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ABSTRACT Increased resistance of bacteria to disinfection and antimicrobial
treatment poses a serious public health threat worldwide. This has prompted the
search for agents that can inhibit both bacterial growth and withstand harsh
conditions (e.g., high organic loads). In the current study, N-halamine-derivatized
cross-linked polymethacrylamide nanoparticles (NPs) were synthesized by co-
polymerization of the monomer methacrylamide (MAA) and the cross-linker
monomer N,N-methylenebis(acrylamide) (MBAA) and were subsequently loaded
with oxidative chlorine using sodium hypochlorite (NaOCl). The chlorinated NPs

demonstrated remarkable stability and durability to organic reagents and to

ROS formation

repetitive bacterial loading cycles as compared with the common disinfectant NaOCl (bleach), which was extremely labile under these conditions. The

antibacterial mechanism of the cross-linked P(MAA-MBAA)-Cl NPs was found to involve generation of reactive oxygen species (R0S) only upon exposure to

organic media. Importantly, ROS were not generated upon suspension in water, revealing that the mode of action is target-specific. Further, a unique and

specific interaction of the chlorinated NPs with Staphylococcus aureus was discovered, whereby these microorganisms were all specifically targeted and

marked for destruction. This bacterial encircling was achieved without using a targeting module (e.g., an antibody or a ligand) and represents a highly
beneficial, natural property of the P(MAA-MBAA)-Cl nanostructures. Our findings provide insights into the mechanism of action of P(MAA-MBAA)-Cl NPs and
demonstrate the superior efficacy of the NPs over bleach (i.e., stability, specificity, and targeting). This work underscores the potential of developing
sustainable P(MAA-MBAA)-Cl NP-based devices for inhibiting bacterial colonization and growth.
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he re-emergence of bacterial infec-
Ttions as well as the increased in-

cidence of antimicrobial resistance
among pathogenic bacteria constitute one
of the paramount challenges facing human-
ity today, presenting a serious public health
threat worldwide. The threat is particularly
worrying in light of the few antimicrobial
agents expected to enter the market in
the near future.' 3 In the United States
alone, around 2 million people acquire bac-
terial infections annually, resulting in 90 000
deaths each year.* Indeed, the Center for
Disease Control and Prevention has recently
issued an assessment that we are very
close to entering the “post-antibiotic era”.”
This highlights the need to develop
novel antimicrobials and find innovative
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and creative solutions to inhibit bacterial
growth.

New materials exhibiting antimicrobial
properties have been developed over the
past decade®” Among these agents,
N-halamine compounds that contain one
or more nitrogen—halogen covalent bonds
are attracting growing interest as they excel
as antimicrobials. Moreover, N-halamine
agents have long-term stability in aqueous
solutions, are weakly toxic and relatively
cheap, and can easily be regenerated to
carry halogens®? All of these properties
have made N-halamine compounds par-
ticularly attractive as food and water
disinfectants.'®""

One promising approach to combating
bacteria is based on nanotechnology-tailored
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agents. Nanoparticles (NPs) have peculiar and well-
defined properties that distinguish them from their
bulk chemical counterparts, for example, large surface
area to volume ratio. The latter enhances the interac-
tion of NPs with a given microbe due to a higher
number of functional sites. Probably the most studied
antibacterial NPs are made of silver.'? Several studies
have shown that silver NPs have enhanced antimicro-
bial activity compared to silver ions.">'* Recently, it
was reported that carbon nanoscrolls filled with silver
NPs exhibit lengthened antifungal activities due to
the controlled release of the silver ions."> However,
lately, regulatory agencies have been expressing
less enthusiasm toward nano-Ag due to its possible
cytotoxicity.'™"® Other metals such as gold, metal
fluorides, and metal oxide NPs have also been shown
by us and others to have strong antimicrobial
activity against a wide range of pathogenic micro-
organisms.'®~2* Additionally, our group has recently
reported the sonochemical synthesis of a Zn- doped
CuO composite (i.e., ZnCuO), which demonstrated
antibacterial properties stronger than the ones de-
tected with just CuO or ZnO NPs.>> Carbon nanotubes
are another example as highly purified single-walled
carbon nanotubes were also shown to exhibit strong
antimicrobial activity.?® Nevertheless, these men-
tioned NPs and other disinfection agents are non-
rechargeable, susceptible to organic materials, and
thus only provide short-term protection.

Recently, we sought to combine the advantages of
N-halamine compounds and nanotechnology-driven
agents. To this end, we fabricated novel recyclable
N-halamine-derivatized cross-linked polymethacryla-
mide NPs via surfactant-free dispersion copolymeriza-
tion of methacrylamide (MAA) and the cross-linking
monomer N,N-methylenebis(acrylamide) (MBAA) in an
aqueous continuous phase, followed by chlorination
via NaOCl.?” These chloramine-derivatized NPs were
found to be extremely potent against Escherichia coli
and Staphylococcus aureus as well as against multi-
drug-resistant bacteria, establishing the efficacy of this
newly synthesized material.?’ In the current study, we
further characterized the antibacterial potential of
P(MAA-MBAA)-CI NPs in comparison to NaOCl (bleach),
one of the most widely used disinfectants in medical,
industrial, and domestic settings. We show that the
nanoscale P(MAA-MBAA)-Cl retains potent antibacte-
rial activity even after exposure to organic materials
and repetitive bacterial loading cycles as compared to
bleach, which is highly labile under these conditions,
losing its biocidal activity rapidly. We also investigated
the mechanism whereby the P(MAA-MBAA)-CI NPs kill
bacteria by monitoring generation of reactive oxygen
species (ROS), bacterial interaction, and the ability to
inflict morphological changes. Our results support
the utility of P(MAA-MBAA)-CI NPs as potent anti-
microbials with various environmental and biomedical

NATAN ET AL.

applications, as the NPs withstand harsh organic
conditions.

RESULTS AND DISCUSSION

Characterization of the Chlorinated and Non-chlorinated
P(MAA-MBAA) NPs. P(MAA-MBAA) NPs were synthesized
as described in the Methods section. Solid-state NMR
was conducted as a complementary analysis to the
characterization assays conducted previously?” to
monitor the polymerization process and distinguish
between the chlorinated and non-chlorinated P(MAA-
MBAA) NPs.

The P(MAA-MBAA) NPs were verified by the disap-
pearance of the vinylic proton peaks at 5.12 and
5.91 ppm and the appearance of broad peaks of the
polymer aliphatic protons at 1—3.5 ppm. Additionally,
new cross-linker methylene protons appeared at
4.77 ppm. The chlorination was also verified by 'H
NMR. The amide proton peak at 7—9 ppm disappeared
when H replaced Cl, and the methylene proton peak
was shifted to 5.5 ppm because of the chlorination of
the methylene substitutions. X-ray diffraction (XRD)
characterization presented in Figure 1 demonstrates
the XRD patterns of the MAA and MBAA monomers
versus the P(MAA-MBAA) NPs and the chlorinated ones.
The XRD measurements on the MAA and MBAA mono-
mer powders display clear sharp and narrow diffraction
peaks, typically observed for crystalline materials
(Figure 1A,B), while the X-ray powder diffraction of
the NPs revealed very poor diffraction patterns, point-
ing to the amorphous nature of the NPs (Figure 1C,D).

