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Abstract: New polymeric films with antibacterial activity have been prepared, by simple
UV-induced copolymerization of readily available w-(acryloyloxy)-N,N,N-triethylalcan-1-aminium
bromides (or acryloyloxyalkyltriethylammonium bromides, AATEABs) with commercially available
2-hydroxyethyl methacrylate (HEMA), at different relative amounts. In particular, the antibacterial
activity of polymeric films derived from 11-(acryloyloxy)-N,N,N-triethylundecan-1-aminium
bromide (or acryloyloxyundecyltriethylammonium bromide, AUTEAB; bearing a C-11
alkyl chain linker between the acrylate polymerization function and the quaternary
ammonium moiety) and 12-(acryloyloxy)-N,N,N-triethyldodecan-1-aminium bromide (or
acryloyloxydodecyltriethylammonium bromide, ADTEB, bearing a C-12 alkyl chain linker) has
been assessed against Gram-negative Escherichia Coli and Gram-positive Staphylococcus aureus cells.
The results obtained have shown a clear concentration-dependent activity against both bacterial
strains, the films obtained from homopolymerization of pure AUTEAB and ADTEAB being the most
effective. Moreover, ADTEAB-based films showed a higher antibacterial activity with respect to the
AUTEAB-based ones. Interestingly, however, both types of films presented a significant activity not
only toward Gram-positive S. aureus, but also toward Gram-negative E. Coli cells.

Keywords: acrylates; antibacterial activity; copolymerization; polymeric films; polymerizable
quaternary ammonium salts; quaternary ammonium salts; UV-induced polymerization

1. Introduction

The importance of developing new antimicrobial systems is becoming more and more important,
owing to the well-known increasing phenomena of resistance to antibiotics associated with an
augmented virulence of several pathogenic microbial species [1-5]. In particular, antimicrobial
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polymers have recently attracted high interest, in view of their significant, efficient, and broad-spectrum
activity against resistant microorganisms [6-14]. Moreover, antimicrobial polymers can find extensive
applications in several applicative fields [15], including health care and biomedical applications [16-20],
food conservation and packaging [21-24], and industry (membrane [25-28] and textile industry [29-32],
in particular).

It is well known that quaternary ammonium salts (QASs) present a strong antimicrobial activity
(against fungi, bacteria, and viruses, in particular) [33—40], which is mainly related to their ability to
promote an ionic exchange between the membrane cell and the positively charged group, thus leading
to the loss of membrane integrity and cell death [41,42]. Polymerizable quaternary ammonium salts
(PQASs) are a particularly interesting subclass of QASs, which is characterized by the presence, besides
the quaternary group, of a suitable polymerizable function. This may allow their incorporation into a
polymeric framework by means of copolymerization techniques, thus leading to polymeric materials
with antimicrobial properties [43—45].

In this field, we recently reported a novel and practical synthetic approach to a
particularly interesting class of polymerizable quaternary ammonium salts (PQASs), which are
w-(acryloyloxy)-N,N,N-triethylalcan-1-aminium bromides (or acryloyloxyalkyltriethylammonium
bromides, AATEABSs), as shown in Scheme 1 [46].

L
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1 (1 equiv EtsN (1.1 equiv
HO(CH.,),Br Cl (1 equiv) 3N (1.1 equiv) \)]\ .
BHT (0.3 mol %) O(CH,),Br | CHCls, 60 °C, 72 h O(CH,),NEt;” Br
molecular sieves 3A crude product AATEABs
MeCN, 90 °C, 24 h (n=6,9, 11, 12; 61-75% yields)

Scheme 1. Synthesis of acryloyloxyalkyltriethylammonium bromides (AATEABs) [46].

These compounds are characterized by the presence, on one hand, of a quaternary
ammonium moiety, which confers them a significant antimicrobial activity, and, on the other
hand, of an acryloyloxy function, which make these compounds easily polymerizable either
by radical- [47,48] or UV-induced [49] polymerization. The two active terminal moieties are
distanced through a suitable alkyl chain linker. We previously assessed the antimicrobial
activity of the newly synthetized AATEABs against several Gram-positive and Gram-negative
bacteria and yeast strains [46]. The results obtained showed that the AATEABs bearing
a C-11 and a C-12 alkyl chain linker (11-(acryloyloxy)-N,N,N-triethylundecan-1-aminium
bromide or acryloyloxyundecyltriethylammonium bromide, AUTEAB,
and 12-(acryloyloxy)-N,N,N-triethyldodecan-1-aminium bromide (or
acryloyloxydodecyltriethylammonium bromide, ADTEB, respectively) were the most active,
in particular, against Gram-positive bacteria Staphylococcus aureus and Streptococcus pyogenes [46]. The
higher bioactivity of AUTEAB and ADTEAB with respect to the other derivatives with shorter alkyl
chain linkers was also recently theoretically interpreted by ab initio modeling calculations [50].

