gels. The detailed methods are described in the supporting
information.

2.2.3. Biocompatibility tests

The details of cell culture procedure of human skin fibroblasts (BJ
cell line, ATCC), cytotoxicity evaluation and assessment of cell prolif-
eration tests are given in supporting information.

2.2.4. Anti-Pseudomonas properties

Cultivation of P. aeruginosa PAO1 pVLT31-eGFP [57] bacterium,
P. aeruginosa PAO1 attachment and biofilm maturation inhibition assay,
Planktonic P. aeruginosa PAO1 viability reduction test, and P. aeruginosa
POAL contact toxicity — collagen matrix model tests are presented in the
supporting information with details.
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Fig. 1. The scheme for the synthesis of gel films based on PCOEGMA-co-DMAEMA) and their microscopical analysis. A) Quaternization was initially carried out in an
inert flask. B) As soon as the solution became viscous it was transferred to a Teflon-coated hot glass surface to form a film. C) Light-microscopy and cryo-SEM images

of obtained gels.
3. Results and discussion
3.1. Molecular characterization of the gels

Wound dressings with antibacterial and multifunctional abilities that
can accelerate the healing process are urgently needed. Herein the very
robust and simple wound dressing system based on the polymer gel was
designed to demonstrate the intrinsic antibacterial activities against
P. aeruginosa. To control and reduce the heterogeneity of the formed
polymer network, it was generated as a result of the post-polymerization
crosslinking of well-defined linear copolymers. To obtain water-
swellable gels, poly(oligo(ethylene glycol)methyl ether methacrylate-
stat-poly(2-(dimethylamino)ethyl methacrylate), (POEGMA -stat-
PDMAEMA) copolymer was synthesized and then used for the gel for-
mation. Reversible addition-fragmentation chain transfer (RAFT) poly-
merization was used to form well-defined linear chains (Fig. S1). The
copolymer composition was designed in such a way that DMAEMA units
were applied to form crosslinks within the gel by quaternization, while
OEGMA units were responsible for water adsorption. The applied
monomer ratio in the polymerization mixture was set up to OEGMA/
DMAEMA = 5/1 mol/mol. The molecular weight of the copolymers
obtained was in the range of M, = 60,000 g/mol, with a molecular
weight distribution » < 1.30. The GPC plots were symmetric, showing
good control over the polymerization as shown for the arbitrarily chosen
sample (Fig. S2). The content of DMAEMA units in the final copolymer
was calculated based on its 'H NMR spectrum (Fig. $3). For this pur-
pose, the ratio of the integral of the terminal methyl groups (-O-CHgs)
(3.42-3.32 ppm) (8§ = 3.36 ppm) belonging to the OEGMA units to the
protons of the terminal methyl groups (-N-(CHzs)2) (§ = 2.22 ppm) was
compared. Consequently, DMAEMA content within the copolymer was
determined to be 20 mol%. Next, using 1,6-dibromohexane in the
crosslinking step (Fig. S4), thin films were prepared using a very simple
and feasible setup. Fig. 1A and Fig. 1B present the chemical structure of

the formed gels, as well as the setup for the film generation and gel
appearance. Two independent microscopic techniques (light microscopy
of samples submerged in water and cryogenic scanning electron mi-
croscopy of samples vitrified in slush nitrogen) demonstrated that the
morphology of all investigated gels was uniform and homogeneous
(Fig. 1C). The crosslinking density of the synthesized gels was varied
through the amount of the crosslinker used, 1,6-dibromohexane, for the
gel formation and was reflected by the swelling ratio values. It appeared
the high access of crosslinker, 16 eq., versus DMAEMA units, did not
influence the swelling ratio because it was the same or even slightly
smaller in comparison to the system containing 12 eq. or 2.2 eq. of 1,6-
dibromohexane (Table 1). However, only such gels, crosslinked by using
16 eq., were macroscopically stable in the buffer solutions after long
storage; more than 48 h. It was assumed that the observed effect could
be due to the variation within the gel morphologies produced when
different concentrations of crosslinker were used.

