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The microbicidal activity of gramicidin D molecules (Gr) assembled as nanoparticles (NPs) against
Staphylococcus aureus was found to be superior to that of other Gr formulations in bilayers. In combi-
nation with the antimicrobial polymer poly(diallyl dimethyl ammonium chloride) (PDDA), water dispersions
and coatings on glass exhibited a remarkably broadened spectrum of activity, achieving complete killing
of Gram-negative bacteria, Gram-positive bacteria and fungi at reduced Gr and PDDA doses. In this work,
combinations of Gr NPs and polymers were cast on glass (hydrophilic) or polyethylene (hydrophobic) sur-
faces, modeling common surfaces on biomedical materials, to evaluate the effect of polymer positive
charge on the antimicrobial activity. Decreasing positive charges of three different polymers, namely
PDDA, chitosan (CH) and polyacrylamide (PA), reduced or abolished microbicidal activity both in the pres-
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ence and absence of Gr NPs. At 4.7 ug Gr and 25 pg polymer, microbicidal activity increased from PA to
CH to PDDA at pH 6.3. The results suggested that the Gr/polymer antimicrobial coatings can be used on
both hydrophobic and hydrophilic biomedical materials, effectively imparting them with efficient defense

Open Access Article. Published on 04 September 2024. Downloaded on 1/18/2026 10:27:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/RSCPharma

Introduction

Colloids combined with oppositely charged polymers can
create viscous liquids or soluble complexes,"” yield multi-
layered coatings,®'° stabilize or flocculate particulates,'*™*
lead to gelation,”"” purify water,"®® cause muco-
adhesion,>** perform bio-separations, and flocculate
bacteria.?>*® On the other hand, cationization has been used
as a straightforward tool for delivering drugs, peptides, pro-
teins, DNA, RNA, vaccines and other important pharmaceuti-
cals in vivo. Most biomolecules are negatively charged, so they
are electrostatically driven to cationic carriers, allowing innova-
tive pharmaceutical applications for the derived assemblies.>”
For example, nanoparticles (NPs) built from an antigen and an
oppositely charged polyelectrolyte namely poly(diallyl dimethyl
ammonium chloride) (PDDA) have recently been proved
effective as immunoadjuvants for presenting the model
antigen ovalbumin.”®*® Another example was the development
of antimicrobial nanoparticles from cationic bilayer fragments
surrounded by anionic carboxymethylcellulose and, finally, by
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against a broad spectrum of microbes.

a PDDA layer, which were used to deliver amphotericin B*® or
simply to display effective microbicidal action by themselves.*'**

Recently, we described the broad and potent antimicrobial
activity of water dispersions of gramicidin (Gr) nanoparticles
(NPs) and the water-soluble, hydrophilic polymer poly(diallyl
dimethyl ammonium chloride) (PDDA).** In particular, the
self-assembly of gramicidin D as nanoparticles in aqueous
solution was also described for the first time in 2022 by our
group; scanning electron micrographs revealed nanometric
spherical Gr NPs with a mean diameter of around 150 nm.*
In addition, we reported the construction of microbicidal tran-
sient coatings based on the co-deposition of cationic anti-
microbial NPs'*?%3! and Gr NPs* onto glass cover slips as
substrates.>® The cationic antimicrobial NPs were formed
layer-by-layer from cationic bilayer fragments (BF) of dioctade-
cyl dimethyl ammonium bromide (DODAB) consecutively sur-
rounded by carboxy-methyl cellulose (CMC) and poly(diallyl
dimethyl ammonium chloride) (PDDA) layers (DODAB BF/
CMC/PDDA NPs) in water dispersions."**%*" Coatings
obtained from casting and drying DODAB BF/CMC/PDDA NP
and Gr NP dispersions in water onto glass coverslips effectively
killed three different pathogens (Pseudomonas aeruginosa,
Staphylococcus aureus and Candida albicans), resulting in com-
plete loss of viability for all three strains tested at low doses of
Gr and the cationic NPs.**
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Here, we describe novel microbicidal coatings obtained
from casting and drying water dispersions of Gr NPs and
hydrophilic polymers onto materials of biomedical impor-
tance. The materials employed for casting and drying the Gr/
polymer water dispersions were glass and polyethylene (PE).
Glass is hydrophilic, whereas PE is hydrophobic. Thus, we
model a variety of important biomedical materials that may
eventually require antimicrobial coatings such as PE implants
for total hip arthroplasty,®® acetabular cups around a metallic
femoral head,’® oral implants,®” a variety of biomedical
implants®® or orthopedic materials®® and other invasive
medical devices such as catheters, prosthetic heart valves,
stents, and intrauterine devices made of PE.*° In addition,
some biomedical materials such as titanium dioxide exhibit
special wettability, which can change with UV irradiation from
hydrophobic to hydrophilic;** thus, an antimicrobial coating
able to act over a range of wettabilities such as the one
described in this work would indeed be valuable.