Considering the promising antibacterial activity of AUTEAB and ADTEAB [46,50], and the
possibility to easily copolymerize them for obtaining new antibacterial materials [47-49], in this work
we have studied the development of new polymeric films chemically incorporating these PQASs,
for potential applications in biomedical, food packaging and textile field. In particular, we have
prepared polymeric films based on the UV-induced copolymerization of AUTEAB as well as ADTEAB
with commercially available 2-hydroxyethyl methacrylate (HEMA), at different relative amounts.
The new films thus obtained were assessed for their antibacterial activity, at different concentrations,
towards the two bacteria strains E. coli and S. aureus. The possibility to copolymerize antimicrobial
AUTEAB and ADTEAB with HEMA is of particular interest, considering that the homopolymer
obtained by polymerization of HEMA (pHEMA) is very well appreciated for its transparency and
biocompatibility, properties that make pHEMA an ideal candidate for the production of contact lenses
and other products in the biomedical field [51].
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2. Results and Discussion

The new antimicrobial polymeric films developed in this work were obtained by UV-induced
copolymerizazion of the PQASs AUTEAB or ADTEAB with commercially available HEMA, at different
relative amounts. In particular, a proper amount of the PQAS (15.0, 35.0, 50.0 and 100 wt%) and HEMA
(85, 65, 50, and 0 wt%, respectively) were mixed until a transparent solution was obtained. A small
amount of the UV initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) was then added, and the
mixture was poured in a glass petri dish and exposed to 500 W UV light irradiation (lamp emission
from 180 nm to visible light). Polymerization was quite fast, and after 10 min transparent films were
obtained (Figure 1a), which were detached form the petri dish in water and washed in water overnight,
ready to be used for the subsequent antibacterial tests. As shown in scanning electron microscope
(SEM) picture (Figure 1b), the film surface appeared characterized by a uniform, dense, and compact
morphology. The morphology was practically the same for all the prepared films. The films presented
an overall thickness of about 0.432 mm.

a) b)

Figure 1. Image (a) and SEM picture (b) of a typical film obtained by copolymerization of
acryloyloxyundecyltriethylammonium bromide (AUTEAB) with 2-hydroxyethyl methacrylate (HEMA).

An exemplificative Fourier transform infrared spectroscopy (FI-IR) spectrum of a film prepared
with 15.0 wt% of ADTEAB and HEMA is reported in Figure 2. The wide and intense band at 3375 cm™~!
can be assigned to the O-H stretching vibrations of pHEMA [52]. At 1718 cm™!, it can be observed the
stretching vibrations of the carbonyl C=O group (from both ADTEAB and pHEMA), which is generally
found in the region of 1650-1800 cm™~! [53]. The region between 2900 and 3000 cm™" is associated with
the symmetric and anti-symmetric C-H vibrations of CH, and CHj groups of ADTEAB and pHEMA [52].
For comparison, the FI-IR spectra of AUEAB, ADTEAB, and HEMA are shown in Figure 3.
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Figure 2. FT-IR spectrum of the polymeric film prepared with 15 wt% ADTEAB and 85 wt% HEMA.
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Figure 3. FI-IR spectra of AUTEAB (a), ADTEAB (b), and HEMA (c).