The performance of the synthesized gels was investigated based on
the viscoelastic properties in dry and wet states, respectively, because
when hydrogels absorb wound exudate, swelling of the gel occurs and
affects the surrounding tissue, therefore the healing process. This type of
test was also used for the optimization of the amounts of the used
crosslinkers. The only gel that was stable in buffer after a long storage
time (gel 3) was subjected to rheological tests in the swollen state.

3.2. Viscoelastic properties of the gels

3.2.1. The effect of the crosslinker amount in dry state

Based on the amplitude sweep test at a constant angular frequency of
10 rad/s at ambient temperature the values of the storage shear modulus
G (kPa), the loss shear modulus G (kPa) and tan & (-), complex viscosity
n* (Pas), dynamic viscosity n (Pas) for the linear viscoelastic region
were determined. The calculated average values of viscoelastic param-
eters for studied gels are compiled in Table 1. The viscoelastic parameter
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The viscoelastic characteristic of the synthesized gels.
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Gel Crosslinker Swelling ratio Gryr (kPa) Grvr (kPa) Tan & (-) Complex viscosity n*Lyg (Pas) Dynamic viscosity n’Lyr (Pas)
1 (NS%) 2.2 eq. 8.8x 17.47 + 0.32 4.56 + 0.10 0.261 + 0.005 1805.4 + 31.8 456.0 + 9.5

2 (NSY) 12 eq. 6.5x 12.77 + 0.44 5.64 £ 0.19 0.441 + 0.002 1395.8 + 48.2 563.5 + 18.9

3(s" 16 eq. 6.5x 19.73 £ 0.23 10.34 + 0.06 0.524 + 0.004 2227.8 + 23.0 1033.7 + 6.4

3 swollen 16 eq. 6.5x 19.52 + 0.20 0.39 + 0.05 0.020 + 0.002 1953.0 + 19.8 39.2 +4.9

2 NS- not stable in buffer solution after 48 h.
b S_stable in buffer solution after 48 h.

values determined for the oscillation strain range of up to 5% were used
to calculate the average values.

All studied samples showed the linear behaviour for the studied
oscillation frequency range, no significant changes of G and G values
were detected up to 10% of deformation. The highest average value of
the storage shear modulus G’ for gel 3 crosslinked by 16 eq. of 1,6-dibro-
mohexane indicated the highest crosslinking density of the gel compared
to those crosslinked by a lower amount of 1,6-dibromohexane.
Furthermore, a stronger dissipation of the energy was observed, re-
flected by an average value of the loss shear modulus G that was twice
as high. That was probably due to different topology of the formed gel
network and changes in chain mobility. The damping properties of the
material were better as it is reflected by higher values of tan § (Table 1,
Fig. S5). As it was observed, the tan & values determined for gel 1
crosslinked by the lowest amount, 2.2 eq. of 1,6-dibromohexane were
oscillating at low oscillation strain, less than 2% of the oscillation strain.
This indicates that changes in the structure of the material occurred,
probably because of the damage of the formed network. The gel 3
showed better dynamic mechanical stability, no significant changes in
the values of tan & were observed (Fig. S5C).

The application of higher amounts of crosslinkers, 16 eq., led to a
significant increase of dynamic viscosity 1), which is twice as high as gels
crosslinked by 2.2 eq. and 12 eq. of 1,6-dibromohexane (Fig. S6). To
further analyse the influence of the amount of the crosslinkers on the
viscoelastic properties the frequency sweep tests were performed at
ambient temperature (Fig. 2). For all gels studied, the values of the
storage shear modulus G were higher than the values of the loss
modulus G~ in the whole studied frequency range, identifying the pre-
dominant elastic behaviour. The values of storage shear modulus G and
loss shear modulus G~ decreased as the applied angular frequency was
lower (the long relaxation time) indicating smooth and undisturbed
relaxation of the material. In the high-frequency range, where the elastic
behaviour of the material is more predominant, gel 3 showed the highest
values of the storage shear modulus due to the higher amount of
crosslinks in the gel network. Furthermore, for gel 3 crosslinked by 16
eq. of 1,6-dibromohexane, the values of the loss shear modulus G’ were
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significantly higher compared to gels crosslinked using a lower amount
of 1,6-dibromohexane.

