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Abstract: Biocidal coatings have been used in biomedicine, cosmetology and the food industry. In this
article, the coatings are described as being composed of non-stoichiometric polycomplexes, products
of electrostatic coupling of two commercial biodegradable ionic polymers, anionic sodium alginate
and cationic quaternized hydroxyethyl cellulose ethoxylate. Non-stoichiometric polycomplexes
with a 5-fold excess of the cationic polymer were used for immobilizing hydrophobic biocidal
4-hexylresorcinol (HR). Being dispersed in water, the polycomplex particles were capable of absorbing
a tenfold excess of HR in relation to the polycation. After deposition onto the plastic surface and
drying, the aqueous polycomplex-HR composite formulation forms a transparent homogeneous
coating, which swells slightly in water. The interpolyelectrolyte complex (IPEC) is substantially non-
toxic. The incorporation of HR in the IPEC imparts antimicrobial activity to the resulting composite,
in both aqueous solutions and coatings, against Gram-negative and Gram-positive bacteria and yeast.
The polysaccharide-based polycomplexes with embedded HR are promising for the fabrication of
biocidal films and coatings.

Keywords: polysaccharide; interpolyelectrolyte complex; 4-hexylresorcinol; composite coating;
biocidal activity

1. Introduction

Environmental protection has become one of the most pressing issues over the past
few decades [1-3]. Among other things, this trend involves replacing, where possible,
synthetic polymers with their natural counterparts [4]. Polysaccharides are renewable and
environmentally friendly biomaterials characterized by high bioavailability, biocompati-
bility and biodegradability [5,6]. Polysaccharides can be easily modified, and this quality
improves operational properties of polymer materials and expands their application areas.
Sodium alginate (Alg), a widely used anionic polysaccharide, finds numerous applications
in biomedicine for drug delivery [7-9], the food industry for packaging [10-14], tissue
engineering to accelerate wound healing and cell transplantation [7,8,15-18], cosmetics as
water-retaining agents [19-22], etc.

In order to stabilize Alg constructs—coatings, films and fibers—when surrounded
by water, the polymer is converted into an ionotropic gel via crosslinking with a biva-
lent metal salt like CaCl; [9,23,24], mixed Alg with hydrophobic polymers, e.g., cellulose
nanofibers [25], or low-molecular-weight compounds [10,26], including those with bacteri-
cidal properties [27,28], such as curcumin, kaempferol and cinnamon essential oils [29-31].

4-Hexylresorcinol (HR) is an effective antiseptic capable of reducing/preventing pain
as well as skin irritation and inflammation [32-35]. Due to the long-chain alkyl radical,
HR can be incorporated into cell membranes, disrupting their integrity and increasing
their permeability, thus affecting many vital processes such as energy production and
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nutrient transport. HR can react with proteins and change their structure, influencing
metabolic pathways [36-38]. Pronounced biocidal properties of HR are used when prepar-
ing bactericidal soaps, antibacterial oral formulations, personal care products, skin and
wound disinfectants and preoperative skin preparations [32-35,39—-41]. HR can be com-
bined with various biomaterials, including bone substitutes, medical silk threads and dental
implants [40-42]. HR has antioxidant properties and is approved as a food additive [43].

At the same time, the hydrophobic tail makes HR poorly soluble in water. For this
reason, HR is usually dissolved in organic solvents such as ethanol and dimethyl sulfox-
ide [42,44]. However, organic solvents and ionic polysaccharides are not compatible, which
complicates work with Alg—-HR mixtures and the preparation of biocidal biodegradable
Alg-HR composites.

In the current article, we describe the immobilization of HR in interpolyelectrolyte
complexes (IPECs), products of electrostatic interactions between two oppositely charged
ionic polymers: anionic Alg and cationic quaternized hydroxyethyl cellulose ethoxylate,
Polyquaternium 10 (Pq10). Biodegradable Pq10 is included in shampoos and other hair
care products, detergents and skin care formulations, as well as multipurpose solutions
for the care of soft contact lenses [45,46]. For the immobilization of hydrophobic HR,
non-stoichiometric IPECs were used, in which only 20 mol% of cationic Pq10 groups was
electrostatically complexed with anionic Alg groups. Such IPECs were actually block-
copolymers with hydrophobic fragments composed of mutually neutralized groups of both
polymers and hydrophilic sequences of free cationic Pql10 groups. The former ensured the
binding of hydrophobic HR, and the latter ensured the solubility of the entire structure
in water. We examined the Alg-to-Pq10 complexation, the stability of the resulting IPEC
in water—salt solutions, the incorporation of HR into the IPEC matrix, the formation of
composite IPEC-HR coatings and the biocidal properties of IPEC-HR constructs in solution
and in the coatings. As a result, a protocol is described which allows for preparing water-
compatible polymer—-HR composites with a high content of biocidal HR. These composites
can form biocidal coatings that are stable when surrounded by water.