Results and discussion

The effect of polymer nature and concentration on the
physical properties of Gr NPs in water dispersion at the pH of
water

In this section, we describe the effect of polymer nature and
concentration on the physical properties of Gr NPs for three
different polymers at a fixed Gr concentration of 0.05 mM or
94.1 ug mL™" (recalling that Gr molecular weight is 1882.3 g
mol ™).

Fig. 1 shows the effect of polymer concentration on the
mean hydrodynamic diameter (D,), polydispersity (P), zeta-
potential ({) and conductance of the Gr NPs dispersed in pure
water. For the positively charged polymers, over a range of low
concentrations (0.01-1.00 pg mL™'), or chitosan (CH), D,
reached a maximum at 0.07 ug mL~" PDDA (red circles) and
0.12 pg mL™" CH (blue circles). At these concentrations, the
zeta-potential was zero, showing that the absence of electro-
static repulsion between Gr NPs in dispersion promotes the
aggregation of NPs and results in poor colloidal stability as
often observed in the literature for similar systems. Increasing
PDDA or CH concentration changed the zeta-potential from
negative to positive values.

Consistently, the chitosan (CH) concentration that resulted
in a zero zeta-potential for Gr NPs was about double the one
determined for PDDA (Fig. 1). The chitosan polymer used in
this work has a deacetylation degree of 49%, meaning that
only 49% of the chitosan monomeric residues became charged
by chitin deacetylation. Chitin is an N-acetyl-p-glucosamine
polymer, which can be deacetylated to yield the cationic poly-
electrolyte chitosan with pH-dependent cationic amino
groups.

It is important to note that colloidal stability was recovered
for polymer concentrations above those yielding maximal sizes
and zero zeta-potentials (Fig. 1). In addition, the neutral
polymer polyacrylamide (PA) did not affect the physical pro-
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Fig. 1 The effect of polymer nature and concentration on the physical
properties of gramicidin D dispersions in water at 0.05 mM Gr and 25 °C.
Properties evaluated were as follows: (a) mean hydrodynamic diameter
(D,), (b) polydispersity (P), (c) zeta-potential (¢) and (d) conductance (G).
Each point on the curves represents a mean value and the mean stan-
dard deviation. Solid lines were drawn as a guide to the eyes. Broken
vertical lines define the intersection point with the horizontal line
corresponding to a zeta-potential of zero for Gr NPs. One should note
that the aggregation of NPs results in a maximal D, value at a zeta-
potential equal to zero.

perties of the Gr NPs across the entire range of concentrations
tested. The conductance of the dispersions (G) shown in
Fig. 1(d) was rather low and mostly due to Gr NPs. Over the
low range of polymer concentrations tested, conductance due
to the polymers should be practically negligible. Increasing the
concentration of the charged polymer in the Gr NP dispersions
practically did not change G for PDDA but increased it for CH
(Fig. 1). Previously, this same batch of CH at 100 pug mL™"
yielded a conductance of about 100 pS.*” In addition, the
linear dependence of CH conductance on the CH concen-
tration would yield G = 0.5 pS at 1 pg mL™" CH. However, a
conductance of approximately 23 pS was obtained for the Gr
NP/CH dispersions at 1 pg mL~" CH. This was probably due to
the procedure of solubilizing CH in water. Solubilization
required the addition of droplets of acetic acid, which possibly
accounted for the additional conductance due to protons and
acetate anions. Gr NPs’ conductance (G) in the presence of the
non-conducting polymer polyacrylamide was 5-7 pS, consist-
ent with previously reported G measurements for Gr NPs.*?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Effects of coatings from gramicidin D and/or polymers on the
surface wettability of glass or polyethylene

The water dispersions of Gr NPs and polymers can be cast and
dried to create antimicrobial coatings on biomedical surfaces
of interest. In this section, we evaluate whether both hydro-
philic and hydrophobic surfaces can be coated by casting and
drying the dispersions described.