The zeta-potential was also evaluated for the NPs
as it may affect their stability. The zeta-potential was
found to be negative: —11.3 and —12.72 mV for the
chlorinated NPs and their non-chlorinated counter-
parts, respectively. Finally, the P(MAA-MBAA)-Cl NPs
were also imaged using cryogenic transmission elec-
tron microscopy (cryo-TEM) as this reveals their dry
size (Supporting Information, Figure S1) which was
estimated to be between 5 and 9 nm.

P(MAA-MBAA)-CI NPs Withstand Repeated Loading of Bacteria
and Organic Materials. We began by characterizing the
bactericidal potential of P(MAA-MBAA)-Cl NPs relative
to the soluble non-nanometric N-halamine polymer
MAA-CI (i.e., PMAA-CI) and to NaOCl, the chemical that
was used to load the P(MAA-MBAA)-NPs with oxidative
Cl (see Methods section) and is the active ingredient of
household bleach, one of the most commonly used
disinfectants in the world.?® All three reagents release
CI that kills bacteria, and the oxidative chlorine con-
centrations used were 11 and 8 mM. As presented in
Table 1, the chlorinated NPs and NaOCI killed both
E. coliand S. aureus, two common bacterial pathogens
representing Gram-negative and Gram-positive bac-
teria, respectively, while the PMAA-CI was much less
effective and killed only S. aureus. These results clearly
show that P(MAA-MBAA)-Cl NPs and NaOCI are more
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Figure 1. XRD patterns of the monomers MAA (A), MBAA (B), and the polymerized NPs P(MAA-MBAA) (C) and the charged

ones (D).

TABLE 1. Antibacterial Activity of P(MAA-MBAA)-CI NPs,
PMAA-CI, and NaOCI against E. coli and S. aureus

reagent name E. coli S. aureus
P(MAA-MBAA)-CI NPs (11 mM) total kill total kill
P(MAA-MBAA)-CI NPs (8 mM) total kill total kill
PMAA-CI (11 mM) 6 log (out of 10) total kill
PMAA-CI (8 mM) no killing total kill
Naodl (11 mM) total kill total kill
NaodCl (8 mM) total kill total kill

effective than the non-nanometric PMAA-Cl, and we
continued comparing the antibacterial activity of these
two materials in the current study.

Our next step was to determine the minimum
inhibitory concentration (MIC) of the two agents.
Briefly, E. coli and S. aureus were exposed to serial
dilutions of either P(MAA-MBAA)-CI NPs (aqueous
dispersion) or NaOCl. The MIC of the two reagents
was found to be the same, 5.6 mM oxidative Cl, for
both E. coli and S. aureus. Notably, bacteria exposed
to non-chlorinated P(MAA-MBAA) NPs did not exhibit
growth arrest and behaved like untreated bacteria,
which is in accordance with our previous report.?’

Next, we tested the capability of chlorinated NPs
versus NaOCl to withstand repetitive cycles of bacterial
exposure. To this end, both E. coli and S. aureus were
incubated with either NaOCI or the chlorinated NPs.
This concentration was applied in all the experiments,
unless indicated otherwise. Every hour, a sample was
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Figure 2. P(MAA-MBAA)-CI NPs and NaOClI withstand repe-
titive bacterial loading cycles. (A) E. coli or (B) S. aureus were
treated with either P(MAA-MBAA)-CI NPs, NaOCl, or were
untreated. Every hour, aliquots were removed from each
sample and plated on agar plates. In parallel, 10° CFU/mL of
freshly prepared bacteria was added. After the eighth
loading cycle, the tubes were left in the shaker and samples
taken the following day. Error bars represent the standard
deviation of three independent experiments. It is important
to note that, because the P(MAA-MBAA)-Cl was able to kill
all the bacteria at all the indicated time points, the gray bars
are not shown in the graph.

taken from each tube and plated on agar plates, and
in parallel, 10° colony-forming units (CFU)/mL of
freshly prepared bacteria was added. In total, 8 bacte-
rial loading cycles were conducted. As presented in
Figure 2, the P(MAA-MBAA)-CI NPs retained activity
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Figure 3. Short-term stability of P(MAA-MBAA)-CI NPs versus NaOCl to organic material. E. coli (A,C,E) or S. aureus (B,D,F) were
added to LB media that had been preincubated with either P(MAA-MBAA)-CI NPs, NaOCl, or left untreated for 3 h (A,B), 5 h
(C,D) or 24 h (E,F). Aliquots were removed after a further 3 or 24 h incubation and plated on agar plates to determine bacterial
viability. Error bars indicate the standard deviation of three independent experiments.

throughout the experiment, eradicating both E. coli
and S. aureus. In contrast, NaOCl was no longer able to
promote bacterial killing from cycle 4 for E. coli and
from cycle 2 for S. aureus. It isimportant to note that the
quantity of bacteria exposed to bleach throughout the
loading cycles did not reach the concentration of
bacteria residing in the control test tube (i.e., untreated
bacteria) (Figure 2), suggesting that the bactericidal
activity of bleach during this short incubation has been
hampered. To investigate this premise, we checked the
viability of bacteria sampled following an overnight
incubation. After a longer exposure time to NaOCI,
there were no viable E. coli bacteria, which suggests
that given enough time bleach still managed to kill the
bacteria, whereas the S. aureus bacteria were able to
overcome the growth inhibitory affect observed fol-
lowing the short exposure. These data demonstrate
that S. aureus bacteria are more resistant to bleach
than E. coli. Importantly, after an overnight incubation
with P(MAA-MBAA)-CI NPs, neither E. coli nor S. aureus
bacteria were viable (Figure 2).

A limitation of inorganic halogen-based biocides,
such as bleach, is that they are very corrosive and
hence susceptible to organic material."’ Our bacterial
loading results indicate that P(MAA-MBAA)-CI NPs
possess the desirable property of increased stability.

NATAN ET AL.