2. Results and Discussion
2.1. Electrostatic Interaction between Polysaccharides

Anionic Alg (Mw 79 kDa) and cationic Pq10 (Mw 540 kDa) were each dissolved in pH 7
phosphate buffer and the solutions were mixed at varied molar ratios of anionic Alg groups
to cationic Pq10 groups, Q = [Alg]/[Pq10]. The addition of Alg solution to a Pq10 solution
altered the polycation charge; this was detected via measuring the electrophoretic mobility
(EPM) of Pq10 macromolecules, the parameter associated with their charge (Figure 1,
curve 1). These results evidenced an electrostatic Alg-to-Pq10 complexation and formation
of Alg-Pql0 IPEC. As shown earlier [47,48], the electrostatic interaction of oppositely
charged multi-ions is accompanied by the quantitative binding of both polymers into IPEC.
It follows from here that the composition of the resulting IPEC is equal to the composition
of the initial polyanion/polycation mixture [47,49]. Obviously, the same is true for the IPEC
formation from Alg and Pq10, whereby each of which has a high molecular mass.

A complete neutralization of the Pq10 charge by the Alg charge (EPM = 0) was achieved
at Q =[Alg]/[Pq10] = 1.2 (Figure 1, curve 1). Taking into account (1) the quaternized amino-
groups in the Pq10, which gave the maximum positive charge to the Pq10 chains in the
pH 7 buffer, and (2) the quantitative Alg-to-Pq10 complexation, the molar degree of the
anionic Alg groups electrostatically complexed with the cationic Pq10 groups was estimated:
w =(1/1.2) x 100% = 83%. A residual 17% of anionic ALG groups remained protonated in
the pH 7 buffer solution and did not interact with cationic Pq10. A further increase in Q
over 1.2 resulted in negatively charged IPEC particles due to the adsorption of Alg excess.
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Figure 1. Electrophoretic mobility (1) and hydrodynamic diameter (2) of IPEC particles vs. Q ratio.
[Pq10] =5 x 10¢M, 102 M pH 7 phosphate buffer; 25 °C.

In parallel, the size of the IPEC particles in the system was detected (Figure 1, curve 2).
In the Q < 0.85 region, particles 250-350 nm in diameter were formed, whose stability was
due to abundant positive charges of free Pq10 groups. The mutual neutralization of Alg
and Pq10 charges resulted in the maximum particle size.

2.2. Incorporation of HR in Polycomplex Matrix

Alg is incompatible with the organic solvent used to prepare HR solutions [50]. For
example, the mixing of Alg aqueous solution with HR ethanol solution is accompanied by
the precipitation of Alg and formation of coarse dispersions. In order to immobilize HR, the
Q=0.2 Alg-Pq10 polycomplex was taken. The high positive charge ensured the aggregation
stability of IPEC in the aqueous buffer solution. The immobilization was performed via
the addition of HR ethanol solution to the freshly prepared, slightly opalescent Alg-Pq10
buffer solution.

Figure 2a shows an electronic spectrum of HR ethanol solution with two characteristic
peaks at 205 and 280 nm that is in agreement with the literature data [51]. The spectrum
of the IPEC-HR composite (Figure 2b) showed the same profile with the two peaks at 205
and 280 nm, which evidenced the incorporation of HR into the IPEC matrix; a calculation
gave a nearly equimolar HR/Alg ratio in the IPEC-HR composite (see legend to Figure 2b).
However, the Q = 0.2 IPEC was able to incorporate an additional amount of HR, up to a
10-fold excess in comparison to the Alg content, which was at [HR]/[Alg] = 10 molar ratio.

A reason for the extremely high capacity of water-soluble Q = 0.2 IPEC to HR is in the
structure of the polycomplex species. The latter are block-copolymers with hydrophobic
fragments represented by mutually neutralized Alg and Pql0 groups and free cationic
Pq10 sequences. When surrounded by water, an IPEC particle acquires the structure
with the hydrophobic core and cationic shell, capable of absorbing a significant amount
of hydrophobic low-molecular-weight compounds like HR. This mechanism was earlier
described for the interaction of IPECs with hydrophobic compounds [52,53]. The IPEC core
acts as a variable volume reservoir whose size and capacity can greatly change.

