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HIGHLIGHTS

e New biocidal polymer with strong anti-
adhesion activity was developed.

o An effluent-free route for cellulose ace-
tate grafting was presented.

o Grafting occurred in the whole polymer
volume providing hydrophobic
properties.

e S. aureus (incl. MRSA), E. coli, and S.
Enteritidis could not attach to the
polymer.

e Microbiological vs. statistical signifi-
cance was discussed with scientific
arguments.
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ABSTRACT

The study reports an effluent-free, green process for the production of materials with favorable antibiofilm
properties by cellulose acetate grafting with quaternary ammonium compounds in supercritical carbon dioxide.
Two quaternary ammonium compounds, N-(2-Hydroxyethyl)-N,N-dimethylundecan-1-aminium Bromide and N-
(11-Hydroxyundecanyl-N,N-dimethyltetradecan- 1-aminium Bromide, were synthesized and chemically attached
to cellulose acetate via hexamethylene diisocyanate as a linker under the conditions of 30 MPa and 70 °C. The
polymer modification occurred in its whole volume. The chemical conversion led to a decrease in the degree of
crystallinity and the appearance of a rugged polymer surface. However, the cross-section imaging of the newly
obtained materials revealed a compact polymer structure. The functionalized materials acquired hydrophobic
properties. Microbiological tests showed the impossibility of Staphylococcus aureus ATCC 29213, Methicillin-
resistant Staphylococcus aureus ATCC 43300, Escherichia coli ATCC 10536, and Salmonella Enteritidis ATCC
13076 attachment to the material obtained by the cellulose acetate grafting procedure with N-(11-Hydrox-
yundecanyl-N,N-dimethyltetradecan- 1-aminium Bromide.
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1. Introduction

The chemical integration of biocides, e.g., quaternary ammonium
compounds (QACs), into the polymer structure results in forming a so-
called biocidal polymer [1]. Biocidal polymers do not release the
active substance into the environment, and their antimicrobial activity
is based mainly on contact inhibition. The most significant advantage of
such modifications is the prolonged duration of the antibacterial activity
[1].

Biofilms are multicellular structures formed after the adhesion of
bacteria to surfaces and their synchronized multiplication and excretion
of the so-called extracellular (polymeric) matrix in which they stay
protected from unfavorable environmental conditions, disinfectants,
antibiotics, UV radiation, drying, and high temperatures [2-4]. Biofilm
formation presents a significant problem in hospitals, water treatment
units, bioreactors, and the food industry. Most pathogenic bacteria,
including foodborne pathogens, are capable of forming biofilms on
abiotic surfaces made of plastic, stainless steel, wood, and glass [2-4].
Medical devices such as orthopedic, dental and tissue implants, contact
lenses, surgical sutures, prosthetic joints, catheters, and heart valves, are
materials to which pathogenic bacteria have the ability to adhere and
produce strong biofilms [5,6]. Therefore, the term “medical-device
associated infections” (MDAI) was introduced, and it essentially repre-
sents a medical complication caused by pathogenic bacteria from bio-
films formed on the surface of implanted medical polymers [5,6]. It is
unanimously considered that bacteria’s successful adhesion to the sur-
face is the first and basic prerequisite for forming biofilms [7]. Thus, the
most promising strategy against biofilms is the technology of production
and design of new polymeric materials on which the formation of bio-
films would be impossible [5,8].

Cellulose acetate (CA) is obtained by the acetylation of cellulose, the
most abundant natural polymer. It is considered a renewable and
biodegradable polymer, used to make a variety of products, including
textiles, plastics, films, membranes in liquid and gas separations, and
many others, thus being incorporated in almost all pores of modern life
[9]. CA and its composites have also been readily applied for medical
purposes because CA meets many biomedical implant requirements
[10]. Outstanding biocompatibility, biodegradability, non-toxicity,
excellent tissue integration, and immunological neutrality of CA are
the most important features for the medical use of this relatively inex-
pensive and easily accessible material [11]. CA is used in tissue and cell
culture engineering, immobilization and delivery of bioactive sub-
stances, wound healing, and biosensor design [12-14].

The advantageous properties of supercritical fluids allow for the
production of novel and unique materials that can’t be obtained other-
wise [15-18]. Carbon dioxide is the most used supercritical fluid for
polymer processing due to its favorable critical temperature and high
solubility in polymers [19]. The application of scCO5 in impregnation
and grafting purposes attracts considerable attention nowadays because
of the complete effluent elimination in the process, thus avoiding the
problem of handling and disposal of vast amounts of water and organic
solvents with dissolved active substances generated in conventional
processes. The scale-up of the scCO, impregnation-based processes has
also become known in the last 20 years [20]. Grafting in the supercritical
phase has been reported in the literature [21-25]. Correia et al. [22]
developed a process of oligo(2-methyl-2-oxazoline) quaternized with N,
N-dimethyldodecylamine synthesis and grafting to a chitosan scaffold in
scCO,. The obtained material, characterized by intense antibacterial
activity, was proposed for water purification. Aminosilanes were suc-
cessfully grafted to nanocellulose [24] to provide antibacterial activity
and to CA, in our recent study [25], to provide antibiofilm properties.
However, the materials grafted with aminosilanes may contain
unreacted alkoxy groups prone to hydrolysis, and their application may
be constrained. Xu et al. [23] reported the usage of scCO5 in the
chemical attachment of QACs to softwood using hexamethylene diiso-
cyanate (HDI) as a linker via a carbamate/urethane linkage. The treated
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softwood showed improved dimensional stability and antibacterial ac-
tivity [23].

Though QACs have long been known for their antibacterial proper-
ties [26], the antibiofilm properties of materials containing them are yet
to be explored. A recent comprehensive review by Saverina et al. [27]
summarizes the development of QACs and their antibacterial and anti-
biofilm activities when used alone, embedded in composites and coat-
ings, or grafted to polymers. To the best of our knowledge, the first
scientific report on CA grafting with QACs in the open literature is a
conference proceeding [28] where we presented a part of the results
from this study. A recent publication [29] dealing with
CA-polyvinylpyrrolidone (CA-PVP) membrane modification by CA sur-
face grafting with a QAC from a liquid solution also reported the anti-
fouling potential of the obtained material.

This study presents a waterless process for obtaining a cellulose
acetate-based biocidal polymer with strong antibiofilm properties for a
broad spectrum of possible applications. Two QACs were synthesized
and grafted via hexamethylene diisocyanate linker to cellulose acetate in
scCOy. Most of the published studies from the field investigate the
antibacterial properties of materials against Staphylococcus aureus as a
representative of Gram-positive bacteria and Escherichia coli as a Gram-
negative. In this study, we extend the investigation of the antibiofilm
properties of the obtained biocidal polymers to six bacterial species to
gain broader insight into their bioactivity, which is expected to vary
according to the different characteristics of investigated bacteria. Four
statistical methods were applied to analyze the results, and statistical vs.
microbiological significance was discussed.

2. Materials and methods
2.1. Materials and CA films production

Cellulose acetate (CA) Eastman CA-3208S, in the form of beads, was a
generous donation from Safic-Alcan, Poland. Hexamethylene diisocya-
nate (HDI, purity >98.0 %), dibutyltin dilaurate (purity 95 %), 11-
bromo-1-undecanol (purity >99.0 %), N,N-dimethyltetradecylamine
(purity >95 %), 2-dimethylaminoethanol (purity >99.5 %), 1-Bromoun-
decane (purity 98 %), Chloroform-D (purity 99.8 %), and cellulose ac-
etate powder (CA, Mn ~ 30,000) were purchased from Sigma-Aldrich,
Germany. Acetone (pure p.a.) was supplied by StanLab, Poland. 1-Prop-
anol (pure p.a.) was provided by Chempur, Poland. Methanol (pure p.a.)
and diethyl ether (pure p.a.) were purchased from POCH Avantor Per-
formance Materials, Poland. Carbon dioxide (purity > 99.5 %) was
provided by SIAD, Poland.

