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ARTICLE INFO ABSTRACT
Keywords: Iron oxide nanoparticles (IONP) are versatile materials that exhibit antibacterial properties
Iron oxide nanoparticle through membrane damage and ROS production. However, the agglomeration tendency and poor

Capping layer
Polymer-capped
Antibacterial efficacy
Infectious diseases

colloidal dispersion in the aqueous medium limit their application. In this study, polymer-capped
IONP were developed using three different polymers: polyethylene glycol (PEG 4000), polyvinyl
pyrrolidone (PVP K-30), and hydroxypropyl methyl cellulose (HPMC E15) at three different
concentrations (0.1%, 0.5%, and 1.0%) to prevent agglomeration and enhance IONP colloidal
stability. The successful formation of the polymer-capped IONP was indicated by the hydrogen
bond observed from the FT-IR spectrum, interference of the polymer in the crystal lattice of IONP,
the smooth surface with an allegedly sheet-like structure, and less agglomerated particles. The
application of a capping layer significantly reduced the hydrodynamic particle size of IONP from
140.00+£27.90 nm to 82.20+10.14, 68.79+11.50, and 70.07+6.99 nm for IONP capped by PEG
1.0%, PVP 0.1%, and HPMC 1.0%, respectively. The disk diffusion antibacterial assay revealed a
higher inhibition zone of the polymer-capped IONP than bare IONP towards Esherichia coli and
Staphylococcus aureus. However, the minimum inhibitory concentration (MIC) determination
using the microbroth dilution test possessed limitations in inhibiting bacterial growth due to
insufficient direct contact of polymer-capped IONP with the bacterial membrane. The promising
polymer-capped IONP systems for further development were IONP-PEG 1.0%, IONP-PVP 0.1%,
and IONP-HPMC 1.0%, as depicted through Principal Component Analysis (PCA). The radical
scavenging activity presented by polymer-capped IONP enhances its feasibility as an antibacterial
agent for infectious diseases and antioxidant properties in the biomedical field.
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1. Introduction

Iron oxide nanoparticles (IONP) are ceramic nanoparticles that were employed in the biomedical field as active constituents to
overcome specific diseases and promote cellular regeneration. IONP were beneficially incorporated into an injectable hydrogel to
stimulate vagus nerve activation and bone remodeling in osteoporosis treatment [1]. From other research, the reactive oxygen species
(ROS)-responsive hydrogel containing matrix metalloproteinase-13 siRNA (siMMP-13) and polyethyleneimine (PEI)-polyethylene
glycol (PEG) modified Fe304 nanoparticles was successfully employed as anti-inflammatory and attenuated cartilage degradation [2].
Magnetic IONP was also applicable for antibiotic delivery strategies to overcome prosthetic joint infection through the formation of
vancomycin-IONP nanocomposite. The magnetic responsive characteristics of IONP were beneficial to support rapid vancomycin
release in the local tissue [3]. Therefore, IONP is a favorable adjuvant and antibacterial agent, particularly for specific site infections.

IONP was a promising antibacterial agent against pathogenic bacteria such as Staphylococcus aureus, Esherichia coli, and Klebsiella
pneumoniae, as reported in an earlier study [4]. Reactive oxygen species (ROS) production via the Fenton reaction was assessed as the
primary mechanism underlying its antibacterial activity [5]. ROS interacts with the cell membrane of bacteria, followed by DNA
damage and lipid peroxidation, causing cell death [6]. However, the initial study reported that IONP can also exhibit radical scav-
enging activity characteristics, rather than ROS generation, due to the existence of a capping agent. Therefore, its antibacterial
mechanism is not solely determined by ROS generation characteristics but also by physical interaction, electrostatic attraction, and a
cell membrane-impairing mechanism leading to cell death. The previous study described that the Fe;O3 phase is more pronounced in
inhibiting bacterial cell growth compared to the Fe3O4 phase, as presented by a lower MIC against Escherichia coli [7]. The other study
also confirmed that maghemite (y-Fe;O3) exhibited a lower live/dead ratio of Staphylococcus aureus compared to magnetite (FezO4),
indicating higher antibacterial activity of this phase [8]. The biomedical application of IONP as an antibacterial compound was limited
due to particle agglomeration induced by high surface energy and attraction of magnetic dipole-dipole [6,7]. In addition, the reduction
of magnetization capacity and colloidal stability of IONP should also be considered to improve its activity [8,9].

The application of a capping layer is an efficient approach to overcoming these limitations [10-12]. The capping layer is a
functional layer composed on the surface of the nanoparticle through covalent and non-covalent interactions, such as hydrogen bonds
and van der Waals interactions [13]. The functional group of capping layer materials can attach to the IONP, provoking steric and
electrostatic interactions [14]. The steric hindrance and electrostatic repulsion are considered the main mechanisms for preventing
IONP agglomeration and improving its physicochemical characteristics [15]. Various materials can be employed as a capping layer,
including polymer, surfactant, bio extract, polysaccharide, and amino acids [16]. Polymer is promising for use as a capping layer, as it
exhibits both steric and electrostatic stabilization. The polyelectrolyte anchors on the end group of the polymer promote electrostatic
repulsion. Meanwhile, the polymer grafting density balances van der Waals interactions among IONP cores through steric hindrance.
These mechanisms were reported to be successful in establishing IONP stabilization in colloidal form and minimizing agglomeration
[17,18]. Therefore, the physical and chemical properties of the polymer, such as molecular structure, functional group, hydrophilicity,
dielectric constant, molecular weight, chain length, and viscosity, must be analyzed to determine a suitable polymer to construct the
capping layer [14,15].

