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Environmental Significance Statement

This study addresses critical environmental challenges associated with water
treatment by demonstrating the use of iron oxide nanoparticles (IONPs), both bare
and polyacrylic acid-coated (PAA@IONPs), to enhance the effectiveness of
hydrogen peroxide in controlling Pseudomonas aeruginosa in water systems. By
potentially reducing the required concentrations of hydrogen peroxide, this approach
minimizes the environmental and toxicological impacts of biocides commonly used
in water treatment. The successful application of nanotechnology in reducing
biocide levels offers significant implications for improving water quality and safety,
aligning with environmental goals of reducing chemical usage while effectively
managing bacterial pathogens in water resources. This innovation represents a
substantial advancement in the field of environmental science, emphasizing the role
of nanoscale materials in sustainable water management practices.
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Abstract:
Access to safe water is critical for public health. Pseudomonas aeruginosa is
ranked as one of the most significant bacterial pathogens, threatening human
health. Hydrogen peroxide and other biocides are often used to prevent the
growth of bacteria, but the toxicity of these biocides is a major consideration
when bacteria grow in water sources. This study explores the application of
iron oxide nanoparticles (IONPs), both bare and polyacrylic acid-coated
(PAA@IONPs), to enhance the effectiveness of hydrogen peroxide in
eliminating P. aeruginosa, potentially reducing the required biocide
concentrations and minimizing toxicity. X-ray diffraction crystallography
(XRD) alongside X-Ray photoelectron spectroscopy (XPS) showed that the
synthesized IONPs were magnetite nanoparticles and Fourier-transform
infrared (FTIR) spectroscopy proved that PAA coating was successfully
functionalized to IONPs. The hydrodynamic size of the IONPs decreased
from 106 = 11 nm to 84 £+ 3 nm when coated with PAA. Transmission electron
microscopy (TEM) images confirmed a similar decrease in dry size from 16
+ 3 nm to 9 £ 2 nm post-coating. A week after storage, there was a decrease
in the concentration of stored IONPs and PAA@IONPs due to settling by 56
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+ 14% and 22.6 £ 0.6%, respectively, demonstrating that PAA coating
increased colloidal stability of the IONPs. Coated nanoparticles exhibited a
more negative zeta potential, which was also indicative of greater colloidal
stability. In the presence of 3.65 mg/ml IONPs and 182.25 mM of hydrogen
peroxide, overnight bacterial growth was reduced by more than 63%
compared to the sample with hydrogen peroxide alone. IONPs did not inhibit
bacterial growth in the absence of hydrogen peroxide. Presence of 3.65 mg/ml
IONPs and 182.25 mM of hydrogen peroxide killed 90.2% of bacterial cells
during one hour of exposure. These findings indicate the potential benefit of
IONPs to combat bacterial growth, which could be applied in industrial
settings to reduce the biocide concentration needed to curb bacterial
development.

Keywords: magnetite nanoparticles, Polyacrylic acid, Pseudomonas aeruginosa,
antibacterial, hydrogen peroxide, spot serial dilution.
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Introduction:

Safe and available water is vital for public health whether consumed for drinking,
domestic use, food production, or recreational purposes. According to world health
organization (WHO), microbiologically contaminated water results in around
505,000 diarrheal deaths annually [1]. Pseudomonads are highly adaptable bacteria
capable of thriving in diverse environments, including distilled water, and they have
been linked to outbreaks through contaminated recreational and tap water [2].
Pseudomonas aeruginosa is a prevalent, mobile, non-fermentative, Gram—negative
bacterium and an opportunistic pathogen categorized as an ESKAPE pathogen [3,
4] . The ability of P. aeruginosa to form biofilms in an aqueous environment makes
the traditional treatment methods even less effective. Therefore, there is an ongoing
need to develop new technologies to kill these bacteria and inhibit their growth more
efficiently to prevent human disease.

Biocides are chemical agents with antimicrobial properties extensively used in
homes, industries, and healthcare settings for disinfection purposes [5]. Hydrogen
peroxide (H,0,) is a non-radical reactive oxygen species (ROS) that acts as a biocide
and effectively kills bacterial cells. Hydrogen peroxide damages vital cellular
components like DNA, proteins, and cell membranes, disrupting critical biological
processes and leading to bacterial cell death [6, 7]. However, high concentrations of
hydrogen peroxide in water resources can cause toxicity [8]. Drinking hydrogen
peroxide at concentrations higher than 3% (equivalent to 880mM) is toxic to
humans. Even at lower concentrations, prolonged consumption of hydrogen
peroxide can lead to toxicity [9]. Therefore, it is crucial to minimize the presence of
hydrogen peroxide in water resources as much as possible. Iron oxide nanoparticles
(IONPs) can enhance the efficiency of hydrogen peroxide in generating radical ROS
through a reaction known as the Fenton and Fenton-like reactions [10]. During these
reactions, hydrogen peroxide is converted to hydroxyl radicals (OH") in the presence
of iron (Fe?", and Fe**) (equation 1 and 2) [11]. This reaction is important because
the products of the decomposition of hydrogen peroxide (hydroxyl radical and
peroxide radical) are more potent than non-radical H,O,. These radicals are highly
reactive and increase oxidative stress in bacterial cells more efficiently than
hydrogen peroxide alone [12, 13].
Fe?* + H,0,—Fe3* +0H + OH~ (Equation 1)
Fe3* + H,0,—Fe?* + HO> + H* (Equation 2)