Polymeric films were fabricated from CA powder by the solvent
casting method. In a typical experiment, 0.25 g of CA powder was dis-
solved in 15 mL of acetone by stirring for two hours. The solution was
poured into a Petri dish and left covered overnight for drying.

2.2. Quaternary ammonium compounds (QACs) synthesis and NMR
analyses

2.2.1. Synthesis of N-(2-Hydroxyethyl)-N,N-dimethylundecan-1-aminium
Bromide (QAC 1)

QAC 1 was synthesized from 2-dimethylaminoethanol and 1-bro-
moundecane (chemical reaction presented in Supplementary material,
Fig. S1) according to the previously reported method [23,26]. 1.084 g of
2-dimethylaminoethanol was mixed with 3.171 g of 1-bromoundecane
and refluxed at 80 °C for 30 min, resulting in the reaction mixture so-
lidification. Subsequently, the mixture was cooled down to room tem-
perature, followed by the addition of 6 mL of 1:3 (v/v) propanol:
methanol for its complete dissolving. In the next step, the mixture was
refluxed at 80 °C for 20 h. After removing the solvents by rotary evap-
oration, a whitish light substance was obtained. The substance was
washed three times with diethyl ether and dried in vacuo, yielding a
whitish powder.
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2.2.2. Synthesis of N-(11-Hydroxyundecanyl-N,N-dimethyltetradecan- 1-
aminium Bromide (QAC 2)

QAC 2 was synthesized from N,N-dimethyltetradecylamine and 11-
bromo-1- undecanol (chemical reaction presented in Supplementary
material, Fig. S2) according to the previously reported method [23,26].
3.045 g of 11-bromo-l-undecanol was mixed with 3.350 g of N,
N-dimethyltetradecylamine and refluxed at 80 °C for 30 min. The re-
action mixture was subsequently cooled down to room temperature,
followed by the addition of 6 mL of 1:3(v/v) 1-propanol:methanol.
Subsequently, the reaction mixture was refluxed at 80 °C for 20 h, and
cooled to room temperature. A white substance was obtained after
removing solvents by rotary evaporation. The substance was washed
three times with diethyl ether and dried in vacuo, yielding a white
powder.

2.2.3. NMR analysis

1D (1 H, 13 C,) nuclear magnetic resonance spectroscopy spectra
were recorded using NMR Bruker Avance 600 MHz with UltraShield Plus
magnet (Billerica, Massachusetts, USA). The samples were prepared as
follows: 20 mg of substance was dissolved in 700 pl of solvent (CDClg). 1
H and 13 C chemical shifts were referenced to tetramethylsilane (TMS;
0.0 ppm).

QAC1: HNMR (400 MHz, CHLOROFORM-D) 6: 0.85 (t, 3H, J = 6.8
Hz, CH3-11), 1.20 - 1.33 (m, 16 H, CH,-3, CH,-4, CH,-5, CH-6, CH5-7,
CH,-8, CH3-9, CH»-10), 1.75 (m, 2 H, CH»-2), 3.34 (s, 6 H, CH3-13, CHs-
14), 3.46 — 3.55 (m, 2 H, CHp-1), 3.57-3.63 (m, 2 H, CH»-15), 3.69-3.76
(m, 2 H, CHx-16), 4.07-4.14 (m, 2 H, -OH-17). '3C NMR (101 MHz,
CHLOROFORM-D) &: 14.2 (C-11), 22.7 (C-10), 22.9 (C-2), 26.3 (C-3),
29.31 (C-5), 29.38 (C-7), 29.4 (C-6), 29.5 (C-8), 29.6 (C-4), 31.9 (C-9),
52.2 (C-13, C-14), 55.9 (C-16), 65.7 (C-1), 66.2 (C-15). Mol. Wt.: 324.35
g/mol.

QAC 2: 'H NMR (400 MHz, CHLOROFORM-D) 6: 0.83 (t, 3H, J=6.7
Hz, CHs-15), 1.18 — 1.38 (m, 34 H, CH»-4, CH,-5, CH-6, CH;-7, CH3-8,
CH,-9, CH,-10, CHy-11, CHy-12, CH»-13, CHy-18, CHy-19, CH-20, CHo-
21, CH;-22, CH,-24, CH»-25), 1.45-1.57 (m, 4 H, CH»-14, CH-23), 1.59
~1.72 (m, 4 H, CH,-3, CH,-17), 2.51 (s, 1 H, -OH), 3.34 (s, 6 H, CH3-27,
CH3-28), 3.46 (td, J = 10.7, 6.8 Hz, 4 H, CH-2, CH»-16), 3.57 (t,J = 6.7
Hz, 2 H, CH»-26). 1°C NMR (101 MHz, CHLOROFORM-D) &: 14.19 (C-
15), 22.74 (C-14), 22.83 (C-3), 22.86 (C-17), 25.74 (C-4), 26.24 (C-24),
26.33 (C-18), 29.13 (C-6), 29.23 (C-20), 29.26 (C-12, C-23), 29.31 (C-
11), 29.39 (C-8), 29.41 (C-22), 29.46 (C-7), 29.54 (C-5), 29.66 (C-9),
29.70 (C-10, C-19), 29.73 (C-21), 31.97 (C-13), 23.79 (C-25), 51.33 (C-
27, C-28), 62.78 (C-26), 63.97 (C-2, C-16). Mol. Wt.: 492.67 g/mol.

2.3. Grafting in supercritical carbon dioxide

The isocyanate linker was grafted to cellulose acetate (CA) in the first
step. CA beads and films were grafted in a 25 mL volume high-pressure
view cell (Eurotechnica, Bargteheide, Germany), equipped with a
heating jacket and thermostat. 1.4 mL of Hexamethylene diisocyanate
(HDI), 0.2 mL of dibutyltin dilaurate, and 0.6 g of CA (beads or film) put
in a filter bag were placed in the view cell. After the reactor was sealed,
carbon dioxide was introduced up to the CO, cylinder pressure (~5.5
MPa). The view cell was subsequently heated to 70 °C. In the next step,
the pressure was increased to 30 MPa by an air-driven gas booster
(Eurotechnica GmbH, Bargteheide, Germany). The reaction was per-
formed at 70 °C and 30 MPa for 6 h, followed by a moderate decom-
pression rate of 0.33 MPa/min.

In the second step, QAC was attached to the linker-modified CA.
Approximately 0.6 g of HDI - functionalized CA was put in a filter bag.
The sample and 0.4 g of synthesized QAC were placed in the view cell.
After the reactor was sealed, carbon dioxide was introduced to equalize
with the CO» cylinder pressure. The view cell was heated to 70 °C, and
subsequently, the pressure was increased to 30 MPa. The reaction was
performed under the same conditions as the linker grafting (70 °C, 30
MPa, 6 h, and decompression rate 0.33 MPa/min).
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After each grafting stage, the product was cleaned with ethanol and a
paper towel. The reaction parameters selection (pressure, temperature,
and time) for both steps was based on preliminary experiments, whereby
FTIR analyses followed the grafting outcome. Compared to softwood,
where the temperature of 100 °C, the pressure of 41.4 MPa, and the time
of 20 h were employed [23], CA grafting was shown to be faster and
attainable under milder conditions.

