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Do cationic polymer coatings retain their biocidal activity
after washing with water?
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Aqueous solutions of poly(diallyldimethylammonium
chloride) and its electrostatic complexes with sodium
polyacrylate were deposited onto glass surfaces. Upon
successive washing cycles, they formed thin stable coatings
that exhibited antimicrobial activity towards gram-positive
and gram-negative bacteria. The obtained results are
valuable for the development of antibacterial coatings.
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Surfaces of materials around us are contaminated with various
microorganisms, and a significant part of them is classified as
pathogenic and should be inactivated.1=3 Polymers with cationic
groups (polycations) have proven to be good biocidal agents.3->
It has been shown using native cells and model bilayer lipid
vesicles (liposomes) that polycations dissolved in water are
capable to bind to cells and induce deep changes in their
membranes, finally resulting in the disruption and death of
cells.6-8 Being immobilized on the surface, polycations adsorb
cells from a surrounding solution and inactivate them,8-10 thus
suppressing biofilm formation.10 Polycationic coatings, which
can additionally contain low molecular weight biocides or
nanosized biocidal constructs,” appeared to be an effective
protection for various materials.

Polycationic coating is typically formed via deposition of an
aqueous polymer solution onto the surface to be modified with
subsequent drying.#'* This simple technique is also
environmentally friendly since water is used to make the
formulation. However, it should be noted that the coatings are
often used in damp environment or subjected to wet cleaning,
which can affect their quality. Conventional ionic polymers
(polyelectrolytes, PEs) are easily dissolved in water;*12
therefore, the polymer can be removed from the surface, resulting
in loss of its antimicrobial properties.3

Additional stabilization of biocidal coatings can be achieved
by hydrophobic modification of cationic PEs: either covalent
attachment of hydrophobic fragments (‘true’ hydrophobicity),*
or complexation with special, usually water-insoluble, substances
(‘induced’ hydrophobicity).”®> The hydrophobization makes
coatings less sensitive to water,'41> which allows one to expect
their preservation or only partial removal after repeated washings.
In any case, the question remains as to whether the repeatedly
washed polymer films exhibit the antimicrobial activity and, in
general, the composition of the coatings and their biocidal
properties are related.

© 2023 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

In the present article we compare the stability of cationic
polymer coatings formed by a conventional cationic polymer,
poly(diallyldimethylammonium chloride) (PDADMAC), and its
interpolycomplexes (IPCs), with an anionic polymer, sodium
polyacrylate (PANa), to repeated washings with water.1617 A
partial neutralization of PDADMAC charges with opposite
PANa charges rendered the polycomplexes an overall positive
charge while the fragments with mutually neutralized charges in
the IPCs acted as hydrophobic blocks,8-20 which was expected
to stabilize the IPC coatings according to the induced
hydrophobicity mechanism described above. In parallel, we
evaluated the antimicrobial properties of the finally washed IPC
coatings and showed that their activity is only slightly lower than
that of the initial unwashed coatings. This observation has not
been previously described or discussed.

The three aqueous formulations were used for the coating
fabrication: a solution of PDADMAC and two solutions of IPC
with the cationic PDADMAC groups to anionic PANa groups at
a molar ratio Z = [+]/[-] = 0.2 (IPC-0.2) and 0.4 (IPC-0.4). An
aliquot of each formulation was deposited onto a glass slide to
cover the entire surface. The samples were dried to a constant
weight, which was recalculated to the initial weight of the dried
polymer film (my;g). Then, double distilled water was applied to
the coated glass. The sample was dried again 2 min after the
water removal and the weight of remained polymer film (M)
was determined (see details of the experimental procedure in
Online Supplementary Materials). For each polymer coating, six
successive washing—drying cycles were done. The results are
shown in Figure 1 as a percentage of the polymer remained on
the glass (Myem/Myig * 100%) vs. the number of washing—drying
cycles.

The following three points are noteworthy. First, each coating
has lost its weight during the washing procedure. At each stage,
the PDADMAC coating showed the greatest loss. Second, the
complexation of PDADMAC with PANa reduced an ongoing
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Figure 1 Percentage of the polymer remained on the glass vs. the number
of washing-drying cycles: (1) PDADMAC, (2) IPC-0.2 and (3) IPC-0.4.

weight loss. Third, less than 1% polymers left on the glass
surface after 4 washing—drying cycles. Thus, all the three
coatings from cationic polymer formulations were quickly
removed from the surface by water treatment. In other words,
modification of cationic PDADMAC with anionic PANa did not
affect the number of washing cycles that provided the maximum
weight loss of the coating.

As follows from the published results,1-24 the electrostatic
complexation of cationic polymers with anionic polymer
microspheres, bio-colloids and planar objects results in the
formation of interface polymer layers, which retain on the surface
in concentrated salt solutions. Therefore, it was reasonable to
expect the existence of a residual polycationic layer on the glass
surface even after 4 washing—drying cycles, and this layer should
most likely demonstrate antimicrobial properties.

The morphology of polymer coatings before and after washing
with water was established using scanning electron microscopy
(SEM). The crystals of low molecular weight salts, which came
from the buffer solution, can be seen on the surface of the initial
PDADMAC coating shown in Figure 2(a). As for the IPC coatings
[Figure 2(c)], the number of crystals is greater due to a release of
small counterions originally bound to cationic and anionic polymer
chains. Two consecutive washings of the coatings with double
distilled water leads to a complete removal of salts [Figure
2(b),(d)]; the double-washed coatings are characterized by the
uniform surface without microstructural defects.

