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Bacterial infections and antimicrobial resistance are one of the major public health problems and various
strategies to prevent potential threats have been developed. Protonated polymers were proven as
efficient agents against several microbial pathogens. Poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) linear polymer and its copolymers represent one example of functional materials which
inhibit the growth of both harmful Gram-negative and Gram-positive bacteria. However, the
antimicrobial effect of positively charged PDMAEMA particles has been never tested. In this report, we
deeply studied several parameters of free-radical polymerization, including the effect of crosslinking
monomer, medium composition, solvency and polarity, and type and concentration of initiator and
stabilizer, to  fabricate  high-quality  poly[2-(dimethylamino)ethyl — methacrylate-co-ethylene
dimethacrylate] (PDMAEMA-EDMA) nanogel. We successfully found that dispersion polymerization in
water/2-methoxyethanol medium (80/20 w/w), initiated with 0.2 wt% potassium persulfate (KPS) and
stabilized with 0.5 wt% poly(vinyl alcohol) (PVA), produced a well-defined and sub-micron 167 nm
PDMAEMA-EDMA nanogel. Bactericidal activity of the quaternized PDMAEMA-EDMA nanogel was
assessed via time—kill curve assay against two Gram-positive and Gram-negative pathogenic bacteria,
namely Staphylococcus aureus (S. aureus) and Acinetobacter baumannii (A. baumannii). The results

illustrated that the quaternized PDMAEMA-EDMA nanogel acted as an effective bactericidal agent against

Received 17th August 2021
Accepted 7th October 2021

DOI: 10.1039/d1ra06231j

Open Access Article. Published on 13 October 2021. Downloaded on 12/4/2025 5:25:20 PM.

(cc)

rsc.li/rsc-advances both tested bacteria.

1 Introduction

Functional polymer colloids have been widely used in a variety
of fields, such as coatings, chromatography, biotechnology,
biomedicine, and delivery systems. These particulate systems bear
reactive anionic or cationic groups, such as carboxyl, hydroxyl,
amine, sulpho, or quaternary ammonium to exhibit specific reac-
tivity for the desired purpose.* Among them, the cationic colloids
are the group of positively charged polymers that find application,
for example, in water and waste treatment, chromatography, drug
and gene delivery, and as antimicrobial agents.> Common
methods for preparing positively charged colloids cover disper-
sion, precipitation, emulsion, multiple swelling and seeded poly-
merizations from various cationic monomers, such as 2-
vinylpyridine, 4-vinylpyridine, 2-(diethylamino)ethyl methacrylate,
2-(dimethylamino)ethyl methacrylate (DMAEMA).>*
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Protonated polymer particles based on DMAEMA possess
interesting properties, which endow them with a potential for
various applications. Poly[2-(dimethylamino)ethyl methacry-
late] (PDMAEMA) is a water-soluble polymer and, due to its
positive charge, PDMAEMA and its copolymers are able to form
electrostatic complexes with anionic biomacromolecules, such
as DNA and RNA, and are often used for gene delivery.>™
Another interesting feature of PDMAEMA is based on its ability
to interact with the mucosal gel layer of a mucosal membrane,
and thus Brannigan et al. synthesized a crosslinked PDMAEMA
nanogel loaded with pilocarpine hydrochloride which served as
an ocular drug delivery system." Thermosensitive and cross-
linked PDMAEMA nanogel was also exploited in anticancer
therapy as a drug delivery system of doxorubicin.'” Besides the
cationic groups, PDMAEMA also contains hydrophobic alkyl. A
combination of these properties renders PDMAEMA with anti-
microbial activity against various pathogenic bacteria which
may cause harmful infections.”®™* Especially, microbial
contamination represents one of the major challenges and
concerns in hospitals, food packaging, and water storage and
treatment mainly due to the fact that these bacteria have
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developed multidrug resistance.'**® Therefore, the new ways of
control and reduction of these pathogens including, for
example, Clostridium difficile, Acinetobacter baumannii (A. bau-
mannii), Escherichia coli (E. coli), Pseudomonas aeruginosa,
Staphylococcus aureus (S. aureus) have been developed and
investigated.'®"” As mentioned above, it was found that cationic
polymers have an affinity to the bacterial cytoplasmic
membrane and the ability to disrupt the bacterial outer
membrane and cause cell death.”® Thus, PDMAEMA-based
polymers represent promising antimicrobial materials that are
effective against harmful pathogens. For instance, Ward et al.
reported the systematic evaluation of the antimicrobial activity
of sulfobetaine copolymers derived from DMAEMA with bacte-
riostatic activity against E. coli and S. aureus which are notorious
pathogens associated with nosocomial infections.” Lu et al.
synthetized various quaternary ammonium salts from
DMAEMA including quaternized DMAEMA-based monomers
and related linear polymers and they showed bactericidal
activities against E. coli and S. aureus. Interestingly, they found
that the polymer with quaternary ammonium groups exhibited
greater bactericidal activities in comparison with the quaternized
DMAEMA-based monomers.”® Rawlinson et al published an
investigation of antimicrobial activity of conjugated and uncon-
jugated linear PDMAEMA derivatives showing that PDMAEMA
inhibited the growth of Gram-negative bacteria and had a variable
effect on Gram-positive bacteria and without inhibiting effect on
the yeast.”*** However, only one study by Kamlangmak et al
introduced a successful investigation of copolymer nanoparticles
containing DMAEMA by emulsion iodine transfer polymerization
via polymerization-induced self-assembly for inhibition of growth
of E. Coli and S. aureus combining the effect of positively charged
particles and the presence of an alkyl chain.?®