The plots of complex viscosity n* (Pas), dynamic viscosity 1 (Pas)
and loss factor tan 8 (-) as a function of angular frequency are included in
the supporting information (Fig. S7). All the gels studied showed a shear
thinning behaviour, the values of dynamic viscosity and complex vis-
cosity decreased as the higher values of frequency (higher shear rate)
were applied (Fig. S7). The higher amount of crosslinker used, 16 eq.
(gel 3), strongly influenced the dynamic viscosity n’ of crosslinked gel
measured as a function of the angular frequency (Fig. S7). For the gel
samples crosslinked by 2.2 eq. and 12 eq. the lower values of dynamic
viscosity ° were observed at higher values of frequency. It suggests a
lower concentration of crosslinks present in the network structure of
both gels. The effect on the complex viscosity n* was less visible, here
the increase of the complex viscosity n* values was observed for the
applied frequency range higher than 50 rad/s. The higher angular fre-
quency at a similar level of oscillation strain generates a higher shear
rate, as the viscosity for most of the polymeric material decreases as the
shear rate is higher (shear thinning behaviour). The higher level of
viscosity at a similar level of frequency indicates the higher crosslinking
density of the material.

3.2.2. The viscoelastic properties of the gel at a swollen state

The only gel that was stable in buffer after a long storage time (gel 3)
was subjected to rheological tests in the swollen state (Fig. S8). The
presence of the solvent strongly influenced the dissipation of the energy
by the swollen material. Here, it was observed that the presence of buffer
did not strongly affect the values of the storage shear modulus G, but the
decrease in the values of the G parameter started at a lower value of the
oscillation strain compared to dry gel 3 (Fig. S9). The calculated average
values of G for the linear viscoelastic region were very similar (Table 1)
and the presence of buffer had no meaningful influence on the elasticity
of the material in the linear viscoelastic region. Oppositely, the presence
of buffer drastically decreased the values of the loss modulus G~ at low
values of the oscillation strain (linear viscoelastic region). The higher
applied oscillation strain led to an increase in the loss shear modulus
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Fig. 2. The values of the storage shear modulus G (Pa) and the loss shear modulus G~ (Pa) as a function of applied angular frequency (rad/s). Applied constant

oscillation strain 0.1%; samples gel 1 (2.2 eq), gel 2 (12 eq) and gel 3 (16 eq).



A. Cetinkaya et al.

probably because of the removal of the buffer from the structure of the
swollen gel.

The presence of buffer affected the dynamic viscosity of the material,
the calculated value of nv for the low oscillation strain (low shear rate)
was 39.2 Pas and increased up to the value of 615 Pas for the 5% of
oscillation strain, probably due to the removal of the solvent from the
structure of the gel. The complex viscosity n* (Pas) measured as a
function of angular frequency decreased when high frequency values
were applied during the test. A similar trend was observed in the case of
the dynamic viscosity 1| (Pas). The changes in the viscosity of the gel
after swelling were due to the presence of the buffer being trapped in the
structure of the crosslinked gel (Fig. S10). It can be noticed that the
presence of the buffer in the structure of the gel affected the G* values
only in the high-frequency range (Fig. S11A). At low frequency due to
the longer time, the relaxation of the swollen material was not disturbed
and the differences in the G’ values of the dried as well as the swollen gel
were less significant. A stronger elastic dynamic response of the dried gel
was observed for higher angular frequency values (higher than 10 rad/s)
and the increase of the G modulus compared to the swollen gel was
detected. In contrast, the swelling of the gel strongly influenced the
values of the loss modulus. The viscous behaviour of the material
changed drastically due to the buffer molecules that were trapped within
the structure. The lower values of the loss shear modulus G~ were
determined for the entire studied frequency range compared to the dry
material. It was clear that the presence of the buffer affected the dissi-
pation of the energy during the deformation of the swollen gel.