A simple procedure to evaluate the wettability of a surface is
observing the shape of a water droplet on the surface. While
glass is highly hydrophilic and the droplets are spread on its
surface yielding contact angles of around 0°, polyethylene (PE)
surfaces are hydrophobic with a reduced contact area between
the droplet and the surface, yielding much higher contact
angles. The images in Table 1 are reproducible and representa-
tive of more than three repeats for each sample of the same
material. Furthermore, the functionality of the coatings was
highly reproducible, as determined by their effects on the cell
viability of several microbial cells reported in the next sub-
section. This could also be well observed on the control sur-
faces (C+) examined in the absence of any coatings (Table 1).
Photos of the droplets captured the changes in the hydro-
phobic/hydrophilic nature of the surfaces caused by the coat-
ings. Gr barely affected the hydrophilicity of glass, possibly
due to its nanoparticle (NP) nature and sparse NP distribution
on the surface, as previously evidenced by scanning electron
micrographs.®® In other words, the particulate nature of Gr dis-
persions would remain as such on the glass surface. However,
on the polyethylene surface, the hydrophobic nature of Gr

Table 1 Hydrophobic/hydrophilic character of bare (C+) and coated
glass or polyethylene substrates. Water dispersions of Gr NPs, polymer
or polymer/Gr NPs were cast and dried on the surfaces for taking pic-
tures of a 0.05 ml water droplet deposited on them. Gr and polymer
doses on the coatings were 4.71 and 25 g, respectively. The effect of
washing out the coatings on the droplet shape is also shown. Washing
out was done by immersing the coatings in a 0.264 M p-glucose solu-
tion for 1 h before drying and adding the water droplet on the washed
coating

Glass Polyethylene

Non- Non-
Films washed Washed washed Washed
C+ o T | o
Gr NPs T— — g | Se—— | T
CH E—— T B ]

[ —— [S——
CH/Gr NPs ~‘e— — I e
PDDA - e 2 e oaEm
PDDA/Gr [ — ——— .
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molecules would drive their interaction with the hydrophobic
surface. Gr molecules would then leave the nanoparticles and
interact with the polyethylene surface, becoming more homo-
geneously distributed on the surface and increasing wettability
due to their terminal polar groups such as ethanolamine moi-
eties. Cationic polymers, chitosan (CH) and PDDA, adsorb
onto oppositely charged surfaces such as glass, reducing its
hydrophilicity, as seen from the reduction in the spreading
area of the water droplet (Table 1).

Curiously, polyacrylamide (PA) did not affect the hydrophi-
licity of glass, a result understandable from the hydrophilic
nature of this neutral polymer, well known for its capability
of forming hydrogels. On the other hand, PA and all other
coatings increased the low wettability of the polyethylene sur-
faces. After washing out the coatings on polyethylene, surface
hydrophobicity was recovered in all cases, with the exception
of PA. It seems that the washing out procedure was not so
effective at removing PA from the polyethylene surface. On
glass, hydrophilicity was reduced by coatings with cationic
polymers such as CH and PDDA but was not affected by PA.
The washing out procedure apparently did not remove all CH
from the surface since the reduction in the wettability of
glass persisted afterwards. This was not the case for PDDA,
which could be easily removed from the glass surface upon
washing it out, allowing the usual hydrophilicity of glass to
be completely recovered.

Microbicidal activity of Gr/polymer coatings deposited onto
glass or polyethylene surfaces

Fig. 2 compares the antimicrobial activities of Gr, CH, PA,
PDDA, and their combinations. Gr and polymer doses tested
were 4.71 and 25 pg, respectively. PA,; a neutral polymer, did
not display any antimicrobial activity in contrast to the cationic
polymers.