The product’s mass change in both steps was followed by an
analytical balance, and the grafting yield (Y) was calculated as

CW-W,

0

Y © 100% (@)

where W is the mass of grafted polymer, and W is its initial mass.

2.4. Characterization methods

The Fourier-transform infrared (FTIR) spectroscopy analysis was
performed for chemical characterization of the neat and grafted poly-
mer. The spectra were recorded in the ATR mode employing Nicolet
iS50 Spectrometer (Thermo Fisher SCIENTIFIC, Waltham, MA, USA)
with a resolution of 4cm™' at wavenumbers in the range of
500-4000 cm .

Neat and grafted polymeric film hydrophilicity was followed using a
goniometer model OCA 15EC (DataPhysics, Filderstadt, Germany) by
measuring the water contact angle. DataPhysics’ picolitre dosing system
(PDDS) allows for reproducibly dosed droplets of down to 30 picolitres.
The water drop was recorded by a camera, and the contact angle was
analyzed upon the contact and after 3, 6, 9, and 12 s of the contact time.

The structural properties of neat and grafted polymer beads were
investigated by scanning electron and ion beam microscopy. A two-
beam microscope SEM/Ga-FIB FEI Helios NanoLab™ 600i (FEI,
Thermo Fisher Scientific, Eindhoven, The Netherlands), equipped with
ultra-high resolution electron and ion microscopy, was used. Energy
focused beam of gallium ions was applied to perform cross-sections by
the selective removal of the sample material. Before the analyses, the
samples were coated with gold.

Differential scanning calorimetry (DSC) analysis was performed in a
differential scanning calorimeter (Q10, TA Instruments, New Castle, DE,
USA) previously described in detail [30]. The sample was heated at
10 °C/min from the room temperature of 25-300 °C under a nitrogen
atmosphere with a gas flow rate of 50 mL/min to avoid oxidation re-
actions. The samples of the initial weight of 10 mg were placed in a
hermetically sealed aluminum pan and measured three times. The
desorption temperature (Tq), glass transition temperature (Tg), and
melting temperature (T,) were obtained by the DSC. The crystallinity
degree was calculated as the ratio between the melting enthalpy of the
material under study (AHp) and the respective value for totally crys-
talline CA material (AH°y) using the following formula: yc (%)
= AH/AH°y, X 100, where AH°, = 58.8 J/g as proposed by Cerqueira
et al. [31] and Sousa et al. [32].

The mechanical properties of neat and grafted beads were screened
by measuring the compression force that caused beads deformation
using IMADA Force Gauge with stand MX2-500 N (IMADA. CO. LTD,
Japan). Five measurements per sample were performed, and the force
was expressed as mean =+ standard deviation.

2.5. Microbiological investigations

2.5.1. Anti-attachment/antibiofilm effect of polymers

Investigations were performed on Bacillus (B.) cereus ATCC 11778,
Methicillin-resistant Staphylococcus (S.) aureus, (MRSA) ATCC43300,
S. aureus ATCC 29213, Listeria (L.) monocytogenes ATCC 13932, E. coli
ATCC 10536, and Salmonella (S.) Enteritidis (Salmonella enterica sub-
species enterica serovar Enteritidis) ATCC 13076 (Microbiologics, St.
Cloud, MN, USA). All strains were first tested for the ability to produce
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biofilms and, based on the obtained results (unpublished), were cate-
gorized as strong biofilm producers except for the L. monocytogenes
ATCC 13932, which was a moderate biofilm producer. The selection of
strains was based on their importance in medicine (biomedical devices)
as well as in the food and water industry. The previously described assay
of microbial adhesion to the polymer [8,25] was used. It was modified
for microtiter plates with 96 flat bottom wells (neoCulture Cell and
Tissue Culture Plates W96, No. C-8206, neoLab Migge GmbH, Heidel-
berg, Germany). Before testing, the strains were cultured for 24 h in
Cation adjusted Mueller Hinton broth (CAMHB, Becton Dickinson,
Heidelberg, Germany) with the addition of 1% glucose (Merck, KGaA,
Darmstadt, Germany) to stimulate the production of exopolysaccharides
important for attachment and biofilm production [8]. The polymer
beads were sterilized in an autoclave at 121 °C, 120 kPa. Microtiter plate
wells were filled with 100 pL of Tryptone Soya Broth (CM0129, Oxoid
Ltd., Basingstoke, Hampshire, United Kingdom), and the polymer beads
from each type (CA, CA-HDI-QAC1, CA-HDI-QAC2) were inserted into
wells. Each polymer bead had a surface area of approximately 18 mm?,
therefore, the beads were grouped into groups of 3 (one sample con-
sisted of 3 beads) in order to increase the surface area for possible
attachment. Initial bacterial inoculum of 1-2 x 10® CFU/mL (OD600
0.08-0.1, Spectrofotometer Genesys 10-S, Thermo Fisher Scientific,
Waltham, Massachusetts, United States) has been prepared, diluted to
1-2 x 10% CFU/mL, and 10 pL of such suspension was inoculated in
investigated wells (final incolum 1-2 %x10° CFU/mL). Incubation was
performed at 37 °C for 24 h. After this, the polymer beads were asepti-
caly removed, washed thoroughly with sterile Ringer’s solution
(112 mM NaCl, Merck KGaA, Darmstadt, Germany; 6 mM KCl, Chem-

pur, Piekary élqskie, Poland; 2 mM CaCl,, Eurochem BGD, Tarnéw,
Poland; 1 M NaHCO3; Eurochem BGD, Tarnéw, Poland) to remove the
planktonic cells from the surface, and then inserted into sterile 50 mL
Eppendorf Tubes® BioBased, with screw caps, with 10 mL Ringer’s so-
lution and sonicated in an ultrasonic bath (37,000 Hz, Elmasonic S60,
Elma Schmidbauer GmbH, Singen, Germany) at 5 s/min, for a total
duration of 5 min. After completed sonication, the test tube in which the
sonication was performed was considered a 107! dilution. From there,
further serial dilutions from 1072 to 10”7 were made. From each dilu-
tion, 100 pL. were inoculated on the appropriate nutrient medium in
three replicates: L.monocytogenes on 5 % sheep blood agar (Becton
Dickinson, Heidelberg, Germany), E.coli and Salmonella spp., on Mac-
Conkey agar (Becton Dickinson, Heidelberg, Germany), B. cereus, MRSA
and S.aureus on Trypton soya agar (Tryptone Soya Broth, CM0129,
Oxoid Ltd., Basingstoke, Hampshire, United Kingdom, 1.2 % Agar
Bacteriological (Agar NO. 1, LP0O011, Oxoid Ltd., Basingstoke, Hamp-
shire, United Kingdom). Plates were incubated at 37 °C for 48-72 h. The
entire experiment was repeated in three independent replicates. The
protocol for counting and recalculating the total number of CFU/mL was
performed according to the ISO 7218 standard [33]. Only plates on
which at least 15 and at most 300 colonies grew were used. The trans-
lation from the number of CFU/mL obtained in the dilutions into the
total CFU/mm? of the polymer from which the bacteria were detached
by ultrasound was performed using the formula:

_ NCFUeV
N P

NP @

NCFU is the total number of detached bacteria (previously deter-
mined as CFU/mL), V is the volume of Ringer solution in tubes where
ultrasonic detachment has been performed, and P is the total surface in
mm? of the polymer.

2.5.2. Investigation of the antibacterial effect of polymers in the broth
culture (influence on the multiplication and reduction of the total number of
bacteria)

All materials and procedures described in sub Section 2.5.1 were
applied in this part of the study. After the microtiter plates were incu-
bated with the polymers and investigated strains, the polymer beads
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were removed, and the remaining broth cultures were serially diluted
from 107! up to 1078, Inoculation and calculation of total number of
bacteria (CFU/mL) were performed as described in Section 2.5.1.