An aqueous solution of IPEC-HR composite with an [HR]/[Alg] = 10 ratio had the
maximum viscosity due to hydrogen bonds which stabilized the composite network [54].
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Figure 2. Electronic absorption spectra of (a) 103 M HR ethanol solution and (b) IPEC-HR composite
solution in a 102 M pH 7 phosphate buffer/ethanol mixture (98/2 v/v), Q = 0.2; [Pq10] =5 x 103 M;
[HR] =103 M.

2.3. Formation of Composite Biocidal Coatings

The next step was to use IPEC formulations for preparing biocidal coatings on the
solid surfaces. These coatings (films) are promising for the antimicrobial protection of
food products [55,56]. Individual polysaccharides, both anionic and cationic, are soluble in
water and require modification, for example via cross-linking with divalent cations [23,24].
This procedure results in the polymer network which is insoluble in water but only slightly
swells in it.

The addition of the Q = 0.2 IPEC aqueous solution in a plastic Petri dish and further
drying led to a transparent homogeneous film (Figure 3a), which, however, easily dissolved
in water.

Figure 3. Photos of coatings (a) from IPEC solution, Q = 0.2, [Pq10] = 2 x 102 M, 102 M pH 7
phosphate buffer; (b) IPEC-HR composite solution in a 102 M pH 7 phosphate buffer/ethanol
mixture (98/2 v/v), Q = 0.2; [Pq10] = 3.3 x 103 M; [HR] = 5 x 102 M; (c) from sample (b) after a 4 N
NaCl solution treatment. The scale bar applies to each subfigure.
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This fact apparently indicated that the IPEC species retained their core-shell structure
after deposition on the surface and further drying. The hydrophobic Alg-Pq10 blocks were
surrounded by cationic Pql0 fragments, which prevented interparticle contacts between
the internal hydrophobic blocks and maintained the solubility of polycomplex particles
in water.

The situation changed radically when the coating was made of the IPEC-HR composite.
In this case, the initial aqueous formulation was a dispersion (see above) which formed a
coating with uniform distribution of medium-sized inclusions (Figure 3b).

After the addition of water, the IPEC-HR composite coating only swelled but did not
dissolve and did not leave the surface (Figure 4). Higher stability of the composite coating
seems to indicate that the composite particles, which also have the core—shell structure, are
able to interact with each other via their hydrophobic cores and hydrogen bonds produced
by HR molecules. This mechanism allows the composite particles to form a continuous
network within the coating and thereby stabilize it.

Figure 4. Swelling in water of the coating from IPEC-HR composite pre-formed on a polystyrene
Petri dish, as described in the legend to Figure 3b. The scale bar applies to each subfigure.

Moreover, the composite coatings did not leave the surface upon treatment with a 4 N
NaCl solution. Under these conditions, the binary IPEC dissociated down to the initial
components, Alg and Pq10 [54]. Further drying of the composite sample, covered with the
salted solution, resulted in the film, with white NaCl crystals on the top (Figure 3c).

2.4. Antimicrobial Activity of IPEC-HR Composite

The next step was to analyze the antimicrobial activity of the IPEC-HR composite in
solution and on the surface. In the first case, according to the experimental conditions, the
composite formulation was diluted 30 times and more, which resulted in a final ethanol
content < 1 wt.%. This had no specific toxic effect on the studied microorganisms [57,58].

The individual polysaccharides, Alg and Pq10, did not show antimicrobial activity up
to 1 wt.% polymer concentrations [54], the maximum achieved in the experiment. In other
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words, both the minimum inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) for both individual polymer values were >1 wt.%.

The results of antimicrobial testing for the IPEC-HR composite and HR (control) are
summarized in Table 1. The composite formulations showed pronounced antimicrobial
activity against Gram-positive bacteria S. aureus and M. luteus, yeast Y. lipolytica and Gram-
negative E. coli, and lower activity was shown toward Gram-negative P. aeruginosa. In most
cases, the MIC and MBC values for the composites were comparable with the MIC and
MBC values for individual HR. Thus, the incorporation of HR into the Alg-Pq10 IPEC
matrix had no negative effect on the HR biocidal activity.

Table 1. Antimicrobial activity of HR and IPEC-HR composite.