According to the literature, we can find a few articles
reporting the preparation of particles from DMAEMA and
bifunctional monomers by various free-radical polymerizations
including precipitation, emulsion, polymerization, or disper-
sion polymerization.”'"*>**** Besides these free-radical poly-
merization techniques, Qian et al. successfully prepared
pegylated PDMAEMA micelles by atom transfer radical poly-
merization for complexation with DNA. After the appropriate
analyses, the resulting polyplexes had a diameter of less than
100 nm, exhibited a spherical shape and narrow particle size
distribution.” Fujii et al reported the preparation of
polystyrene/PDMAEMA-ethylene dimethacrylate (EDMA) core—
shell particles by the seeded emulsion polymerization. These
~200 nm high-quality latex particles were well characterized by
various methods and shown on a TEM image depicting a suffi-
cient number of the core-shell particles.*® Zhang et al. prepared
various well-defined micelles from pH-sensitive cyclic statistical
copolymers poly[oligo(ethylene glycol)-st-DMAEMA] by self-
assembly with hydrodynamic diameters (D) from 140 to
190 nm.?® Thus, these alternative approaches can be considered
as reliable and efficient procedures to obtain well-defined
PDMAEMA-based particles or micelles. In contrast, the free-
radical polymerizations for direct preparation of PDMAEMA-
based nanogels seem to be more complicated due to the
hydrophilic character of DMAEMA and the presence of tertiary
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amine groups which may reduce indispensable surface tension
during free-radical polymerization. Only a few papers
describing the preparation of PDMAEMA nanogels crosslinked
with N,N'-methylenebis(acrylamide), EDMA, or with the photo-
cleavable crosslinking agent can be found in literature.**'>232427
Unfortunately, these polymerizations had very low productivity
in terms of number of particles and quality of final nanogels
that is contrary to the efficacy of the conventional free-radical
polymerizations.”®** Due to the attractivity and wuse of
PDMAEMA-based nanogels in various biotechnological and
biomedical applications, we regard it as necessary to find
optimal and effective conditions of free-radical polymerization
for the production of a high-quality PDMAEMA-based nanogel.

Recently, we report the investigation and optimization of
free-radical polymerization of DMAEMA with crosslinking
monomer EDMA in various solvents, resulting in a stable and
well-defined 167 nm PDMAEMA-EDMA nanogel. We systemat-
ically studied the effects of polymerization media and concen-
trations of EDMA, initiator, and surfactant on the preparation
and properties of PDMAEMA-EDMA nanogels. We varied EDMA
concentration in the range from 1 to 20 wt%, concentration of
KPS, and type and concentration of SDS or PVA stabilizer. The
spherical PDMAEMA-EDMA nanogel was then prepared by
dispersion polymerization in water/MetCel as polymerization
medium, with thermal decomposition of KPS as initiator and
stabilized with PVA as a stabilizer. Then, the prepared
PDMAEMA-EDMA nanogel was quaternized with iodomethane
and the bactericidal activity of PDMAEMA-EDMA nanogel at two
different concentrations was successfully tested against patho-
genic Gram-positive S. aureus and Gram-negative A. baumannii.

2 Experimental
2.1 Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA), ethylene
dimethacrylate (EDMA), potassium persulfate (KPS), sodium
chloride, and sodium dodecyl sulfate (SDS) were purchased
from Sigma Aldrich (St. Louis, MO, USA). DMAEMA and EDMA
were vacuum-distilled before use. Ethanol (EtOH) for UV spec-
troscopy and methanol (EtOH) were obtained from Lach-Ner
(Neratovice, Czech Republic). 2-Methoxyethanol (MetCel) was
purchased from VWR International (Stfibrna Skalice, Czech
Republic). Poly(vinyl alcohol) 25/140 (PVA) was obtained from
Wacker Chemie (Miinchen, Germany). Tryptone soya agar (TSA)
was supplied by LabMediaServis Ltd. (Jaromér, Czech Republic).

2.2 Free-radical polymerization of DMAEMA and EDMA

The polymerizations were carried out in a 100 ml glass reactor,
equipped with an anchor-type stirrer. In a typical experiment,
water (80 g), DMAEMA and EDMA monomers (in total 1.63 g;
DMAEMA 99 wt%, 0.01026 mol; EDMA 1 wt%, 0.00008 mol),
and KPS (0.12 g; 0.00044 mol; 0.15 wt% relative to the contin-
uous phase) were placed in the reactor, purged with nitrogen for
15 min, and polymerization was allowed to proceed at 80 °C for
24 h under stirring (400 rpm). After polymerization, PDMAEMA-
EDMA nanogel was removed by centrifugation, washed 10 times

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with water, and finally freeze-dried from water. In addition, SDS
or PVA were used for stabilization of polymerizations and the
amounts of both stabilizers were calculated relative to the
continuous phase (Table 1) and dissolved in the solvent before
the start of polymerization. In addition, water as the continuous
phase was mixed with EtOH, MeOH, or MetCel. The total
amount of the continuous phase was kept at 80 g. The mixtures
of solvents are listed in Table 1.
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The percent yield of polymerization was determined after
freeze-drying of the PDMAEMA-EDMA nanogels, when the mass
of PDMAEMA-EDMA nanogels was divided by the mass of
monomers used and multiplied by 100.