Even though IONPs have been utilized in water treatment as a means of killing
bacteria through hyperthermia [14, 15] or delivery of pharmaceutics [16], the
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particles themselves do not exhibit antibacterial activity [17]. IONPs are non-toxic
and magnetic, enabling most of their applications in biomedicine [18]. Here we
studied the impact of addition of IONPs and PAA@IONPs to hydrogen peroxide in
order to inhibit bacterial growth and kill the already existing bacterial cells. Based
on the literature, IONPs should be able to increase antibacterial properties of
hydrogen peroxide by production of hydroxyl radicals.

IONPs exist in several oxidation states, with the three most frequent forms of
magnetite (Fe;0,4), maghemite (y-Fe,03), and hematite (a-Fe,O3). The oxidation
state of the synthesized IONPs, is crucial since magnetite contains both Fe(Il) and
Fe(III) ions and can effectively catalyze the Fenton reaction, while maghemite, and
hematite predominantly contain Fe(III) ions. As shown in Equations 1 and 2, the
final products of reactions can differ depending on whether Fe(Il) or Fe(IIl) is
present. Hydroxyl radicals are produced when Fe(II) reacts with hydrogen peroxide,
while superoxide anions are generated in the presence of Fe(IIl). The key difference
is that the hydroxyl radical is a stronger ROS agent and is therefore preferred [19].
This underscores the importance of controlling the oxidation state of [IONPs during
synthesis. The size-dependence of the magnetic and catalysis properties of IONPs
demands precise control over the synthesis process. A challenge with IONPs is their
tendency to aggregate, which negatively impacts their magnetic characteristics and
colloidal stability. To enhance the colloidal stability of IONPs, a polymeric coating
was applied. Among the various polymeric coatings available, PAA was selected
due to its dual benefits. Firstly, due to literature PAA-coated IONPs exhibit
improved antibacterial properties, making them advantageous for our applications.
Secondly, PAA enhances biocompatibility, ensuring that the modified IONPs
maintain low cytotoxicity to human cells [20]. This combination of stability,
antimicrobial activity, and biocompatibility makes PAA an optimal choice for
functionalizing IONPs. Numerous studies have investigated the antibacterial
properties of IONPs and hydrogen peroxide. Additionally, the Fenton reaction has
been extensively explored for various applications, including cancer therapy and
water treatment [21, 22]. However, to the best of our knowledge, there is no
comprehensive study specifically examining the use of IONPs to enhance
antibacterial efficacy of hydrogen peroxide against Pseudomonas aeruginosa in
water resources. This study demonstrates the synergistic antibacterial effects of
PAA@IONPs, IONPs, and hydrogen peroxide against P. aeruginosa. Additionally,
we reassessed the impact of PAA coating on IONPs, focusing on its influence on
antibacterial properties and nanoparticle stability. Our results indicate that with the
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assistance of IONPs, the minimum hydrogen peroxide concentration required to
eliminate bacteria can be reduced to 182.25 mM, a level below the threshold for
hydrogen peroxide toxicity [23]. Furthermore, since iron oxide nanoparticles can be
collected using a magnetic field, they can be efficiently separated from the water
source, preventing secondary exposure. We believe this method offers a safe and
effective approach for bacterial eradication in water recovery systems, particularly
in space missions, where access to clean water is extremely limited.

Materials and Methods

1- Materials

Iron (II) chloride (FeCl,), iron (III) chloride (FeCl;), ammonium hydroxide
(NH4OH, 28.0-30.0% NH; basis), silicone oil, polyacrylic acid (PAA) (M,,= 72.06
g/mol), hydrogen peroxide solution (H,0;), and potassium chloride (KCIl) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptic Soy Broth was
purchased from MP Biomedicals (CA, USA), and agar was purchased from Becton,
Dickinson and Company (BD, NJ, USA). Ultrafiltered water was produced by Milli-
Q Millipore Integral 10 water purification system. Nitrogen gas was from Airgas
Inc. P. aeruginosa (PAO1) is Wargo Lab strain MJ79 derived from PAO1-W (PMID
10984043).

