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ABSTRACT: With the ever-growing problem of antibiotic
resistance, developing antimicrobial strategies is urgently needed.
Herein, a hydrophobic drug delivery nanocarrier is developed for
combating planktonic bacteria that enhances the efficiency of the
hydrophobic antimicrobial agent, Triclosan, up to a 1000 times.
The poly(N-isopropylacrylamide-co-N-[3-(dimethylamino)-
propyl]methacrylamide), p(NIPAM-co-DMAPMA), based nanogel
is prepared via a one-pot precipitation polymerization, followed by
quaternization with 1-bromododecane to form hydrophobic 3
domains inside the nanogel network through intraparticle self- 3 OLipoprotei :
assembly of the aliphatic chains (C12). Triclosan, as the model Cel "‘e"'b'a"e[QQQ&Q{}{){}QQQ(}(}QQ{}QQQ
hydrophobic antimicrobial drug, is loaded within the hydrophobic 1

domains inside the nanogel. The nanogel can adhere to the e
bacterial cell wall via electrostatic interactions and induce T g
membrane destruction via the insertion of the aliphatic chains —
into the cell membrane. The hydrophobic antimicrobial Triclosan

can be actively injected into the cell through the destroyed

membrane. This approach dramatically increases the effective concentration of Triclosan at the bacterial site. Both the minimal
inhibitory concentration and minimal bactericidal concentration against the Gram-positive bacteria S. aureus and S. epidermidis
decreased 3 orders of magnitude, compared to free Triclosan. The synergy of physical destruction and active nanoinjection
significantly enhances the antimicrobial efficacy, and the designed nanoinjection delivery system holds great promise for combating
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antimicrobial resistance as well as the applications of hydrophobic drugs delivery for many other possible applications.
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B INTRODUCTION

Bacteria can cause life-threatening human diseases and lead to
the death of 700 000 people annually worldwide." This number
is expected to rise in the coming years, as traditional
antibiotics—the most widely used therapy to treat bacterial
infections—are becoming less efficient due to the development
of drug-resistant bacterial strains.”~> Thus, the necessity to
overcome these challenges by developing antimicrobial agents
and more effective delivery systems is of high importance.
The use of nanoparticles (NPs) is among the most
promising strategies to overcome microbial drug resistance
due to their diverse antimicrobial mechanism of action.’ To
date, many metal-based NPs exhibit inherent antibacterial
activity; for instance, silver nanoparticles are widely explored as
antibacterial agents.7_9 However, the high cytotoxicity of
metal-containing NPs is disadvantageous and limits their
applicability.'”'" Therefore, metal-free NPs, e.g, graphene
materials,'”'® cationic peptides,'*'® polymer-based NPs,'® and
carbon quantum dots,’” have drawn much attention recently.
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In particular, NPs functionalized with positively charged
compounds can improve the attraction to the bacterial
membrane and induce severe membrane rupture and
subsequent cell death.'*

Quaternary ammonium compounds (QACs), well-known
cationic compounds, have been applied in the medical field as
antimicrobial agents due to their broad-spectrum biocidal
ability."® They contain a permanent positively charged fully
alkylated nitrogen of which one is often a long alkyl chain. The
mechanism of action of QACs against bacteria was proposed to
first entail the attraction of the positively charged cationic head
to the negatively charged bacterial cell surface by electrostatic
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Figure 1. Schematic illustration of the main synthesis procedure of the antimicrobial nanogels. The tertiary amine-functionalized nanogel (tA-NG)
was synthesized by precipitation polymerization of NIPAM with DMAPMA. The quaternized nanogels (Qcn-NG (n = 1 or 12)) were prepared by
functionalization of the tertiary amine group with different alkyl chain lengths of quaternization agents (methyl iodide and 1-bromododecane).
Finally, the Triclosan-loaded nanogel (Qc12-NG+T) was obtained by loading the antimicrobial agent Triclosan in the QcI2-NG via the
hydrophobic interaction between Triclosan and the hydrophobic cavity inside nanogel networks formed by the alkyl chain (C12).

interactions, penetrate through the peptidoglycan layer, and
then disrupt the lipids membrane of Gram-positive bacteria
through the hydrophobic interaction by the hydrophobic alkyl
chain."”*® This interaction causes membrane destabilization
and the subsequent leakage of cytoplasmic compounds.”' ™
QACs cause in general more damage to bacteria than to the
membranes of mammalian cells.”> Therefore, QACs are
consequently mostly applied as contact-killing coatings on
surfaces to combat bacterial infections.”*™>* However, there
are only a few works that address the application of QACs-
functionalized NPs to kill bacteria in suspension.”” ' Zhang
and co-workers developed a series of quaternized fluorescent
silicon NPs as antibacterial agents with both bacterial imaging
and killing capability.”> However, it was observed that the
antimicrobial properties of QACs highly depend on the length
of the alkyl chain.’® The longer the chain (up to a maximum
number of carbons between 12 and 16), the higher the
tendency for the molecule to intercalate into the membrane of
the bacteria, but the lower the aqueous solubility,”* which
limited the application of QACs to eradicate bacteria under
physiological conditions.