2.3 Quaternization of PDMAEMA-EDMA nanogel

PDMAEMA-EDMA nanogel (0.25 g) was placed in a 50 ml round
bottomed flask in excess of iodomethane (8 ml) and the nanogel

Table 1 Conditions of free-radical polymerizations and dispersion polymerizations of 2-(dimethylamino)ethyl methacrylate and ethylene
dimethacrylate and properties of final poly[2-(dimethylamino)ethyl methacrylate-co-ethylene dimethacrylate] nanogels

EDMA KPS SDS PVA pPvP Yield
Sample (Wt%) Solvent (wt%) (Wt%) (Wt%) (Wt%) (wt%) D, (nm) Dy (nm) P (%)
PDMAEMA- 1 Water (100) 0.15 — — Aggregation 6.4
EDMAO01
PDMAEMA- 2 Water (100) 0.15 — — Aggregation 6.5
EDMAO02
PDMAEMA- 3 Water (100) 0.15 — — 360 401 1.11 3.9
EDMAO03
PDMAEMA- 4 Water (100) 0.15 — — 359 420 1.17 1.5
EDMAO04
PDMAEMA- 5 Water (100) 0.15 — — 359 395 1.10 2.2
EDMAO5
PDMAEMA- 10 Water (100) 0.15 — — 366 426 1.17 33.6
EDMAO06
PDMAEMA- 20 Water (100) 0.15 — — 292 332 1.14 41.2
EDMAO07
PDMAEMA- 10 Water (100) 0.2 — — Aggregation 42.7
EDMAO08
PDMAEMA- 20 Water (100) 0.2 — — Aggregation 38.5
EDMAO09
PDMAEMA- 10 Water (100) 0.2 0.15 — — Aggregation  49.2
EDMA10
PDMAEMA- 20 Water (100) 0.2 0.15 — — Aggregation 62.1
EDMA11
PDMAEMA- 20 Water/EtOH (90/10) 0.2 0.15 — — Aggregation 43.8
EDMA12
PDMAEMA- 20 Water/EtOH (80/20) 0.2 0.15 — — Aggregation 47.0
EDMA13
PDMAEMA- 20 Water/EtOH (90/10) 0.2 — — Aggregation 35.1
EDMA14
PDMAEMA- 20 Water/EtOH (80/20) 0.2 — — Aggregation 50.1
EDMA15
PDMAEMA- 20 Water/EtOH (80/20) 0.2 1.0 — Aggregation 29.6
EDMA16
PDMAEMA- 20 Water/EtOH (80/20) 0.2 0.5 — Aggregation 30.3
EDMA17
PDMAEMA- 20 Water/EtOH (70/30) 0.2 0.5 — Aggregation 9.7
EDMA18
PDMAEMA- 20 Water/MeOH (90/10) 0.2 0.5 — Aggregation 8.3
EDMA19
PDMAEMA- 20 Water/MeOH (80/20) 0.2 0.5 — 256 292 1.14 38.7
EDMA20
PDMAEMA- 20 Water/MeOH (75/25) 0.2 0.5 — Aggregation 28.3
EDMA21
PDMAEMA- 20 Water/MeOH (80/20) 0.25 0.5 — 168 180 1.07 30.2
EDMA22
PDMAEMA- 20 Water/MeOH (80/20) 0.3 0.5 — 201 216 1.08 22.6
EDMA23
PDMAEMA- 20 (38) Water/MetCel (80/20) 0.2 0.15 — — 169 199 1.18 52.2
EDMA24
PDMAEMA- 20 (39) Water/MetCel (80/20) 0.2 0.5 — 167 193 1.16 51.0
EDMA25

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was quaternized at ambient temperature for 24 h. Then, the
mixture was heated to 50 °C to remove iodomethane by evapo-
ration and final quaternized PDMAEMA-EDMA nanogel was
obtained. The presence and quantity of quaternary ammonium
cations in PDMAEMA-EDMA nanogel was studied with NMR
analysis.

2.4 Characterization of PDMAEMA-EDMA nanogels

The size and distribution of dry nanogels were analyzed by
scanning electron microscopy (SEM; JEOL JSM 6400). The
number-average diameter (D,), weight-average diameter (D),
and uniformity characterized by dispersity (P = D/D,) were
calculated using Image] software, by counting at least 500
individual particles in the SEM micrographs.

D, = ZniDi/Z ni, 1)
Dy = Z”iDi4/Z”iDi37 (2)

where n; and D; are the number and diameter of the i-th
microsphere, respectively.

2.5 NMR analysis

Solid-state NMR (ssNMR) spectra were recorded at 500 MHz
using a Bruker AVANCE III HD spectrometer. The 4 mm cross-
polarization magic-angle spinning (CP/MAS) probe was used
for *C ssNMR experiments at Larmor frequency of »(**C)
=125.783 MHz. "*C NMR chemical shift was calibrated using o-
glycine (176.03 ppm; carbonyl signal) as an external standard.
The "*C MAS and CP/MAS spectra were acquired at the speed of the
sample spinning of 11 kHz with 15 s and 3 s recycle delays,
respectively. A cross-polarization (CP) contact time of 1.5 ms was
used in ™C CP/MAS experiments. High-power 'H decoupling
(SPINAL64) was used for the removal of heteronuclear coupling.

Samples were placed into ZrO, rotors and subsequently kept
at room temperature. All NMR experiments were conducted
under active cooling in order to compensate for frictional
heating caused by the rotation of the samples.** All experiments
were done at 298 K temperature. Bruker TopSpin 3.2 pl5 soft-
ware package was used for the processing of the spectra.

2.6 Time-kill curve assay

Antimicrobial testing, carried out utilizing a time-kill curve
assay, was performed using both A. baumannii (CCM 2355) and
methicillin-resistant Staphylococcus aureus subsp. aureus (CCM
4750; S. aureus), grown on a tryptone soya agar at 37 °C for 18-
24 h. Both cultures were supplied by the Czech Collection of
Microorganisms (Brno, Czech Republic).