2.5.3. Fixation of samples for SEM microscopy

Fixation of the attached strains after the polymer treatment in
Tryptone soy broth inoculated with bacteria was performed according to
the previously described procedure [8]. The polymers were kept for
30min in 2.5M Glutaraldehyde (Fluka Chemie GmbH, Buchs,
Switzerland) previously dissolved in 0.5 M Sodium cacodylate buffer
(Sigma-Aldrich, Darmstadt, Germany), then immersed in graded ethanol
(ethanol/water 30/70, 50/50, 70/30, 90/10, 100, Avantor Performance
Materials Poland S.A. (formerly POCH S.A.), Gliwice, Poland) for 15 min
and finally for 30 s in Hexamethyldisilazane (99 %) (Sigma-Aldrich,
Darmstadt, Germany).

2.5.4. Statistical methods

Descriptive and inferential statistical methods of hypothesis testing,
i.e., regression analysis, analysis of variance (ANOVA), Tukey’s Honest
Significant Difference post hoc test, and Dunnett’s test for multiple
comparisons of different groups, were used. For the antimicrobial effect
size quantification between polymer groups, Cohen’s d, was used as a
recommended test to follow ANOVA. The analyses were performed
using the statistical software packages XLSTAT Version 2014.5.03., and
IBM SPSS Version 26.0.0.0. In addition to the above tests, in order to
monitor the effect of the investigated compounds on the growth and
adhesion of microorganisms to surfaces, a logarithmic reduction was
also calculated.

3. Results and discussion
3.1. QAC synthesis

Two QACs were synthesized and characterized by NMR and FTIR. To
our knowledge, the only literature report on the synthesis of these
compounds is provided by Xu et al. [23]. However, the authors [23] did
not use these QACs for further work, and there is no data in the open
literature on the biological activity of these particular QACs or their
usage for material design purposes. The QAC 1 was synthesized with a
yield of 80.8 %. Xu et al. [23] reported a 57.7 % yield. NMR and FTIR
spectra of QAC 1 are presented in Fig. S3, and Fig. S4 (Supplementary
material), respectively.

The QAC 2 was synthesized with a yield of 99.0 %. Xu et al. [23]
reported a 95 % yield. NMR and FTIR spectra are presented in Fig. S5
and Fig. S6 (Supplementary material), respectively.

3.2. Grafting in supercritical carbon dioxide and material
characterization

The grafting reactions in scCO2 were performed at the pressure of
30 MPa and temperature of 70 °C. In the first step, the isocyanate linker
reacted with hydroxyl groups of CA (Fig. 1). In the next step, QAC was
attached to the linker via a carbamate/urethane linkage (Fig. 1).

The attachment of the isocyanate linker yielded a product weight
increase of 10-13 %. In total, 19 experiments were performed. In the
case of softwood, an increase of 30 % was reported [23]. FTIR spectra of
pure and isocyanate grafted CA beads are presented in Fig. 2. In the
spectrum of the neat CA bead, characteristic peaks of cellulose acetate
are visible. The broad absorption band around 3460 cm ™ originates
from O-H stretching of the hydroxyl group [34,35]. The peak at
1732 cm ™! is assigned to the stretching of the C=0 group [30,35]. The
bands at 1433, 1367, and 1220 cm ™" are attributed to the C-H bending,
rocking, and wagging vibrations, respectively [30,36]. The peak at
1032 cm ™! is assigned to C-O-C linkage in the glycosidic unit, and the
peak at 900 em ! is a characteristic of saccharide [30,37,38]. The
spectra of the surface and cross-section of the linker grafted CA beads are



M. Nowak et al.

=

H,CCOO

A 4

CH, COOCH

/RZ—N’*“—R,
Ho' |
\ N #° r

H.CCOO e NN
o
CH COOCHa
H \N?/R‘
H,CCOO N " R
I Ho©
0

Fig. 1. Grafting of cellulose acetate with hexamethylene diisocyanate in the
first, and with a QAC in the next reaction step.

presented in Fig. 2. The spectra are similar and show that the grafting
reaction took place throughout the whole bead volume. The disap-
pearance of the O-H stretching band of neat CA (3460 cm™!) and the
appearance of a new band at 3322 cm ™! originating from the stretching
vibration of newly formed N-H bonds (Fig. 1) [23] is proof of successful
grafting. The O-H stretching vibration of unreacted hydroxyl groups of
the polymer also contributes to the observed band at 3322 em ! [23].
The new band at 2266 cm ™! is a typical contribution of the isocyanate
group [39,40], which also proves the linker grafting. The new bands at
1619 and 1563 cm ™! originate from N-H bending vibrations, while the
band at 1354 cm ™! is assigned to the C-N stretching vibration [40]. New
bands at 2929 and 2856 cm™! are assigned to the C-H asymmetric and
symmetric stretching and the one observed at 1476 cm™! to the C-H
bending vibrations in grafted HDI [23,40,41].

The contact angle measurements are performed with CA films pro-
duced by the solvent-casting method using CA in powder form. The films
were grafted with HDI and QACs in the same manner as CA beads. The
results (Fig. 3) revealed increased hydrophobicity of CA films grafted
with linker compared to pure CA film. Neat CA showed the contact angle
with a water droplet around 74°. After the HDI attachment, the contact
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angle value was raised to 93.9°. Images of a water droplet on the films’
surface at a predetermined time are presented in Fig. S7 (Supplementary
material).

In the second step, QACs were attached to the previously grafted
linker (Fig. 1). A slight product mass decrease, up to 2.8 %, was
observed. Xu et al. [23] reported a reduction in softwood mass of 1.18 %
after QACs’ attachment. FTIR spectra of the polymer with attached QAC
1 and QAC 2 are presented in Fig. 4. The spectra show the isocyanate
group being consumed completely (the peak at 2266 em ! disappeared),
which is proof of the successful second grafting step (Fig. 1). Again, the
grafting occurred throughout the whole polymer volume. The isocya-
nate group consumption is also visible in the spectra of QAC grafted
beads’ cross-section presented in Fig. S8 (Supplementary material).
Contact angle measurements of grafted CA films showed a considerable
hydrophobicity increase compared to pure CA film and CA film grafted
with linker (Fig. 3, Fig. S7). As shown in Fig. 3 and Fig. S7 (Supple-
mentary material), contact angles for films with attached QAC 1 and
QAC 2 were around 107° and 113°, respectively (Fig. 3). Xu et al. [23]
grafted two QACs, different than those in our study, to softwood using
HDI as a linker. One of them provided similar hydrophobicity to the
softwood surface as in our research, with a steady contact angle of 110°,
while the attachment of the other QAC yielded a super hydrophilic
surface [23].

Zhou et al. [29] produced CA-PVP membranes and performed CA

115.0
1100
105.0
100.0
95.0 ' : o  MNeatCA
90.0 ® CA+HDI

Contact angle [°]

85.0 CA+QAC1
80.0 CA+QAC 2
75.0

70.0
Time [s]

Fig. 3. Contact angle as a function of time for neat CA bead, CA bead grafted
with linker (CA-HDI), and beads after the second grafting with QACs (CA-HDI-
QAC 1 and CA-HDI-QAC 2).