The thickness of the polymer coatings was estimated using
atomic force microscopy (AFM). Prior to measurements, the
coatings were treated 6 times with double distilled water to
ensure complete removal of low-molecular weight salts and
leave the minimal residual polymer layer on glass. The AFM
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Figure 2 SEM micrographs of the polymer coatings of (a) PDADMAC on
glass before and (c) after two washings with water; (b) IPC-0.4 on glass
before and (d) after two washings with water.
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Figure 3 AFM images of 6 times washed (a) PDADMAC and
(b) IPC-0.4 polymer coatings; the section profiles along the white lines in
(c) PDADMAC and (d) IPC-0.4 samples.

images were obtained in semi-contact mode. To quantify the
coating thickness, the PDADMAC sample was scratched using a
wooden tip, and the IPC sample was scratched using the AFM tip,
scanning a small region in contact mode.?® Typical AFM images
of the scratched PDADMAC and IPC-0.4 surfaces are shown in
Figures 3(a) and 3(b), respectively. The thickness of the coating,
measured by sections as shown in Figure 3(c),(d), was 18 + 2 nm
for PDADMAC and 5.5 £ 1.5 nm for IPC-0.4. This difference
probably resulted from the structure of the IPC-0.4 in which
there was a hydrophobic block from mutually neutralized
cationic and anionic groups of both PEs. This led to additional
attraction between the IPC particles forming a denser but thinner
film after drying.

The IPC-0.4 coating had a porous structure [Figure 3(b)] with
a typical pore size of 200 nm or less. The pore depth coincides
with the thickness of the IPC-0.4 coating, estimated from the
height profiles [Figure 3(d)]. This indicates that the pores
penetrate the entire thickness of the IPC-0.4 coating.

It is natural to assume that drying of the IPC solution caused
the appearance of low molecular weight salts not only on the
surface of the coating, but also inside it. The water dissolved the
salt on the coating surface and washed it out from the bulk of the
polymer coating that resulted in continuous pore formation as
shown in Figure 3(b). The dried PDADMAC coating contained a
lower amount of salt that gave a less pronounced pore-forming
effect after treatment of the coating with water.

Antimicrobial activity of polymer coatings was tested with
gram-negative bacteria Pseudomonas aeruginosa 4.8.1 and
gram-positive bacteria Staphylococcus aureus 209P from the
microorganism collection of the Federal Research Centre
‘Fundamentals of Biotechnology’, RAS. The cationic coatings
from PDADMAC, IPC-0.2 and IPC-0.4 were pre-washed 6 times
and dried.

An aliquot with 200-800 bacterial cells was applied to the
coatings, 15 min after the cells were washed with distilled water
onto the agar substrate, where a colony was formed from each
survived bacterial cell within 2 days.26 After counting the grown
colonies, the percentage of survived cells compared to the initial
number of cells was calculated (Table 1).

Table 1 Percentage of survived cells vs. their content in an applied aliquot
after 15 min incubation on the polymer coatings.

Percentage of survived cells

Polymeric P. aeruginosa S aureus
formulation Number of cells in applied aliquot

200+ 13 600+41 800+48 200+12 600+ 37 800+49
PDADMAC 19.0 34.4 67.1 1.0 4.9 74
IPC-0.2 6.2 26.0 46.4 0 1.2 1.6
IPC-0.4 25.9 58.9 75.9 44 15.2 20.6
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Table 2 Percentage of survived P. aeruginosa cells after 15 and 30 min
incubation on the polymer coatings. An aliquot with 600 + 40 cells was used.

Polymeric Percentage of survived P. aeruginosa cells
formulation 15 min incubation 30 min incubation
PDADMAC 344 3.7

IPC-0.2 26.0 3.1

IPC-0.4 58.9 40.2

As follows from Table 1, the antimicrobial effect depends on
the number of cells in the applied aliquot, that is, the density of
cells on the polymer coating. The more cells were in the applied
aliquot, the less the biocidal effect of the coating was manifested.
Gram-positive S. aureus cells were sensitive to all cationic
polymeric coatings: for a 200-cell aliquot, the percentage of
survived cells did not exceed 5%. P. aeruginosa cells showed
greater stability (survival) on the polymeric coatings.

The IPC-0.2 coating was the most biocidal of the three tested
formulations. After a 15-min incubation, the percentage of
survived S. aureus cells ranged from 0 to 1.6% and that of
P. aeruginosa ranged from 6.2 to 46.4%. In this regard,
preliminary considerations can be made. The biocide properties
of IPCs were due to their cationic groups and mutually neutralized
hydrophobic blocks. Both factors ensure IPC binding to bacteria
and induce reorganization in the bacterial membranes followed
by the disruption and death of cells. The IPC-0.2 showed the
greatest antimicrobial activity that may indicate an optimal
combination of cationic and hydrophobic fragments in the IPC
structure. However, this assumption, based on limited
experimental material, needs further confirmation.

A rise in the contact time of cells with the coating (incubation
time) expectedly reduced their survival. With increasing contact
time from 15 to 30 min, the percentage of survived
P. aeruginosa cells decreased by 1.5-10 times (Table 2). The
cationic coatings from PDADMAC and IPC-0.2 showed the best
results with an 8-10-fold decrease in the cell survival.

In summary, deposition of aqueous solutions of cationic
PDADMAC and cationic IPCs onto the glass slides and further
drying resulted in the polymeric coatings, which can be removed
from the surface via water treatment. A few successive washing
cycles were sufficient to wash out the majority of polymers.
Complexation of PDADMAC with anionic PANa and formation
of IPCs with an excess of polycationic units does not improve
the stability of polymer coatings to water. The thin polymer
layers (less than 20 nm in thickness), which remained on glass
after 6 washing—drying cycles, show high antimicrobial activity
towards gram-positive and gram-negative bacteria with the best
results for PDADMAC and IPC-0.2.

The work was supported by the Russian Science Foundation
(project no. 22-13-00124).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.06.039.
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