2- Synthesis of PAA Coated and Bare IONPs

IONPs were synthesized using a co-precipitation method (Figure 1) based on
previously published protocols [24-26]. Throughout the synthesis procedure,
nitrogen-purged ultrapure water (N,/H,O) was utilized to prevent oxidation.
Separate solutions of iron (II) chloride (I mmol) and iron (III) chloride (2 mmol)
were prepared by dissolving each in 50 ml of N,/H,O. Once dissolved, the solutions
were transferred to a filter flask under continuous nitrogen to keep the oxygen out.
The solutions of iron chloride were combined and heated to 80°C in a silicone oil
bath while being stirred at 600 RPM using a 2.5 cm magnetic stirrer on a hot plate
stirrer (Thermo Fisher Scientific, Isotemp, USA). Then, 30 ml of 1 M aqueous
ammonium hydroxide was introduced at the rate of 4.25 mmol/min using a syringe
pump (NE-1000, New Era Pump Systems Inc., USA). After the ammonium
hydroxide was completely added, the reaction mixture was allowed to proceed for
30 min, removed from heat, and cooled to room temperature. It was then sonicated
for 30 min using an ultrasonic cleaner (VWR Symphony, Model: 97043-960, USA).
The particles were washed and magnetically separated by decantation using a strong
magnet (DY06, 2-inch diameter X 3/8-inch thickness, K&J Magnetics, Inc., PA,
USA). This particle separation ensured separation of IONPs from unreacted
dissolved constituents. Each particle batch was then re-suspended in 50 ml of
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N,/H,0 and sonicated for an extra 10 min. This was repeated three times until the
pH stabilized at 6.5-7.5 or they were stable enough that could not be separated with
the magnet anymore. For polyacrylic acid-coated iron oxide nanoparticles
(PAA@IONPs), PAA (25% w/w with respect to the Fe(Il) salt) was added to the
reaction medium just before the addition of ammonium hydroxide. Due to the high
stability of coated particles, they were washed by centrifuging at 55,000 xg for 20
min. Finally, the pellet was separated and suspended in N,/H,O until the final

volume of 50 ml was achieved.
1 mmol of FeCl.and 2 mmol For PAA@IONPS, - N

FeCl; each dissolved in 50 ml add PAA before ~_ i J
N, H.O addition of NH,OH — —
Add 30 mL of 1 M
X aqueous NH,OH at the
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Figure 1 Schematic of synthesis of IONPs (Created with BioRender.com)

3- Material Characterization

The crystallographic structure of bare and PAA@IONPs was characterized by
powder X-ray diffraction crystallography (XRD, Rigaku Miniflex II, equipped with
a Cu X-ray tube, Rigaku Corporation, Japan). XRD was operated using a 2theta-
theta geometry over a 2q range from 10° to 70° with a 1°/min dwelling time. The
results were then analyzed using a profile fitting module within the PDXL-2
software (Rigaku Corp., Japan). To detect the functional groups on the surface of
coated and bare IONPs, Fourier-transform infrared spectroscopy (FTIR, Nicolet™
1S50 FTIR Spectrometer, Thermo Scientific, USA) was used. The elemental
composition and oxidation states of the nanoparticles’ surface were investigated by
X-ray photoelectron spectroscopy spectra (XPS, The Kratos Axis Supra XPS, UK).
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Nanoparticle size was determined using two different techniques. First, the
hydrodynamic size of nanoparticles was measured using nanoparticle tracking
analysis (NTA, Zetaview Twin PMX-110, Particle Metrix GmbH, Germany). For
NTA, the samples were sonicated for 10 min to achieve thorough dispersion before
analysis and were introduced into the flow chamber at a concentration of 0.4 mg/ml
at room temperature using a disposable syringe. To account for the repeatability of
our study, NTA was conducted on five (shown as n) different synthesized batches
of nanoparticles. Next, the dry size and shape were studied using transmission
electron microscopy (TEM, JEOL JEM-1400, JEOL Ltd., Japan) at an acceleration
voltage of 80 kV. TEM samples were prepared by diluting the nanoparticle
suspension to 0.4 mg/ml and depositing a drop onto a 100-mesh nickel grid backed
by a carbon support film (LADD Research Industries, USA), which was left to air
dry overnight. The polydispersity index (Pdl) and zeta potential of the nanoparticles
were determined using dynamic and electrophoretic light scattering (DLS, Zetasizer
NanoZSP, Malvern Panalytical Inc., UK). For this purpose, samples were diluted in
10 mM KCI and added to DTS1070 folded capillary cell for analysis. To quantify
the number of suspended nanoparticles, two aqueous solutions were prepared in
triplicate: one containing 0.4 mg/ml of IONPs and the other containing 0.4 mg/ml of
PAA@IONPs. All samples were then sonicated for 10 min. Post-sonication, the
samples were left undisturbed for our storage study. At each time interval, three 200
ul aliquots were taken from the samples, transferred to a 96-well plate, and analyzed
using a UV-vis spectrophotometer (SpectraMax 13x, Molecular Devices, USA). For
this study, three samples of each IONPs and PAA@IONPs were prepared, and from
each sample, triplicates (shown as n) were aliquoted for analysis.