Another strategy to overcome resistance is to improve
delivery or accessibility of existing bactericides to enhance the
effectiveness at the lesion site, especially of the hydrophobic
drugs, which have poor solubility and bioavailability.35 For
example, Triclosan, a commercial broad-spectrum hydrophobic
antimicrobial, combats bacteria by nonspecific interaction with
the cell membrane leading to the death of bacteria but also
specifically blocks the lipid synthesis to stop the bacterial
growth.*®

To overcome the limiting factors mentioned above, nanogels
stand out because of their unique properties. Nanogels are
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“smart” nanomaterials with many advantages and possibil-
ities.””*® The enormous interest in these smart polymers is
illustrated by their wide field of potential applications due to
the stimuli responsiveness and the ability to undergo a volume
phase transition (VPT) concerning environmental
changes.””™*" These soft and deformable polymeric particles
consist of a cross-linked and porous network, which can be
functionalized with various functional groups to introduce
catalytic activity,42 antifouling property,“’44 or selective
permeability*® but also have been used to implement
antimicrobial groups and specific ligands.*>*” Their high
surface to volume ratio, high degree of functionalization, and
hence multivalency on the nanoparticle surface are advanta-
geous for interactions with bacteria®® as the deformability of
the soft particles ensures a high contact area in comparison to
rigid nanoparticles.”® Moreover, nanogels are ideal drug-
delivery carriers due to their excellent drug-loading capacity,
high stability, and good biocompatibility.

Therefore, in our study, a poly(IN-isopropylacrylamide-co-N-
[3-(dimethylamino)propylmethacrylamide) (p(NIPAM-co-
DMAPMA)) based nanogel quaternized with 1-bromodode-
cane was designed to induce intraparticle micellization and
thereby create a hydrophobic environment inside the nanogel
network. Triclosan, as a model hydrophobic drug, was loaded
into the nanogel by hydrophobic interactions to increase the
effective concentration dramatically at the bacterial site that is
otherwise beyond reach. To assess the antimicrobial efficacy of
the prepared nanogels, the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC)
against Gram-positive model bacteria Staphylococcus aureus
(S. aureus) and Staphylococcus epidermidis (S. epidermidis), two
of the most important pathogens in nosocomial infections
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Figure 2. Fluorescence spectra of (a) Nile Red in the presence of dodecyl-quaternized nanogel Qc12-NG and tertiary amine-functionalized nanogel
tA-NG (excitation wavelength: 540 nm) and (b) Triclosan and Triclosan-loaded nanogel QcI2-NG+T (excitation wavelength: 280 nm).
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Figure 3. Transmission electron microscopy images of nanogels dried on a carbon-coated copper grid and size distribution by the intensity of
nanogels in aqueous media determined by dynamic light scattering analysis in water at 25 °C. (a) Tertiary amine-functionalized nanogel tA-NG,
(b) methyl-quaternized nanogel QcI-NG, (c) dodecyl-quaternized nanogel Qc12-NG, and (d) Triclosan-loaded nanogel Qc12-NG+T (scale bar =
200 nm).

associated with catheters and other medical implants,*”*® were antimicrobials required to treat infections and, additionally,
determined. Moreover, we hypothesized that the combination preventing the potential occurrence of drug resistance bacteria
of cell membrane disruption by the aliphatic chain and the in the antimicrobial agents used.

“injection” of Triclosan would induce a synergistic effect and

provide a system that kills bacteria more efficiently. Therefore, B RESULTS AND DISCUSSION

through the rational design of the nanogel delivery system, we Preparation and Characterization of Quaternized
could obtain a synergistic effect of both QACs and hydro- Nanogels. For the formation of the antimicrobial nanogels,
phobic antimicrobial agents, thus reducing the amount of first, a tertiary amine-functionalized nanogel (tA-NG) was
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Figure 4. (a) Hydrodynamic radii as a function of temperature obtained from dynamic light scattering measurements for tertiary amine-
functionalized nanogel tA-NG, methyl-quaternized nanogel QcI-NG, and dodecyl-quaternized nanogel Qc12-NG in water. (b) pH-dependent zeta

potential of the tA-NG, QcI-NG, and QcI2-NG in 0.05 M NaCl at 25 °C.

synthesized via precipitation polymerization. For the reaction,
the thermoresponsive monomer NIPAM and the pH-
responsive comonomer DMAPMA were used of which the
latter contains the tertiary amine group required for the
quaternization, as shown in Figure 1. The molar ratio of
tertiary amine to NIPAM within tA-NG as determined by
quantitative analysis using '"H NMR is 12 mol % related to
NIPAM (Figure S1), which is in good agreement with the
monomer feed ratio adjusted during the synthesis (11.8 mol %
of DMAPMA related to NIPAM). To obtain the antimicrobial
properties, the tertiary amine functionality within the nanogel
was quaternized by alkylating the tertiary amine groups with 1-
bromododecane (QcI2-NG) and methyl iodide (QcI-NG),
respectively, as shown in Figure 1. The numbers C1 and C12
indicate the length of the carbon chain used for the
quaternarization, and QcI-NG is considered as the control
nanogel to indicate the effect of the positive charge without the
presence of the longer aliphatic chain conventionally required
to ascertain the antimicrobial property. The degree of
quaternization is approximately 78% of QcI-NG and 94% of
QcI2-NG, calculated from quantitative "H NMR analysis of
the nanogels before and after quaternization (Figure S1).