Among the cationic polymers, CH displayed a moderate
activity on glass and a poor activity on PE. Gr activity against
both bacteria tested was practically absent, in contrast with its
remarkably high activity against C. albicans. Although PDDA
was moderately effective against C. albicans, it was remarkably
active against both bacterial strains tested when coatings were
deposited on glass. On PE, PDDA activity against bacteria was
reduced despite remaining the highest achieved among the
three polymers tested. This result can be explained by PDDA’s
affinity for PE and its higher adsorption and permanence on
the PE surface as compared to those on glass. PDDA’s perma-
nence on the PE surface could be inferred from the reduced
surface hydrophobicity observed even after washing out the
PDDA coating (Table 1). This would diminish the active PDDA
dose in solution, reducing its bactericidal activity. In Fig. 2,
only one of the coatings was able to completely reduce the cell
viability of the three microbes tested: the coating PDDA/Gr de-
posited either on glass or on PE. This reconfirmed the syner-
gistic action of PDDA and Gr on the coatings®® and opened
new applications for the use of such coatings in biomedical
materials displaying a range of hydrophobic/hydrophilic
balances.
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Fig. 2 Cell viability of Pseudomonas aeruginosa, Staphylococcus
aureus and Candida albicans after interacting for 1 h with coatings pre-
viously cast and dried on glass coverslips (on the top) or polyethylene
surfaces (on the bottom). The coatings were based on gramicidin D (Gr),
chitosan (CH), CH/Gr, poly(diallyl dimethyl ammonium chloride) (PDDA),
PDDA/Gr, polyacrylamide (PA) or PA/Gr and their antimicrobial activity
was evaluated through colony forming unit (CFU) counting expressed as
log CFU. Gr and polymer doses tested were 4.71 and 25 pg, respectively.
Each error bar indicates the mean standard deviation.

The antimicrobial effect was also evaluated for reprodu-
cibility when different coatings were independently pre-
pared under the same conditions. Fig. 3 shows that the
results were very similar for experiments 1, 2 and 3 per-
formed against all microbial strains tested. In addition, we
show in Fig. 3 the results for Escherichia coli, which were
very similar to those obtained for Pseudomonas aeruginosa
shown in Fig. 2. A major difference between Fig. 2 and 3 is
the total amount of microbial cells employed for the experi-
ments. In Fig. 2, one million cells were subjected to the
coatings (see the control bar in Fig. 2), whereas in Fig. 3,
the total number of cells tested was 10 times smaller, that
is, one hundred thousand cells. The complete microbicidal
effect achieved against about one million cells at the
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Fig. 3 Reproducibility of the antimicrobial effect of coatings on the cell
viability of Escherichia coli (a and b), Staphylococcus aureus (c and d)
and Candida albicans (e and f) after interacting for 1 h with the coatings
previously cast and dried on glass coverslips (on the left) or polyethylene
(PE) surfaces (on the right). The coatings were based on gramicidin D
(Gr), chitosan (CH), CH/Gr, poly(diallyl dimethyl ammonium chloride)
(PDDA), PDDA/Gr, polyacrylamide (PA) or PA/Gr and their antimicrobial
activity was evaluated through colony forming unit (CFU) counting
expressed as log CFU. Gr and polymer doses tested were 4.71 and 25 ug,
respectively. Each error bar indicates the mean standard deviation.

PDDA/Gr doses of 4.7 and 25 pg, respectively, was indeed
remarkable.

Residual microbicidal activity of Gr/polymer coatings
deposited onto glass or polyethylene surfaces after the
washing out procedure

In order to test the stability of the coatings on the glass sur-
faces, their microbicidal activity was compared between non-
washed and washed coatings (Fig. 3). In general, the washing
out procedure substantially reduced the microbicidal activity
of all coatings against the three microbial strains tested, as
depicted in the comparisons between Fig. 4(a) and (d), (b) and
(e), and (c) and (f). The retention of antimicrobial activity (%)
was rarely higher than 20% of the full activity before washing
out the coatings (Fig. 3, bottom). Since the self-assembly of Gr
molecules yielded stable nanoparticles in water dispersions,*?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Retention of antimicrobial activity (%R) after washing out the
coatings cast and dried on the surface of glass coverslips. In the top
figure, microbes were S. aureus in (a) and (d); C. albicans in (b) and (e),
and P. aeruginosa in (c) and (f). The coatings were based on gramicidin
D (Gr), chitosan (CH), CH/Gr, poly(diallyl dimethyl ammonium chloride)
(PDDA), PDDA/Gr, polyacrylamide (PA) or PA/Gr. In the bottom figure,
evaluation of log CFU before and after washing out the coatings allowed
the determination of the retention of antimicrobial activity (%R). Gr and
polymer doses in the coatings before washing them out were 4.71 and
25 pg. Each bar represents a mean value and the error bar indicates the
mean standard deviation.