Time-Kkill curve analyses were carried out by incubating the
test organisms in sterile saline (0.9% NaCl) in the presence of
two concentrations of non- and quaternized PDMAEMA-EDMA
nanogels, namely 1 and 5 mg ml '. The bacterial inoculum
was prepared by picking several single fresh colonies and their
resuspending in saline; optical density was measured at 600 nm
(CO8000 Cell Density Meter, Biochrom Ltd., Cambridge, UK).
Individual Eppendorf tubes of 1 ml of the saline containing the
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fabricated non- and quaternized PDMAEMA-EDMA nanogels
were then incubated with the inoculum of approximately 1 x
10® CFU ml~ " at 25 °C with continuous shaking (900 rpm). Also,
a non-treated group (referred as to control), with inoculum but
without the fabricated non- and quaternized PDMAEMA-EDMA
nanogels, was included. At defined time points (namely 0, 1,
and 4 h), plating of serial 10-fold dilutions (100 pl, in duplicate)
on TSA was carried out to estimate the colony counts. The TSA
plates were left to incubate overnight at 37 °C; bacterial colonies
were counted manually. The assay was carried out in as three
experiments.

2.7 Statistical analysis

Results are expressed as means £ SD. One-way ANOVA and
Tukey's post hoc tests were used for analysis.

3 Results and discussion

Polymer nanogels based on DMAEMA belong to stimuli-
responsive polymers which are widely utilized in biomedicine
and biotechnology.® For this reason, we investigated various
polymerization parameters, with the aim of developing
a reproducible and efficient procedure for the preparation of
crosslinked PDMAEMA-EDMA nanogels by free-radical poly-
merization. This study describes the effects of polymerization
media, initiator concentration, stabilizer type, and concentra-
tion, and crosslinking monomer on the morphology, particle
size and particle size distribution of final PDMAEMA-EDMA
nanogels summarized in Table 1. At first, the DMAEMA was
copolymerized with various EDMA concentrations (1-20 wt%)
in water as the polymerization medium, initiated with KPS
(0.15 wt% relative to polymerization medium) and in the
absence of stabilizer. As documented in Table 1, the free-radical
copolymerization of DMAEMA with 1 wt% EDMA in water
initiated with 0.15 wt% KPS (PDMAEMA-EDMAO01) had a very
low yield and a huge coagulum was produced (Fig. 1a). This
result indicated that the free-radical polymerization was not

! o 5

(SN ® PDMAEMA-EDMA05
A Y T Aoy

Fig. 1 SEM micrographs of PDMAEMA-EDMA nanogels prepared in
water with 1 (a), 5 (b), 20 (c) wt% of EDMA and initiated with 0.15 wt%
KPS and 20 (d) wt% EDMA initiated with 0.2 wt% KPS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stable to produce individual nanogels. In the case of
PDMAEMA-EDMAQ2, the free-radical polymerization also failed
with the production of coagulum and low yield (Table 1). With
further increase of EDMA concentration (=3 wt%), individual
PDMAEMA-EDMAO03-05 nanogels with diameters varying
~360 nm started to be formed due to the increased covalently
crosslinked polymer content. However, the polymerization
yields still remained very low, varying from 1.5 to 3.9% (Table 1).
One sample of PDMAEMA-EDMAO5 containing 5 wt% EDMA is
shown in Fig. 1b. We inferred from these results that the
majority of formed PDMAEMA-EDMA remained in solution,
without the requisite precipitation to form PDMAEMA-EDMA
nanogel. The continuous increase in polymerization yield up to
41% (Table 1) was observed when EDMA concentration was raised to
10 wt% (PDMAEMA-EDMAO06) and 20 wt% (PDMAEMA-EDMAO7).
This was explained by the fact that the more insoluble covalently
crosslinked polymer was thereby formed. We also assumed that the
higher EDMA concentration increased the hydrophobicity of the
monomer phase. Thus, the shorter oligoradicals were precipitated
out from the solution earlier leading to faster particle nucleation, in
comparison with the free-radical polymerizations containing EDMA
=5 wt%.”® This could also be supported by the increased monomer
concentration in the case of free-radical polymerizations of DMAEMA
with 10 and 20 wt% EDMA.*® Nevertheless, PDMAEMA-EDMA06 and
07 were partially aggregated, as is shown by the example of 292 nm
PDMAEMA-EDMAO7 in Fig. 1c. This result proved that the phase
separation leading to a formation of individual PDMAEMA-EDMA
nanogel was not complete, probably due to the high medium
solvency for forming the polymer.?

In the next experiments, we tried to increase the polymeri-
zation yield by increasing the KPS concentration to 0.2 wt%
relative to water as the polymerization medium. It was found
that the free-radical polymerization of DMAEMA with 10 wt%
EDMA (PDMAEMA-EDMAO0S), and 20 wt% EDMA (PDMAEMA-
EDMAO09) were not affected by the raising of KPS concentra-
tion in terms of higher yields, and the final products were also
agglomerated (Table 1). The polymerization yields were ~40%.
We inferred from this result that the polymerization yield was
mainly predetermined by copolymerization of DMAEMA with
EDMA crosslinker and the formation of covalently crosslinked
PDMAEMA-EDMA polymer. As an example, we provide a SEM
microphotograph of PDMAEMA-EDMAOQ9 with 20 wt% (Fig. 1d).