Characterization of Triclosan-Loaded Nanogels. In
designing the nanogel constructs, the hydrophobic moieties of
QcI2-NG are responsible for the antimicrobial effect.
However, by inclusion of long aliphatic chains within a flexible
hydrogel network, a hydrophobic environment due to
intraparticle self-assembly (micellization) was generated. This
intraparticle micelle formation could encapsulate hydrophobic
components such as the hydrophobic antibacterial agent
Triclosan to further increase the biocidal ability of the nanogel
(Qc12-NG+T), as shown in Figure 1.

Before Triclosan was encapsulated into the nanogel, the
hydrophobic cavity formation within QcI2-NG was deter-
mined by loading Nile Red, a bathochromic fluorescent dye
conventionally used to determine the critical micelle
concentration, and hydrophobic domains are indicated by a
shift in the emission wavelength as well as an increase in the
fluorescence intensity.”">> Both QcI12-NG and tA-NG without
aliphatic chains were incubated with Nile Red. The
fluorescence spectra were collected, and the results are
shown in Figure 2a. The maximum emission wavelength of

Nile Red-loaded QcI2-NG was observed to be around 610 nm
(540 nm excitation), while no fluorescence emission was
observed for Nile Red in the presence of the tA-NG. The
fluorescence properties of Nile Red are highly sensitive to the
environment where it is located.>” The fluorescence intensity is
very weak in aqueous medium, a polar solvent, but increases
drastically in a hydrophobic environment.”* Therefore, the
results shown in Figure 2a suggest that hydrophobic cavities
are present and generated by the aliphatic chains within the
hydrophilic network of the nanogel.

The loading of Triclosan was also detected with fluorescence
spectroscopy. As shown in Figure 2b, the maximum emission
wavelength of Qc12-NG+T was around 376 nm (280 nm
excitation), while the Triclosan itself only showed a weak
pronounced emission band around 315 nm, which is consistent
with previous studies.” Triclosan is a lipophilic compound and
has a weak fluorescence intensity in aqueous solution due to
the poor solubility. However, the presence of Triclosan in a
hydrophobic environment induced a high fluorescence
intensity accompanied by a spectral red shift. Therefore, the
results shown in Figure 2b indicate the successful loading of
Triclosan into the QcI12-NG and further prove the formation
of hydrophobic domains inside the nanogel. The Triclosan
loading capacity of QcI2-NG+T was 6.3 wt %, measured by
UV—vis spectroscopy (Figure S2).

Nanogel Morphology, Hydrodynamic Properties, and
Behavior in Aqueous Media. Figure 3 shows representative
transmission electron microscopy (TEM) images and hydro-
dynamic size distribution determined by dynamic light
scattering analysis (DLS) of all investigated nanogels. The
TEM micrographs revealed that all of the prepared nanogels
were spherical in shape, monodisperse, and similar in size: 347
+ 30, 289 + 27, 345 + 22, and 268 + 15 nm in diameter for
tA-NG, QcI-NG, QcI2-NG, and Qcl2-NG+T, respectively.
Independent of the quaternization with methyl iodide and 1-
bromododecane and the drug loading of Triclosan, all the
nanogels diameters displayed narrow size distributions as
shown in Figure 3. Although the nanogels look very similar, the
QcI2-NG displays a diffuse edge around the nanogel in the
TEM image while after the encapsulating of Triclosan, the
diameter was slightly decreased, and the nanogel appears less
fuzzy. This effect may be attributed to the hydrophobic
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Table 1. Minimal Inhibitory and Minimal Bactericidal Concentrations (MIC and MBC, Respectively) of tA-NG, QcI-NG,
Qc12-NG, Free Triclosan, and Encapsulated in Qc12-NG+T for S. epidermidis ATCC 12228, S. epidermidis HBH 48, S. aureus

5298, and S. aureus ATCC 12600

bacterial strain ug mL™ tA-NG  QcI-NG  QcI2-NG
S. epidermidis ATCC 12228 MIC >4000 >4000 500
MBC >4000 >4000 1000
S. epidermidis HBH 45 MIC >4000 >4000 500
MBC >4000 >4000 500
S. aureus 5298 MIC >4000 >4000 500
MBC >4000 >4000 1000
S. aureus ATCC 12600 MIC >4000 >4000 500
MBC >4000 >4000 1000

triclosan ~ QcI2-NG+T“ (loaded triclosan)  times more efficient (x)”
1.25 0.00246 509
N 0.00983 509
1.25 0.00491 254
10 0.0394 254
2.5 0.00246 1018
S 0.0246 203
1.25 0.00491 254
10 0.0123 814

“Concentrations given are that of Triclosan. Note that in the case of MIC and MBC values against Triclosan-loaded nanogel, encapsulated
Triclosan concentrations are derived from the nanogel concentration and the Triclosan loading content 6.3%. bx = MIC (Triclosan)/MIC (Qcl2-

NG+T) or MBC (Triclosan)/MBC (QcI2-NG+T).

moieties stored inside the hydrophobic domains and
interaction with Triclosan and therefore creates a slightly
denser matrix. The nanogel network is denser driven by the
hydrophobic interaction. The TEM micrographs further
suggest that the Triclosan was loaded into the nanogel via
hydrophobic interactions within the hydrophobic domains of
the nanogel.