1220.6089

1563.4661
1032.3186

1476.3467

1732.0842

900.2341

2266.0420

a0 a0 @0 2800

200 w0 w00 500

Wavenumbers (cm-1)

Fig. 2. FTIR spectra of neat (CA) and linker grafted (CA-HDI) cellulose acetate beads.
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Fig. 4. FTIR spectra of the polymer with attached HDI and QAC 1 (a), and HDI and QAC 2 (b).

grafting with epoxy propyl dimethyl dodecyl ammonium chloride in a
water solution. However, in the FTIR spectra, the authors haven’t pre-
sented the part of the spectrum where the hydroxyl group absorption
band of CA is expected (around 3460 cm™!). Therefore, its potential
disappearance due to successful grafting has not been presented as well.
Taking into account the different chemical nature of used quaternary
ammonium compounds, the spectra from their and our study can not be
compared. The authors also reported increased hydrophilicity of the
grafted material, while in our study, hydrophobic materials were

obtained.
The grafting effects on the polymer morphology were followed by

SEM-FIB microscopy. Besides the materials’ surface, the cross-section
was also studied by applying the energy-focused beam of gallium ions
that allowed for sample cutting during the SEM investigation. The SEM
images of the surface and cross-section of a neat CA bead and CA bead
after the linker grafting are presented in Fig. 5 and Fig. 6., respectively.
As can be seen, the grafting caused a change in the sample’s surface. It
became less smooth with “thread-like” aeries (Fig. 6(b) and (c)). The
observed rugged surface is probably due to the lack of hydrogen bonding
between polymer chains. Namely, hydroxyl groups of CA are responsible
for the intermolecular hydrogen bonding between polymer chains. The
reaction of hydroxyl groups in CA with the linker (HDI) (Fig. 1) yielded a
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significant decrease in the number of hydroxyl groups available for
ensuring this interaction between the polymer chains and contributed to
the observed surface appearance. However, the linker grafted CA cross-
section (Fig. 6d) revealed that the bead retained its compactness, even
though the grafting occurred throughout its whole volume, as evidenced
by the FTIR analysis (Fig. 2).

QAC attachment to the linker grafted material caused further
morphology change. SEM images of beads with attached QAC 1 and QAC
2 are presented in Fig. 7 and Fig. 8, respectively. The investigated QACs
yielded different appearances of product surfaces. The surface obtained
after QAC 2 looked the most uneven with areas such as those presented
in Fig. 8(a-c). However, the cross-section images of the QAC grafted
beads (Fig. 7d and Fig. 8d) showed compact bead structures, though the
QAC attachment occurred in the interior of the beads, as evidenced by
the FTIR analysis (Supplementary material, Fig. S8).

The different thermal events taking place in the neat CA and modi-
fied CA (CA-HDI, CA-HDI-QAC 1, and CA-HDI-QAC 2) were evaluated
using differential scanning calorimetry (DSC). The results are presented
in Fig. 9 and Table 1. In the first stage, two endotherms are detected
from room temperature to around 150 °C. The initial endotherms have
minimum desorption temperatures (Tq;) and were attributed to the
evaporation of acetic acid from the biopolymers [42]. The broad second
endotherms (desorption temperatures T4y) were attributed to the water
desorption from the polysaccharide structure [32]. All curves have in
common the presence of a broad endothermic event between 150 °C and
300 °C assigned to the melting of the crystalline regions of the polymer
(melting temperatures Tp), and also exhibited low-intensity endo-
thermic peaks corresponding to glass transition temperature (Tg). The

(c) Surface, bar =500 nm
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DSC analysis showed a slight decrease in the glass transition tempera-
ture ranging from 225° to 223°C and an increased melting temperature
between 248 and 278 °C due to the grafting (Table 1 and Fig. 9). The
melting enthalpy decreased slightly after attachment of the linker and
was significantly reduced after grafting the QACs. Similarly, the degree
of crystallinity decreased from 15.5 % and 15.0 % after the first grafting
step and further decreased to 4.1 % and 2.8 % after attaching QAC 1 and
QAC 2, respectively. These results can be explained by the loss of the
hydrogen bonding between biopolymer chains that existed in the neat
CA due to the modification. The thermal properties analyzed by DSC also
corroborate the ATR-FTIR and contact angle analysis, showing a clear
distinction between pure CA, CA with the linker, and CA grafted with
QAGCs.

The screening of the beads’ mechanical properties showed that the
linker grafting increased the resistance to deformation with the defor-
mation force for pure CA, and CA-HDIof 114.7 + 5.3 Nand 192 + 18 N,
respectively. The second grafting step and the QACs attachment caused a
decrease in beads’ resistance to deformation compared to the linker
grafted sample. The observed force values were 155 + 25 N for CA-HDI-
QAC 1 and 136.7 + 14.3 N for CA-HDI-QAC 2, both higher than for the
pure polymer.

3.3. Results of the microbiological investigations

3.3.1. Anti-attachment properties of CA, CA-HDI-QAC 1, and CA-HDI-
QAC 2

The results of anti-attachment/antibiofilm abilities of the CA, CA-
HDI-QAC 1, and CA-HDI-QAC 2 are shown in Table 2 and Fig. 10. The

(b) Surface, by =3 pm

y R

e
(d) Cross-section, bar 5 pm

Fig. 5. SEM-FIB images of cellulose acetate bead (CA): surface (a), (b), and (c); cross-section (d).
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Fig. 6. SEM-FIB images of cellulose acetate bead grafted with the linker (CA-HDI): surface (a), (b), and (c); cross-section (d).

mean values obtained in three independent experiments are shown.
Detailed statistical data are provided in the Supplementary material
(Tables S1-S33).

All investigated strains showed statistically and microbiologically
significant differences in their ability to adhere to CA-HDI-QAC2 and
CA-HDI-QACI compared to CA.

E. coli ATCC 10536, S. Enteritidis ATCC 13076, S. aureus ATCC
29213, and MRSA ATCC 43300 were not capable of attaching to CA-
HDI-QAC2 surface after 24 h of incubation in each of 3 independent
experiments. L. monocytogenes ATCC 13932 attached in a total number
of 4.75 x 10® CFU/mm? to the surface of CA, in a total number of
4.64 x 10* CFU/mm? to the surface of CA-HDI-QAC1 (2.01 log CFU
reduction in relation to CA, R? =0.655, P = 0.0006), and in a total
number of 4.44 x 10> CFU/mm? to the surface of CA-HDI-QAC2
(3.03 log CFU reduction in relation to CA, R2 =0.655, P = 0.0007).
B. cereus ATCC 11778 showed the highest ability to adhere to the surface
of the tested polymers with the number of attached cells of 3.21 x 107
CFU/mm? on the surface of CA, 4.32 x 10° CFU/mm? on the surface of
CA-HDI-QAC1 (0.87 log CFU reduction in relation to CA, R? =0.668,
P = 0.0023), and the total number of 1,86 x 10° on the CA-HDI-QAC2
(2.24 log CFU reduction in relation to CA, P = 0.0003). E. coli ATCC
10536 had the highest ability to attach to CA-HDI-QAC1, it attached in
an almost identical number as to the control CA (statistically nonsig-
nificant 0.08 log CFU reduction, R2 =0.5489, P = 0.805, Cohen’s
d 0.15). The most susceptible to CA-HDI-QAC1 was MRSA, which was
attached in a significantly reduced number compared to CA (1.34 log
CFU reduction, R2 =0.7102, P = 0.0004, Cohen’s d 1.15).

Polymer CA-HDI-QAC2 showed a clear and pronounced anti-
attachment effect. The ability of B. cereus ATCC 11778 and

L. monocytogenes ATCC 13932 to overcome the anti-adhesion activity of
the CA-HDI-QAC2 and attach is attributed to their ability to adapt
quickly.