To examine this further, we compared the stability of
chlorinated NPs versus bleach in full organic media (i.e.,
Luria—Bertani, LB). To this end, P(MAA-MBAA)-Cl NPs
and NaOCl| were preincubated with LB for different
periods: 3, 5, or 24 h. After this initial incubation with
organic media, E. coli or S. aureus bacteria were sup-
plemented to a final concentration of 10° CFU/mL, and
samples were taken after a further 3 or 24 h of
incubation. We expected that the preincubation step
would impact the efficacy of each biocide differently
and the extent of impact would correlate with the
length of time the samples were exposed to organic
material (i.e., LB) prior to addition of bacteria. As shown
in Figure 3A, preincubation of NaOCI or chlorinated
NPs with LB for 3 h prior to addition of E. coli had no
impact on their bactericidal activity. However, preincu-
bation of NaOCI with media for 3 h prior to addition of
S. aureus did compromise its bactericidal activity, as the
reagent was subsequently only capable of evincing
complete killing by 24 h (Figure 3B). In contrast, pre-
incubation of P(MAA-MBAA)-CI NPs with media for 3 h
prior to addition of S. gureus had no impact on its
bactericidal activity, with complete killing observed
after 3 h (Figure 3B). Preincubation of NaOCI with
media for 5 h prior to addition of E. coli resulted in
growth inhibition at the 3 h time point, with bacteria
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Figure 4. P(MAA-MBAA)-CI NPs exhibit long-term activity
and stability to organic materials. (A) E. coli or (B) S. aureus
were treated with either P(MAA-MBAA)-CI NPs, NaOCl, or
were untreated. Each of these reagents was preincubated
with LB medium for 24 h (day 1) following which 10° CFU/mL
of the relevant bacteria was added for 24 h (day 2). Every day,
aliquots were removed from each sample and plated on agar
plates. In parallel, 10° CFU/mL of fresh bacteria was added as
appropriate. Error bars represent the standard deviation of
three independent experiments.

viability reduced by almost 4 log; complete killing was
evident only at 24 h (Figure 3C). The same conditions
elicited growth arrest for S. aureus (Figure 3D), further
corroborating our premise that E. coli is more sensitive
to bleach than S. aureus. Remarkably, preincubation of
P(MAA-MBAA)-CI NPs with LB for 5 h prior to addition
of E. coli or S. aureus did not compromise its bacte-
ricidal activity (Figure 3C,D). Finally, preincubation of
NaOCl with LB for 24 h prior to addition of E. coli or
S. aureus destroyed its antibacterial activity, such that
the bacteria grew comparably to untreated controls
(Figure 3EF). In sharp contrast, preincubation of
P(MAA-MBAA)-CI with LB for 24 h prior to addition of
E. coli or S. aureus did not compromise its bactericidal
activity (Figure 3EF). In summary, P(MAA-MBAA)-Cl
NPs exhibit superior stability to organic materials when
compared to bleach.

Having established that chlorinated NPs are still
toxic toward bacteria despite pre-exposure to organic-
rich media for 24 h, we examined the longer-term
activity of P(MAA-MBAA)-ClI NPs. To this end, P(MAA-
MBAA)-CI NPs were exposed to repetitive bacterial
loading cycles for up to 17 days. The chlorinated NPs
retained bactericidal activity over 6 loading cycles of
E. coli spread over 9 days, but by the seventh cycle (on
the 10th day), bacterial growth was only partially
attenuated, and by the ninth loading cycle (day 12),
the E. coli grew comparably to untreated controls
(Figure 4A). As for S. aureus, the chlorinated NPs
continued killing the bacteria for nine consecutive
cycles spread over 12 days, with bacterial growth
only detectable on the following cycle (Figure 4B).
Taken together, the data demonstrate that nanosized
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Figure 5. Kinetics of oxidative chlorine release from P(MAA-
MBAA)-CI NPs and NaOCI. Chlorinated NPs and NaOCl were
incubated with LB medium, and at the stated time points,
samples were taken for oxidative chlorine quenching via
Nal. The oxidative chlorine concentrations were determined
by spectrophotometry measurements at 292 nm (A) and
350 nm (B); 0% refers to the initial oxidative chlorine concen-
tration found on either the NPs or NaOCl in water, i.e., prior
to addition of the organic medium.

P(MAA-MBAA)-CI NPs are far more stable than NaOCl
when exposed to organic materials. It was of interest
to check at which concentration NaOCI retained the
capability to kill bacteria when the NaOC| was pre-
incubated for 1 week with LB media. To address this,
we took a sample of fresh NaOCI straight from a
commercial bottle, corresponding to 0.72 M, incubated
it with LB medium for 1 week, and then added bacteria.
Interestingly, we found that 0.36 M of NaOCl, which is
33 times more than the concentration of the oxidative
Cl bound to the NPs, is required to kill E. coli and
S. aureus, with 0.18 M NaOCl ineffective (Supporting
Information, Figure S2). This finding underscores the
advantages of using chlorinated NPs over NaOCl, both
in terms of stability and efficacy.

To investigate in more detail the stability of P(MAA-
MBAA)-CI NPs, we measured the oxidative chlorine
content of the chlorinated NPs versus bleach after
incubation in LB medium for 11 days. The oxidative
chlorine concentration was determined using a spec-
trophotometer at 292 nm (Figure 5A) and 350 nm
(Figure 5B). We observed a surge in NaOCl consump-
tion upon exposure to LB, as the oxidative Cl release
from NaOCl was very rapid, with almost 50% of the
NaOCl molecules sequestered by organic substances
after only 10 min of incubation in the medium
(Figure 5). In contrast, approximately 90% of the NPs
retained their chlorinated form, suggesting a gradual
decay of the CI* from the NPs as opposed to the rapid
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Figure 6. Killing kinetic curves of E. coli (A) and S. aureus (B)
in the presence of either P(MAA-MBAA)-Cl or NaOCl. The
growth curves of untreated bacteria or bacteria incubated
with P(MAA-MBAA) NPs are displayed, as well. The experi-
ments were conducted at least three independent times.

decay observed for NaOCI. Still, this amount of released
CI* was sufficient to induce bacterial killing even
following separation of the loaded NPs as presented
in Figure S3. Furthermore, after 1 day of incubation, we
could barely detect CI™ on NaOCl, with 0.9 and 0.5%
chlorinated according to measurements at 292 and
350 nm, respectively (Figure 5), whereas 12% of NPs
retained CI*. Taken together, the data indicate that the
organic materials in the medium scavenge the CI* in
NaOCl, compromising its activity and rendering bleach
unable to kill bacteria. However, chlorinated NPs are
far more stable, resist the scavenging nature of the
organic material, and, hence, exhibit extended anti-
bacterial activity under these conditions.