To further identify the hydrodynamic properties and
indicate the behavior within the aqueous media, the temper-
ature- and pH-responsive behavior of the three different
nanogels, tA-NG, QcI-NG, and QcI2-NG, were measured
using DLS. The tertiary amine-functionalized nanogel tA-NG
is temperature responsive based on the poly-NIPAM segment,
and the volume-phase transition temperature (VPTT) is
around 38 °C, as shown in Figure 4a, which is consistent
with previously reported work’® and slightly higher than
conventionally found for pure poly-NIPAM nanogels (around
32 °C).”” The increase in VPTT is due to the incorporated
comonomer DMAPMA, which is charged at neutral pH and
increases the hydrophilicity of the polymer network causing
electrostatic repulsion.’® After quaternization with methyl
iodide, the hydrodynamic radius (R,) of the nanogel becomes
slightly larger, and the temperature response is less
pronounced due to stronger repulsive interactions. Due to
the permanently charged ammonium moieties, there is no
possibility for altering the protonation state; persistent
electrostatic repulsion effectively counteracts the hydrophobic
collapse, and a sharp decrease in Ry at a specific temperature is
hindered. The nanogel collapse proceeds over a broad
temperature range instead. The repulsive force among charged
groups in the nanogel interior and the osmotic pressure of the
counterions prevent a complete nanogel collapse.”® However,
in the case of dodecyl-quaternized nanogel, a slight decrease of
the R, with temperature was observed without a distinguish-
able VPTT. The reduction in size compared to the methyl-
quaternized nanogel indicates that there is an internal
attractive force that facilitates this size reduction, which is
most likely the attraction of the hydrophobic aliphatic tails
(micellization). There is less charge repulsion due to the
internal reorganization of charges within the nanogel compared
to methyl-quaternized nanogel, and therefore the temperature
responsiveness is regained to some extent.

In addition, the comonomer DMAPMA also induced the pH
responsiveness to the nanogel, as shown in Figure 4b. The zeta
potential of tA-NG decreased from +8.4 to —1.0 mV with
increasing pH and is around 0 mV above pH 10. With
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increasing pH, the tertiary amine groups of tA-NG become
deprotonated until the nanogel is neutral between pH 8 and 9.
After quaternization, the zeta potential of both QcI-NG and
QcI2-NG showed no pH responsiveness since the quaternary
ammonium cations are permanently charged. The zeta
potential of QcI-NG only shows a slight decrease around pH
7, which is most likely due to the deprotonation of the
remaining tertiary amine moieties since the quaternarization
was about 78%.

Although not pertinent for the intended application, the
changes in the behavior of the nanogels with aqueous media
under different stimulating conditions show the effectiveness of
the modifications and support the intraparticle micelle
formation that is crucial for the storage of hydrophobic
drugs and the delivery of these pharmaceutical agents. In
addition, the change between room temperature and 37 °C for
Qcl12-NG is minimal, making it applicable for in wvivo
temperature conditions.

Antimicrobial Efficacy of the Nanogels. To investigate
the bacterial inhibitory and killing effects of all the prepared
nanogels, the minimal inhibitory concentration and minimal
bactericidal concentration (MIC and MBC) of four different
Gram-positive bacterial strains were determined (S. epidermidis
ATCC 12228, S. epidermidis HBH 45, S. aureus 5298, and S.
aureus ATCC 12600), and free Triclosan was introduced as a
control. The results are shown in Table 1. Among the three
nonloaded nanogels, both the tertiary amine-functionalized
nanogel tA-NG and methyl-quaternized nanogel QcI-NG
showed no antimicrobial effect within the test concentration
(4000 pug mL™"), while the dodecyl-quaternized nanogel QcI2-
NG displayed the potential antimicrobial activity against all the
bacterial species. The MIC and MBC for QcI12-NG are 500
and 500 pg mL™" for S. epidermidis HBH 45 and 500 and 1000
ug mL™" for the other three strains, respectively. Compared to
tA-NG, the quaternization with methyl iodide did not improve
the biocidal activity of QcI-NG, which indicates that the
presence of a permanent positively charged quaternary
ammonium group alone is not sufficient to kill bacteria. In
order to be effective, the presence of the aliphatic chain is
pertinent as used in the QcI12-NG, which can penetrate and
disrupt cell membranes and results in the loss of membrane
integrity with consequent leakage of essential intracellular
constituents.*

All the bacterial strains have some susceptibility to the free
antimicrobial drug Triclosan; the MIC are 2.5 ug mL™" for S.
aureus 5298 and 1.25 ug mL™" for the other three strains. The
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Figure 5. (a) MIC folds reduction and (b) MBC folds reduction of free Triclosan and encapsulated Triclosan in Qc12-NG+T for S. epidermidis
ATCC 12228, S. epidermidis HBH 45, S. aureus 5298, and S. aureus ATCC 12600.