the casting and drying of the Gr NPs on glass, an hydrophilic
surface, did not disturb or disassemble the Gr NPs on the
glass surface. Gr NPs were easily washed out from the glass
surface, resulting in low retention of Gr’s antimicrobial activity
after washing out the coatings. The three hydrophilic polymers
used in the coatings (CH, PA and PDDA) could also be easily
removed from the glass surface by the washing-out procedure
so their antimicrobial activity on glass was barely retained. The
retention of antimicrobial activity for the coatings on poly-
ethylene (PE) was also low, below 30% (Fig. 5). Coatings con-
taining Gr exhibited the highest retention of activity, possibly
because Gr NPs disassemble at the PE surface, driven by the
hydrophobic interaction of individual Gr molecules with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Retention of antimicrobial activity (%R) after washing out the
coatings cast and dried on polyethylene surfaces. Microbes were
S. aureus in (a) and (d); C. albicans in (b) and (e), and P. aeruginosa in (c)
and (f). The coatings were based on gramicidin D (Gr), chitosan (CH),
CH/Gr, poly(diallyl dimethyl ammonium chloride) (PDDA), PDDA/Gr,
polyacrylamide (PA) or PA/Gr. Evaluation of log CFU countings before
and after the washing-out procedure allowed the determination of the
retention of antimicrobial activity (%R). Gr and polymer doses in the
coatings before washing out were 4.71 and 25 pg. Each bar represents a
mean value and the error bar indicates the mean standard deviation.

PE hydrophobic surface. Consistently, the water droplet tests
on the coated surfaces showed an increase in the hydrophili-
city of the Gr coated PE surface as compared to the bare PE
surface. This would be understandable because the polar term-
inals of the Gr molecules adsorbed on the PE surface increase
surface hydrophilicity (Table 1).

Inhibition of microbial growth on agar from polymers/Gr in
filter paper disks

In order to ascertain the mobility of polymers and/or Gr on
agar, filter paper disks containing the polymer, Gr or polymer/
Gr dried from water dispersions were tested. The disks were
placed on agar and used to determine the inhibition of
growth. Inhibition halos were only observed for samples con-
taining Gr tested against Candida albicans (Fig. 6). Polymers
did not leave the paper disks to inhibit microbial growth
(Fig. 6).
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Fig. 6 Growth inhibition of S. aureus and C. albicans from inhibition
halos induced by gramicidin D (Gr) from Gr nanoparticles (NPs), chitosan
(CH), poly(diallyl dimethyl ammonium chloride) (PDDA), polyacrylamide
(PA) and their combinations deposited on 3 mm diameter filter paper
substrates. After depositing the water dispersions on the filter paper
disks, they were dried overnight at room temperature and placed on
MHA media swabbed with the microbes. Polymer and/or Gr doses (in
pg) numbered from 1 to 3 were as follows: (1) 0.5/0.941; (2) 0.25/0.47;
and (3) 0.1/0.188, respectively.

For disks with polymer/Gr, Gr mobility on agar was not ham-
pered by the polymer. Thus, once again the weak interaction
between the polymer and Gr, previously reported for PDDA/
Gr,* was confirmed and extended to encompass the other two
hydrophilic polymers tested, PA and CH. In agreement with the
data in Fig. 2, which show the lack of microbicidal activity of Gr
against S. aureus, no inhibition of growth was observed for Gr
against S. aureus; no inhibition halos were observed (Fig. 6).
Increasing Gr dose in the filter paper disk did not affect the
area of the inhibition zone (Fig. 6). This showed that the inhi-
bition of growth was related to the diffusion limit of the Gr
molecule in the agar rather than to a low dose; all doses
employed resulted in the same inhibition zone.