Due to the obvious tendency of the systems (PDMAEMA-
EDMAO01-09) to agglomerate during free-radical polymeriza-
tions, SDS was employed as a stabilizer of polymerization to
avoid the undesired coagulation of PDMAEMA-EDMA nanogel.
For example, Wu et al. showed that SDS successfully stabilized
free-radical polymerization of N-isopropylacrylamide with N,N'-
methylenebisacrylamide in water.’” The concentration of SDS
was 0.15 wt% relative to the polymerization medium while
varying EDMA concentration (10 and 20 wt%) and the poly-
merization medium composition and maintaining KPS
concentration at 0.2 wt% relative to the polymerization medium
(Table 1; PDMAEMA-EDMA10-13). However, our experiments
revealed that, in the case of free-radical polymerization of
DMAEMA with EDMA, SDS did not ensure necessary colloidal
stability during particle nucleation.®® As illustrated in Fig. 2a,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM micrographs of PDMAEMA-EDMA nanogels prepared in
water with 10 wt% EDMA and stabilized with 0.15 wt% SDS (a), in the
mixture of water/EtOH (80/20 w/w) with 20 wt% EDMA and stabilized
with 0.15 wt% SDS (b), and in the mixture of water/EtOH (80/20 w/w)
with 20 wt% EDMA and without SDS (c). All polymerizations were
initiated with 0.2 wt% KPS.

the free-radical polymerization of DMAEMA with 10 wt% EDMA
in water stabilized with 0.15 wt% SDS (PDMAEMA-EDMA10) failed,
because the coagulum was obtained. With the increase of EDMA
concentration to 20 wt% (PDMAEMA-EDMA11), the free-radical
polymerization also coagulated due to inadequate stabilization
with SDS. On the other hand, it was found that the yield of poly-
merization increased up to 62% (Table 1) and it was profound with
the increase of EDMA concentration up to 20 wt%. The higher
content of more hydrophobic EDMA monomer in the polymeri-
zation mixture could affect the solubility of the monomer and
polymer phase in the hydrophilic continuous phase. This resulted
in faster polymerization velocity, more efficient phase separation,
and higher polymerization yield.**

We supposed that the addition of polar organic solvent into
the water as a polymerization medium could favor polymeri-
zation in the particle phase over polymerization in solution,
increase the polymerization rate and facilitate the adsorption of
stabilizer on to the forming PDMAEMA-EDMA nanogel.***
Therefore, we explored an effect of 10 (PDMAEMA-EDMA12)
and 20 wt% EtOH (PDMAEMA-EDMA13) in a mixture with
water (Table 1). The polymerizations were stabilized with
0.15 wt% SDS and initiated with 0.2 wt% KPS. The addition of
alcohol (or MetCel in later experiments) caused the starting
polymerization mixture to be homogeneous solution and
subsequent polymerizations (PDMAEMA-EDMA12-13, and 16-
25) run according to the mechanism of dispersion polymeriza-
tion. However, the agglomeration of PDMAEMA-EDMA12 and
13 was not suppressed by the addition of EtOH (6 = 26 MPa'?)
into the polymerization medium, as documented in the
example of PDMAEMA-EDMA13 (Fig. 2b). Our results revealed
that SDS did not provide an effective steric stabilization for the
preparation of high-quality PDMAEMA-EDMA nanogel.

Based on this result, the polymerization was carried out in
the presence of 10 (PDMAEMA-EDMA14) and 20 wt% EtOH
(PDMAEMA-EDMA15) without SDS as a stabilizer (Table 1). We
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found that the agglomeration of PDMAEMA-EDMA nanogel was
not completely hindered in the mixture of water with 10 wt%
EtOH (PDMAEMA-EDMA14), or 20 wt% (PDMAEMA-EDMA15).
In spite of a slight decrease in yields, the final products did
not contain such large irregular aggregates as could be seen in
the polymerization in the presence of SDS as a stabilizer (Table
1; PDMAEMA-EDMA14 and 15). Fig. 2c illustrates an SEM
microphotograph of PDMAEMA-EDMA15, showing the pres-
ence of agglomerated ~550 nm nanogel. The persisting coag-
ulation of both PDMAEMA-EDMA nanogel could be the result of
the high solvency of PDMAEMA-EDMA polymer in continuous
phase and the instability of polymerization.***

Subsequent dispersion polymerizations of DMAEMA with
20 wt% EDMA were performed in the presence of partially
hydrolyzed PVA stabilizer, with different concentrations in
water/EtOH mixture (80/20 w/w) initiated with 0.2 wt% KPS
(Table 1; PDMAEMA-EDMA16-18). According to the SEM anal-
yses (Fig. 3a-d), the steric stabilization effect of PVA was
significantly efficient, compared to the previous results with the
use of SDS because, PVA successfully stabilized the dispersion
polymerization in water/alcohol polymerization media due to
its low hydrophobic nature.” Fig. 3a displays that almost indi-
vidual knobbly PDMAEMA-EDMA16 with D, = 245 nm and D =
1.3 were produced in the presence of 1 wt% PVA. However, one
can observe that the nanogel was still partially coagulated.
Based on this result, the PVA concentration was decreased to
0.5 wt% relative to the polymerization media (Table 1). Even if
the aggregation of PDMAEMA-EDMA17 (Fig. 3b) was not
completely suppressed, 0.5 wt% PVA stabilized the polymeri-
zation more effectively in comparison with 1 wt% PVA
(PDMAEMA-EDMAL16, Fig. 3a), resulting in PDMAEMA-EDMA17
with D,, = 290 nm and P = 1.1. It was found that high PVA
concentration destabilized polymer particles during polymeri-
zation and contributed to undesired flocculation.*® Further, we