Scheme 1. Schematic Illustration of the Bactericidal Mechanism of Triclosan-Loaded Nanogel”
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“Nanogels interact with the peptidoglycan and cell membrane layers of Gram-positive bacteria via electrostatic interactions (1) and kill the bacteria
by puncturing the cell wall and disordering the cytoplasmic membrane (2), followed by the injection of Triclosan from the intraparticle micelles to

the bacterial cell membrane and inside the cell (3).

required MBCs are two- to eightfold higher than MIC, which
is consistent with previous work.>® However, the Triclosan-
loaded nanogel, Qc12-NG+T, displayed a tremendous
enhancement in antimicrobial activity against all the bacterial
strains. The MIC in terms of encapsulated Triclosan are 2.46
ng mL™" for S. epidermidis ATCC 12228 and S. aureus 5298
and 4.91 ng mL™" for S. epidermidis HBH 45 and S. aureus
ATCC 12600, and the MBC required are four- to tenfold
higher in concentration than MIC, which is a dramatic
improvement compared to free Triclosan in aqueous solution.
The concentrations are based on the available Triclosan
present in the system. As shown in Figure 5, the MIC for
Triclosan-loaded nanogel (Qc12-NG+T) are about 254—1018-
fold lower than for free Triclosan, while the MBC for
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Triclosan-loaded nanogel (Qc12-NG+T) are about 203—814-
fold reduction compared to free Triclosan. All the results
support the hypothesis, as shown in Scheme 1, that nanogels
interacted with the peptidoglycan and cell membrane layers of
Gram-positive bacteria via electrostatic interactions, and then
the hydrophobic moieties punctured the cell wall and
disordered the cytoplasmic membrane. This event is followed
by the injection of Triclosan from the intraparticle micelles
that have merged with the lipid bilayer where it damages the
bacterial cell membrane further. Moreover, following the
extensive membrane damage, Triclosan was injected inside the
cell easily, selectively inhibiting the biosynthesis of fatty acid to
stop the bacteria growth further.*®*° Release of Triclosan will
only happen when the hydrophobic moieties start to interact
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Figure 6. Cell viability in the presence of (a) tertiary amine-functionalized nanogel tA-NG, (b) methyl-quaternized nanogel QcI-NG, (c) dodecyl-
quaternized nanogel QcI2-NG, (d) Triclosan, and (e) Triclosan-loaded nanogel QcI12-NG+T. L929 fibroblasts cells were treated with nanogels
and Triclosan for 24, 48, and 72 h at 37 °C, respectively. The cytotoxicity was determined by XTT assay.

with the lipid membrane resulting in a less hydrophobic
environment inside the nanogel for encapsulation of Triclosan;
therefore, there is no release of Triclosan outside of the
membrane. This way, the effective local concentration of
Triclosan dramatically increases while the overall antimicrobial
agent concentration is lowering hundreds of times (Table 1
and Figure 5). Taken together, the above experimental
evidence highlights that the combination of QACs-modified
nanogel and hydrophobic antimicrobial agents, such as
Triclosan, produces a synergistic effect via the active
nanoinjection of the antimicrobial agent into the bacteria
and thereby results in the extremely high bacterial killing
efficiency.

Biocompatibility of Nanogels. Biocompatibility is a
severe concern for any antimicrobial agent or nanocarrier
that is designed to be used as a therapeutic agent. It is expected
that the antibacterial drugs should possess good activity against
bacteria while displaying low toxicity toward tissue cells. To
investigate the biocompatibility of the prepared nanogels, the
cytotoxicity was assessed using mouse fibroblast cells 1929
after 24, 48, and 72 h incubation (according to ISO protocols)
by XTT assay. The results are shown in Figure 6; free
Triclosan was included as a control group for the comparison
of Triclosan-loaded nanogel. As depicted in Figure 6a and b,
after 24, 48, and 72 h incubation, the tA-NG had no evident
influence on the cell viability at concentrations below 250 ug
mL™!, while the concentration of methyl-quaternized nanogel
QcI-NG did not display cytotoxicity below 125 ug mL™". As
shown in Figure 6c, after 24 h treatment of the dodecyl-
quaternized nanogel QcI2-NG, there is no server cytotoxicity
displayed below 125 ug mL™". However, after 48 and 72 h
treatment, a decrease in cell viability was observed at a
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concentration above 31.3 ug mL™". Compared to the bacteria-
killing concentration of all these three nanogels (MBC > 250
ug mL™"), the cytotoxicity toward mouse fibroblast cells is
relatively high, which might be due to the damage to the cell
membrane or nucleus caused by the positively charged surface
of the nanogels interacting with the negatively charged lipid
membrane or DNA.