Given our finding that NaOCI releases reactive
chlorine to the medium much more rapidly than
P(MAA-MBAA)-CI NPs, we compared the killing kinetics
of these reagents in the presence of E. coli (Figure 6A)
or S. aureus (Figure 6B). In line with the observed
differences in the oxidative chlorine release kinetics,
NaOCI acted faster, eradicating both types of bacteria
within 2 min of exposure, in comparison to the chlori-
nated NPs that eliminated the same amount of bacteria
only after 30 min (Figure 6). Importantly, bacteria
suspended in water instead of LB were also eradicated
faster following exposure to bleach (Supporting Infor-
mation, Figure S4). Of note, the P(MAA-MBAA)-CI NPs
suspended in LB killed bacteria a bit slower compared
to water, presumably due to the organic load found in
LB that most likely consumed some of the CI* found on
the NPs. In summary, our data show that bleach exerts
its antimicrobial activity faster than the NPs; how-
ever, in the long run, P(MAA-MBAA)-CI NPs exhibit
superior stability and efficacy, especially under adverse
environmental conditions that contain high organic

TABLE 2. Genetically Engineered Bioluminescent Strains
Employed in the Present Study** '

promoter stress sensitivity

recA DNA damage

katG oxidative stress (peroxides)

micF superoxide and hyperosmotic stresses

fabA fatty acid availability

grpE heat shock

marR involved in antibiotic resistance

sodA superoxide damage and oxidative stress
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Figure 7. P(MAA-MBAA)-CI NPs induce oxidative stress.
E. coli strains bearing a promoter—Ilux fusion for oxidative
stress-related genes, i.e.,, micF or sodA, were exposed to
5.5 mM oxidative chlorine found on the P(MAA-MBAA)-CI
NPs for 8 h. Bacteria treated with either sterile water or
P(MAA-MBAA) NPs served as negative controls. Gene ex-
pression was monitored by measuring luminescence. The
results are presented as relative luminescence units (RLU) as
a function of growth (OD595). Error bars correspond to the
standard deviations of three independent experiments.

load like proteinaceous materials. Therefore, P(MAA-
MBAA)-CI NPs should be the reagent of choice.
P(MAA-MBAA)-CI NPs Exert Antimicrobial Effects via Oxidative
Stress. To understand better the mechanism whereby
the P(MAA-MBAA)-Cl nanoagents exert their toxic
effects, we took advantage of biosensor E. coli bacteria
created by Belkin and colleagues.?® 3" The genetically
engineered bacteria harbor plasmid bioluminescence
lux genes fused to specific stress response promoters
and thus can be exploited to monitor activation of
stress responses, such as heat shock, DNA damage,
oxidative stress, and fatty acid metabolism disruption.
Of all the bacteria screened (Table 2), only E. coli strains
harboring a plasmid containing either micF::luxCDABE
or sodA:luxCDABE fusion were significantly induced
by the P(MAA-MBAA)-CI NPs in comparison to bacte-
ria treated with either water or non-chlorinated NPs
(Figure 7). It is important to note that this response
was observed only when a lower dose (5.5 mM) of the
chlorinated NPs was applied that was not high enough
to induce massive cell death but was sufficiently high
to induce the bacterial defense pathways. sodA and
micF are both responsive to oxidative stress, and their
induction by P(MAA-MBAA)-Cl NPs likely reflects the
mechanism underlying bacterial killing. Superoxide
dismutase (i.e., sodA) catalyzes the transition of super-
oxide (0%7) to oxygen and H,0,,*? and then catalase
and peroxidase prevent the accumulation of H,0,
within the cell by converting it to H,0 and 0,3
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Figure 8. P(MAA-MBAA)-CI NPs provoke formation of
hydroxyl radicals. EPR spectrum of the DMPO-OH adducts
formed upon mixing P(MAA-MBAA)-CI NPs with LB medium
(black line) or distilled water (red line). The blue line repre-
sents P(MAA-MBAA) NPs mixed with LB media.

Accordingly, sodA is considered to be a key enzyme
in E. coli oxidative stress response. The micF gene
encodes a nontranslated 93 nt antisense RNA that
binds the mRNA of the outer membrane porin protein
(OmpF), triggering OmpF degradation and hence
representing a negative regulator.>* OmpF forms pores
at the outer cell membrane, allowing the passive
diffusion of small hydrophilic molecules across the
membrane.®® Regulation of outer membrane perme-
ability critically influences survival of the bacteria in
response to environmental stress. Indeed, various
environmental factors have been shown to be involved
in MicF-mediated reduction of OmpF levels, such
as oxidative stress,>® nutrient depletion,>’*® and in-
creased osmolarity.3”?

Since activation of these two reporter strains is
associated with oxidative stress, we carried out elec-
tron paramagnetic resonance (EPR) measurements
to determine directly whether the chlorinated NPs
generate ROS using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) to trap oxygen-centered free radicals. The
DMPO spin trap reacts with ROS, such as hydroxyl
radicals or superoxide anion radicals, to produce the
spin adducts DMPO-OH or DMPOOH, respectively. The
DMPO-OH is a relatively stable paramagnetic species
with a characteristic EPR signal of 1:2:2:1 quartet.*® We
observed a typical EPR spectrum of DMPO-OH, giving
rise to four resolved peaks (Figure 8), suggesting the
formation of hydroxyl radicals (¢OH). Of note, these
radicals were formed only following exposure of the
nanosized P(MAA-MBAA)-Cl to organic reagents, such
as LB media, and not when the chlorinated NPs were
suspended in water (Figure 8), revealing a target-
specific mode of action. To further elucidate with what
components in the LB medium the chlorinated NPs
interact to generate the hydroxyl radicals, each of
the materials found within this growth medium (i.e.,
Tryptone, yeast extract, and NaCl) was exposed to the
P(MAA-MBAA)-CI NPs. Only the Tryptone and the yeast
extract triggered ROS formation by the NPs as opposed
to NaCl, which did not interact with the particles
(Supporting Information, Figure S5), emphasizing the
specificity of the charged NPs toward organic materi-
als. This remarkable specificity is not exhibited by
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NaOCl, as we (data not shown) and others*' have
demonstrated the generation of free radicals upon
mixing NaOCI with water. Similar to NaOCl, other NPs
(e.g., metal oxides) have been shown to generate ROS
in water suspensions,”>?*> emphasizing that this spe-
cific activation in organic medium represents a unique
and beneficial property of the chlorinated NPs. We
surmise that the ROS are generated directly or indi-
rectly by the oxidative chlorine attached to the NPs
because non-chlorinated NPs did not provoke the
formation of hydroxyl radicals (Figure 8). This model
is in line with our earlier observations that the chlori-
nated adducts are released only upon incubation with
organic agents (Figure 5) and not when suspended in
water.?” It is important to note that the charged NPs
are capable of killing bacteria suspended in water
(Supporting Information, Figure S4), as the chlorinated
NPs can exert toxicity via a direct transfer of the oxida-
tive chlorine to a bacterial associated component.*?
Therefore, it seems like the P(MAA-MBAA)-CI NPs can
kill bacteria both in the presence of organic substances
(via ROS generation or through a transfer of the CI*
to bacteria) and in the presence of water only upon
addition of bacteria.