Fig. 3 SEM micrographs of PDMAEMA-EDMA nanogels prepared in
a mixture of water/EtOH (80/20 w/w) with 20 wt% EDMA, stabilized
with 1 wt% PVA and initiated with 0.2 wt% KPS (a); in a mixture of water/
EtOH (80/20 w/w) with 20 wt% EDMA, stabilized with 0.5 wt% PVA and
initiated with 0.2 wt% KPS (b); in a mixture of water/EtOH (70/30 w/w)
with 20 wt% EDMA, stabilized with 0.5 wt% PVA and initiated with
0.2 wt% KPS (c); in a mixture of water/MeOH (80/20 w/w) with 20 wt%
EDMA, stabilized with 0.5 wt% PVA and initiated with 0.2 wt% KPS (d).
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tried to change the medium solvency by increasing the EtOH
content in the polymerization medium up to 30 wt% (Table 1;
PDMAEMA-EDMA18) in favour of effective phase separation and
particle formation. Nevertheless, the increased EtOH concentra-
tion had a deteriorating effect on the quality of the resulting
PDMAEMA-EDMA18 that were aggregated and had small dimples
in their surface (Fig. 3c). Our observation was supported by the
work of Wang et al., who found that dispersion polymerization
could be carried out at narrow EtOH or MeOH/water ratios without
a deteriorating effect on the quality of the final nanogels.*
According to the work by Wang et al., we mixed water with
MeOH (6 = 36.2 MPa'?) instead of EtOH, because polymeriza-
tion in the water/MeOH mixture provided better conditions for
the production of more colloidally stable nanogel.** The MeOH
concentration was varied from 10 to 25 wt% during dispersion
polymerization of DMAEMA with 20 wt% EDMA initiated with
0.2 wt% KPS and stabilized with 0.5 wt% PVA (Table 1). The
water/MeOH ratio 90/10 (w/w) was not optimal, due to the fact
that ~100 nm PDMAEMA-EDMA19 were aggregated and the
polymerization produced a very low yield 8.3 wt% (Table 1).**
When the MeOH content was raised to 20 wt% in a mixture with
water, the optimal water/MeOH ratio (80/20 w/w) was found for
the production of 256 nm PDMAEMA-EDMA20 (Table 1) with
broad particle size distribution ® = 1.14 (Fig. 3d).** The change
in medium solvency by increased MeOH content to 20 wt% also
resulted in a higher polymerization yield that was 39%. This
indicated that the polymerization locus was shifted from solu-
tion to polymer phase.** Also, MeOH is an inferior solvent to
water for PDMAEMA-EDMA nanogels. Therefore, the stabiliza-
tion of the nanogels with PVA was facilitated, leading to the
formation of individual PDMAEMA-EDMA20.* The next
increase in MeOH content up to 25 wt% in polymerization
medium yielded partial coagulation of PDMAEMA-EDMA21
indicating that the water/MeOH ratio 75/25 (w/w) was over the
suitable range to obtain individual PDMAEMA-EDMA nanogel.**
Due to better colloidal stability of the resulting PDMAEMA-
EDMA nanogels, we kept the water/MeOH ratio 80/20 (w/w)
and PVA concentration 0.5 wt% for subsequent experiments.
With the aim of increasing the polymerization yield, we inves-
tigated the effect of increased KPS concentration on polymeri-
zation yield. The dispersion polymerizations initiated with 0.25
(PDMAEMA-EDMA22) and 0.3 wt% KPS (PDMAEMA-EDMA23)
led to a colloidally stable PDMAEMA-EDMA nanogels with
diameters D, = 168 nm and D, = 201 nm (Fig. 4a), and

Fig. 4 SEM micrographs of PDMAEMA-EDMA nanogels prepared in
water/MeOH (80/20 w/w) with 20 wt% EDMA, stabilized with 0.5 wt%
PVA and initiated with 0.25 wt% (a) and 0.3 wt% KPS (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dispersities » = 1.07 and P = 1.08 (Fig. 4b), respectively.
However, we observed a slight decrease in polymerization yields
in both cases (Table 1). We assumed that, at increased KPS
concentrations, shorter polymer chains with higher solubility in
the polymerization medium were produced, and mainly ended
up in solution over particles.

In the next experiments, the polymerization medium
solvency and polarity were adapted by mixing water with 20 wt%
MetCel (6 = 23.3 MPa'/?). MetCel belongs to solvents of the
cellosolve family and has a lower dielectric constant. In other
words, it is less polar, in comparison with MeOH (epgetcel = 16.9
and eyeon = 31). Lee et al. observed that the particle size and
particle size distribution of poly(acrylamide) could be lowered
and narrowed with the decrease of medium polarity during
dispersion polymerization of acrylamide as a hydrophilic
monomer.* A reverse effect was observed for dispersion poly-
merization of hydrophobic monomers, due to better solubility
of forming polymer in less polar medium.*® According to our
previous results, the effects of 0.15 wt% SDS, and 0.5 wt% PVA
on colloidal stability, particle size and particle size distribution
of the resulting PDMAEMA-EDMA nanogels prepared in the
polymerization medium of water/MetCel (80/20 w/w) were
investigated. Fig. 5a documents that 169 nm PDMAEMA-
EDMA24 (Table 1) was not effectively stabilized with 0.15 wt%
SDS, because of obvious agglomeration of the nanogel.

On the other hand, the dispersion polymerization in water/
MetCel (80/20 w/w) stabilized with 0.5 wt% PVA provided the
ideal conditions for the production of individual and spherical
167 nm PDMAEMA-EDMA25 (Fig. 5b) with b = 1.16 (Table 1) as
a result of PVA low hydrophobic nature.*” In both cases, the
polymerization yield was higher (~50%), and the size of
PDMAEMA-EDMA24 and 25 decreased in comparison with
dispersion polymerizations in water/MeOH mixture, due to the
more suitable polarity of the polymerization medium.** More-
over, dispersion polymerization in water/MetCel stabilized with
0.5 wt% PVA and initiated with 0.2 wt% KPS resulted in smaller
nanogel (PDMAEMA-EDMA25) in comparison with water/MeOH
(PDMAEMA-EDMA20).