Bacillus spp., and Listeria spp., do not have great importance in
medical device-associated infections like S.aureus, although bacteremias
caused by Bacillus species via medical devices have been reported in
Japan [43]. However, Bacillus and Listeria spp. are used in the majority
of biofilm studies because they are excellent biofilm producers capable
of attaching and forming biofilms on surfaces where other bacteria
cannot [44]. It has been reported that L. monocytogenes could easily
adapt, multiply and form biofilms in the presence of sublethal doses of
QAGCs [45]. Also, B. cereus produces a specific biosurfactant that enables
it to adhere more easily and form biofilms in conditions where other
bacteria perish, even in the presence of QACs [46].

The SEM investigation confirmed the results of the observed anti-
adhesion effects. SEM images of surfaces of neat CA, CA-HDI-QAC 1,
and CA-HDI-QAC 2 after exposure to MRSA ATCC 43300 strain are
presented in Fig. 11. The surface colonization could be found at many
places in the neat CA sample, as shown in Fig. 11a. At the surface of CA-
HDI-QAC 1, no biofilm was found. However, planktonic cells could be
sporadically spotted, as presented in Fig. 11b. At the same time, a
bacteria-free surface of the CA-HDI-QAC 2 sample was observed
(Fig. 11¢).

We consider the most significant achievement of this study the
impossibility of S.aureus ATCC 29213 and methicillin-resistant S.aureus
ATCC 43300 to attach to the surface of the experimental polymer CA-
HDI-QAC2. S.aures normally inhabit the skin of healthy people, and
therefore, introducing this microorganism into the hospital environment
is impossible to prevent [47]. Despite the implementation of all the



M. Nowak et al.

7 ——

Nanores

1 U) V| 0.17 nA 5 000 x

(c) Surface, bar = SOO nm

The Journal of Supercritical Fluids 202 (2023) 106058

39 B
\ 6000x 345pm ETD

(d) Cross-sectlon bar 5 um

\"" 4.1 mm

Fig. 7. SEM-FIB images of cellulose acetate bead grafted with QAC 1 (CA-HDI-QAC 1): surface (a), (b), and (c); cross-section (d).

possible precautionary measures of asepsis and antisepsis (UV radiation,
sterilization, application of disinfectants, surgical glows, face masks),
subsequent contamination of polymeric medical devices with staphy-
lococci during manipulation, most often during the surgical process of
insertion into the human body, is still a daily occurrence [8,47].
Staphylococci produce a whole spectrum of toxins and virulence factors,
among which is their extraordinary ability to adhere to the surfaces of
medical polymers and the production of highly resistant biofilms, which
leads to a vast number of complications in patients with implanted
medical aids [8]. Therefore, the most significant number of publications
on this topic refers to S.aureus. To the best of our knowledge, this is the
first report on biocide-grafted cellulose acetate against B.cereus,
L. monocytogenes, and S. Enteritidis biofilms.

3.3.2. Influence of the CA, CA-HDI-QAC1 and CA-HDI-QAC2 on the
multiplication of bacteria in the broth

The investigation aimed to check if there was QAC leaching from the
material (the case of a significant effect on the multiplication in the
broth) and to confirm QAC covalent bonding. The results of the influ-
ence of polymers on the multiplication of bacteria in the liquid medium
are shown in Table 3 and Fig. 12. Polymer CA-HDI-QAC 2 influenced the
multiplication of all investigated bacteria compared to pure broth,
except for the L. monocytogenes ATCC13932, against which it was inert.
The presence of CA-HDI-QAC 2 in the broth caused reduction of the total
number of MRSA ATCC 43300 compared to pure medium (1.90 log CFU
reduction, R? =0.816, P < 0.0001), and the weak reduction on S.
Enteritidis (0.47 log CFU reduction, R? = 0.92, P < 0.0001) and E. coli
ATCC 10536 (0,27 log CFU reduction, R?= 0.946, P < 0.0001).

Polymer CA-HDI-QACI also inhibited the multiplication of bacteria,

including L. monocytogenes ATCC 13932, but with a weaker effect
compared to CA-HDI-QAC 2. The weak reduction CA-HDI-QAC1 caused
in MRSA ATCC43300 (0.49 log CFU reduction, P < 0.0001) followed by
0.29 log CFU reduction in S. aureus ATCC 29213 (P < 0.0001), 0.27 log
CFU reduction in E. coli ATCC 10536 (P < 0.0001), and 0.23 log CFU
reduction in L. monocytogenes ATCC 13932 (P < 0.0001).

Control polymer, pure cellulose acetate (CA), also affected the
multiplication of bacteria. It had microbiologically very weak but sta-
tistically significant inhibitory effect on S. aureus ATCC 29213 (0.19 log
CFU reduction, R? = 0.925, P < 0.0001, Cohen’s d 2.56), and MRSA
ATCC43300 (0.13 log CFU reduction, p < 0.0001, Cohen’s d 0.91). It
can be seen in Fig. 12 that CA also had a microbiologically weak but
statistically significant effect on L. monocytogenes ATCC 13932, causing
stimulation of multiplication of microorganism in comparison with the
control pure medium (—0.50 log CFU, R? = 0.841, P < 0.0001, Cohen’s
d —9.80). A similar but statistically insignificant effect of stimulation of
multiplication was also observed in E. coli ATCC 10536 (—0.03 log CFU,
P < 0.093, Cohen’s d —0.71).

The results indicate that materials showed microbiologically negli-
gible suppression of bacterial multiplication in both [48], which most
likely occurred only through direct contact of bacteria with the polymer.
This finding testifies that QACs were covalently attached to cellulose
acetate.

3.3.3. Statistical vs. microbiological significance

The partial discrepancy between statistical and microbiological sig-
nificance in the obtained results in our study is a consequence of the
rigidity of statistics that cannot fit into flexible, variable, highly adapt-
able, and unpredictable biological systems. In addition, microbiological
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Fig. 8. SEM-FIB images of cellulose acetate bead grafted with QAC 2 (CA-HDI-QAC 2): surface (a), (b), and (c); cross-section (d).
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Fig. 9. Results of the DSC analysis of neat (CA) and grafted (CA-HDI, CA-HDI-
QAC 1, and CA-HDI-QAC 2) beads.

criteria of “significance” are based mostly on the influence of microbi-
ological results on human and veterinary medicine, food safety and
sanitary principles, in contrast to statistical criteria based exclusively on
numerical (mathematical) values. Thus, the obtained statistical results
must be interpreted and accepted in the context of biological plausi-
bility. To overcome this, we used four different statistical tests, which
are shown in full in Tables 2 and 3, Supplementary material (Tables S1-

10

Table 1
Results of DSC analysis for the neat and grafted polymer beads.
Sample Ta1 Tg2(°C)  Tg(°C) Tn(°C)  AHp (J/ Xe (%)
0 g)
CA 60.8 110.1 224.9 247.8 9.1 15.5
CA-HDI 58.9 111.5 223.3 278.3 8.8 15.0
CA-HDI-QAC 55.5 115.8 223.1 282.0 2.4 4.1
1
CA-HDI-QAC 57.4 116.0 2229 277.8 1.7 2.8
2