The hydrophilic polymer is favorable for modifying the surface of IONP and generating a capping layer. The availability of
functional groups, such as -OH, -COOH, -CO, and -NHj is beneficial for interacting with the IONP surface [11,16]. The number of
functional groups present in the polymer structure determines the probability of interaction and product yield. The polymer functional
group also significantly influences the zeta potential and particle size of capped-IONP via electrostatic mechanisms [19,20]. Hence, the
adequate zeta potential (> 25 mV) and smaller particle size (< 100 nm) of IONP will be produced by applying a hydrophilic polymer. A
hydrophilic polymer that establishes higher viscosity and dielectric constant is recommended as a capping layer, due to its ability to
control the nucleation rate and crystal plane growth, resulting in a smaller particle size and better IONP stability [21]. Furthermore,
the steric stabilization is implied by the hydrophilic polymer that has a high molecular weight and a longer chain length. The higher
molecular weight of the polymer generates a more uniform capping layer and maximum coverage on the surface of the IONP.
Additionally, the longer chain length provides better steric stabilization through stronger van der Waals interactions between the
polymer and the IONP [22]. However, the molecular weight and chain length of the polymer should be optimized to obtain a desirable
capping layer thickness, which significantly impacts the particle size of capped-IONP. Hydrophilic polymers with a molecular weight
higher than 1.000.000 Da are not recommended for use as a capping layer, as a previous study reported a significant increase in
particle size [22].

In general, a comprehensive study that evaluated the effect of the physicochemical properties of hydrophilic polymers is still
limited. The previous work mainly presented the application of a particular polymer to improve the physical and chemical properties
of IONP, such as polyethylene glycol [20], polyacrylic acid [23], polyvinyl alcohol [24], Pluronic® P123 [15], and chitosan [25].
Therefore, an elaborate study that investigates the effects of different properties of polymers as a capping layer is still required to select
the appropriate polymer. In this study, polyethylene glycol (PEG 4000), polyvinyl pyrrolidone (PVP K-30), and hydroxypropyl methyl
cellulose (HPMC E15) are employed as a capping layer in the synthesis of IONP, particularly the maghemite (y-Fe;O3) phase. These
polymers have specific functional groups, namely hydroxyl (-OH) in PEG 4000 and HPMC E15, followed by carbonyl (C=0) in PVP
K-30. Hence, the hydrogen bond and hydrophobic interaction are predicted to occur between polymers and IONP [14]. These polymers
also exhibit extensive polymer chains and high molecular weight, which are 2000-5000 Da, 8000-55.000 Da, and 60.000 Da, for PEG
4000, PVP K-30, and HPMC E-15, respectively [19,23,24]. This characteristic will strongly contribute to the steric stabilization
mechanism of IONP. Furthermore, the hydrophilicity and high dielectric constant values of these polymers are also beneficial to
maintain nucleation rate and prevent particle agglomeration during synthesis [26-28]. Polymer concentration was also evaluated in
this study, since excessive polymer concentration implies zeta potential reduction and particle enlargement [29]. The earlier study
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exhibited that the optimal concentration of polymer as a capping layer lies between 0.1 and 1.0%. Consequently, three different
concentrations are evaluated for each polymer on the physicochemical properties and antibacterial activity of polymer-capped-IONP,
herein 0.1%, 0.5%, and 1.0% [24,26]. We expect this study to emphasize the effect of polymer properties on the physicochemical and
antibacterial efficacy of polymer-capped IONP, in conjunction with determining the potential polymers to improve IONP’s charac-
teristics and biomedical applications.

2. Materials and methods
2.1. Materials

The materials used in this study include chemical reagents (analytical grade) and pharmaceutical excipients (pharmaceutical
grade). The chemical reagents consist of ferric chloride hexahydrate 98% (FeCls-6H20) (Sigma-Aldrich) and sodium hydroxide
(NaOH) pellets (Merck). The pharmaceutical excipients employed in this study are polyethylene glycol (PEG 4000) (NOF Cor-
poration, Japan), polyvinylpyrrolidone (PVP K-30) (JH Nanhang Life Sciences, China), and hydroxypropyl methyl cellulose (HPMC
E15) (Shanghai Honest Chem Co., LTD, China). Double-distilled water (PT. Ikapharmindo, Indonesia) was used in all the synthesis
procedures. Hypoxanthine (Sigma-Aldrich), xanthine oxidase (Sigma-Aldrich), and nitroblue tetrazolium chloride (NBT) (Thermo
Fisher, Merck) reagents were employed for ROS scavenging activity analysis.

The Mueller-Hinton agar medium (Merck) and the bacteria isolated (E. coli ATCC 8739 and S. aureus ATCC 6538) obtained from the
Indonesian National Agency of Drug and Food Control (Badan POM Indonesia) were utilized for the antibacterial efficacy test of
these polymer-capped IONP. The bacterial strains were stored on agar slants at 4 °C and subsequently cultured in nutrient broth at
37 °C for 24 h. The disk diffusion method was performed in this study to evaluate the antibacterial efficacy of polymer-capped IONP
using Thermo Scientific™ Oxoid™ blank antimicrobial susceptibility discs. Muller-Hinton broth medium (Merck) was employed
for minimum inhibitory concentration (MIC) determination.