Probably, oligomers with a shorter chain length were produced,
which then coagulated in increased number of primary nuclei,
leading to final nanogel with a smaller size.”® Tuned medium
polarity by mixing of water with MetCel also contributed to better
phase separation, because the resulting PDMAEMA-EDMA20 was
spherical, compared to the PDMAEMA-EDMA nanogels prepared
in the water/MeOH polymerization medium.*® In spite of average

% PDMAEMA-EDMA24

523

Fig. 5 SEM micrographs of PDMAEMA-EDMA nanogels prepared in
water/MetCel (80/20 w/w) with 20 wt% EDMA, initiated with 0.2 wt%
KPS and stabilized with 0.15 wt% SDS (a), or with 0.5 wt% PVA (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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productivity, we found the optimal conditions for the preparation
of colloidally stable PDMAEMA-EDMA25 by the combination of the
suitable composition of polymerization medium, type and
concentration of stabilizer, and concentration of initiator. This
nanogel was subsequently quaternized with iodomethane and
quaternized PDMAEMA-EDMA25Q was subjected to NMR analysis
to confirm the presence and determine a content of quaternary
ammonium groups.

3C CP/MAS NMR spectrum of PDMAEMA-EDMA2S5 (Fig. 6a)
confirms the formation of the PDMAEMA-EDMA copolymer.
The broad peak at 19 ppm was assigned to methyl groups
(-CHj3) from the copolymer backbone, peak at 45 ppm was
assigned to methyl groups attached to the nitrogen atom
(-N(CH3),) and quaternary carbons (>C<). The peaks at 57 and
62 ppm were assigned to methylene groups near the nitrogen
atom (>N-CH,-), methylene groups from the copolymer back-
bone (-CH,-) and methylene groups adjacent to the oxygen
atom (-O-CH,-), respectively. Last signal at 177 ppm corre-
sponds to the carbonyl carbons (>C=0). The "*C CP/MAS NMR
spectrum of the quaternized PDMAEMA-EDMA25Q (Fig. 6b)
reveals the appearance of a distinct intensive signal (at 55 ppm)
which was assigned to the methyl groups attached to the
quaternary nitrogen atom (-N'(CHj3);). However, this signal is
overlapped with the signals from backbone methylene groups
(-CH,-). The peak assignment of both *C CP/MAS SNMR
spectra was accomplished based on the literature data.**~*

In order to calculate the extent of quaternization (of the
amine nitrogen atom), the *C MAS NMR spectrum of the

-N(CH,),, >C<

>N-CH,-, -CH,-

0 -O-CHZ-\\\

G
5

b N

180 160 140 120 100 80 60 40 ppm
Fig. 6 Experimental *C CP/MAS NMR (solid line) and *C MAS NMR
(dashed line) spectra of PDMAEMA-EDMA25 (a) and quaternized

PDMAEMA-EDMA25Q (b) samples recorded at 11 kHz spinning speed
on 500 MHz NMR spectrometer.
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quaternized PDMAEMA-EDMA25Q sample was recorded
(Fig. 6b, dashed line). The amount of quaternized polymer was
calculated by comparison of the integral intensity of the signals
at 45 and 55 ppm corresponding to the methyl groups attached
to ternary and quaternary nitrogen atoms respectively. As both
signals contain the same contribution from the copolymer
backbone (signal at 45 ppm is overlapped with quaternary
carbon, whereas signal at 55 ppm is overlapped with methylene
carbon from the backbone), their ratio was used for content
calculation of quaternized polymer chains. Taking into the
account that ternary and quaternary nitrogen atoms have two
and three adjacent methyl groups, respectively, the content of
the quaternized polymer (CQP) can be calculated by the
following eqn (3):

(= N(+)(CHy);)/3

CQP(%) = I(—=N(+)(CHs),)/3+1(—N(CHs),)/2

x 100.

(3)

The extent of quaternization of the PDMAEMA-EDMA25Q
was calculated to 54%.

Finally, we innovatively evaluated bactericidal activities of
the fabricated 167 nm non-quaternized PDMAEMA-EDMA25
and quaternized PDMAEMA-EDMA25Q nanogels at two
different concentrations, 1 and 5 mg ml', against Gram-
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positive S. aureus and Gram-negative A. baumannii via a time-
kill curve assay. It was found that non-quaternized PDMAEMA-
EDMA25 nanogel at both concentrations (1 and 5 mg ml*)
inhibited the growth of the bacterial population only negligibly
in the case of both S. aureus (Fig. 7a) and A. baumannii (Fig. 7c).
In contrast, quaternized PDMAEMA-EDMA25Q nanogel
demonstrated an elevated antimicrobial activity. At 1 mg ml ™,
the S. aureus population was reduced by ca. 1.9 log units after 4
hours of the treatment. Compared to both non-quaternized
PDMAEMA-EDMA25 and the non-treated control, the log unit
reductions were found to be statistically significant (p <0.001
and p <0.001, respectively). Notably, at 5 mg ml ™, the S. aureus
population was reduced by ca. 2.3 log units after the 4 hour
treatment (Fig. 7a and b) showing that quaternized PDMAEMA-
EDMA25Q nanogel effectively killed harmful Gram-positive
methicillin-resistant S. aureus pathogen what proved their
bactericidal activity. This was found to be significant when
compared to both non-quaternized PDMAEMA-EDMA25 and
the non-treated control (p <0.001 and p <0.001, respectively).
These results were in good accordance with work by Ward et al.
about the bacteriostatic activity (preventing of the growth of
bacteria) of the various DMAEMA-based copolymers with ethyl,
butyl, octyl, cyclohexyl methacrylates against Gram-positive S.
aureus and Gram-negative E. coli. They determined the
minimum inhibitory concentrations (MICs) of these