4- Bacterial Growth Studies

During this study, P. aeruginosa PAO1 was streaked onto tryptic soy agar (TSA)
from glycerol stocks stored at -80°C and incubated for 15 h at 37°C. First, we
assessed the impact of various hydrogen peroxide concentrations on P. aeruginosa
in the absence of nanoparticles. P. aeruginosa cultures were exposed to different
concentrations of hydrogen peroxide and bacterial growth was measured to
determine the minimal concentration of hydrogen peroxide that robustly reduced
bacterial growth without completely inhibiting it. Dilutions of hydrogen peroxide
were prepared in three serial sets: 2000, 400, 80, 16, and 3.2 mM; 182.25, 121.5, 81,
54,36, and 24 mM; and 16, 8, 4, 2, 1, 0.5 mM. The effect of this biocide on bacterial
growth was measured by the net growth, which is defined as the difference in optical
density at 600 nm (ODgyo) observed 12 h after incubation compared to before
incubation, using a UV-vis spectrophotometer.
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In the next step, the impact of coated and bare IONPs on P. aeruginosa was
measured. We hypothesized that the presence of IONPs alongside hydrogen
peroxide would initiate the Fenton and Fenton-like reactions, leading to greater
bacterial growth inhibition compared to scenarios without IONPs. To test the
hypothesis, a colony of P. aeruginosa was transferred into 3 ml of TSB media and
incubated overnight at 37°C. To prepare the seed cultures the incubated bacteria was
diluted to ODgpp=0.05 £ 0.01. This dilution was necessary for the subsequent growth
study to standardize the starting bacterial concentration, ensuring consistency and
reliability in our experimental results. Meanwhile, six samples each of PAA@IONPs
and IONPs were prepared, starting at a concentration of 3.65 mg/ml, and serially
diluted in water in a 1:2 ratio until a final dilution of 1:32 was achieved. Hydrogen
peroxide (182.25 mM) was added to the seed culture to achieve a total volume of 50
ml for further studies. This solution was added to each well of a 24 well-plate and
then 10 pl of various concentrations of IONPs or PAA@IONPs were added to the
wells to reach a final volume of 1 ml in each well. Each experiment was conducted
in triplicate.

One indicator of a Fenton-like reaction is the change in the pH of the solution due to
H* generation. To investigate this, IONPs and PAA@IONPs were added to two
solutions: TSB and TSB+182.25 mM H,0,. The concentrations used were the same
as those in the bacterial growth inhibition study, and all samples were prepared in
triplicate. The pH of the solutions was measured immediately after adding the
nanoparticles using a pH meter (Fisherbrand™ accumet™ AB150 pH Benchtop
Meters, USA). All samples were then incubated at 37°C for 12 h, followed by
another pH measurement

To compare the effects of nanoparticles and biocide treatments on bacterial growth,
control experiments were carried out without nanoparticles and hydrogen peroxide
as well as hydrogen peroxide without nanoparticles. In all studies, a blank sample of
TSB alone was included to ensure there was no contamination.

5- Antibacterial Study

A spot serial dilution method was used to study the antibacterial properties of the
biocide hydrogen peroxide and IONPs. Briefly, the bacterial culture was grown over
night in TSB and then diluted with TSB to achieve an ODg, of 0.1 to start the study.
Five samples were prepared including a blank of TSB alone, bacteria in TSB, H,0,
and bacteria, IONPs and H,0O, with bacteria, and PAA@IONPs and H,O, with
bacteria. Each sample had an initial volume of 1 ml. The concentration of H,0O, in
all samples was 182.25 mM, and the samples containing nanoparticles had 10 pl of
nanoparticles at a concentration of 3.65 mg/ml. After thorough mixture, 200 pl of
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each sample was transferred to a 96-well plate in triplicate. Serial dilutions in TSB
were then performed for all samples, with a 10-fold dilution until a dilution factor of
107 was achieved. Samples were incubated for an hour at 37°C, followed by the
culture of 5 pl from each sample on tryptic soy agar, which was then incubated for
15 h. The colony development pattern at different dilutions was recorded as too
many to read (tmtr), countable (6-30 range), no colony is formed (N/A). After
recording the colony number, colony forming units (CFU) / 200 pl of samples was
calculated by multiplying colony number by dilution factor.

All data were analyzed using a one-way ANOVA followed by Tukey’s post-hoc t-
test for statistical analysis, using p-value < 0.05 to determine statistical significance
between means. GraphPad Prism version 10.2.2 (USA) was utilized for all statistical
analyses.

Results:

1- XRD confirmed synthesis of IONPs

To investigate the crystal structure of the synthesized magnetic nanoparticles, X-ray
diffraction (XRD) was performed on the coated and bare IONPs (Figure 2a). The
XRD  pattern of  magnetite  contained six  strong  peaks  at
26 = 30.3°, 35.5°,43.2°, 53.5°,57.1°, and 62.9°, which corresponded to (220),
(311), (400), (422), (511), and (440) crystalline planes of IONPs, respectively
(International Center for Diffraction Data PDF-19-0629) [27]. These six strong
peaks can be observed in Figure 2a. The coating process did not alter peak positions,
indicating preserved crystallinity. The coated samples showed lower intensity

compared to bare IONPs, suggesting reduced XRD signal due to the presence of
PAA [28].
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Figure 2 a) XRD peaks of [ONPs and PAA@IONPs b) FTIR spectra of IONPs dried in freeze-dryer, IONPs dried in oven, PAA,
and PAA@IONPs dried in oven
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2- FTIR indicated bonding between iron and PAA

The FTIR spectra of the synthesized IONPs and PAA@IONPs are displayed in
Figure 2b. FTIR spectra confirmed the presence of Fe—O vibrations at ~610 cm™ in
all samples, indicating iron oxide formation. A broad band between 3200-3500 cm™
suggested adsorbed —OH groups, with higher intensity observed in oven-dried
samples. The presence of a strong C=0 peak at 1718 cm™ in PAA diminished in
PAA@IONPs, with the appearance of a COO™ peak at 1410 cm™, suggesting
successful surface bonding between PAA and IONPs [29-31].