Tested MIC, wt.% MBC, wt.%
Microorganism IPEC-HR HR IPEC-HR HR
P. aeruginosa 0.035 £ 0.003 0.035 £ 0.002 0.035 £ 0.002 0.035 £ 0.003
E. coli 0.0030 = 0.0002 0.0030 £ 0.0001 0.0050 + 0.0003 0.0030 = 0.0002

0.0020 + 0.0001
0.00100 =+ 0.00006
0.00070 + 0.00004

0.0020 + 0.0009 >0.05 >0.05
0.0020 + 0.0008 0.0040 £ 0.0003 0.0040 + 0.0002
0.0020 +£ 0.0001 0.0030 + 0.0001 0.0040 + 0.0002

Y. lipolytica
S. aureus
M. luteus

The study of antimicrobial activity of the IPEC-HR composite on the surface was
quantified using the conventional disk-diffusion method [56,59]. Paper disks were placed
on the agar with a uniformly deposited microbial suspension and then different volumes
of the composite formulation (from 5 to 20 pL) or 20 uL of HR-free IPEC solution were
applied over the disks. This allowed verifying the dose-dependent antimicrobial effect
of the composite and comparing it with the effect of the IPEC matrix unloaded with HR.
Figure 5 shows the photos of the samples after their incubation at 28 °C for 48 h. The
numbers next to the discs indicate the volume of the applied composite or HR-free IPEC.

S. aureus

Figure 5. Inhibition zones (red circles) of the IPEC-HR composite against the tested microorgan-
isms; 102 M pH 7 phosphate buffer/ethanol mixture (98/2 v/v), Q = 0.2; [Pq10] = 2 X 102 M;
[HR] =5 x 102 M. The red numbers on the photos indicate a volume (uL) of IPEC-HR composite
applied to the disc. Control sample (20 uL of IPEC without HR) was applied to the central disk and
marked as “0”.
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Dark rings around the paper disks reflect microbial growth suppression due to the
diffusion of HR from the disks to agar with the microbial culture via a “relay-race” mech-
anism through repeated formation and the destruction of hydrogen bonds between HR
and the agar matrix [56]. The wider the ring, the more active the formulation applied. The
dependence of the ring diameter on the volume of applied formulation is given in Figure 6.

404 M. luteus J
30 4 1 S. aureus
-
e E. coli
'O“ 20 -
n . . 1
x Y. lipolytica
10 -
/m,'c;:
0 T T T T
0 5 10 15 20

V, ulL

Figure 6. Diameter of inhibition zone from Figure 5 vs. volume of the IPEC-HR composite applied to
the disk.

As expected, the ring diameter for the HR-free IPEC was equal to zero for all five types
of bacteria. When the composite formulation was used, the ring diameter (antimicrobial
effect) increased with the elevation of the deposited composite. The most pronounced
antimicrobial effect was detected for Gram-positive M. luteus, and the lowest was for Gram-
negative P. aeruginosa. On the whole, the antimicrobial activity of IPEC-HR on the surface,
obtained with the use of the disk-diffusion method, correlated well with the MIC/MBC
data determined in solution.

3. Materials and Methods
3.1. Materials

Alg, Pq10, sodium hydroxide, sodium chloride, sodium dihydrogen phosphate mono-
hydrate (all purchased from Sigma-Aldrich Co., St. Louis, MO, USA), 4-hexylresorcinol
(HR, Sigma Aldrich, Schnelldorf, Germany), hydrochloric acid and ethanol (purchased
from Chimmed, Moscow, Russia) were used without further purification.

All solutions were prepared with double-distilled water additionally filtered through
a Milli-Q Millipore system.

Concentrations of the polysaccharides are presented in moles of the ionic groups per
liter. The concentration of Alg anionic groups was determined via reverse potentiometric
titration [60]. The concentration of cationic quaternary amino fragments of Pq10 was
evaluated using the turbidimetric method [61].

3.2. Methods

The optical densities of solutions were measured making use of a Genesis™ 50 UV-
Visible spectrophotometer (Thermo Fisher Scientific, Madison, W1, USA), using quartz
cuvettes with a width of 1 cm.
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The pH measurements were taken using a Corning 340 pH meter (Corning Inc.,
Corning, NY, USA) equipped with a combination glass pH electrode with an integrated
temperature sensor.

The electrophoretic mobility (EPM) of particles was measured via laser microelec-
trophoresis in a thermostatic cell using a Brookhaven Zeta Plus instrument (Holtsville, NY,
USA) with the corresponding software.