2.2. Synthesis of iron oxide nanoparticles (IONP)

The IONP samples were synthesized using the previously optimized co-precipitation method [30]. We used the precursor con-
centration of 0.10 M and 2 M sodium hydroxide solution, with the stirring process conducted at 600 rpm, as these parameters could
generate excellent physicochemical properties of the synthesized IONP [31]. The stirring process continued for 3 h. The
reddish-brown precipitate was separated from the supernatant by centrifugation at 4000 rpm for 10 min [32]. Afterwards, the
precipitate was washed using double-distilled water until a neutral pH was achieved (pH =7), indicating the removal of excess ions,
particularly the chloride ions. The drying process of these precipitates is then conducted in an oven at 80 °C for 24 h [33]. The
post-precipitation thermal treatment and annealing process was not conducted in the synthesis process of IONP to prevent phase
conversion from the favorable maghemite (y-FeoO3) phase to the more stable a-Fe;O3 (hematite) phase, since a-FeoO3 (hematite)
produced lower magnetization and antibacterial activity [34].

2.3. Synthesis of polymer-capped iron oxide nanoparticles (IONP)

The prepared IONP was coated using three different types of hydrophilic polymer, namely PEG 4000, PVP K-30, and HPMC E15.
Each polymer was optimized in three concentrations of the capping layer: 0.1%, 0.5%, and 1.0%. IONP powder was weighed at 300
mg, then dispersed in 50 mL of double-distilled water. The polymer solution was then prepared by dissolving a specific amount of
polymer in 50 mL of double-distilled water, thereby obtaining the desired concentration in a 100 mL mixture. The polymer solution
was added dropwise using a syringe into the IONP dispersion, while stirring at 600 rpm with a magnetic stirrer at room temperature
(25-30 °C) [35]. The stirring process then continued for 6 h under these conditions until a light reddish-brown suspension was
formed. Subsequently, the suspension was centrifuged at 4000 rpm for 10 min to settle the polymer-capped IONP precipitate, and a
magnetic separation process was conducted. The precipitate was then washed thoroughly using 100 mL of double-distilled water to
remove the excess polymer [36]. The precipitate was then dried in an oven at 60 °C for 12 h [37]. The dried powder of
polymer-capped IONP was stored in an airtight container for further evaluation.

2.4. Characterization of polymer-capped iron oxide nanoparticles (IONP)

The interaction between IONP and the polymers as a capping layer was investigated through a Fourier-transform infrared (FT-IR)
spectrophotometer (Jasco 4200 type A) [20]. The powder X-ray diffraction (PXRD) pattern of the polymer-capped IONP was
recorded using a Rigaku MiniFlex 600-C Powder X-ray Diffractometer to analyze the surface functionalization of the polymer [14].
The UV-Vis spectrum and optical properties of polymer-capped IONP were analyzed using a UV-Vis spectrophotometer (Shimadzu
UV-1800) at a wavelength of 200-800 nm. The band gap energy calculation was also performed from the obtained UV-Vis
spectrum data [38]. The morphological state, microstructure, size, and chemical composition of the polymer-capped IONP were
studied using a Thermo Scientific Phenom ProX scanning electron microscope equipped with an energy-dispersive X-ray detector
(SEM-EDX). The particle size was also determined from the SEM micrograph at 10,000 x magnification by measuring 100 particles
using ImageJ software [39]. The chemical constituents and distribution of these constituents that comprise the polymer-capped
IONP were also detected by an Energy Dispersive X-ray (EDX) detector equipped with the SEM instrument [40]. The



K.C. Rani et al. OpenNano 31 (2026) 100320

hydrodynamic particle size and surface charge of polymer-capped IONP were determined using a Malvern Zetasizer Pro Advance
(Malvern Instruments, UK) equipped with a dynamic light scattering module [25]. The magnetic properties analysis of the
polymer-capped IONP was carried out using a vibrating sample magnetometer (VSM) at room temperature (300 K) using a
magnetic field up to 30 kOe [36]. The statistical analysis of particle size and zeta potential was performed using the Kruskal-Wallis
Test at the 0.05 significance level (a=0.05). The software for statistical analysis was IBM® SPSS Statistics 23 (IBM Corporation).

2.5. Invitro antibacterial activity study of polymer-capped iron oxide nanoparticles (IONP) using disk diffusion method

The disk diffusion method was used to assess the antibacterial efficacy of polymer-capped IONP prepared using PEG 4000, PVP K-
30, and HPMC E15. The antibacterial efficacy of these polymer-capped IONPs was evaluated against Escherichia coli (ATCC 8739), a
gram-negative bacterium, and Staphylococcus aureus (ATCC 6538), a gram-positive bacterium [6]. These bacteria were subcultured
in nutrient broth for 24 h before use. The turbidity of the bacterial suspension was adjusted to 0.5 McFarland (approximately 1-2 x
108 CFU/mL). Approximately 60 ul of bacterial suspension was spread on the surface of an agar plate. The samples were prepared
by dissolving each polymer-capped IONP in methanol until a final concentration of 1000 pg/ml was reached. The filter paper disk
was impregnated with this solution, then transferred to a nutrient agar plate. Methanol as a solvent was employed as a negative
control; meanwhile, amoxicillin was prepared as the positive control. The neodymium magnet (OMOTS8ESV) with a 5 mm diameter
was put on the surface of the Petri dish to modulate the magnetization properties of polymer-capped IONP for enhancing its
antibacterial properties. The inhibition zone diameter (mm) was measured using a vernier caliper for each sample and was con-
ducted in three replicates [41].