In the case of free Triclosan, as shown in Figure 6d, there is
no significant cytotoxicity below the concentration of S pug
mL™! after 24, 48, and 72 h treatment, which is at the same
range as reported before, where Triclosan was shown to be
cytotoxic to epithelial cells due to the induced stimulation of
apoptosis.”’ However, to be able to kill bacteria, the required
concentration of free Triclosan (MBC > 5 pug mL™") is in a
similar range as the cytotoxic concentration. Contrary to the
high dose of free Triclosan needed to kill the bacteria, the
concentration of Triclosan-loaded nanogel (MBC < 0.625 ug
mL™' in terms of nanogel) is lower than the nontoxic
concentration (2.5 ug mL™" after 24 h, 10 ug mL™" after 48
and 72 h, cell viability >80%, Figure 6e). Therefore, the
Triclosan-loaded nanogel is more effective and more
biocompatible than free Triclosan.

B CONCLUSION

In this study, a quaternized nanogel system has been developed
by conjugated quaternized hydrophobic moieties to the
hydrophilic polymer network of the nanogel to form
hydrophobic domains by intraparticle micellization of the
long aliphatic chains. Then the model hydrophobic antimicro-
bial, Triclosan, was loaded into the hydrophobic pockets inside
the nanogel network. As shown in Scheme 1, the nanogel first
attaches to the bacterial cell through the positive charges
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provided by the conjugated quaternized hydrophobic moieties
to the hydrophilic polymer network of the nanogel. Release of
Triclosan from the nanogel is achieved in the presence of
bacteria when the hydrophobic moieties in which the Triclosan
is stored interact with the lipid membrane. As the aliphatic
chains intercalate and permeate the bacterial cell membrane,
these do not interact as strongly anymore with Triclosan,
which allows Triclosan to be liberated more easily and
additionally more directly as the bacterial cell membrane is
opened due to the interaction of the aliphatic QACs. The
effective local concentration of Triclosan at the bacterial site is
thereby dramatically increased. The minimal bactericidal
concentrations become hundreds of times lower, which
significantly improves the therapeutic efficacy of Triclosan.
Even though Triclosan is a widely used antimicrobial agent,
still it is under scrutiny because of its environmental and
potential hazardous effects, which makes it important to
provide systems as presented here that greatly diminish the
used concentration without losing the active effects. Mean-
while, this system is promising in order to reduce the
development of future bacterial resistance and lower the side
effect of the antimicrobial formulation.

B EXPERIMENTAL SECTION

Reagents and Chemicals. N-[3-(Dimethylamino)propyl]-
methacrylamide (DMAPMA, 99%), 2,2'-azobis(2-
methylpropioamidine)dihydrochloride (AMPA, V50, 97%), potassi-
um carbonate (K2CO3), N,N’ methylene-bis(acrylamide) (BIS,
99%), hexadecyltrimethylammonium bromide (CTAB, 99%), Nile
Red, methyl iodide, 1-bromododecane (97%), N,N-dimethylforma-
mide (DMF, anhydrous), and deuterium oxide (D,0) were
purchased from Sigma-Aldrich, The Netherlands. N-Isopropylacryla-
mide (NIPAM, 98%) was purchased from TCI, Belgium. Potassium
chloride (KCl), methanol (anhydrous), ethanol, and tetrahydrofuran
(THF, anhydrous) were purchased from Merck, Germany. Triclosan
was purchased from Duchefa B.V., The Netherlands. All chemicals
were used as received without any further purification. Ultrapure
water (18.2 MQ, arium 611 DI water purification system; Sartorius
AG, Gottingen, Germany) was used in all experiments.

Synthesis of p(NIPAM-co-DMAPMA) Nanogel (tA-NG). p-
(NIPAM-co-DMAPMA) nanogel (tA-NG) was synthesized as
previously reported.’® Briefly, tA-NG was synthesized through
precipitation polymerization. To a 250 mL three-necked flask
equipped with a magnetic stirrer, a reflux condenser, and a nitrogen
inlet and outlet, 1.35 g (11.9 mmol, 85 mol %) of monomer NIPAM,
0.108 g (0.7 mmol, S mol %) of cross-linker BIS, and 0.00437 g
(0.012 mmol) of surfactant CTAB were dissolved in 85 mL of water.
After degassing with N, for 1 h by passing N, through the solution,
the solution was heated to 85 °C, and 10 mL of 0.238 g (1.4 mmol, 10
mol %) of degassed comonomer DMAPMA solution was added with
a syringe. After the pH was adjusted to 8—9 with 0.1 M HCl and 0.1
M NaOH, the reaction was started by injecting S mL of 0.0542 g (0.2
mmol) degassed initiator VS0 solution into the reaction mixture. The
reaction solution was stirred under a nitrogen atmosphere at 300 rpm
for 6 h at 85 °C. The reaction mixture was cooled to room
temperature and stirred overnight. The obtained nanogel was purified
via ultracentrifugation (at 197 000 g for 1 h) of the dispersion and
redispersion of the sediment in water (3X). The pure product was
freeze-dried after purification for further use.