The mean hydrodynamic diameter of particles was determined via dynamic light
scattering at a fixed scattering angle (90°) in a thermostatic cell using a Brookhaven Zeta Plus
instrument (Holtsville, NY, USA). Software provided by the manufacturer was employed
to calculate diameter values.

The molecular weights (Mw) of the polysaccharides were measured using the static
light scattering technique at a fixed scattering angle of 90°. The measurements were
carried out using a Photocor Complex photometer (Photocor Instruments, Moscow, Russia)
equipped with a He-Ne 10 mW laser (A = 633 nm) as the light source at 25 °C. The results
were processed using the Debye equation:

KxC 1

— +2Xx Ay x(C, 1
R, . 2 1)

where K is the optical constant of the solution, mol x cm? x g~2, C is the solution concen-
tration, g x cm 3, Ry is the Rayleigh ratio, cm 1, and A, is the second virial coefficient,
mol x ecm® x gf2 [62].

The refractive index increments of the solutions dn/dc were measured in a 0.1 N NaCl
using an Optilab T-Rex differential refractometer (Wyatt, MO, USA) at A = 633 nm and
25°C.

For the light scattering measurements, the solutions were dust cleaned via filtration
through a Chromafil® syringe filter (cellulose acetate, pore size of 0.22 um or 0.45 um for
viscous Pq10 solutions).

Antimicrobial assessments were conducted using five types of microorganisms often
used as test cultures: Gram-negative bacteria Pseudomonas aeruginosa 4.8.1, Escherichia coli
MG 1655 K12, Gram-positive bacteria Staphylococcus aureus 209P, Micrococcus luteus NCIMB
13267 and yeast (eukaryotes) Yarrowia lipolytica 367-2 (the microorganism collections of
Research Center of Biotechnology RAS). Microorganisms were grown in medium LB (Broth,
Miller, VWR Life Science, Radnor, PA, USA) using 250 mL flasks containing 50 mL of
nutrient medium. Cultivation was carried out until the stationary growth phase at 28 °C
for 1 day using an orbital shaker (120 rpm).

The in vitro antimicrobial activity of the polymer compositions against bacteria and
yeast was estimated using the disk-diffusion method [56,59]. The microbial suspensions
were applied to Petri dishes containing LB agarized medium (Luria-Bertani Broth, Miller,
1.5% bacteriological agar (Helicon, Moscow, Russia)) and were evenly distributed over
the entire surface of the dish using a spatula. Each Petri dish received 5 x 107 to 1 x 108
bacterial or yeast cells. Then, paper disks (Whatman 2017-006 AA Disks 1000 x 6 mm
Antibiotic Assay Disks, Whatman, Maidstone, UK-Germany) were placed on the agar, and
onto which 5, 10, 15 or 20 uL of the samples were applied. After incubating the dishes
in the thermostat at 28 °C for 48 h, the biocidal effect of the polymer formulations was
evaluated by measuring the diameter (d, mm) of microbial growth suppression around the
discs.

The quantitative assessment of antimicrobial properties of the polymer compositions
was carried out via the determination of their minimum inhibitory concentrations (MICs)
and minimum bactericidal concentrations (MBCs) [58,63-65]. Various aliquots of 1 wt.%
polymer solutions were added in the glass test-tubes with 2 mL M9 medium [66,67].
The tubes were inoculated (1% vol) with the microorganisms using 1-day cultures of the
stationary growth phase and were placed on a shaker at 28 °C. After 2 days, the growth of
the microorganisms was evaluated visually or after sieving on agarized medium.
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4. Conclusions

Non-stoichiometric ALG-Pq10 IPEC with a 5-fold excess of Pq10 was used for the im-
mobilization of hydrophobic biocidal HR. IPEC particles dispersed in an aqueous solution
are capable of absorbing HR up to an [HR]/[Alg] = 10 ratio. After being deposited onto
the plastic surface and drying, the IPEC-HR aqueous formulation formed a transparent
homogeneous coating, which swelled slightly in water and was retained on the surface
even in a 4 N NaCl solution when the water-dispersed IPEC completely dissociated down
to Alg and Pq10. The IPEC is substantially non-toxic. The incorporation of HR in the IPEC
imparts antimicrobial activity to the resulting composite, in both aqueous solutions and
coatings, against Gram-negative and Gram-positive bacteria and yeast. The biocompati-
ble and biodegradable polysaccharide-based IPECs are promising for application in the
biomedicine, cosmetology and food industries.
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