2.6. Principal component analysis (PCA) of physicochemical properties and antibacterial activity of polymer-capped iron oxide
nanoparticles (IONP)

Principal component analysis (PCA) technique was employed to analyze the multivariate relationship between physicochemical
properties and antibacterial activity of polymer-capped iron oxide nanoparticles (IONP). PCA simplified the data into a lower-
dimensional space, derived from the principal components (PC), which were combinations of the original variables, and explained
the maximum variability of these variables [42]. The polymer-capped IONP dataset includes hydrodynamic particle size, poly-
dispersity index (PDI), zeta potential, SEM-derived particle size, band gap energy, magnetization, and inhibition zone diameter against
Staphylococcus aureus and Escherichia coli. Principal component analysis (PCA) was conducted on the correlation matrix using
eigenvalue decomposition, and components with eigenvalues > 1.0 were further applied for analysis. Afterwards, the scree plot,
loading plot, and score plots were generated to evaluate variance distribution, variable contributions, and clustering map of each
polymer-capped IONP formulation [43]. All the analysis processes were performed using Minitab® Statistical Software 22. The most
promising systems of each polymer-capped IONP were further analyzed.

2.7. Transmission electron microscopy (TEM) characterization

The morphological characteristics of the most promising systems for each type of polymer-capped IONP, determined by PCA
analysis, were further examined using a transmission electron microscope (TEM, JEOL JEM-1400). The core size of IONP was
determined by measuring the diameter of 50 randomly selected particles, and then the particle size distribution and average particle
size were analyzed using ImageJ software [44].

2.8. Reactive oxygen species (ROS) scavenging activity analysis

The behavior of polymer-capped IONP for generating or scavenging ROS was studied using nitro blue tetrazolium (NBT), since NBT
can directly react with the produced ROS, particularly superoxide anion radical (03"), to form a purple-blue formazan precipitate. The
preliminary study of polymer-capped IONP exhibited ROS scavenging activity rather than generating. Hence, the ROS scavenging
activity was performed by a series of polymer-capped IONP solutions with concentrations of 5000, 2500, 1250, 625, and 312.5 ppm.
Hypoxanthine and xanthine oxidase solutions were employed to generate ROS and as a negative control. Each concentration of
polymer-capped IONP and NBT reagent (20:2 ratio) was added to the hypoxanthine-xanthine oxidase solution. The samples were
incubated for 30 min at a temperature of 37° C, and the absorbance was analyzed using a microplate reader (Biochrom EZ Read) at a
560 nm wavelength [45].

2.9. 2.9 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) determination

The selected system of polymer-capped IONP, according to the PCA analysis, was further studied regarding its antibacterial activity
profiles. MIC determination was performed by the broth microdilution method using 96-well titer plates. The stock solution of
polymer-capped IONP (10.000 ppm) was prepared by dispersing the samples in 5 ml double distilled water. Afterward, the test solution
was prepared ranging from 5000, 2500, 1250, 625, and 312.5 ppm using Mueller-Hinton Broth (MHB) as dilution. Approximately 100
uL of test solutions were put in the wells. The bacterial culture (Escherichia coli and Staphylococcus aureus) was prepared to a 0.5
McFarland standard inoculum, then diluted to 1:100 using MHB and added to each well. The positive control containing bacterial
inoculum in MHB and the negative control, consisting of MHB only, were also prepared. The plates were incubated for 24 h at a
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temperature of 37 °C. The optical density (OD) of Escherichia coli was measured at 600 nm wavelength, while Staphylococcus aureus was
measured at 595 nm, followed by the determination of MIC. After determining the MIC values, 100 ul of the samples from transparent
wells were put on Mueller-Hinton Agar (MHA) for culturing and incubated at 37 °C for 24 h. The MBC was determined by the lowest
concentration of polymer-capped IONP that successfully killed the bacteria [46].

3. Results and discussion
3.1. Fourier transform infrared (FT-IR) spectroscopy analysis

The interaction between IONP and the polymer matrix, which serves as a capping layer, was studied using FT-IR spectroscopy. The
absorption band of IONP and polymer-capped IONP was analyzed to determine the possible interaction formed during the synthesis
[47]. The FT-IR spectra and peak assignments of IONP and IONP capped by PEG 4000, PVP K-30, and HPMC E15 are displayed in
Fig. 1, Supplementary Fig. S1, and Supplementary Table S8. The bare IONP presented the bonds due to O—H stretching at 3433.87
cm™ and O—H bending at 1626.13 em’. These bonds are probably due to the absorbed water on the surface of the IONP [34]. The
previous study also revealed that the absorption band around 1623.90 cm! is correlated with the vibration mode of y-Fe,03 and can be
further confirmed by the PXRD patterns analysis [48]. The specific absorption was observed at 590.65 cm™ and 878.06 cm;1 indicating
the Fe-O stretching of Fe,05, Moreover, the absorption band at 590.65 cm™ was specifically displayed for maghemite (y-Fe203), which
was previously reported between 590 cm™ and 634 cm™ [49]. Hence, the phase of the prepared IONP was predicted as maghemite
(y-Fez03).

The FT-IR spectrum of all polymer-capped IONPs exhibited small absorption around 2350-2360 cm’l. This peak presumably
confirmed the existence of environmental CO, absorption during FT-IR spectroscopy analysis [32]. The application of PEG 4000 as a
capping layer on the prepared IONP provoked the absorption band around 1100 cm™, due to the C—O-C stretching that is typically
associated with PEG ether linkage. The shift of C—O stretching from 1104.35 cm™ in the PEG spectrum to ~ 1000-1016 cm™ in
IONP-PEG systems suggested the hydrogen bonding between the oxygen ether (C—O) of PEG and IONP. The -OH group of PEG as a
capping layer was also implied to intensify the -OH stretching vibration around 3430-3450 cm™, since PEG was an ethylene glycol
derivative [14]. Thus, the hydrogen-bound interaction between PEG and the surface of IONP is presumably a dipole-cation bound
between the ether group of PEG and the positive charges of IONP [20]. In addition, the increment of PEG concentration as a capping
layer exhibited a more intense absorption of -OH stretching (3430-3450 cm™) and C—O-C stretching, preserving the stronger
interaction between PEG 4000 and IONP. The enhancement of this absorption implied both polymerization of the PEG chain on the
surface of IONP and hydrophilicity improvement of the capped-IONP [50].