1

The antibacterial efficacy of the AUTEAB-HEMA and ADTEAB-HEMA polymeric films thus
obtained, and of pHEMA as blank reference, was assessed on the basis of cell viability of E. coli TG1
(Gram-negative) and Staphilococcus aureus (Gram-positive) cultures, after being in contact with the films
at different times (0, 1.5, 3, and 6 h). Figure 4a shows a comparison between the cell viability of E. coli
TG1 in presence of AUTEAB-HEMA films at different incubation times. No loss of viable bacteria
was detected in the cells control (no film exposure) and in the blank reference pHEMA (histograms
in red and dark green, respectively). On the other hand, a clear concentration-dependent effect was
observed with AUTEAB-HEMA polymeric films. While no antibacterial activity was obtained after
6 h with the 15% AUTEARB film (purple histogram, Figure 4a), a bacteriostatic effect was evident with
the 35% AUTEAB film (light green histogram, Figure 4a), and a bactericidal activity with the 50%
AUTEAB film (orange histogram, Figure 4a). As expected, the bactericidal effect was dramatic in
the case of the homopolymeric film obtained from AUTEAB only (light blue histogram, Figure 4a).
In fact, in this latter case, no viable cells could be detected after 1.5 h contact (light blue histogram,
Figure 4a), while with the 50% AUTEAB film at the same incubation time, we observed a reduction of
cell viability of about two orders of magnitude, and cell viability reached 0 only after 6 h of incubation
(orange histogram, Figure 4a). The antimicrobial activity against the Gram-positive S. aureus, shown in
Figure 4b, was more pronounced, as the bactericidal effect was reached either after only 1.5 h contact
with the 50% AUTEAB film (orange histogram, Figure 4b) or after 3 h with the 15% AUTEAB film
(purple histogram, Figure 4b).
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Figure 4. Comparison of viable cell number of E. coli TG1 (a) and S. aureus (b) as a function of time
in the presence of control (no film, red histogram), blank reference (pHEMA, dark green histogram),
15% AUTEAB film (purple histogram), 35% AUTEAB film (light green histogram), 50% AUTEAB
film (orange histogram) and 100% AUTEAB film (light blue histogram). Bacteria cells were grown in
Luria-Bertani broth and the cell number was determined by surface spread plate technique, as described
in the Materials and Methods Section.

Figure 5 shows the reduction of turbidity of the E. coli cultures in presence of AUTEAB-based
films after 3 h contact with the film. It is evident that the degree of cell population in the medium (as
evidenced by the culture turbidity) decreases by increasing the % of AUTAB in the AUTEAB-HEMA
polymeric film. With the film obtained by homopolymerization of AUTEAB, the mixture is clear,
confirming that no cell population is present.

E. coli 3h contact with AUTEAB - pHEMA films

JTE
AUTEAB AUTEAB

] _

Figure 5. E. coli cultures maintained in contact with AUTEAB-HEMA polymeric films obtained with 15,
35, 50, and 100% AUTEAB. Control (no film exposure) and blank reference (pHEMA) are also shown
for comparison.

It is known that the antibacterial mechanism of QASs is mainly related to their strong interaction
with the cell membrane which causes its disorganization. This leads to the degradation of nucleic acids
and proteins with consequent lysis of the bacterial cell wall by autolytic enzymes [41,42]. Usually,
QASs present a significant different antibacterial efficiency toward Gram-positive and Gram-negative
bacteria, due to the additional outer membrane in the Gram-negative bacteria, which is absent in
the Gram-positive ones [52]. For this reason, the multilayer structure of the membrane makes the
Gram-negative bacteria more resistant toward the access and the internalization in the cytoplasm
of QASs. Our results, obtained with AUTEAB-HEMA polymeric films, while confirming a higher
antimicrobial activity against the Gram-positive S. aureus with respect to the Gram-negative E. coli
(compare Figure 4a with Figure 4b), also demonstrate that a significant concentration-dependent
antimicrobial effect is exerted on the latter, with a bactericidal effect being observed after 6 h with the
50% AUTEARB film and after only 1.5 h with 100% AUTEAB film (Figure 4a).
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We also prepared and tested polymeric films using acryloyloxydodecyltriethylammonium bromide
(ADTEAB), bearing a C-12 rather than a C-11 alkyl linker. This derivative, in fact, presented a higher
antimicrobial activity compared to the C-11 compound (AUTEAB) [46], which was also in agreement
with ab initio modeling calculations [50]. In this latter theoretical work, it was demonstrated that the
increase in the antimicrobial activity of QAS molecules could be mainly attributed to their “aspect
ratio” [50]. QAS with a longer alkyl chain bonded to nitrogen, in fact, exhibited a lower aspect ratio
resulting in a higher shielding effect on the quaternary ammonium group [50], which is known to
cause a higher antimicrobial activity [53]. Interestingly, the “shielding” effect increases with the alkyl
chain length but only up to a certain limit. For example, He et al. [54] found that the optimum alkyl
chain length for the antimicrobial effect against S. mutans cells was between C-11 and C-16, while the
effect tended to lower with longer alkyl chains.