$33), and Figs. 10 and 12. For example, in the results presented in
Table 3 and S1-S19 (the influence of the CA, CA-HDI-QAC 1, and CA-
HDI-QAC 2 on the multiplication of bacteria in the broth), the reduc-
tion in total CFU in investigated bacteria caused by CA-HDI-QAC1
ranged from 0.12 to 0.50 log CFU for all investigated strains, and it
was statistically significant (ANOVA and post hoc test to test the sig-
nificance of differences between groups). In microbiology, obtained
reduction values are negligible. By microbiological criteria, a consid-
erable reduction is only considered if equal to or greater than 3 log CFU
compared to controls. The concentration of the antimicrobial substance
and the time range in which this reduction occurred are also essential.
Usually, 3 log CFU reduction obtained during 0-12 h (time-kill assay) at
the lowest antimicrobial concentration is considered microbiologically
significant [48]. This can be further commented on considering the re-
sults presented in Table 3. The total E. coli ATCC 10536 no. was reduced
from 3.85 x 10”7 CFU/mL in pure medium to 2 x 10’CFU/mL in the
presence of polymer CA-HDI-QAC 2. In the microbiological sense, this
reduction has neither clinical nor antimicrobial and food safety
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Table 2
Microbial attachment to CA, CA-HDI-QAC1 and CA-HDI-QAC2 expressed as the total number of colony forming units per mm? (CFU/mm?).
Strain Descriptive statistics CA CA-HDI-QAC 1 Cohen’s d CA-HDI-QAC 2 Cohen’s d
L. monocytogenes ATCC 13932 X 4.75 x 10° 4.64 x 10* 0.95 4.44 x 10° 0.96
SD 4.95 x 10° 4.94 x 10* 7.70 x 10°
B. cereus ATCC 11778 X 3.21 x 107 6.48 x 10° 0.88 1.86 x 10° 1.09
SD 2.91 x 107 2.00 x 10° 1.61 x 10°
E.coli ATCC 10536 X 4.64 x 10° 3.84 x 10° 0.15 0 0.86
SD 5.36 x 10° 7.25 x 10° 0
S. Enteritidis ATCC 13076 X 1.67 x 10° 2.83 x 10* 1.03 0 1.24
SD 1.35 x 10° 5.00 x 10° 0
S. aureus ATCC 29213 X 5.23 x 10° 2.37 x 10° 1.10 0 1.15
SD 4.53 x 10° 9.67 x 10* 0
MRSA ATCC 43300 X 2.04 x 10° 5.80 x 10* 1.03 0 1.06
SD 1.93 x 10° 5.12 x 10* 0

Legend: ! Methicillin resistant S. aureus; * initial inoclum-1 x 10° CFU/mL; X - mean CFU/mL value obtained in three independent experiments; SD- standard de-
viation; Effect size (Cohen’s d) was calculated by comparing the total CFU attached to CA-HDI-QAC1 and CA-HDI-QAC2 with the total CFU attached to CA.

MRSA ATCC 43300

Staphylococcus aureus ATCC 29213

Salmonella Enteritidis ATCC 13076

E.coli ATCC 10536

Bacillus cereus ATCC 11778

Listeria monocytogenes ATCC 13932

0.00 1.00

2.00

I

3.00 4.00 5.00 6.00 7.00

M Log CFU reduction (CA-HDI-QAC 2 in relation to CA) M Log CFU reduction (CA-HDI-QAC-1 in relation to CA)

Fig. 10. Reduction of the total number of bacteria attached to CA-HDI-QAC1 and CA-HDI-QAC2 (calculated for 99.9% reduction for CA-HDI-QAC2) compared to CA,

expressed as log CFU.

significance (very small or no effect, a huge number of bacteria is still
present in the medium). Still, all statistical methods used in this study
detected this reduction as significant. The aspect from which microbi-
ological non-significance in this part of the research is best seen is the
initial number of bacteria. S. Enteritidis ATCC 13076, multiplied from
the initial 10°CFU/mL to a level of 2 x 107 CFU/mL and 1.25 x 108
CFU/mL regardless of the presence of CA-HDI-QAC 1 and CA-HDI-QAC
2, respectively, compared to the control (pure medium), which is
considered microbiologically negligible suppression, and it most likely
occurred only through direct contact with the polymer. On the other
hand, the microbiological and statistical significance fully agreed in the
calculation of CFU reduction in the anti-attachment effect on
CA-HDI-QAC 2 compared to CA. In all microorganisms, the obtained
reduction was > 3 log CFU.

3.3.4. Discussion on the biocidal activity of QAC grafted materials and the
proposed process

The biocidal mechanism of a free QAC (including QAC released from
the material) can be explained as follows [27]. The positively charged
“head” of the QAC interacts with the surface of the membrane, thereby
replacing the membrane-stabilizing Mg>" and Ca?* cations (ion ex-
change effect). The lipophilic part of the QAC is then embedded into the
phospholipid bilayer. As a result, the membrane breaks, and the cyto-
plasmic material leaks out of the cell [27]. However, due to limited

diffusion, the mechanism may change when QACs are covalently bound
to a surface [27,49]. The first biocidal mechanism, the polymeric spacer
effect, assumes the surface grafted poly-onium cations might penetrate
the bacterial cell wall, reach the cell membrane, and disrupt the phos-
pholipid bilayer, leading to intracellular constituents leakage and cell
death. Lewis and Klibanov [50] showed that the molecular weight of
N-alkylated polyethyleneimine immobilized on glass considerably
affected the antimicrobial properties. The authors claimed the impact
was due to the long-chain cationic polymer being able to penetrate the
phospholipid membrane. However, the other types of QACs with much
shorter chain lengths cannot operate by this mechanism [50,51]. The
second biocidal mechanism, so-called phospholipid sponge effect, ex-
plains the grafted QAC activity by their positive charges causing elec-
trostatic interactions strong enough to rip apart the negatively charged
phospholipids from the cell membrane [49,51]. Gao et al. [49] prepared
a surface-bound N,N-dodecyl methyl-co-N,N-methylbenzophenone
methyl quaternary PEI (DMBQPEI) of different cross-linking densities. A
negative correlation between the film cross-linking density and ab-
sorption of a negatively charged phospholipid was observed, but no such
correlations were noticed with a neutral phospholipid (DPhPC), indi-
cating the anionic phospholipid suction proposed by the mechanism.
Moreover, the killing efficiency of the material on S. aureus and E. coli
was inversely affected by the cross-linking density of the films,
providing additional evidence for the phospholipid sponge effect.
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Fig. 11. Polymer surfaces after exposure to MRSA ATCC 43300 strain. Neat CA (a), CA-HDI-QAC 1 (b), and CA-HDI-QAC 2 (c).

Table 3
Total number of bacteria (CFU/mL) after 24 h of incubation in Tryptone soy broth with the addition of CA, CA-HDI-QAC 1 and CA-HDI-QAC 2.
Strain Descriptive statistics Pure medium CA Cohen’s d CA-HDI-QAC 1 Cohen’s d CA-HDI-QAC 2 Cohen’s d
S. aureus ATCC 29213 * X 7.43 x 107 4.76 x 107 2.56 3.82 x 107 3.47 1.98 x 10° 6.94
SD 1.04 x 107 1.43 x 107 1.81 x 107 3.97 x 10°
TMRSA ATCC 43300 * X 7.11 x 107 5.21 x 107 0.91 2.28 x 107 2.31 8,96 x 10° 3.35
SD 2.09 x 107 1.01 x 107 3.74 x 107 8.38 x 10°
S. Enteritidis ATCC 13076 * X 1.25 x 108 1.24 x 108 0.07 7.60 x 107 2.32 4.28 x 107 3.89
SD 2.12 x 107 1.57 x 107 2.14 x 107 7.44 x 10°
E.coli ATCC 10536 * X 3.85 x 107 4.165 x 107 -0.71 3.785 x 107 0.15 2.06 x 107 4.13
SD 4.33 x 10° 3.26 x 10° 1.87 x 10° 3.69 x 10°
L. monocytogenes ATCC 13932 * X 1.03 x 10° 3.23 x 10° -9.80 6.11 x 10° 1.85 1.02 x 10° 0.05
SD 2.25 x 10° 1.56 x 10° 1.51 x 10° 1.76 x 10°
B. cereus ATCC 11778 * X 1.70 x 10° 1.63 x 10° 0.39 1.29 x 10° 2.41 1.39 x 107 9.23
SD 1.69 x 107 1.86 x 10° 4.70 x 107 1.06 x 107

Legend: ! Methicillin resistant S. aureus; * initial inoclum-1 x 10° CFU/mL; X - mean CFU value obtained in three independent experiments; SD- standard deviation;
CV- variation coefficient. Effect size (Cohen’s d) was calculated by individually comparing the total number of CFU in each broth in which QACs were added to the total

number of CFU in pure broth.