25Q4h

Fig. 7 Antibacterial testing of the non-quaternized PDMAEMA-EDMA25 and quaternized PDMAEMA-EDMA25Q nanogels. Time-kill curve assay
was carried out to estimate the effect of the nanogels on both S. aureus (a) and A. baumannii (c) counts after 1 and 4 h of the treatment at room
temperature. The data indicate mean values + SD. Asterisks represent a significant difference (***p < 0.001) when compared to non-treated
control. (b and d) Representative photographs of corresponding agar plates with S. aureus ((b), 5 mg ml™, representative suspension dilution of
107%) and A. baumannii ((d), 5 mg ml™%, representative suspension dilution of 10~%) colonies including non-treated controls (NT).
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copolymers ranging from 1.125 to 2 mg ml ' and the more
hydrophobic copolymers demonstrated higher activity in inhi-
bition of growth of these bacterial pathogens, especially in the
case of Gram-positive S. aureus due to simpler wall structure
which is more porous and permeable in comparison with the
cell wall of Gram-negative E. coli." Besides, Rawlinson et al.
studied the MICs of PDMAEMA linear polymer by transfer
radical polymerization which were >3.2 mg ml™" against to 11
strains of S. aureus. Moreover, they also tested the antibacterial
activity of PDMAEMA against S. aureus biofilm, and surprisingly
no effect was observed even at a concentration up to 50 mg
ml %% Interestingly, another methacrylate polymers with
tertiary amine groups, poly[2-(dimethylamino)ethyl acrylate]
and poly[2-(diethylamino)ethyl acrylate] demonstrated even
lower MICs ranging from 0.088 to 0.5 mg ml " in comparison
with PDMAEMA.*

Similar results were obtained from the testing with A. bau-
mannii with rather elevated susceptibility to the PDMAEMA-
EDMA25Q. Also, the revealed effects were in a time- and
concentration-dependent manner. Considering the initial
number of bacteria, at the lower tested PDMAEMA-EDMA25Q
concentration (1 mg ml™'), A baumannii population was
reduced by ca. 1.4 log unit after 4 hours of the treatment
(statistically significant compared to non-treated control, p
<0.001). At 5 mg ml ™', A. baumannii number was reduced by ca.
4 log units (Fig. 7c, d). Similar to the S. aureus time-killing, this
reduction of bacterial population was found to be statistically
significant when compared to the non-treated control (p <0.001)
and the PDMAEMA-EDMAZ25 testing (p <0.001). Note the killing
(bactericidal) activity was notably elevated than in the case of S.
aureus; the log unit decrease was ca. 2 log more in the case of A.
baumannii. Our observation was in contrary with results by
Ward et al. who demonstrated better bacteriostatic activity
against S. aureus compared to E. coli due to more simpler wall
structure of Gram-positive bacteria." The observed effect could
be explained by the fact that positively charged PDMAEMA-
EDMA25Q nanogel with quaternary ammonium groups easily
interacted with negatively charged cell surface of A. baumannii
facilitating thus the damaging of cell wall and cytoplasmic
membrane.®

Overall, the bactericidal properties of the developed
PDMAEMA-EDMA25Q nanogel with quaternary ammonium
groups against two harmful pathogens, S. aureus and A. bau-
mannii, were proven with a time-kill curve assay. The observed
bactericidal effects against both bacteria were comparable, even
at a concentration 5 mg ml~" of the nanogel, elevated activity
was found against A. baumannii, which becomes one of the
major nosocomial pathogens.

4 Conclusions

In summary, conventional dispersion polymerization was
successfully found as a facile, effective, and reproducible
procedure for the production of sub-micron PDMAEMA-EDMA
nanogel with bactericidal activity. In our study, we explored
the effect of EDMA crosslinking monomer concentration (1-
20 wt%), polymerization medium solvency and polarity,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration of KPS initiator, and type and concentration of
stabilizers, such as SDS and PVA, to produce high-quality and
well-defined PDMAEMA-based nanogel. As is typical for
conventional free-radical polymerization, our results showed
that the formation of hydrophilic PDMAEMA-EDMA nanogel
was largely dependent on the medium polarity and solvency,
and in addition, it was affected by initiator concentration and
the selection of a suitable stabilizer with the proper concen-
tration. Despite the productivity ~50%, tuning of medium
solvency and polarity represented by the water/MetCel mixture
(80/20 w/w), efficient stabilization with 0.5 wt% PVA, and initi-
ation of dispersion polymerization of DMAEMA with 20 wt%
EDMA resulted in the hydrophilic 167 nm PDMAEMA-EDMA
nanogel. After quaternization of the prepared PDMAEMA-
EDMA nanogel to introduce quaternary ammonium groups,
the bactericidal properties were tested against two bacterial
pathogens, namely S. aureus and A. baumannii. The time-kill
curve assays proved that the application of the quaternized
PDMAEMA-EDMA nanogel at concentrations 1 and 5 mg ml ™"
displayed bactericidal activity against both pathogenic bacteria.
Our findings can be of great value for novel antibacterial
interventions using functional polymeric nanomaterials.
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