The «OH free radicals are extremely toxic and
notorious for their ability to cause cellular damages,
including DNA damage and oxidation of lipids and
amino acids in proteins.*® Thus, the formation of ROS
by P(MAA-MBAA)-Cl provides a mechanistic basis
whereby these NPs exert detrimental effects. The
proposed relationship between ROS production and
bacterial killing is corroborated by our finding that
lower concentrations of chlorinated NPs are associated
with reduced production of the DMPO-OH quartet sig-
nal and, in turn, partial killing of bacteria (Figure 9). In
fact, low concentrations (1.25 mM) of P(MAA-MBAA)-Cl
that do not kill the bacteria (Figure 9A) hardly trigger
formation of ROS (Figure 9B). In summary, the CI*-
charged NPs promote formation of ROS, which triggers
the oxidative-type stress response and, ultimately,
results in cell death.

To further corroborate that the chlorinated NPs
trigger formation of «OH and that these radicals are
the cause for the antibacterial activity imparted by the
NPs, we exploited dimethyl sulfoxide (DMSO), N-acetyl
cysteine (NAC), and ascorbic acid (AA) as potent hydrox-
yl radical scavengers, serving as an established means
of mitigating the deleterious effects of «OH. In line with
our model that mixing P(MAA-MBAA)-CI NPs with
organic reagents leads to ROS formation, DMSO addi-
tion reduced the levels of DMPO-OH by 60%, while
NAC and AA completely abrogated the formation of
DMPO-OH (Figure 10A). In light of these results, the
effect of these antioxidants on the chlorinated NPs'
antibacterial activity was examined. While the P(MAA-
MBAA)-CI NPs killed both E. coli (Figure 10B) and
S. aureus (Figure 10C) in the presence of LB after 15 min,
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Figure 9. Antibacterial activity of P(MAA-MBAA)-CI NPs is
proportional to the quantity of the radicals formed. (A)
CFU/mL of E. coli and S. aureus exposed to 1.25—10 mM of
P(MAA-MBAA)-CI NPs or to distilled water (negative control)
for 24 h at 37 °C. (B) EPR spectrum of the DMPO adducts
formed upon mixing LB medium with increasing concentra-
tions of oxidative chlorine bound to P(MAA-MBAA)-CI NPs
(1.25—10 mM). (C) Quantification of ROS formed in response
to increasing concentrations of the chlorinated NPs
(calculated from double integration of the DMPO-OH spin
adduct quartet).

preincubation of the chlorinated NPs with either NAC
or AA prior to the addition of bacteria abolished the
killing properties of the NPs (Figure 10B,C). Of note,
DMSO was less efficient at mitigating bacterial cell
death, as after 60 min, E. coli bacteria were eliminated,
while at 90 min, the P(MAA-MBAA)-CI NPs started to
affect the growth of S. aureus (Figure 10B,C), which was
also reflected by the capacity of DMSO to compromise
but not eliminate the charged NPs' ability to mediate
hydroxyl radical formation (Figure 10A).

P(MAA-MBAA)-CI NPs Specifically Target Bacteria and Mark
Them for Destruction. To investigate in more detail the
mechanisms underlying the antibacterial activity of
P(MAA-MBAA)-CI NPs, we conducted TEM to examine
if the NPs exert morphological effects on the bacteria.
We did not observe any detectable morphological
changes within S. aureus bacteria following treatment
with the chlorinated NPs for 1.5 h (Figure 11A), which
corresponds to the time needed to kill 10° CFU/mL of
these bacteria (data not shown). However, we did
observe the formation of very organized structures of
particles around the bacteria, specifically accumulat-
ing at the cell wall and encircling it like “necklaces”
(Figure 11A). Remarkably, these particles were not
observed in the extracellular space, suggesting a spe-
cific interaction of these particles with the bacteria.
Of note, these layers of particles did not surround
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Figure 10. (A) ROS formation upon mixing P(MAA-MBAA)-
Cl NPs with LB without (i.e., control) or with addition of
either 10% DMSO, 10 mM NAC, or 10 mM AA. Killing kinetic
curves of E. coli (B) and S. aureus (C) in the presence of
P(MAA-MBAA)-CI NPs that were preincubated with either
DDW (i.e., control) or the indicated antioxidants for 1 h
before adding the relevant bacteria.

cells treated with distilled water (data not shown) or
non-chlorinated NPs (Figure 11A), suggesting that the
oxidative chlorine on the NPs is responsible for this
unusual phenomenon. Moreover, the particles deco-
rated the bacteria at 15 min, revealing not only a
specific interaction with the bacterial cells but also a
rapid one (Figure 11B). We quantified the proportion of
cells marked with these particles and found that 100%
of the cells exhibited these structures after only 15 min
(n = 300), although some cells were encircled with less
particles than others.

One interpretation of the data is that these particles
are the P(MAA-MBAA)-CI NPs themselves. Another
option is that cellular material is secreted by the bac-
teria due to the stress imposed by the chlorinated NPs,
although the latter is less likely due to the rapid
appearance of the particles on the cell surface. More-
over, cells treated with bleach did not exhibit this
unusual phenomenon (Figure S6), further supporting
our hypothesis that the chlorinated NPs are the ones
tagging the bacteria. To differentiate between these
options, we synthesized NPs 6 times larger than those
utilized throughout this study, that is, 190 4= 20 nm as
opposed to 27 £+ 3 nm hydrodynamic diameter
according to dynamic light scattering measurements
(Figure 12A). The cryo-TEM images presented in
Figure 12B illustrate the difference in dry size; the small
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Figure 11. Transmission electron microscopy of S. aureus bacteria. (A) S. aureus were treated with either P(MAA-MBAA) NPs or
their chlorinated counterparts for 1.5 h. (B) TEM micrographs of S. aureus treated with the P(MAA-MBAA)-CI NPs for 15 min.

NPs are about 3—15 nm, whereas the large NPs are
mostly aggregates of 100—200 nm. As presented in
Figure 12C, bacteria treated with the bigger NPs were
indeed surrounded by larger particles, the size of
which matched the TEM measurements of NPs alone
(Figure 12B). Notably, although the larger P(MAA-
MBAA)-CI NPs associated mainly with the bacterial
cells, there were some aggregates in the extracellular
environment unlike our observations of the small NPs,
which were only observed surrounding the bacteria.
This finding suggests that the small NPs may be more
target-specific and, therefore, superior for bacterial
killing. These data support our model that the chlori-
nated NPs specifically interact with the bacteria via
oxidative chlorine release and inflict toxic effects on
the bacteria that are trapped within these nanocages.
This nanocaging was further illustrated via SEM images
that show the NPs' 3D morphology (Supporting Infor-
mation, Figure S7). There are several reports showing
that other types of NPs can interact and penetrate
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cells,?2?*44%5 byt to the best of our knowledge, this is
the first documentation of specific and organized
interaction of NPs with bacteria, without any traces left
in the extracellular environment. These data suggest
that chlorinated NPs have a uniquely strong tendency
to adhere and circle the bacterial cell wall rather than
aggregate. Moreover, the observation that every
bacterium was marked with chlorinated NPs further
emphasizes their potency as an antibacterial agent. Of
note, no pronounced appearance of NPs around E. coli
was detected (Supporting Information, Figure S8),
which could be explained by the different cell wall
composition of Gram-negative versus Gram-positive
bacteria.