3- XPS revealed synthesis of magnetite nanoparticles

Due to sharing a spinal structure, Fe;O4 (magnetite), and y-Fe,O; can show similar
XRD patterns; therefore, running XRD alone is not the most comprehensive way to
distinguish these specific crystalline forms of IONPs. PAA@IONPs could not be
effectively dried using a freeze-dryer; thus, oven drying was necessary. To
distinguish Fe30,4 from y-Fe, O3, XPS analysis was performed (Figure 3). The Fe
2p3/2 and Fe 2pl1/2 peaks were observed at 711.1 eV and 724.3 eV, confirming
Fe30, as the dominant phase [32]. A satellite peak at 718.5 eV, associated with -
Fe,O3, was detected exclusively in oven-dried samples, suggesting oxidation
occurred during drying rather than synthesis [33-35]. C 1s and O 1s peaks for the
samples are shown and discussed in the supplementary materials. Briefly, the low
intensity of the C=0 peaks compared to the high-intensity C-O peak in the coated
sample provides additional evidence of the chemical binding discussed in the FTIR
data.

XPS Spectra of Uncoated IONPs dried in freeze-dryer b XPS Spectra of Uncoated IONPs dried in oven
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Figure 3 XPS analysis, Fe 2p XPS spectra of (a) IONPs dried in freeze-dryer (b) IONPs dried in oven (¢) PAA@IONPs dried in

oven.

4- TEM revealed spherical morphology and smaller IONPs when coated

TEM images revealed the morphology of synthesized nanoparticles and allowed for
the measurement of their dry particle size, referred to as "dry size" in this analysis.
Both IONPs and PAA@IONPs were predominantly spherical in shape. The mean
size for the uncoated IONPs was 16 = 3 nm, which was reduced to 9 = 2 nm for
PAA@IONPs. As seen in the histograms (Figure 4c,d), in both cases the distribution
of size was close to normal with no great outliers. The bar graph (Figure 4e) depicts
a comparison of coated and uncoated IONPs, where each bar represents the mean
value of dry sizes, with error bars indicating the standard deviation for each group.
The uncoated samples showed a significantly higher mean value compared to the
coated particles. Running a t-test on the samples provides further evidence of a
statistically significant impact of coating on the dry size of I[ONPs.
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Figure 4 TEM images of synthesized (a) IONPs (magnification=60,000x) and (b) PAA@IONPs (magnification= 60,000x). All

images were taken at an accelerating voltage of 80 kV. Dry size histogram of (c) IONPs, and (d) PAA@IONPs. (e) Comparison
between dry size of IONPs and PAA@IONPs. **** p <(0.0001, n=127 f) Hydrodynamic size of IONPs and PAA@IONPs,

determined by NTA. n=5. ** p =0.0054

5- Hydrodynamic size smaller for PAA@IONPs than IONPs
When nanoparticles are dispersed in an aqueous solution, their surface properties
and the ions present in the solution lead to the adsorption of molecules including but
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not limited to water, ions, and proteins (if present in the solution) on their surface.
This adsorption alters their size compared to their dry state, a phenomenon referred
to as hydrodynamic size. To evaluate this size, we employed NTA. NTA measures
the Brownian motion of individual nanoparticles using a combination of light
microscopy and camera technology, providing a particle-by-particle analysis of size.
This technique yields a detailed size distribution and allows for the clear
visualization and differentiation of aggregates from single nanoparticles. As
depicted in Figure 4f, the uncoated nanoparticles exhibited a significantly larger
hydrodynamic size, averaging 106 + 11 nm, compared to the coated nanoparticles,
which averaged 84 + 3 nm. This data underscores the influence of surface
modifications on the hydrodynamic behavior of nanoparticles in solution. Our data
also indicate that the hydrodynamic size of bare IONPs and PAA@IONPs increased
by 6.75 = 1.8 nm and 5.4 + 0.7 nm, respectively, after the addition of nanoparticles
to TSB. This increase might be attributed to the interaction with proteins and salts
present in the TSB.

6- Coating enhanced colloidal stability of IONPs

PAA@IONPs demonstrated significantly higher colloidal stability compared to bare
IONPs. After a week of storage, bare IONPs showed 60% absorbance loss due to
sedimentation, while PAA@IONPs exhibited only a 22% decrease, indicating better
particle suspension. Visual inspection confirmed less precipitation for
PAA@IONPs, with lighter-colored solutions and sedimentation observed
predominantly in bare IONPs. Additionally, zeta potential measurements showed
significantly higher values for PAA@IONPs, indicating improved electrostatic
stability due to the PAA coating. Further details and explanations of the results are
provided in the supplementary materials.