The results obtained with ADTEAB-HEMA polymeric films are shown in Figure 6, together with
the control (no film exposure) and the blank reference pHEMA. As expected (Figure 6a), no loss of
viable E. coli cells was detected in the cells control and with pHEMA (histograms in red and dark
green, respectively). Additionally, no activity was observed with the 15% ADTEAB film (purple
histogram, Figure 6a). On the other hand, an evident bactericidal effect was obtained with 35 and 50%
ADTEAB film after 3 and 1.5 h contact, respectively (light green and orange histograms, Figure 6a).
As seen for AUTEAB-based films (Figure 4), the antimicrobial activity of ADTEAB-based films on the
Gram-positive S. aureus was higher (Figure 6b). In fact, the bactericidal effect was reached after either
1.5 h with 35% and 50% ADTEAB film (Figure 6b, light green and orange histograms, respectively).
Moreover, a viable cells decrease, of about 2 order of magnitude, was already seen with 15% ADTEAB
after 1.5 h and no viable cells were detected at 3 h contact (Figure 6b, purple histogram), while no
activity was observed with the same film against E. coli (purple histogram, Figure 6a). These results
also confirmed a higher antimicrobial activity for ADTEAB-based films (Figure 6) in comparison to
the ones prepared with AUTEAB (Figure 4). Rather interestingly, this was particularly evident in the
Gram-negative E. coli.

E. coli S. aureus
ADTEAB - pHEMA films ADTEAB - pHEMA films

| Ctrl

pHEMA 100%

B ADTEAB 15%
ADTEAB 35%
ADTEAB 50%

Log,, of n®cells
o w
o
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6

15

15 Q <)
a) ’ fne M b) ’ -

Figure 6. Comparison of viable cell number of E. coli TG1 (a) and S. aureus (b) as a function of time
in the presence of control (no film, red histogram), blank reference (pHEMA, dark green histogram),
15% ADTEAB film (purple histogram), 35% ADTEAB film (light green histogram) and 50% ADTEAB
film (orange histogram). Bacteria cells were grown in Luria-Bertani broth and the cell number was
determined by surface spread plate technique, as described in the Materials and Methods Section.

3. Materials and Methods

3.1. Preparation of Polymeric Films

Antimicrobial films were prepared by mixing a proper amount of AUTEAB or ADTEAB (prepared
as we already reported [46]) (15.0, 35.0, 50.0 and 100 wt%) with HEMA (purchased by Sigma-Aldrich
Italia, Milan, Italy) (85, 65, 50, and 0 wt%, respectively). Films containing 100 wt% of antimicrobial
agent were prepared by dissolving AUTEAB in water with a ratio of 75:25 AUTEAB/water. Solid
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films containing 100 wt% ADTEAB could not be prepared due to the high fragility of the polymerized
material. The mixtures (1 g) were, then, stirred for 1 h until complete dissolution. The UV initiator
2,2-dimethoxy-2-phenylacetophenone DMPA (2,2-dimethoxy-1,2-diphenylethan-1-one; purchased
by Sigma-Aldrich Italia, Milan, Italy) (0.6 wt% with respect to the total amount of the mixture) was
then added. After 1 h stirring, the solutions were poured in a glass petri dish (3 cm in diameter) and
exposed for polymerization to UV light irradiation (lamp emission from 180 nm to visible light, 500W;
purchased from Helios Italquarz, Cambiago, Milan, Italy) for 10 min. The polymerized films were then
detached form the petri dish in water and washed in water overnight. A blank film, not containing any
antimicrobial agent, was also prepared through the polymerization of pure HEMA with 0.6 wt% of
DMPA. Table 1 shows the composition of the prepared films.

Table 1. Relative amounts of the components used for preparing the polymeric films.

Film AATEAB (wt%)  HEMA (wt%) Water (Wt%)
AUTEAB 15% AUTEAB (15) (85) (0)
AUTEAB 35% AUTEAB (35) (65) (0)
AUTEAB 50% AUTEAB (50) (50) (0)

AUTEAB 100% AUTEAB (75) (0) (25)1
ADTEAB 15% ADTEAB (15) (85) (0)
ADTEAB 35% ADTEARB (35) (65) (0)
ADTEAB 50% ADTEAB (50) (50) (0)

pHEMA (0) (100) (0)

! The final polymeric film contained only polymerized AUTEAB, since water evaporated completely during the
polymerization process.

Fourier transform infrared spectroscopy (FI-IR) analysis was performed by using a Perkin Elmer
Instrument (New York, NY, USA) in the range 4000-650 cm™~L: for the polymeric films, Attenuated
Total Reflection (ATR) mode was used, while for HEMA, AUTEB and ADTEAB, KBr pellets were
prepared. SEM image was acquired by means of Zeiss-EVO MA10 (thermal emission tungsten firing
unit equipped with a secondary electron detector) instrument using an Electron High Tension (EHT) of
20 kV and with a probe current of 18 pA. Prior to analyses, the sample was coated with a thin layer of
gold (sputter current of 20 mA and a sputter time of 240 s) using a sputter coater machine (Quorum
Q150 RS) in order to make the sample conductive.