Materials and methods

Materials

Poly(diallyl dimethyl ammonium chloride) (PDDA), 35% w/v,
low molecular weight (<100 000 g mol™"), was obtained from
Sigma (Steinheim, Germany). Chitosan (CH) (Fluka, 150 000 g
mol "), 49% acetylation degree, 4 g L™, was prepared in dilute
acetic acid, resulting in a final pH of 3.8. This stock solution
was diluted in pure water (pH 6.3) and used to prepare diluted
solutions. The proton dissociation constant (K,) for the proto-
nated amino groups of CH (100% deacetylated) has been con-
sidered as occurring at pH 6.5; thus, in our mixtures (pH
6.3-6.5), chitosan is indeed a polycation. Polyacrylamide (PA)
was prepared through the polymerization of the acrylamide
monomer using ammonium persulphate and N,N,N',N'-tetra-
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methylenediamine (TEMED) as initiators.** 30% acrylamide
and 10% ammonium persulphate (APS) solutions were pre-
pared in order to obtain a 10% polyacrylamide (PA) solution.
All reagents and catalysts for polymerisation were obtained
from Sigma (Steinheim, Germany). The peptide mixture
named gramicidin D (peptides A, B and C, consisting mostly
of Gr A), 2,2,2-trifluoroethanol (TFE), and Mueller-Hinton agar
(MHA) were obtained from Sigma-Aldrich (St Louis, MO, U.S.
A.). Stock solutions for gramicidin D, PDDA, CH and PA were
prepared at 5 mM Gr in TFE, 20 mg mL ™" PDDA in pure water,
4 mg mL™" CH in pure water at pH 3.5, and 30% PA in pure
water.

Software packages

All graphics were created using Origin 2022 software.

References were formatted using Zotero software.

Determination of the physical properties of gramicidin D
dispersions in the presence of PDDA, CH or PA in pure water
by dynamic light scattering (DLS)

Aliquots of a 5.0 mM gramicidin D stock solution in trifluor-
oethanol (TFE) once added to water dispersions yielded Gr
nanoparticles (Gr NPs) over a range of Gr concentrations,
while maintaining a final TFE concentration of 1%, as pre-
viously described.?*** For interaction with polymers, water dis-
persions of Gr were prepared at 0.05 mM Gr by adding
0.020 mL of a 5.0 mM Gr solution in TFE to a final volume of
2.0 mL of polymer solution. Thereafter, dispersions were vor-
texed and their physical properties were evaluated by DLS over
a range of polymer concentrations.

Size, zeta-potential, polydispersity and conductance were
determined by using a Zeta Plus Zeta-Potential Analyzer
(Brookhaven Instruments Corporation, Holtsville, NY, U.S.A.)
equipped with a 677 nm laser and dynamic light scattering at
90° for particle sizing.** The zeta-average diameter is taken as
the mean hydrodynamic diameter (D,). D, and the diffusion
coefficient (D) for the particles in dispersion obey the Stokes—
Einstein relationship, D, = kT/(3nyD), where k is Boltzmann’s
constant, T is the temperature in Kelvin, and # is the medium
viscosity. The algoritm in the apparatus was the non-negatively
constrained least squares (NNLS) for multimodal size distri-
butions.** Polydispersities (P) were related to the width of
Gaussian curves for size distributions. Zeta-potentials ({) were
calculated by the apparatus software from the electrophoretic
mobility 4 and the equation of Smoluchowski, which is ¢ = un/
&, where 7 is the viscosity of the medium and ¢ is the medium
dielectric constant. The electrodes in the apparatus also
allowed determination of conductance for the dispersions (G,
in pS).