3.3. Biocompatibility tests

Cell culture experiments clearly proved that gel 3 was not cytotoxic
to skin fibroblasts since cell viability was approximately 90% after 24 h
of exposure and exceeded 100% after 48 h of incubation in the presence
of the material extract (Fig. 3A). Higher cell viability compared to
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control cells after 48 h exposure time was most likely the result of an
increase in the number of cells in the population in response to gel 3.
This assumption was proven in the proliferation assay, where a greater
number of extract-treated cells was observed after 48 h of incubation
compared to control cells (Fig. 3B). Importantly, it was demonstrated
that the cells cultured in the presence of the material extract showed a
significantly higher proliferation rate, which was reflected by the
calculated proliferation parameters (doubling time — DT and growth rate
—GR), (Table 2). DT estimated for extract-treated cells was significantly
shortened to approx. 36 h compared to the control fibroblasts (approx.
44 h). Biocompatibility of the biomaterial was also confirmed in direct
contact tests by live/dead fluorescent staining. The experiment revealed
that gel 3 was not only unsupportive to cell adhesion, which is a desired
phenomenon in the case of wound dressings but also noncytotoxic to
skin fibroblasts. The lack of cell adhesion was confirmed by the presence
of a small number of spherical cells on the surface of gel 3 (Fig. 3C).
Importantly, the cells showed green fluorescence, proving the non-
cytotoxicity of the material. On the contrary, cells cultured on the
polystyrene well next to gel 3 showed high viability (green fluorescence)
and typical morphology of healthy, well-attached fibroblasts (Fig. 3D),
which was similar to the morphology of the control cells (Fig. 3E). It is
another evidence that the tested material was not cytotoxic.

The performed biocompatibility tests clearly proved the high
biomedical potential of gel 3. The material was not cytotoxic to the cells,
it enhanced cell proliferation and finally did not allow for fibroblast

Table 2
Comparison of proliferation rate between control cells and fibroblasts exposed to
the extract of gel 3.

Parameter Control Gel 3
Doubling Time (hours) 44.11 35.63
Growth Rate 0.0157 0.0195
Proliferation assay
- gel3
10+ *
-e- control
S 81
> *
5 61
£
3 4
c
3 2
0 T T T
24 48 72

time intervals [h]

Fig. 3. Assessment of biocompatibility of the material: (A) cytotoxicity test results of the gel 3 extract against human skin fibroblasts (BJ cell line) evaluated by WST-
8 assay, *statistically significant results compared to control by unpaired t-test, p < 0.05. (B) evaluation of cell proliferation after exposure to gel 3 extract by LDH
total assay, *statistically significant results compared to control by unpaired t-test, p < 0.05. (C) confocal microscopy images of BJ cells cultured on the surface of gel
3, (D) on the polystyrene well next to the gel 3, and (E) on the polystyrene well (control cells) after live/dead double staining, magn. 100x. Viable cells show green
fluorescence, dead cell nuclei show red fluorescence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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attachment to its surface. All mentioned features are of high importance
considering the dressing material’s clinical applications. Increased
fibroblast proliferation is desired as it ensures the regeneration of
difficult-to-heal wounds [58]. In turn, hindered fibroblast adhesion to
the surface of wound dressings is crucial since it ensures painless dres-
sing removal after completed healing [18].

3.4. Anti-Pseudomonas properties

P. aeruginosa is known to form biofilms with elaborate architectures
during the maturation process. Biofilm formation, however, starts with
the attachment of planktonic cells after they have been released from
older biofilms or, e.g., when cells have been introduced externally from
the environment, as is the case during the onset of infections on wounds
(Fig. 4A). The synthesized novel gel material, gel 3, was tested with both
relevant stages, early attachment of GFP expressing fluorescence
labelled P. aeruginosa cells and older biofilms (24 h) of the same re-
combinant strain in comparison to surfaces of traditional commercial
cell culture material (i.e., polystyrene). Whereas in both situations
fluorescent P. aeruginosa was detected on the plastic material, the sur-
face of investigated gel 3 was completely free from bacteria and no
signal was visible (Fig. 4B) indicating that the gel had inhibited both the
attachment of cells in the early biofilm stage and the maturation of
typical multicellular biofilms. In a submersion assay, the material sam-
ples were submerged into a starting culture of dispersed P. aeruginosa
cells at low cell densities (optical density at 600 nm) and allowed to
grow above the gel and the plastic control. The final cell densities were
determined and, in parallel, a live-dead assay was applied to measure
the proportion of viable cells in these cultures. To exclude the harmful
effects of compounds from the gel preparation (DMF) the gels were
directly used or washed and equilibrated in the aqueous phase prior to
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use (Fig. 4C). A control equilibration experiment had, as expected, no
significant effects on cells grown over the polystyrene material of the
standard culture cultivation plates. The same was observed for gel 3
confronted cultures, which reached the same cell densities with or
without equilibration. However, compared to the grown on polystyrene
material controls, the gel 3 culture was obviously strongly reduced in
growth with drastically reduced final cell densities (Fig. 4C, left graph).
Furthermore, compared to the polystyrene control culture, cells almost
completely lost their viability, when grown over gel material indepen-
dent of equilibration (Fig. 4C, right graph), indicating that the presence
of the material has inhibitory effects on P. aeruginosa cells in the
planktonic phase (i.e., in the liquid phase) even when it is not the direct
substratum of a developing biofilm. Antibacterial properties of the
biomaterial were also proven using collagen matrix model. The test
revealed that there were no viable bacteria on all investigated surfaces:
1) biomaterial surface that was in contact with P. aeruginosa-inoculated
collagen matrix, 2) surface of P. aeruginosa-inoculated collagen matrix
that was in the contact with tested hydrogel, and 3) surface of the
P. aeruginosa-inoculated collagen matrix that was not in contact with the
biomaterial but was located next to the tested hydrogel (Fig. 4D).