3.2. Microorganisms and General Growth Conditions

E. coli TG1 and Staphilococcus aureus, kindly provided by Prof. Michele Galluccio (Department
of Ecology, Biology and Earth Sciences, University of Calabria, Rende, Italy), were selected as
Gram-negative and Gram-positive bacteria, respectively. The two strains were grown aerobically,
at 37 °C and 200 rpm in a thermostatic orbital shaking incubator (Sanyo Gallenkamp I10X400.XX1.C,
Analitica De Mori, Milan, Italy), in sterile Luria Bertani (LB) broth, a rich growth medium (containing
sodium chloride 5 g/L; yeast extract 5 g/L; trypton, 10 g/L at pH = 6.8). Oxoid Italia (Rodano, Milan,
Italy) supplied the powders for medium preparation.

3.3. Antibacterial Assessment of Polymeric Films

An overnight culture of E. coli TG1 or S. aureus was diluted 1:100 (v/v) in 20 mL of fresh LB liquid
medium to restart the cell cycle and incubated for circa 3 h at 37 °C until the exponential growth phase
was reached. Then, the culture was diluted 1:10 (v/v) in 20 mL of LB liquid medium, in an Erlenmeyer
flask, to reach a final density of circa 10° CFU/mL with an optical density, at 600 nm (ODgq), of about
0.06 [55]. This value was chosen on the basis of our preliminary data on growth curves of E. coli TG1
performed to correlate OD measurements and number of cells by plate counting. Finally, each different
preparation of film was immersed in the bacterial suspension and shaken at 37 °C for 6 h. A same
assay procedure was used for bacterial suspensions without films used as control.
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The effect of antimicrobial films at different concentration on the bacterial growth has been
assessed after 0, 1.5, 3, and 6 h, by ODg( and cell viability assays. To calculate the Colony Forming
Unit (CFU) at the predetermined time, 100 pL of bacteria culture was taken from the flasks with and
without film and decimal serial dilutions in LB were performed. 50 pL of the diluted sample were then
spread onto sterile LB agar plates (LB broth with the addition of 16 g/L of agar). After incubation of
the plates at 37 °C for 20-24 h, the number of viable cells (colonies) was counted manually to get the
corresponding concentration of living bacteria. The log of N (cell number) was calculated using the
formula: CFU/mL = n° of colonies X dilution factor/volume of culture spread. CFU for every time was
calculated on the average of three different dilutions.

4. Conclusions

In conclusion, we have developed novel polymeric films based on UV-induced copolymerization
of some readily available polymerizable quaternary ammonium salts (QASs), in particular,
11-(acryloyloxy)-N,N,N-triethylundecan-1-aminium bromide or acryloyloxyundecyltriethylammonium
bromide, AUTEAB, and 12-(acryloyloxy)-N,N,N-triethyldodecan-1-aminium bromide or
acryloyloxydodecyltriethylammonium bromide, ADTEB, with commercially available 2-hydroxyethyl
methacrylate (HEMA). The antibacterial tests, conducted on typical Gram-negative (E. Coli) and
Gram-positive (S. aureus) strains, have confirmed a significant antibacterial activity, not only against
the Gram-positive cells, but also on the Gram-negative ones (which are known to be usually much
more resistant toward QASs), although the activity was higher in the first case. Moreover, the results
obtained have shown that the activity depended on the QAS concentration in the film and that is was
higher for the films obtained from ADTEAB with respect to AUTEAB.

The possible application of the newly prepared films in various fields (biomedical, textile,
and membrane technology, in particular) is underway in our laboratories and the results will be
reported in due course.
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acryloyloxydodecyltriethylammonium bromide

AATEAB
s (w-(acryloyloxy)-N,N,N-triethylalcan-1-aminium bromides)

acryloyloxydodecyltriethylammonium bromide

ADTEAB (12-(acryloyloxy)-N,N,N-triethylundecan-1-aminium bromide)

AUTEAB acryloyloxyundecyltriethylammonium
bromide(11-(acryloyloxy)-N,N,N-triethyldodecan-1-aminium bromide)

CFU colony-forming unit

DMPA 2,2-dimethoxy-2-phenylacetophenone (2,2-dimethoxy-1,2-diphenylethan-1-one)

HEMA 2-hydroxyethyl methacrylate

LB Luria-Bertani

OD optical density

pHEMA poly-2-hydroxyethyl methacrylate

PQASs polymerizable quaternary ammonium salts

QASs quaternary ammonium salts
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