Preparation of coatings from casting and drying the Gr/
polymer dispersions on glass or polyethylene surfaces followed
by determination of wettability from the shape of a 0.05 mL
water droplet on the coatings

Substrates for depositing the coatings (glass coverslips and
polyethylene sheets) were thoroughly cleaned with 70%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ethanol under laminar flow and UV-Vis radiation before
casting 0.050 mL of the Gr, polymer or Gr/polymer water dis-
persions and drying them overnight in a desiccator under
vacuum. Final Gr and/or polymer masses in the dried coatings
were fixed at 4.71 and/or 25 pg, respectively. The coated sub-
strates were used for characterizing the wettability of the coat-
ings by adding 0.050 mL water droplets and taking photos five
minutes after depositing the droplets on the dried films. After
applying the water droplet, bare glass or polyethylene surfaces
were also photographed as controls. The wettability of the coat-
ings was reproducible, and triplicate for each coating was rep-
resented by a single photo in Table 1. The coated substrates in
triplicate were also used for the evaluation of their microbici-
dal activity as described below.

Growth of microbes and determination of cell viability on Gr/
polymer coatings by plating and colony-forming units (CFU)
counting

Stocks of Escherichia coli (ATCC 25922), Staphylococcus aureus
(ATCC 29213) or Candida albicans (ATCC 90028) were kept at
—20 °C in appropriate solutions. Pseudomonas aeruginosa PA14
was a kind gift from Dr Regina Baldini.*® All strains were reac-
tivated for growing separately by streaking them on Mueller-
Hinton agar (MHA) plates and incubating at 37 °C for 18-48 h.
Thereafter, some colonies were added to a 0.264 M p-glucose
isotonic solution and the turbidity of the suspensions at
625 nm was adjusted to a 0.5 McFarland scale. This turbidity
was equivalent to 10’-10° colony-forming units per mL, CFU
mL ™. The 0.264 M p-glucose solution was used to avoid inacti-
vation of cationic antimicrobials by the ionic strength or other
negatively charged components of the culture medium (for
example, amino acids or polysaccharides).

For determining cell viability, 50 pL of the cell suspensions
were added to the coatings prepared by casting and drying
50 pL of each water dispersion or solution (namely, Gr, PDDA,
CH, PA, Gr/PDDA, Gr/CH, Gr/PA dispersions) onto glass cover-
slips or polyethylene sheets, as described in the previous
section.

Coatings and microbes interacted for 1 h. Afterward, the
coated coverslips with interacting microbes on top were placed
into 10 mL of 0.264 M p-glucose isotonic solution. After stir-
ring, three aliquots of 0.1 mL were withdrawn from the assay
tube and were either directly plated onto MHA agar or diluted
10 to 10° times before plating 0.1 mL of each dilution and
incubating (at 37 °C for 24 h) the plates for CFU determi-
nation. Thus, CFU counting was performed in triplicate in
order to obtain a mean value and an error bar corresponding
to the mean standard deviation. The logarithm of CFU was
plotted against the types of coatings tested. CFU counting was
taken as 1 for CFU counting equal to zero, so that log CFU
could be taken as zero. Three different coatings prepared
under the same conditions gave reproducible results. The
stability of the coatings under air was good and they could be
used at any time after casting and drying. Under water
however, the hydrophilic coatings would detach from the sub-
strate, as evaluated from the washing-out experiments.
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Determination of the residual microbicidal activity of the
coatings after the washing-out procedure in a water medium

The washing-out procedure involved immersing the coatings
in a 0.264 M p-glucose solution for 1 h, followed by removing
them from the solution, drying and assessing their interaction
with the microbes, as described in the previous section. The
residual activity of the coatings R(%) after the washing-out pro-
cedure was determined as follows:

R =100(log CFUcontrol — 10g CFUyashed)/10g CFUcontrol -

Determination of the inhibition of microbial growth on agar
by Gr, PDDA, CH, PA and their combinations

In order to evaluate the mobility of Gr, polymers and their
combinations on agar, inhibition halos were determined
against S. aureus and C. albicans. Filter paper disks with a
3 mm diameter and 3 pm porosity were sterilized in a laminar
flow cabinet before adding 0.01 mL of each dispersion pre-
pared in 0.264 M p-glucose solution. As a control for disk and
p-glucose solution sterility, 0.01 mL of 0.264 M p-glucose solu-
tion was routinely checked on filter paper disks. After deposit-
ing the water dispersions on the filter paper disks, they were
dried overnight at room temperature and placed on MHA
media that had been swabbed with the microbes. Polymer
and/or Gr doses (in pg) numbered from 1 to 3 were as follows:
(1) 0.5/0.941; (2) 0.25/0.47; and (3) 0.1/0.188, respectively.