Quaternization of tA-NG with Methyl lodide (Qc7-NG). tA-
NG was quaternized with methyl iodide as previously reported.*® First
0.4 g of tA-NG (14 wt % of amino group) and 0.058 g of K,CO; were
dispersed in 30.3 mL of methanol, and after the addition of 0.17 mL
(2.73 mmol) of methyl iodide the reaction was started and stirred at
room temperature for 4 days. Subsequently water was added to the
reaction mixture, and the methanol was removed under reduced
pressure. Impurities were removed via dialysis against water for 3 days
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(MWCO 3500 Da). The purified product QcI-NG was freeze-dried
for further use.

Quaternization of tA-NG with 1-Bromododecane (Qc72-
NG). tA-NG was quaternized with 1-bromododecane according to a
previously reported approach with a minor revision.”> First 0.5 g (14
wt % of amino group) of tA-NG, 82 mg of NaOH, and 1.027 g (4.12
mmol) of 1-bromododecane were dispersed in 100 mL of DMF, and
the reaction was stirred at 80 °C for 4 days. The reaction was cooled
down to room temperature, and the nanogel was collected by
ultracentrifugation at 197 000 g for 1 h and then further purified by
dialysis against ethanol for 3 days and subsequently against water for 3
days (MWCO 3500 Da). The purified product QcI12-NG was freeze-
dried for further use.

Preparation of Triclosan-Loaded Nanogel (Qc72-NG+T). To
load Triclosan into Qc12-NG, 0.1 mL of a Triclosan solution (10 mg
mL™" in THF) was added to 20 mL of dispersed QcI12-NG (1 mg
mL™" in water) under stirring. The mixture was stirred overnight and
subsequently dialyzed against 96% EtOH for 3 days and subsequently
against water for 3 days to remove THF and unloaded Triclosan. The
purified product QcI2-NG+T was obtained after freeze-drying.

"H NMR. NMR spectra were measured with a Varian Mercury-400
NMR spectrometer (400 MHz). All spectra were measured at room
temperature. D,O was used as a solvent, and a nanogel concentration
of 10 mg mL™" was used. The chemical shifts are presented in parts
per million downfield from the TMS standard. The proton signal of
residual D,O was used as a reference.

Transmission Electron Microscopy (TEM). The morphologies
of the nanogels were observed under a Philips CM120 Microscope
coupled to a 4k CCD camera using an acceleration voltage of 120 kV.
All the samples were negatively stained with uranyl acetate and drop
casted on a carbon film coated Cu grid.

Temperature-Dependent Dynamic Light Scattering and
Zeta Potential () Measurements. The hydrodynamic radius (R;)
and polydispersities of the nanogels were determined by dynamic light
scattering (DLS). The measurements were performed using a Malvern
ZetaSizer ZS ZEN3600 (Malvern Instruments, U.K.) equipped with a
temperature controller. The scattering detector was positioned at a
fixed scattering angle of 173°. The concentrations of nanogel
dispersions were around 0.1 mg mL™" in water. Hydrodynamic radii
were calculated from the diffusion coefficients using the Stokes—
Einstein equation. The polydispersity index is given by the cumulant
analysis method. Temperature-dependent measurements were
performed in a range of 20—60 °C with 2 °C intervals. Before the
data collection of each temperature, the sample was allowed to
equilibrate for 3 min at the proper temperature. Each data point is an
average of three successive size measurements, which themselves
consist of 11—15 measurements.

Zeta potential measurements were performed with the same
instrument. The concentrations of nanogel dispersions were around
0.01 mg mL™". The {-potentials were a result of the average of three
successive measurements. All nanogel solutions used for pH-
dependent {-potential measurements were diluted with 0.05 M
NaCl and adjusted to the desired pH (pH 3—11) with 0.1 M HCI
and/or 0.1 M NaOH.

Fluorescence Spectroscopy. To prove that the hydrophobic
cavities were formed from the aliphatic chains of 1-bromododecane in
QcI2-NG, Nile Red, a model hydrophobic dye, was incorporated into
QcI2-NG in the same way as Triclosan. For comparison reasons a
dye-containing dispersion made of the tA-NG without aliphatic chains
was prepared. After purification, 1 mL of Nile Red-loaded QcI2-NG
and tA-NG was dispersed in water (0.1 mg mL™") for fluorescence
measurement. The fluorescence spectroscopy was performed at 24 °C
using a SpectraMax M3Multi-Mode Plate Reader at an excitation
wavelength of 540 nm (emission wavelength from 590 to 700 nm in
10 nm steps). Water was used as a reference.

The fluorescence spectra of Triclosan and Triclosan-loaded
nanogel were collected using the same method at an excitation
wavelength of 280 nm (emission wavelength from 295 to 470 nm in
10 nm steps).

https://dx.doi.org/10.1021/acsapm.0c01031
ACS Appl. Polym. Mater. 2020, 2, 5779-5789


pubs.acs.org/acsapm?ref=pdf
https://dx.doi.org/10.1021/acsapm.0c01031?ref=pdf

ACS Applied Polymer Materials

pubs.acs.org/acsapm

UV-Vis Spectroscopy. The Triclosan loading content of Qcl2-
NG+T was measured by UV—vis spectroscopy. The absorbance of the
nanogel solution at 280 nm was recorded on a UV-—vis
spectrophotometer (PerkinElmer Lambda 2s). With the use of a
calibration curve obtained over a series of Triclosan concentrations
(128, 2.5, 5, 10, 20, and 40 pg mL™'), the UV absorbance was
correlated to the amounts of Triclosan that were loaded in the
nanogel by isolating the signal of the Triclosan via deconvolution.