In addition, we examined the ability of the charged
NPs to target mammalian cells, using the osteosarco-
ma cell line Saos-2. As can be seen in Figure S9, no
particles were observed around the Saos-2 cells,
whether the P(MAA-MBAA) or the P(MAA-MBAA)-CI
NPs were applied. We conclude that S. aureus bacteria
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Figure 12. Hydrodynamic size histogram (A) and cryo-TEM images of the P(MAA-MBAA)-CI NPs synthesized at two different
sizes, i.e., small (left) and big (right). (C) TEM micrographs of S. aureus bacteria treated for 1.5 h with the chlorinated NPs of two

different sizes.

are specifically marked for destruction by the chlori-
nated NPs, which unload their oxidative Cl cargo and
eliminate the bacteria.

To determine if the gathering of the chlorinated
NPs at the cell wall of S. aureus requires energy, the
cells were either preincubated at 4 °C for 2 h or
thermally killed (i.e., boiled for 10 min) before adding
the NPs. As shown in Figure S10, inactivating the
metabolic state of S. aureus or killing it did not abrogate
the formation of the structures around the cells, sug-
gesting neither energy nor cellular proteins/enzymes
are required for this interaction to occur. Moreover,
using the antioxidant DMSO did not abolish the

NATAN ET AL.

bacterial decoration by the P(MAA-MBAA)-CI NPs, sug-
gesting ROS formation is not a prerequisite for this
tagging either (Figure S10). Nevertheless, when the
NPs were mixed with bacteria suspended in water, the
cells were barley marked with the particles (Figure S11),
which may imply that some component found in LB is
mediating the interaction between the bacteria and the
NPs. Of importance, the zeta-potential of the NPs be-
comes positive when LB is added to the particles'
suspension, that is, 1.59 mV (as opposed to the negative
value received from the suspension itself). This may
suggest that the attraction of the NPs to the bacteria is
favored when LB is added due to the positively charged

VOL.9 = NO.2 = 1175-1188 = 2015 A@M\V()

WWww.acsnano.org

1101 L

1184



P(MAA-MBAA)-CI

P(MAA-MBAA)
T——

5h

15 h

200 nm "
T = |

.,-,‘:t,,;. 3

Figure 13. P(MAA-MBAA)-CI NPs trigger morphological changes within the bacteria. S. aureus were treated with either
P(MAA-MBAA) NPs or chlorinated counterparts for 5 or 15 h. The red arrows designate membrane constructs.

NPs that are now attracted to the negatively charged
bacterial surface.

Since there were no noticeable morphological
changes following incubation with P(MAA-MBAA)-CI
NPs for 1.5 h, we extended the incubation to 5and 15 h.
After 5 and 15 h of incubation with the chlorinated
nanosized agents, membrane “snail-like” structures
were observed to accumulate within the S. aureus cells
(Figure 13). This phenomenon was not detected within
cells treated with non-chlorinated NPs (Figure 13) or
distilled water (data not shown), suggesting that the
oxidative chlorine provoked directly or indirectly the
formation of these tightly packed intracellular mem-
brane structures. Future work is required to further
characterize the nature of these structures.

CONCLUSIONS

This study aimed to decipher the antibacterial me-
chanism of N-halamine NPs, loaded with oxidative
chlorine (i.e., P(MAA-MBAA)-Cl). We demonstrate that
chlorinated NPs possess high stability when exposed
to rich organic materials and can withstand consecu-
tive bacterial loading cycles, unlike NaOCI (“bleach”),

METHODS

Synthesis and Characterization of the Cross-Linked P(MAA-MBAA)
NPs. P(MAA-MBAA) NPs were synthesized via surfactant-free
dispersion copolymerization of the monomer methacrylamide
and the cross-linking monomer N,N-methylenebis(acrylamide)
in water as a continuous phase, as previously described.?’
In brief, P(MAA-MBAA) NPs of either 27 & 3 or 170 & 20 nm
hydrodynamic diameter were formed by dissolution of 4.4 g of

NATAN ET AL.

one of the most commercially used sanitizers today.
This stability is associated with a slower release of
oxidative chlorine as compared to NaOCI. Taking ad-
vantage of bioreporter strains that respond to specific
stresses, we uncovered that the chlorinated NPs trigger
oxidative stress and, therefore, surmised that the
mechanism underlying the toxicity likely involves
ROS. We proceeded to validate this model using EPR
measurements and demonstrated that hydroxyl radi-
cals are formed specifically when P(MAA-MBAA)-CI NPs
are mixed with organic materials and not when sus-
pended in water, a specificity that is not demonstrated
by bleach. Furthermore, we found using electron
microscopy that the chlorinated NPs form symmetrical
structures around S. aureus bacteria, specifically target-
ing and evenly surrounding the entire cell, marking it
for execution. The remarkable specificity of chlorinated
nanomaterials, namely, that oxidative chlorine is re-
leased and ROS generated only when encountering
organic substances, combined with the efficacy and
unique targeting, makes this agent an ideal antibacter-
ial candidate for industrial applications and medical
devices.

MAA, 3.6 g of MBAA (2% w/v total monomers), and 240 mg of
potassium persulfate in 400 mL of distilled water. The 1 L round-
bottom flask containing this solution was stirred for 1 h with a
mechanical stirrer (200 rpm) at 100 or 80 °C to obtain NPs at
sizes of either 27 & 3 or 170 =+ 20 nm hydrodynamic diameters,
respectively. To achieve a soluble polymer, the same procedure
was carried out, just without the cross-linking monomer MBAA.
The MAA and MBAA residues were subsequently removed from
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the NP aqueous dispersion by extensive dialysis against water.
The dried P(MAA-MBAA) NPs were obtained by lyophilization
and were verified by solid-state NMR.

MAA Monomer. "HNMR (solid): 6 1.93 (s, 3H, Me), 5.12 (s, TH,
vinyl), 5.91(s, TH, vinyl), 8.38 (br s, 2H, NH.). >C NMR (solid): ¢
19.80 (Me), 122.95 (CH,—vinyl), 138.82 (C—vinyl), 171.63 (C=0).