Conclusions

Nanoparticles of gramicidin D were first described and charac-
terized in our lab in 2022.*® Gr formulations as NPs will poss-
ibly protect Gr molecules against proteases in vivo.*® There is a
general trend in the literature to formulate antimicrobial pep-
tides as assemblies to overcome their poor stability in vivo due
to degradation. These assemblies can be self-assemblies or
assemblies of modified peptides with added molecular moi-
eties that are able to promote their assembly.”” Besides pro-
moting protection against proteases, in certain instances,
enhanced activity of the assembled peptides might be
expected.***®%” The Gr NPs formulated in the present work
showed a remarkable activity against Candida albicans and dis-
played a weak interaction with the three hydrophilic polymers
PA, CH and PDDA. The microbicidal action of Gr was
enhanced by the presence of PDDA but was unaffected by PA
or CH, polymers that did not display a high antimicrobial
action (Fig. 2). The cationic moieties in PDDA conferred a high
microbicidal activity to the formulations against two other
pathogens, S. aureus and P. aeruginosa. The Gr NP/PDDA
coating deposited on either glass or PE was able to completely
reduce the cell viability of the three microbes tested. This
reconfirmed the synergistic action of PDDA and Gr on the coat-
ings®* and opened new applications for the use of such coat-
ings in biomedical materials displaying a variety of hydro-
phobic/hydrophilic balances. The mechanism of action is
dual, with PDDA combining with biopolymers from the
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microbial cell wall facilitating Gr NPs’ interaction with the cell
membrane and thus disrupting the cell ionic balance. Despite
the transient character of the Gr/polymer coatings, which are
easily detached from the surfaces upon washing out, they may
still find utility for providing biomedical devices with timely
protection over a limited period of time. Comparing the
present combinations of gramicidin/polymers with a conven-
tional antibiotic namely tetracycline (and its analogs) reveals
important differences in their mechanisms of action.
Tetracyclines also have a broad spectrum of activity against
both Gram-positive and Gram-negative bacterial species. They
bind to the 30S ribosomal subunit, which prevents the binding
of aminoacyl-tRNA to the ribosome and consequently inhibits
bacterial protein synthesis, a mechanism allowing the appear-
ance of resistance via efflux pumps.*® In contrast, the gramici-
din/polymer combinations act via the electrostatic interaction
between the cationic polymer and the biopolymers of the cell
wall, which causes cell wall disruption,® thereby facilitating
gramicidin access to the pathogen cell membrane.*! %9753
Therefore, the present coatings do not affect the pathogen
metabolic pathways and kill the microbes by a dual and comp-
lementary mechanism: first, involving the interaction between
the cationic polymer and the cell wall,** and second, favoring
the insertion of the gramicidin dimeric channel into the
pathogen cell membranes. This synergistic mode of action not
only kills resistant strains®® but also reduces the required
doses of gramicidin and the polymer needed for complete
microbicidal activity.**** In addition, the remarkable fungici-
dal activity imparted by gramicidin to the combination further
broadened the microbicidal activity to include fungi as well.
Therefore, this work points out that the complementary action
of the self-assembled gramicidin nanoparticles and the hydro-
philic, cationic polymer PDDA can be useful for developing
antimicrobial coatings on a variety of important biomedical
surfaces.

Thanks to antimicrobial nanoscale materials, often built
from self-assembly systems, recent advances against anti-
microbial resistance have been achieved.>® Antimicrobial pep-
tides (AMPs) are a novel class of alternatives that possess
potent activity against a wide range of Gram-negative and posi-
tive bacteria with no ability to induce antimicrobial resistance.
Novel developments involving AMPs often introduce chemical
modifications to improve their bioavailability and protection
against the in vivo environment.”®> Gramicidin, a channel
model of membrane proteins,*® self-assembles in aqueous
solution to form wuseful nanoparticles.®® The coatings
described in the present work may evolve to provide broad-
spectrum antimicrobial coverage for a variety of biomedical
surfaces, mainly in combination with the potent cationic and
antimicrobial polymer PDDA.
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