7- Bacterial growth

7-1- Effect of hydrogen peroxide on bacterial growth is concentration-
dependent

Hydrogen peroxide concentrations of 16 mM and below had minimal impact on
bacterial growth, while concentrations above 400 mM completely inhibited it. To
identify a concentration that reduced growth without eradicating bacteria, further
testing revealed that a concentration of 182.25 mM caused approximately a 50%
reduction in bacterial growth. This concentration was chosen for subsequent studies
to assess the effect of coated and uncoated IONPs on bacterial growth inhibition in
the presence of hydrogen peroxide. Additional explanations and related figures are
provided in the supplementary file.

7-2- IONPs with hydrogen peroxide boost bacterial killing compared to
IONPs alone
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Figure 5a illustrates the impact of various concentrations of IONPs and
PAA@IONPs on bacterial growth in the presence of 182.25 mM hydrogen peroxide.
IONPs at concentrations higher than 1.825 mg/ml significantly increased bacterial
growth inhibition while at lower concentrations the increase was not significant.
PAA@IONPs did not have a significant impact on bacterial growth compared to the
sample with just hydrogen peroxide. The concentration-dependent nature of these
reactions for IONPs is evident in Figure 5a, showing that as the concentration of
nanoparticles decreased, their effectiveness in inhibiting bacterial growth was also
reduced. Having 3.65 mg/ml of IONPs and 182.25 mM of hydrogen peroxide
resulted in decreases in bacterial growth of 91.57% and 65.83%, respectively,
compared to the control sample and the one with hydrogen peroxide alone. Similarly,
3.65 mg/ml of PAA@IONPs reduced bacterial growth by 80.62% and 21.45% under
the same conditions. The concentration dependence trend was not observed in
PAA@IONPs samples. Figure 5-b compares the bacterial growth in presence of
hydrogen peroxide between the same concentrations of IONPs and PAA@IONPs.
IONPs inhibit bacterial growth more effectively than PAA@IONPs at the highest
concentration.
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Figure 5 a) Impact of IONPs and PAA@IONPs with 182.25 mM of hydrogen peroxide on bacterial growth over 12 hr of
incubation *p= 0.0296, *** p=0.0002, **** p<0.0001. n=6. b) Comparison of bacterial growth inhibition between IONPs and
PAA@IONPs with 182.25 mM of hydrogen peroxide over 12 hr. *p=<0.0175, ns= not significant.

As a control to determine whether the nanoparticles themselves had antibacterial
properties, the experiment above was repeated without hydrogen peroxide. As
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shown in Figure 6, IONPs alone did not significantly affect bacterial growth over a
12 h incubation period. However, at the highest concentration (3.65 mg/ml), PAA-
coated IONPs showed a slight reduction in bacterial growth. At lower
concentrations, these changes were not statistically significant.

* % % %

=0)

OD 600, t=12nr) = OD(600,

Figure 6 Impact of various concentrations of IONPs and PAA@IONPs on bacterial growth of P. aeruginosa after 12 hr of
incubation *** p=0.0008, **** p<0.0001, n=3

7-3- IONPs have synergistic effect with hydrogen peroxide

Next, the concentration of nanoparticles was held constant while the concentration
of hydrogen peroxide was varied by creating the following serial dilutions: 364.5,
182.25,91.12, and 45.56 mM. Figure 7a shows the control samples, including both
the bacteria and the blank. Figure 7b demonstrates that at the highest concentration,
there was no bacterial growth in all samples, while at the lowest concentration,
minimal growth inhibition was observed. When the concentration of hydrogen
peroxide was set at 182.25 mM, the addition of IONPs significantly enhanced
bacterial growth inhibition.
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Figure 7 a) Growth of blank and bacteria as negative controls b) impact of various concentration of hydrogen peroxide with

constant concentration of NPs on bacterial growth over 12 h. * p=0.0109, ** p=0.0059, *** p=0.0008, n=3

8- Antibacterial Study

The bar graph in Figure 8 presents the colony forming units (CFU) per 200 puL
sample across various treatments against bacterial growth. The blank sample serves
as a baseline with no countable colonies. In contrast, the sample with bacteria shows
substantial growth with CFU reaching over 2 x 107, illustrating the bacteria growth
under untreated conditions. When samples were treated with hydrogen peroxide,
hydrogen peroxide along with IONPs, and hydrogen peroxide alongside
PAA@IONPs, CFU dropped by 88.7, 90.2, and 89.6 %, respectively. As it is shown
in Figure 8b, the sample with IONPs showed slightly more antibacterial activity but
the statistical analysis showed that the difference was not significant.
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Figure 8 Number of colonies of P. aeruginosa that are formed after 15 h of incubation on the tryptic soy agar for (e) all samples

(f) just HyO,+ Bacteria, IONPs+ H,O,+bacteria, and PAA@IONPs+H,0,+bacteria samples **** p<0.0001. n=3

10- pH Study:

The initial pH of TSB was 7.44 + 0.03. Figure 9 illustrates the changes in pH for all
samples after 12 h of incubation. Samples containing hydrogen peroxide exhibited a
significant decrease in pH compared to the corresponding samples without H,O,.
This pH reduction suggests the occurrence of a Fenton-like reaction, where hydrogen
peroxide reacts with [IONPs or PAA@IONPs, leading to the production of acidic
species, which lowers the pH.
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Figure 9 The changes of pH after incubation of IONPs and PAA@IONPs with and without hydrogen peroxide in TSB for 12 h.
** p<0.0027, *** p<0.001. n=3

pH (before incubation) - pH (after 12 hrs incubation)

0.00

Discussion:

Bacterial contamination in water systems poses significant challenges, including
inhibited water flow, increased corrosion, and serious threats to human health [36].
Among the pathogens of concern, P. aeruginosa stands out due to its robustness and
the health risks it presents. Traditional biocides used to control such bacteria often
come with drawbacks, including potential harm to human health and the
environment. In response to these challenges, this study explores an innovative
approach to enhance the efficacy of hydrogen peroxide, a commonly used biocide.
We hypothesize that IONPs could boost the antibacterial properties of hydrogen
peroxide, offering a promising solution for improving water quality without the
accompanying risks of increased chemical exposure.

The material properties of the particles synthesized for this study are shown in
Figures 2-4. XRD data revealed six main peaks that are indicators of magnetic
IONPs, and the PAA coating reduced the core IONP size. To determine whether the
PAA coating on the IONPs was successful and if bonding occurred between the
coating and the core, FTIR was conducted. Figure 10 illustrates the possible
reactions between the coating and the core [29]. In reactions a and b, the C=0 of
PAA remains intact after coating, but in reactions ¢ and d, the C=0 bond of PAA
breaks down. Our results showed that before coating, a high-intensity C=0 peak was
observed, and the peak intensity significantly dropped after coating, indicating that
bonding between PAA and IONPs occurred and it was either in form c or d (Figure
10). Same trend was also seen in XPS results (Figure 1 in supplementary file).
Additionally, the intensity of the Fe-O peak in the coated sample decreased
compared to the bare IONPs, likely due to the surface coverage of the IONPs by the
coating.
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Figure 10 possible interactions of the PAA polymer chain and IONPs.

To achieve optimal activity in the Fenton and Fenton-like reactions, the IONPs
needed to be in the magnetite oxidation state. Zhao et al. [37] reported that magnetite
nanoparticles show stronger catalytic performance compared to hematite, and
hydrated iron(IIl) oxide in Fenton reactions. The XPS technique confirmed that the
synthesized nanoparticles were indeed magnetite. This analysis also indicated that
the drying technique significantly affects the oxidation state of the final product.

The TEM analysis revealed that the inclusion of PAA during synthesis to coat the
particles significantly influenced the size of the IONPs, reducing the mean particle
size from 16 £+ 3 nm for uncoated to 9 + 2 nm for coated nanoparticles. The observed
differences in hydrodynamic sizes between coated and uncoated nanoparticles
measured by NTA aligned well with TEM images, highlighting the coating’s
effectiveness in inhibiting particle agglomeration and promoting IONPs uniformity.

Hydrodynamic size of PAA@IONPs were 22 nm smaller than bare IONPs. The
reason that the addition of a polymer coating resulted in a decrease in hydrodynamic
size rather than an increase is that the PAA coating was introduced before nucleation
and formation of IONPs. As the nanoparticles formed, they were immediately coated
with PAA, which prevented aggregation and further growth, ultimately leading to
the formation of smaller nanoparticles. Smaller nanoparticles have a higher surface
area-to-volume ratio, which enhances their interaction with the surrounding medium
and promotes better electrostatic stabilization [38, 39]. The UV-vis absorbance at
350 nm showed that PAA@IONPs exhibited smaller changes in peak intensity
compared to bare IONPs, indicating better stability in an aqueous environment.
Sedimentation studies further supported this, as PAA@IONPs demonstrated
decreased sedimentation rates, reflecting their increased colloidal stability.
Additionally, zeta potential measurements revealed that PAA@IONPs had more
negative values, suggesting stronger repulsive forces between particles and thereby
enhancing stability. Improved colloidal stability means that nanoparticles are less
likely to aggregate and precipitate, which is critical for maintaining consistent
interaction with hydrogen peroxide to enhance antibacterial activity, leading to more
effective performance in water treatment.
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In this study, we aimed to enhance the efficacy of hydrogen peroxide by leveraging
IONPs through the Fenton and Fenton-like reactions. This approach was expected
to lower the required concentrations of hydrogen peroxide. The impact of hydrogen
peroxide on bacterial growth is highlighted in Figure 4 in the supplementary file,
where lower concentrations (0.5 to 16 mM) did not significantly affect growth, but
levels above 81 mM markedly reduced it, with a 50% reduction observed at 182.25
mM, which is the concentration chosen for further studies. Figure 5 then compares
the bacterial growth inhibition of uncoated IONPs and PAA@IONPs in the presence
of hydrogen peroxide. It shows that bare IONPs at concentrations higher than 1.825
mg/ml, significantly reduced bacterial growth compared to the control without
nanoparticles. Although other samples exhibited increased bacterial inhibition, their
impacts were not statistically significant. This could be because the bare surface of
IONPs provides more active sites for catalyzing the Fenton and Fenton-like reactions
compared to PAA-coated IONPs, where the polymer coating may hinder access to
the iron cores necessary for the reaction. The lack of significant increase in bacterial
inhibition at lower IONPs concentrations, indicated that the reactions were
concentration-dependent, with a minimum effective concentration of 1.825 mg/ml
needed to observe a notable effect.