The cell wall of gram-negative bacteria contains lipopolysaccharide
moieties with lipid A as the core element of the molecule [59]. Phos-
phate groups coordinate Mg?*"counter-ions and thus stabilize the outer
membrane, delivering a molecular reason for the notorious suscepti-
bility of P. aeruginosa towards chelating agents like EDTA which was
shown to weaken the structural integrity of P. aeruginosa cells [60]). The
positively charged groups of gel 3 may serve as attachment sites of the
material to lipid A in the membrane of P. aeruginosa target cells, thus
severely altering the integrity of the membrane and reducing the
viability of the bacterial cell.
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Fig. 4. Anti-microbial properties against P. aeruginosa. A) Schematic overview of typical P. aeruginosa biofilm formation. First, planktonic cells attach to the surface,
then the cells aggregate and start to proliferate until they form a mature biofilm with an extracellular matrix. In order to produce further biofilms, cells can detach
(dispersion) from the mature biofilm to serve as seeds for the next generation of future biofilms. B) Microscopic analysis under transmitted light and GFP fluorescence
of P. aeruginosa PAO1 pVLT31-eGFP after 30 min (attachment phase) or 24 h (mature biofilm phase) of incubation at 37 °C on gel 3 or on standard commercial
polystyrene-based cell culture plastic. C) Optical density at 600 nm and viability of P. aeruginosa PAO1 after 24 h of incubation with the polymer gels after “aqueous
phase equilibration” (“APE”) (+) or after ethanol washing (-). Error bars symbolize standard deviations of measurements conducted in triplicates. P values of 0.05
were considered as significant. ** denotes 0.01 and n.s. not significant. D) Schematic concept of a collagen-based hydrogel serving as an extracellular matrix model
for the binding of pathogenic cells. The matrices were “infected” with P. aeruginosa and the polymer gel was applied directly onto the P. aeruginosa cells. Position 1:
Far remote from the application site. Position 2: Directly under the application site and Position 3: Surface of polymer material after contact. Fluorescence microscopy
and bright-field microscopy using the Leica DMi8 inverted fluorescent microscope for each position at 630x magnification.
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4. Conclusions

In this study, copolymers of oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) and 2-(dimethylamino)ethyl methacrylate
(DMAEMA) were utilized for the synthesis of polymer gels. The qua-
ternization reaction was used as an easy and effective method for
copolymer crosslinking via 1,6-dibromohexane. The obtained novel
biomaterial containing quaternized groups demonstrated high biolog-
ical potential, improved viscoelastic properties, high stability in aqueous
media and inhibitory effects on P. aeruginosa cells in the planktonic
phase. Therefore, it was concluded that such material is good candidate
to be used as a wound dressing in chronic wounds in the management of
moderate exudate, providing appropriate moisture and oxygenation,
and accelerating the healing process. In addition, it is a decent toolbox
for our future studies in terms of the inhibition of drug-resistant bacteria
and the development of dressing materials with intrinsic antibacterial
properties.
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