Bacterial Strain and Growth Conditions. Four bacterial strains
were used in this study: S. aureus ATCC 12600, S. aureus 5298, S.
epidermidis ATCC 12228, and S. epidermidis HBH 45. All strains were
first cultured from cryopreservative beads onto a blood agar plate
overnight at 37 °C in ambient air. For experiments, one colony was
transferred to inoculate 10 mL of tryptone soya broth (TSB for S.
aureus ATCC 12600 and S. aureus 5298; OXOID LTD, U.K.) or
nutrient broth (NB for S. epidermidis ATCC 12228 and S. epidermidis
HBH 45; OXOID LTD, U.K.) at 37 °C for 24 h in ambient air. This
preculture was then used to inoculate a second culture of 200 mL of
TSB or NB and grown statically for 16—18 h at 37 °C. The bacteria
from the second culture were harvested by centrifugation at 5000 g
for S min at 10 °C and washed twice with potassium phosphate
buffered saline (PBS, 10 mM potassium phosphate, 0.15 M NaCl, pH
7.0). Subsequently, bacteria were sonicated for 30 s at 30 W (Vibra
Cell model VCX130; Sonics and Materials Inc., Newtown, CT) while
cooling in an ice/water bath to obtain single bacteria by breaking
possible bacterial aggregates. Finally, the bacteria were resuspended in
200 mL of TSB or NB to a concentration of 1 X 10° bacteria mL™" as
detected using a Biirker—Tiirk counting chamber.

Antimicrobial Properties. The antimicrobial properties of
quaternized nanogels QcI-NG and QcI2-NG and Triclosan-loaded
nanogel QcI2-NG+T against planktonic staphylococci were evaluated
by determining the minimal inhibitory (MIC) and minimal
bactericidal concentrations (MBC). The nonquaternized tA-NG and
Triclosan were tested as control groups. Nanogels and Triclosan were
dispersed in either TSB or NB and further serial diluted in 96-well
plates (100 L per well) except the positive control wells containing
only broth medium. Ten microliters of the above-mentioned bacterial
suspension (1 X 10° bacteria mL™") was added to each well and
incubated for 24 h at 37 °C. All these growth assays were performed
in triplicate. To obtain a higher and homogeneous solubility in TSB
or NB medium, we first dissolved Triclosan in ethanol, and then
diluted it with the medium to get a solubility of 20 mg/L in a 1:50
solution of ethanol:TSB/NB medium (pH 7.2). This approach results
in a homogeneous Triclosan solution of 20 mg/L in the medium at 37
°C.

The MIC values were taken at the lowest concentration of nanogels
or Triclosan at which no visual bacterial growth was detectable. The
MBC values were determined by plating each MIC dilution series of
no visible bacteria growth on TSB or NB agar plates. After being
incubated for 24 h at 37 °C, the lowest concentration at which colony
formation remained absent was taken as the MBC. Three
independent experiments were performed for each sample tested.

Cytotoxicity Assay. XTT assay was carried out to evaluate the
cytotoxicity of nanogels against L929 cells (Mouse fibroblast cell
line). Triclosan was selected as a control. L929 cells were cultured in
Minimum Essential Medium (MEM, Gibco) supplemented with 10%
fetal bovine serum (Gibco) and 100 units mL™" of streptomycin and
penicillin (Gibco). The cells were maintained at 37 °C in a humidified
atmosphere of 5% CO, in air. L929 cells were separately seeded into
96-well plates at a density of 8000 cells per well for 24 h and 5000
cells per well for 48 and 72 h (n = 3). Wells containing 100 uL of
medium alone were included as blank absorbance readings. After 24 h
of incubation, the medium was replaced with 100 yL of fresh medium
containing nanogels and Triclosan at various concentrations (1000,
500, 250, 125, 62.5, 31.3, 15.6, 7.8, and 3.9 ug mL™" for tA-NG, Qcl-
NG, and QcI2-NG; 10, 5, 2.5, 1.25, 0.625, 0.313, 0.156, 0.078, and
0.039 ug mL™" for QcI12-NG+T and Triclosan) and incubated for
another 24, 48, or 72 h. Cells without treatment were used as the
control. Afterward, S0 uL of XTT solution (2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, AppliChem,
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A8088) was added to each well, and the cells were then incubated
for another 2 h. The absorbance at 490 nm was measured with a
FluoStar Optima Plate reader. To avoid nonspecific readings, the
absorbance at 690 nm was measured and subtracted from the 490 nm
measurement. The cell viability was determined by the standard XTT
assay protocols. Three independent experiments were performed for
each sample tested.
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