Figure 9 illustrates a decrease in pH to a more acidic environment following the
incubation of nanoparticles with hydrogen peroxide, indicative of Fenton and
Fenton-like reactions.

Despite existing literature suggesting that neither IONPs nor PAA exhibits
substantial antibacterial activity [17, 40], Nie et al. [20] have indicated that coating
IONPs with PAA enhanced their bactericidal effects against Escherichia coli and
Staphylococcus aureus. Nonetheless, our findings did not reveal a significant impact
of the PAA@IONPs alone on P. aeruginosa. The bacterial inhibition studies (Figure
6) indicated that at the highest concentrations, PAA-coated IONPs could slightly
inhibit bacterial growth compared to uncoated IONPs, while at lower concentrations,
neither type of nanoparticle displayed substantial activity in the absence of hydrogen
peroxide. This outcome supports the hypothesis that the bacterial growth inhibition
observed in the previous experiment involving hydrogen peroxide was primarily due
to the Fenton and Fenton-like reactions between ferrous and ferric iron and hydrogen
peroxide molecules.

Figure 7b illustrates that there was a specific concentration range of hydrogen
peroxide within which the addition of IONPs could significantly enhance bacterial
growth inhibition via the Fenton and Fenton-like reactions. At high concentrations,
hydrogen peroxide alone was sufficient to inhibit bacterial growth, while at low
concentrations, the generation of radical ROS through the Fenton and Fenton-like
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reactions was inadequate to effectively inhibit bacterial growth. In our study, the
addition of IONPs in the presence of 182.25 mM hydrogen peroxide notably
increased their efficacy in inhibiting bacterial growth. Combining Figure5-7, it is
evident that IONPs alone do not affect bacterial growth. However, when combined
with hydrogen peroxide, they significantly inhibit bacterial growth, and this effect
intensifies at the optimum concentration of hydrogen peroxide (182.25 mM). This
indicates that the impact of IONPs and hydrogen peroxide on bacterial growth
inhibition is synergistic, not additive.

The absence of bacterial colonies in the blank samples (Figure 8) confirmed that our
experiments were not contaminated. Bacteria samples exhibited significantly higher
colony numbers compared to other samples, indicating optimal conditions for
bacterial growth. Samples treated with H,O, showed significantly lower CFU
compared to the bacteria-only samples, suggesting effective bacterial cell
eradication. Although our previous data indicated that the presence of IONPs could
enhance the bacterial inhibition growth effects of biocides by triggering the Fenton
and Fenton-like reactions, the CFU counts in the samples with IONPs were lower
than those without, but the difference was not statistically significant. PAA-coated
IONPs showed antibacterial activity slightly lower than samples with uncoated
IONPs and slightly higher than the samples without nanoparticles but the differences
were not statistically significant.

Our data showed that the presence of IONPs can enhance the effectiveness of
hydrogen peroxide. The literature reports that 294 mM of hydrogen peroxide
effectively kills Escherichia coli in 75 min and Streptococcus faecalis in 180 min
[41]. With the aid of IONPs, we achieved a 90.2% kill rate of P. aeruginosa in 60
min. Although coatings can improve the storage stability and decrease the size of
nanoparticles, the presence of polymer chains hindered the catalytic activity of
IONPs with hydrogen peroxide. Future studies should investigate the impact of
coating coverage on the colloidal stability and reactivity of IONPs in the Fenton
reaction. Identifying the optimal coverage of IONPs that enhances their colloidal
stability while maintaining their reactivity in the Fenton reaction could significantly
benefit the water treatment industry. Our study was limited to P. aeruginosa, while
future research should include other bacterial strains to draw more definitive
conclusions. The application of alternating magnetic fields to induce hyperthermia
in these nanoparticles will be explored by our team, which could further reduce the
required biocide concentrations for effective bacterial eradication.

Conclusions:
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This study attempted to find a solution to decrease the concentration of hydrogen
peroxide necessary to limit bacterial growth in water sources. In this study, bare
IONPs combined with hydrogen peroxide were effective against bacterial growth at
concentrations higher than 1.825 mg/ml. PAA@IONPs combined with hydrogen
peroxide were more effective than hydrogen peroxide alone, however, the difference
was not statistically significant. Although coating the IONPs with PAA decreased
the size of the nanoparticles and increased their colloidal stability, it also reduced
their ability to inhibit bacterial growth. This reduction is most likely due to the
smaller effective surface area available for Fenton and Fenton-like reactions to occur
on the iron surface. This strategy holds promise for mitigating the spread of
infectious diseases in diverse settings, ranging from hospital water systems to
industrial applications and even space station water recovery systems.
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Data for this article, including figures and their raw data are available at NOMAD
at https://nomad-
lab.eu/prod/v1/gui/user/uploads/upload/id/U6a79B7wRaaoayclWomN-g
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