The FT-IR spectrum of PVP-capped IONP exhibited characteristic peaks of IONP, including Fe-O stretching at 668 cm™, -OH
stretching at 3446-3450 cm™!, and -OH bending from water adsorption molecules at 1639-1646 cm™. The peak shifting of the amide
carbonyl group (C=0) of PVP from 1655.19 cm™ to 1639-1646 cm’! indicated the interaction between PVP and the IONP core. The
presence of PVP in the capping layer was observed to intensify the absorption band around 1639-1646 cm™ due to the existence of the
carbonyl group (C—=O0) from PVP that interacted with the IONP, promoting surface functionalization. The interaction that was con-
structed on the PVP-capped IONP might be due to the oxygen on the carbonyl (C—=0) group of PVP and the proton contained in the
maghemite (y-Fe;03 ) [14]. Meanwhile, the peak at 894.51 cm™ was assigned to the vibration of the pyrrolidine ring of PVP, indicating
the pyrrolidine ring attachment on the prepared PVP-capped IONP, as reported before around 880 cm™ [51]. The increase in PVP K-30
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Fig. 1. The FT-IR spectrum of (A) IONP-PEG capped systems, (B) IONP-PVP capped systems, and (C) IONP-HPMC capped systems.
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concentration applied as a capping layer induced the broadening of the -OH stretching band, which indicated the thicker capping layer
attached to the surface of IONPs, constructed from hydrogen bonding. However, the thickening of the capping layer formed on the
surface of IONP could reduce the strength of the coordination interaction between the Fe*>* ion and PVP. Therefore, the appropriate
concentration of PVP as a capping layer must be investigated for the physicochemical properties of IONP [25,43].

The existence of HPMC molecules as a capping layer on the surface of IONP was confirmed by the broad FTIR band at 3452.26 cm’},
which indicated -OH stretching from the HPMC functional group. The transmission band is also located at 3600-3100 cm™, which is
particularly maximum at 3461 cm™! and correlated with the -OH groups of HPMC molecules. Since the pure HPMC molecules exhibited
specific bending vibrations around 1650 cm™ due to water molecules' vibration, the shifting to 1633.87-1636.77 cm™! correlated with
hydrogen bonding formation between the hydroxyl group of the HPMC side chain and Fe-O [38,44]. The C—O-C stretching of HPMC
shifted from 1082.27 cm™! to 879.03-888.71 cm’}, indicating interaction between glycosidic parts of cellulose derivatives like HPMC
with IONP [52]. Meanwhile, the Fe-O vibrational modes are still detected at 635.16-658.39 cm’L. These results showed the successful
surface functionalization of HPMC without altering the IONP core. Increasing the HPMC concentration as a capping layer from 0.1% to
0.5% caused the broadening of the -OH stretching bond around 3452 cm™ . On the contrary, the intensity of these peaks appeared lower
in IONP-HPMC 1.0%, indicating reduced surface coverage as HPMC concentrations increased and produced a high-viscosity disper-
sion. This was presumably due to the separation of the HPMC viscous layer during the synthesis process. The FT-IR spectrum of all
polymer-capped IONP exhibits specific interactions between the functional group of the polymer and IONP, remarking the successful
capping layer coverage on the surface of IONP [37].

3.2. X-ray diffraction (XRD) analysis

XRD patterns of IONP and polymer-capped IONP prepared from this study are presented in Supplementary Fig. S2. The broader
peak and low intensity from the IONP diffraction pattern suggested the formation of a nanocrystalline sample [53]. A small diffraction
peak associated with the y-FepO3 phase, which could be located at 260 =35.50°, was observed in all the polymer-capped IONP samples
[54]. The existence of the y-Fe;O3 phase confirmed that the capping layer did not alter the IONP core structure and phase. y-FeoO3
phase is preferable due to its ability to produce superparamagnetic properties, high saturation magnetization, and higher antibacterial
activity reflected from the lower minimum inhibitory concentration (MIC) values compared to the other phase [7]. However, the
application of a capping layer influenced the peak breadth and intensity, presumably due to the reduction in crystallite size and surface
disorder [14].

The application of PEG, PVP, and HPMC as a capping layer is attributed to the presence of a typical polycrystalline phase on the
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surface of the IONP, especially at 20 values of ~15 °- 25 ° The reduction of XRD peak intensity was also observed due to the existence of
the capping layer on the surfaces of IONPs [37]. PEG is a hydrophilic polymer with the lowest molecular weight and viscosity among
the polymers investigated [20]. Hence, PEG formed a flexible, low-viscosity chain layer around the surface of IONP without signifi-
cantly altering its crystal structure. Moreover, PVP exhibited a thicker capping layer due to its higher molecular weight and vigorous
coordination via the carbonyl groups of the pyrrolidone ring [51]. This condition led to a more crystalline reduction and a higher
defect density. Additionally, HPMC, which presented the highest molecular weight and viscosity, produced a thicker capping layer and
an amorphous shell [55]. The thicker capping layer pronounced peak broadening, elevated micro strain, and reduced grain size, which
was extensively presented by the application of 1.0% HPMC [56]. The peak broadening and reduction of peak intensity were also
intensified as the capping layer increased from 0.1% to 1.0%. Therefore, increasing the concentration of polymer as a capping layer
significantly reduced the crystallinity of IONP [20]. Nevertheless, the reduction in crystallinity of IONP does not always have a
negative impact. Some active sites on the surface of IONP could arise from this phenomenon, further enhancing the antibacterial
activity of the IONPs [56,57]. We discuss this effect in detail in the antibacterial activity assessment.