Considering that materials synthesized in this study do not comprise
a long-chain cationic polymer grafted on the surface like in the study of
Lewis and Klibanov [50], or so-called polymer brushes [27], the poly-
meric spacer effect could be neglected. The most probable causes of the
strong antibiofilm properties reported in this research are the combined
ion exchange and phospholipid sponge effects. Namely, when bacteria
come close to the positively charged grafted QACs, the bacterial
membrane-stabilizing ions (Mg?" and Ca®") are displaced to raise the
entropy of the system [51]. The loss of these ions results in membrane

12

disruption that further facilitates the phospholipid sponge effect.
However, most authors uniformly agree that the activity of QAC
depends on the ability to penetrate the bacterial cell wall. In this sense,
the ability of bacteria to quickly develop membrane adaptation mech-
anisms so that it becomes impermeable to the biocidal molecule (resis-
tance) is possible [52]. In addition, the bacterium can be naturally
insensitive to a QAC due to the natural impermeability of its membrane
to QAC molecules (intrinsic resistance). Still, in our case, this mecha-
nism can be excluded because all investigated strains showed
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Fig. 12. Reduction of the total number of bacteria expressed as log CFU after 24 incubation in Tryptone soy broth with CA, CA-HDI-QAC 1, and CA-HDI-QAC 2. A
negative log CFU value indicates increased proliferation compared to the control (pure) medium (related to L. monocytogenes ATCC 13932 and E. coli ATCC 10536).

susceptibility to grafted QACs to a greater or lesser extent. In the end,
based on all norms of basic microbiology, the killed bacteria are most
often instantly lysed and disintegrated and thus unable to attach any
abiotic and biotic surfaces. Therefore, they must not be seen on the
surface of antimicrobial materials, as demonstrated by the SEM image in
Fig. 11c.

Zhou et al. [29], in their microbiologically non-reproducible [53]
study, investigated the activity of CA grafted with epoxy propyl
dimethyl dodecyl ammonium chloride, in a water solution, against
E. coli and S. aureus, and reported antibacterial and anti-adhesion
properties of the material. The authors did not present a single numer-
ical value of the change in the number of bacteria per unit of the me-
dium, per unit of material’s surface, and per unit of time, based on which
the repeatability of the experiment could be followed [53]. The authors
inexplicably cultivated the tested strains for only 8 h, which according
to available standards for testing the antimicrobial activity, is too short
for the biological process of attaching bacteria to the material’s surface,
especially in anti-biofilm investigations [54-57]. It is considered that
the optimal length of incubation in such studies should be minimum
24-72 h (unless it is a time-kill assay that is done every 2-4 h during
24 h) [8,25]. Furthermore, in the study [29], the tested initial bacterial
inoculum amounted to only 100 pL per 1 cm? of the polymer, which is
insufficient to submerge the material fully. For the anti-attachment
property testing of polymers, at least 2-5 or 10 mL, and up to 50 mL
of the medium are usually requested [58,59]. Finally, the authors claim
to have proven a strong antibacterial effect of tested samples, but they
failed to prove whether the active component is released into the me-
dium or acts only by contact.

The process suggested in this study enabled the production of hy-
drophobic materials with strong antibiofilm properties in a waterless
process, which is a significant improvement of the existing technologies.
In addition to complete effluent elimination by the proposed process, the
active component consumption is significantly reduced compared to the
conventional processes, and its release into the environment is pre-
vented. Using scCO,, the unreacted QAC remains in the solid form and
may be used in the next cycle. The scale-up of the impregnation process
with scCO3 is known [20], with industrial plants’ size and investment
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costs depending on the product type and capacity. Industrial examples
are wood impregnation [20,60], textile dyeing [20,61], and medical
device production [20,62]. Based on the high-pressure vessel’s size and
the type of solid to be impregnated, special construction features might
be necessary to ensure a homogeneous distribution of scCO5 within the
vessel [60]. The investment costs in the high-pressure equipment for
scCO, applications are higher than in the conventional processes con-
ducted under atmospheric pressure and range between several thousand
euros for smaller vessels up to 50 dm?, applicable to medical device
impregnation and grafting reactions, to several million euros for in-
dustrial processes with several larger vessels [63,64]. On the other hand,
energy consumption and operational costs are lower than in conven-
tional processes due to the minimized consumption of chemicals, the
absence of organic solvents and water usage, and the absence of a drying
step [61]. When developing a new product, a cost-effective way is to
start with small high-pressure equipment and then scale up the processes
stepwise, combined with commercial and life cycle analysis [20].

Another advantage of scCO, impregnation and grafting is the pos-
sibility of modifying finished polymeric forms. Examples are hip and
knee endoprosthesis impregnation [65,66], stent impregnation [62], as
well as commercial polymeric membrane impregnation [67,68], and
grafting [25]. Similarly, in the case of materials proposed in this study,
the grafting of finished polymeric forms (fabricated items for particular
applications) should be considered in further research.

4. Conclusions

N-(2-Hydroxyethyl)-N,N-dimethylundecan-1-aminium Bromide
(QAC 1) and N-(11-Hydroxyundecanyl-N,N-dimethyltetradecan- 1-ami-
nium Bromide (QAC 2) were synthesized and chemically attached to
cellulose acetate using hexamethylene diisocyanate as a linker via a
carbamate/urethane linkage, in supercritical carbon dioxide. Both
grafting steps, the linker, and QACs attachment, were performed at
30 MPa and 70 °C for six hours and provided polymer modification
throughout its whole volume. The reduced intensity of intermolecular
interactions between the polymer chains due to the conversion of hy-
droxyl groups in the grafting reaction led to a decrease in the degree of
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crystallinity and the appearance of a rugged polymer surface. However,
the cross-section imaging revealed a compact polymer structure. The
polymer surface showed hydrophobic properties with a stable contact
angle of 106° and 112° for polymer grafted with QAC 1 and QAC 2,
respectively. The examined polymers did not completely prevent the
attachment of B. cereus ATCC 11778 and L. monocytogenes ATCC 13932.
However, the aforementioned bacteria attached to CA-HDI-QAC 2 in
microbiologically and statistically significantly smaller numbers than to
control CA. Indeed, the most important result of the study is the com-
plete impossibility of S.aureus ATCC 29213 and MRSA ATCC 43300
attachment to CA-HDI-QAC 2 polymer, as equally obtained in three in-
dependent experiments. Similarly, neither E.coli ATCC 10536 nor S.
Enteritidis ATCC 13076 were able to attach to CA-HDI-QAC 2. It can be
concluded that the polymer CA-HDI-QAC 2 showed excellent anti-
attachment properties against all tested strains. Such material, ob-
tained in an effluent-free process, is of interest for application in the
production of medicinal devices, membranes for water treatment units,
bioreactors, piping and vessels for the food industry, and active surfaces
for hospital applications and biofouling control.
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