P(MAA-MBAA) NPs. 'H NMR (solid): 6 1.83 (br s, 12H,
CH,CHCH3 of MMA and 2 x CH,CH-C of MBBA), 4.77 (s, 2H,
N—CH,—N), 8.12 (br s, 4H, NH, and NHCH,NH). *C NMR (solid):
0 1873 (C—CH,—C), 21.15 (Me and CH,—CH,—C=0), 41.87
(Me—C—C=0), 4572 (NH—CH,—NH), 180.21 (C=0). The
percent conversion (polymerization yield) of the monomers
to P(MAA-MBAA) NPs was calculated using the following
expression:

W -
polymerization yield (wt % ) = TPIMAAMBAA) 100

Wimaa + Mean)

where Wpwma—msaa) is the weight of the obtained dried P(MAA-
MBAA) NPs and Wuaa +msaa) is the initial weight of the mono-
mers MAA and MBAA. Both the hydrodynamic diameter and the
size distribution of the NPs dispersed in water were measured at
room temperature with a particle analyzer, model NANOPHOX
(Sympatec GmbH, Germany). The size of the dried particles was
evaluated and imaged with a cryogenic transmission electron
microscope. Samples for cryo-TEM were prepared by placing
a droplet of the solution on a TEM grid coated with holey
carbon film (lacey carbon, 300 mesh, Ted Pella, Inc.), followed by
automatic blotting of the excess liquid. The specimen was
vitrified by rapid plunging into liquid ethane precooled with
liquid nitrogen in a controlled environment vitrification system
(Leica EM GP). The vitrified samples were transferred to a
cryospecimen holder (Gatan model 626) and examined at
—178 °C in low-dose mode. Imaging was carried out using
FEI Tecnai 12 G? equipped with Gatan 794 CCD camera and
operated at 120 kV. The zeta-potential measurements were
performed with a Wallis zeta-potential analyzer (Cordouan,
France).

Chlorination of the P(MAA-MBAA) NPs. Sodium hypochlorite
(Sigma-Aldrich) aqueous solution (5 mL, 4% w/v) was added
to the aqueous dispersion of the P(MAA-MBAA) NPs (5 mL,
15 mg/mL), and the mixture was shaken at room temperature
for 1 h. Excess sodium hypochlorite was removed from the
P(MAA-MBAA)-CI NP dispersion by extensive dialysis against
water. The bound Cl content of the P(MAA-MBAA)-Cl NPs was
determined either by adding sodium iodide and measuring the
formed color spectrophotometrically at 292 and 350 nm***” or
by iodometric/thiosulfate titration according to the literature®®
using the following expression:

N x V x 1000
2

where N is the normality (equiv/L) and Vis the volume (L) of the
titrated sodium thiosulfate solution. The same procedure was
done for the soluble polymer. In all of the experiments, the
oxidative chlorine concentration on the NPs or NaOCl was set at
0.011 M unless indicated otherwise.

NMR Analysis. Solid-state NMR experiments were performed
on a Bruker Advance Ill 500 MHz narrow-bore spectrometer,
using a 4 mm double-resonance magic angle spinning (MAS)
probe. '3C CPMAS experiments were carried out at a spinning
rate of 8 kHz, using a 2.8 us TH 90° pulse, 2k data points, and a
2 ms ramped CP period. Proton decoupling using the SPINAL
composite pulse sequence at a field of 100 kHz was used
during acquisition with a 3 s recycle delay between acquisitions.
Chemical shifts were given with respect to adamantane (38.55,
29.497 ppm).

XRD. Powder X-ray diffraction patterns were recorded using
an X-ray diffractometer (model D8 Advance, Bruker AXS) with
Cu Ka radiation.

Cell Cultures and Growth Conditions. In all experiments, both
Escherichia coli C600 and Staphylococcus aureus FRF1169
were grown overnight at 37 °C under agitation (250 rpm) in LB
(Difco) growth medium. The human osteosarcoma cell line
Saos-2 (ATCC #HTB-85) was maintained in Dulbecco's minimum

ClT(mM) =
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essential medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 IU/mL penicillin, 100 mg/mL strepto-
mycin, and 2 mM L-glutamine; all of these reagents were
purchased from Biological Industries (Bet Haemek, Israel).

Antimicrobial Activity of P(MAA-MBAA)-CI NPs, PMAA-CI, and NaOCl.
The cell density of E. coli and S. aureus grown overnight was
normalized to 2 x 10° cells per milliliter in a 2-fold concentrated
LB medium. Then, the bacteria were incubated overnight at
37 °C under agitation (250 rpm) with equivalent volumes of
either NaOCl or P(MAA-MBAA)-CI NPs or the non-nanometric
PMAA-CI. Bacteria shaken with water served as a negative
control. Serial dilutions were carried out and the cells spotted
onto LB agar plates, which were incubated at 37 °C for 20 h. Cell
growth was monitored and determined by a viable cell count.

Antimicrobial Activity Assay of P(MAA-MBAA)-CI NPs and NaOCl. The
antimicrobial activity of P(MAA-MBAA)-CI NPs and NaOCl was
evaluated by determining the minimum inhibitory concentra-
tion values (with the lowest oxidative chlorine concentration on
the NPs or the NaOCl) at which no bacterial growth was visible
following incubation with either E. coli or S. aureus. The stock
solutions of P(MAA-MBAA)-CI NPs and NaOC| were each diluted
in 2-fold serial dilutions in a 96-well plate (Griener Bio-one)
with oxidative chlorine concentrations ranging from 0.01 M to
0.08 mM in LB medium. Each well contained 10° CFU/mL of
either E. coli or S. aureus; bacteria treated with P(MAA-MBAA)
NPs or untreated served as negative controls. The bacterial
growth was monitored via absorbance measurements at ODsgs,
utilizing a microplate reader (Synergy 2, BioTek Instruments).
All experiments were conducted in triplicate.

Incubation of P(MAA-MBAA)-CI NPs and NaOCl with Consecutive Bacter-
ial Loading Cycles. The cell density of E. coli and S. aureus grown
overnight was normalized to 2 x 10° cells per milliliter in a 2-fold
concentrated LB medium; then the bacteria were treated for 1 h
at 37 °C under agitation (250 rpm) with equivalent volumes of
either NaOCl or P(MAA-MBAA)-Cl NPs. Bacteria shaken with
water served as a negative control. After 1 h of incubation,
aliquots were collected and diluted serially 10-fold before
spotting onto LB agar plates. After an overnight incubation
at 37 °C, the CFUs were counted and used to determine cell
survival. Immediately after each aliquot was removed, newly
prepared bacteria were added for another hour to each of the
tubes to achieve a final concentration of 10° CFU/mL.

Determining the Stability of the P(MAA-MBAA)-CI NPs and NaOdl in
Organic-Rich Media. One milliliter of either DDW, NaOCl, or P(MAA-
MBAA)-CI NPs was mixed with 1 mL of 2-fold concentrated LB
medium and incubated for 3, 5, or 24 h. Then, E. coli or S. aureus
was added to each of the solutions, reaching a final concentra-
tion of 10° CFU/mL, and the mixture was agitated for either 3 or
24 h. At the indicated time points, samples were taken for cell
viability determination and the solutions were reloaded with
freshly prepared bacteria. The experiment was continued until
the reagents were no longer capable of evincing toxic effects on
the tested bacteria.