3.3. UV-Vis spectrum and band gap energy analysis

UV-Vis spectra of IONP and polymer-capped IONP samples are carried out to evaluate their optoelectronic properties, which are
displayed in Fig.2. This evaluation is important to determine the surface state of the samples, which further correlates to their anti-
bacterial performance. The unmodified IONP showed broad shoulders at 321 nm, confirming the successful formation of IONP. The
absorbance peaks at around 272-321 nm indicate the formation of IONP due to a direct transition, specifically a ligand-metal charge
transfer transition (Fe-O transition) [4]. The other absorbance, presented between 420-600 nm, was also reported as a local crystal
field transition and pair excitation [58]. In this study, the IONP displayed this absorbance at 556 nm. The absorbance that was pre-
sented in this visible region (400-800 nm) also correlated with the brick red color, which caused absorption in this region [4]. The
polymer-capped IONP, using PEG, PVP, and HPMC, presented a similar profile of the UV-Vis spectrum to the unmodified IONP.
However, the absorbance of unmodified IONP was higher compared to the polymer-capped IONP. The UV-Vis spectrum of
polymer-capped IONP exhibited alteration of peak intensity, width, and shape, although the main absorption, which presented Fe-O
stretching, was still observed clearly. This alteration was presumably due to surface chemistry modification, improved dispersion, and
refractive index modification. Thus, the application of polymer as a capping layer did not significantly change the core of IONP
conformation, implying that the modification of the capping layer only modified the surface of IONP [25].

The broadening absorbance that indicated Fe-O stretching was pointed out by the UV-Vis spectrum of polymer-capped IONP. This
change was remarkably related to the surface modification of the polymer, which influenced the passivation of the Fe-O surface sites
and the reduction of aggregation [25]. The lower absorbance of the specific peak around 380-420 nm was presented in the
polymer-capped IONP spectrum because of the presence of the polymer. The polymer, as a capping layer attached to the surface of
IONP, then increased the molecular mass and steric stabilization, resulting in the reduction of aggregation tendency. The quantum size
effect of the polymer as a capping layer was attributed to the blue shift in the wavelength of polymer-capped IONP, since these
polymers preserved particle size reduction and better colloidal dispersion [38]. The previous study also indicated that the observed
blue shift (hypsochromic shift) of maximum absorption was related to the particle size reduction, which corresponds to higher energy
absorption [24].

The application of a PEG capping layer induced the Fe-O absorption shifting from 315 nm to 305 nm, due to surface defect
transitions and colloidal dispersion. The increase in PEG concentration as a capping layer was also reported to intensify the blue-
shifting phenomenon and surface plasma resonance (SPR) broadening, as well as a reduction of absorbance value due to a thicker
capping layer [59]. The flatter visible long-wavelength spectrum of PEG-capped IONP was presented from the IONP capped by higher
PEG concentration (0.5% and 1.0%), resulting from the reduction of light scattering. The thicker PEG capping layer provoked higher
steric hindrance, leading to minimal particle-particle interaction and preventing particle agglomeration [60]. The capability of this
capping layer to prevent agglomeration and clumping, as captured in the UV-Vis spectrum, was considered by the individual nano-
particles rather than the light scattering due to agglomerated particles [61].

The identical properties of peak broadening, blue shifting, and reduced specific absorption were also observed in the IONPs-capped
PVP layer. However, PVP capping influenced a higher tendency of surface defects due to the modification, which implied the
appearance of a shoulder band around 300-360 nm and a smoother spectrum [62]. The broad and flatter spectrum is also charac-
terized in the visible region, since PVP modulated stronger effects on the surface of IONP through carbonyl group coordination.
Through this interaction, PVP was able to provide stronger steric stabilization and decrease the particle size, which is considered the
primary factor of blue shifting and narrow extinction bands [51]. The larger extent of the blue shift and the decline of visible region
absorption were produced along with the increase of PVP as a capping layer. Thus, the surface coverage and steric hindrance capacity
can be reported as highly correlated to the amount of PVP molecules, which is studied by varying PVP concentrations.

Meanwhile, HPMC, which exists as a bulkier structure and has a higher molecular weight, constructed a thicker hydrophilic layer
on the surface of IONP. Noticeable blue shifting and a smoother spectrum in both UV and visible regions were presented in the HPMC-
capped IONP spectrum. This phenomenon was gradually observed as the HPMC concentrations increased from 0.1% to 0.5%. These
results indicated that the higher viscosity of the HPMC capping layer determined the higher steric hindrance and presumably smaller
size of IONP [52]. Nevertheless, the higher amount of HPMC molecules at the 1.0% concentration presented the opposite condition.
The higher absorbance in the UV region and the rugged visible absorption were observed. This might be due to the phase separation of
the viscous film layer of HPMC during synthesis, implicating weaker surface coverage and incomplete polymer coating on the IONP
[27].
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The band gap energy of polymer-capped IONP can be determined using the Tauc equation and presented in the Supplementary
Fig. $3. The band gap energy of the prepared IONP from this study was 1.80 eV. The application of polymer as a capping layer, herein
PEG, PVP, and HPMC, exhibited an increment in the band gap energy value. The PEG-capped IONP presented a band gap energy
between 2.05 and 2.11 eV; furthermore, the PVP-capped IONP and HPMC-capped IONP showed band gap energies around 2.42-2.94
eV and 2.36-2.63 eV, respectively. The enhancement of the band gap energy through the application of a polymer capping layer
consequently resulted from the reduction of particle size and the quantum confinement effect [38]. The increase in band gap energy
marked the escalation of the energy gap between the valence and conduction bands [62]. This information gives an important hint
about the role of the polymer capping layer in the properties of IONPs, which further affect their application as an antibacterial agent.

3.4. Morphology, particle size determination, and elemental mapping analysis using SEM- EDX

Scanning Electron Microscopy (SEM) analysis was carried out in this study to evaluate the morphology of IONP and polymer-
capped IONP by three different polymers (PEG, PVP, and HPMC). The particle size and distribution were also determined from the
SEM micrograph using ImageJ by measuring 100 particles. The SEM micrograph of IONP and polymer-capped IONP, equipped with
the particle size distribution curve and atomic percentage of Fe, O, and C atoms from each system, is presented in Fig. 3. The
morphology of the uncapped IONP was a nearly spherical particle with a rough surface; additionally, the aggregation of IONP particles
was detected. The aggregation tendency of uncoated IONP was due to the Van der Waals force and dipole-dipole interaction between
magnetic particles [39]. The aggregation of uncoated IONP was also confirmed from the particle size determination, since this IONP
exhibited a higher average particle size (204.79 nm) and a broader particle size distribution curve, rather than the polymer-capped
IONP.

The application of a capping layer was reported to modify the morphology of IONP slightly, particularly at lower (0.1%) and
moderate (0.5%) concentrations of the capping layer. The more spherical shape and smooth surface are constructed from these
polymer-capped IONPs. The smoother surface of polymer-capped IONPs was observed upon the increase in polymer concentration.
These results are in accordance with the study performed by Hussein et al., which reported that the amount of surface coating agent
significantly influences morphology and surface roughness [37]. More homogeneously distributed IONP clusters were also presented
from the SEM images of polymer-capped IONP, indicating the capability of the capping layer to enclose the surface of IONP and
produce an adequately monodispersed system [22]. However, the sheet-like structure and irregular morphology of polymer-capped
IONP at 1.0% polymer concentration were observed. The excessive amount of capping agent was probably considered to be the
cause of this result. In line with this finding, the morphology of capped-IONP that was prepared by citric acid, sodium dodecyl sulfate,
and polyvinyl alcohol as a capping layer was also significantly controlled by the capping agent molar concentration [37].

The effect of polymer concentration was necessary to control the particle size distribution of IONP. PEG, as the lowest molecular
weight polymer employed in this study, had a significant impact on the particle size reduction along with the escalation of this polymer
concentration. IONP capped by PEG 1.0% provoked a narrower particle size distribution and the smallest particle size, compared to the
uncapped IONP and the other concentrations. This was presumably due to the higher steric efficiency of 1.0% concentration of PEG,
which hindered particle-particle interaction that promoted agglomeration [20]. On the contrary, the larger particle size was obtained
as the PVP concentration in the capping layer increased. Lower molecular weight and PVP concentration were more favorable for
spreading out regularly on the nanoparticles' surface because of the high number of single chains available for this purpose. When
increasing the amount of PVP, the polymer-polymer interaction is more prominent than the polymer-IONP interaction. Hence, a more
complex polymer assembly was established, prompting particle size enlargement [63]. HPMC demonstrated a distinguished profile of
particle size reduction as a capping layer. The increment of HPMC concentration from 0.1% to 0.5% was beneficial for reducing
particle size from 184.51 nm to 142.67 nm. However, the application of 1.0% HPMC resulted in the formation of a larger particle size
due to entrapment in a sheet-like assembly. The excessive polymer concentration and thicker film-like properties of HPMC were
pointed out as the considered factor for this significant augmentation of particle size [55]. The larger particle size determined by the
SEM-derived method was caused by the self-assembly of nuclei entrapped in the micelle structure of the polymer matrix [33]. These
results are probably different compared to the hydrodynamic particle determination using dynamic light scattering (DLS), because the
DLS method captured the size of particles under Brownian motion in the specific medium [64]. Thus, the particle size of
polymer-capped IONP measured from the SEM images must be compared to the colloidal state measurement, such as using DLS.

The atomic percentage of atoms that compose polymer-capped IONP is presented in Fig. 3(K), and the energy dispersive X-ray
(EDX) spectrum of polymer-capped IONP is depicted in the Supplementary Fig. S4. The EDX spectrum of IONP consisted of Fe and O
atoms, with atomic percentages of 40.3% and 59.7%, respectively. The atomic percentages of the prepared IONP in this study
confirmed the formation of the Fe;O3 phase, since the stoichiometric ratio between iron (Fe) and oxygen (O) is close to 0.66 [65]. The
EDX spectrum of the polymer-capped IONP showed Fe and O peaks, indicating that the Fe;O3 phase remained in the samples. Whereas
the apparent peaks of C and O can be attributed to the polymer capping layer, herein, PEG, PVP, and HPMC. From these results, the
capability of the polymer as a capping layer was established by enveloping the IONP core on its surface [66]. The application of PEG as
a capping layer significantly enhanced the C peaks signal, while the Fe attenuation typically drops from 40.3% in the bare IONP to
16.0% after capping by PEG. PEG highly assigned C and O signals due to its (-CH,—CH3—0) backbone, maintaining the continuity of
the shell structure across the IONP core. The O signal remained constant because both PEG and IONP contained O. However, as the PEG
concentration increased, the atomic percentage of the C atom gradually decreased due to the viscoelastic properties of the PEG so-
lution, which are concentration-dependent. The higher PEG concentration formed a more viscous and higher shear modulus of the PEG
solution, which created a boundary layer between the surface of the IONP and the bulk solution [67]. Thus, the lower adsorption
efficiency was notable as the decline of the atomic percentage of the C atom, implicating the reduction of the PEG layer thickness.
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In general, the EDX spectrum of PVP-capped IONP revealed that the thickness of the PVP capping layer was highly influenced by the
increment of PVP concentrations. As PVP concentrations increased from 0.1% to 1.0%, the atomic concentration of the C atom
increased. The application of 0.1% PVP resulted in a light adsorption capping layer, characterized by a slight increase in C atomic