Kinetics of Oxidative Chlorine Release from the Charged NPs and NaOCI
in the Presence of Organic-Rich Media. Equal volumes of NaOCl or
P(MAA-MBAA)-CI NPs were incubated with equivalent volumes
of 2-fold concentrated LB medium. The precise concentration of
the oxidative chlorine found on the two reagents was deter-
mined at different time intervals via quenching with sodium
iodide followed by spectrophotometry (Amersham Bioschiences)
measurements at wavelengths of 292 and 350 nm, as previously
described.*5*

Bacterial Killing Kinetics in the Presence of P(MAA-MBAA)-Cl NPs and
NaOCl. Cultures of E. coli and S. aureus bacteria grown overnight
were diluted in fresh 2-fold concentrated LB medium or water to
obtain stock solutions with a final working concentration of
10° CFU/mL. Then, E. coli and S. aureus bacteria were grown with
either P(MAA-MBAA)-CI NPs or NaOCI under continuous agita-
tion (250 rpm). Bacteria grown with distilled water or P(MAA-
MBAA) NPs served as negative controls. At various time points,
100 uL samples were taken from each tube and transferred into
the first row wells of a 96-well plate containing 20 uL of 0.1 N
thiosulfate. The latter was added to quench the remaining
chlorine on the P(MAA-MBAA)-CI NPs and NaOCl, thus terminat-
ing the sterilization process. Serial dilutions were carried out
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and the cells spotted onto LB agar plates, which were incubated
at 37 °Cfor 20 h. Cell growth was monitored and determined by
a viable cell count.

Biosensor Bacteria Screening Assay. A panel of seven modified
E. coli strains®®~3" was utilized for this study (Table 2). Each strain
contains a multicopy plasmid in which the promoter of interest
is fused to the Vibrio fischeri luxCDABE genes, such that promo-
ter activation, for example, by toxic stress, drives the synthesis of
luciferase, ultimately resulting in bioluminescence. All strains
were handled alike. Bacteria were grown overnight at 37 °C
under agitation (250 rpm) in LB that was supplemented with
100 mg/mL ampicillin to guarantee plasmid maintenance. The
following day, the culture was diluted 1:100 with fresh LB media
and incubated at 30 °C under agitation (200 rpm) until an ODsgs
of 0.1—0.2 was reached. Then, 100 uL of either distilled water or
P(MAA-MBAA)-CI NPs or their non-chlorinated counterparts was
added in triplicate to the first row of an opaque white 96-well
plate (Griener Bio-one). Then all wells were filled with 100 uL of
the culture, now in logarithmic phase, and 2-fold serial dilution
conducted to generate oxidative chlorine concentrations
ranging from 0.01 M to 0.08 mM. The plate was placed in a
luminometer (in the dark), and luminescence was measured at
10 min intervals at a constant temperature (25 °C).

EPR Measurements. ROS production was detected using
the EPR spin trapping technique coupled with a spin trap 5,5-
dimethyl-1-pyrroline-N-oxide (Sigma, St. Louis, MO). Typically,
the aqueous suspensions of NPs were added to DMPO (0.01 M)
in the presence of equivalent volumes of either 2-fold concen-
trated LB medium or each of its components (Tryptone, yeast
extract, NaCl) or water. Whenever indicated, the following
antioxidants were added to the reaction: 10% DMSO, 10 mM
N-acetyl cysteine and 10 mM ascorbic acid; all were purchased
from Sigma. The solution was drawn into a 0.8 mm i.d. capillary
quartz tube sealed at both ends with a plastic Critoseal (Thermo
Fisher Scientific Inc.), which was placed into a quartz tube thatin
turn was placed into the EPR rectangular cavity (ER 4122SHQ).
The measurements were taken using a X-band Elexsys E500 EPR
spectrometer (Bruker, Karlsruhe, Germany) using the following
parameters: microwave power, 20 mW; scan width, 100 G; reso-
lution, 1024; gain, 60; sweep time, 60 s; number of scans, 2;
modulation frequency, 100 kHz; modulation amplitude, 1 G. In
order to compare the radical intensity, the double integration of
the spin adduct signal was calculated using the Xepr 2.6b.58
acquisition version.

Bacterial Killing Kinetics of P(MAA-MBAA)-Cl NPs in the Presence of
Antioxidants. Cultures of E. coli and S. aureus bacteria grown
overnight were diluted in fresh 2-fold concentrated LB medium
to obtain stock solutions with a final working concentration of
10° CFU/mL. Then, E. coli and S. aureus bacteria were grown with
P(MAA-MBAA)-CI NPs that were preincubated with either anti-
oxidants (i.e., 10% DMSO, 10 mM NAC, 10 mM AA) or water for
1 h, under continuous agitation (250 rpm). Bacteria supplemen-
ted with distilled water or the various antioxidants served as
negative controls. At various time points, 100 L samples were
taken from each tube and transferred into the first row wells of a
96-well plate containing 20 uL of 0.1 N thiosulfate. The latter
was added to quench the remaining chlorine on the P(MAA-
MBAA)-CI NPs and NaOCI, thus terminating the sterilization
process. Serial dilutions were carried out and the cells spotted
onto LB agar plates, which were incubated at 37 °C for 20 h. Cell
growth was monitored and determined by a viable cell count.

Transmission Electron Microscopy of Bacterial Samples. Samples of
S. aureus and E. coli cultures (10° CFU/mL) or the human
osteosarcoma cell line Saos-2 ATCC HTB-85 were centrifuged
immediately after treatment with either distilled water, P(MAA-
MBAA) NPs, P(MAA-MBAA)-Cl, or NaOCl for the indicated time
points. When indicated, S. aureus bacteria were boiled for
10 min or preincubated at 4 °C for 2 h before adding the NPs.
When indicated, DMSO was incubated with the chlorinated NPs
for 1 h prior to the addition of bacteria. In all of the experiments,
the bacteria were suspended in LB medium unless indicated
otherwise. The samples were then fixed in 2.5% glutaraldehyde/
paraformaldehyde in cacodylate buffer (Electron Microscopy
Sciences). The samples were washed with cacodylate buffer and
fixed in 1% osmium tetraoxide. Embedding of samples was
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carried out according to standard protocols,49 and 60 nm thick
slices were cut with a diamond knife (LBR ultratome Ill). The
slices were deposited on bare 200 mesh copper grids and
stained with 2 wt % uranyl acetate for 5 min. Finally, the grids
were dried in a desiccator and examined using a JEOL 1200Ex
transmission electron microscope at 80 kV. The percentage
of cells marked with the particles was calculated by taking
20 representative microscope images containing all together
300 cells.
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