Fig. 4. Elemental mapping at 5000x magnification of (A) IONP, (B) IONP-PEG 0.1%, (C) IONP-PEG 0.5%, (D) IONP-PEG 1.0%, (E) IONP-PVP 0.1%,
(F) IONP-PVP 0.5%, (G) IONP-PVP 1.0%, (H) IONP-HPMC 0.1%, (I) IONP-HPMC 0.5%, (J) IONP-HPMC 1.0%.
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concentration and partial reduction of Fe concentration compared to the uncapped IONP. The thick PVP capping layer was observed on
the IONP capped with 1.0% PVP, as indicated by the strong C signal and the highest atomic concentration of C atoms, followed by a
suppressed Fe concentration. It was also noted from the previous study that a higher PVP concentration resulted in a thicker capping
layer and unselective adsorption on the surface of IONP because of stronger interactions on the surface of IONP and polymer
agglomeration [51]. The surface roughness captured from the SEM images was suspected of influencing the inhomogeneous distri-
bution of the PVP capping layer [68]. The HPMC-capped IONP also indicated the effect of polymer concentration on the capping layer
formation. The reduction of surface coverage homogeneity by the higher concentration of HPMC was presented through a gradual
reduction of the C atomic concentration and the advancement of Fe atomic concentration. The 0.1% capped IONP sample by HPMC
was exposed as the polymer-rich region, but the higher concentration presented a more core-exposed region. It can be predicted that
owing to particle clustering, coalescence, and aggregation at higher concentrations of HPMC influencing the discontinuous polymer
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coverage [69].

The distribution of the chemical components of IONP and polymer-capped IONP is presented in Fig. 4. The elemental mapping
exhibited that IONP was structurally composed of Fe and O atoms, indicated by the red and lime green colors, presenting the purity of
the FeoO3 phase [4]. The presence of the C domain and intense O color in the polymer-capped IONP, either for PEG, PVP, or HPMC,
revealed the successful capping of IONP with these polymers. The sharp yellow color observed from the surface of the majority of the
polymer-capped IONP suggested that the system was oxygen-dominant [70]. Moreover, carbon (C) is also an essential element that
builds the PEG, PVP, and HPMC molecular structure; hence, the presence of this component on the surface of polymer-capped IONP
reflected the adhesion of these polymers on IONP [71]. The PEG-capped IONP showed a homogeneous distribution of the capping layer
in the three concentrations applied, as recorded by the scattered blue color indicating C elements. However, the irregular and discrete
distribution of the capping layer was presented by PVP-capped IONP at 1.0% concentration due to the high viscosity of the PVP so-
lution. The EDX spectrum and mapping elements of HPMC-capped IONP presented the uniform distribution of the capping layer on the
surface of IONP, depicted by the C atoms scattered regularly. The intense red color from the IONP capped by HPMC 1.0% revealed the
reduction of capping layer thickness in the high polymer concentration. The viscosity and critical shear rate of the polymer were
determined by polymer concentration. In a concentrated polymer solution, polymer entanglement was observed, and the
non-Newtonian behavior also contributed to the limitation of polymer distribution. For the non-Newtonian solution, the shear rate of
the system was lower at a higher concentration upon the application of a similar shearing stress. This phenomenon reduced the
diffusivity on the surface of the solid material; therefore, the thickness of the capping layer was reduced [72].

3.5. 3.5 Hydrodynamic particle size and zeta potential analysis

The principal determination of the hydrodynamic particle size was due to the Brownian motion of the particles that diffuse within
the dispersion fluid. Thus, these data represented the indication of particle agglomeration [73]. The dispersion behavior of IONP and
polymer-capped IONP in double-distilled water is presented in Supplementary Fig. S5. Meanwhile, the hydrodynamic particle size of
IONP and polymer-capped IONP was depicted in Fig. 5(A). The uncoated IONP exhibited a hydrodynamic particle size (Z-average
particle size) of 140+27.89 nm, generally larger than the polymer-capped IONP prepared in this study. For PEG-capped IONP, the
application of 0.1% and 0.5% PEG concentration did not significantly reduce the particle size of IONP (p > 0.05). Meanwhile, the
increase in PEG concentration to 1.0% was beneficial in reducing the particle size of PEG-capped IONP compared to the uncoated IONP
(p < 0.05). The lower polydispersity index (PDI) value of PEG-capped IONP (PDI = 0.17-0.32) suggested a narrower particle distri-
bution and more uniform particle size after the application of the capping layer than the uncoated IONP (PDI = 0.58). The higher steric
hindrance produced by the higher concentrations of PEG was predicted as the predominant factor that controlled the particle size,
although the thinner capping layer was constructed, as discussed from the SEM-EDX results. As more molecules of PEG were attached
to the surface of IONP in the primary layer, a higher surface area/volume ratio was exhibited, which led to particle growth inhibition
by the established capping layer. The DLVO theory also outlined that the capped colloidal particles produced minimum aggregation
due to particle repulsion influenced by the steric hindrance [60].

The smaller particle size and more uniform distribution were also presented by PVP-capped IONP than the uncoated IONP, as
presented by the PDI value, which is between 0.26 and 0.51. However, the application of PVP as a capping layer revealed a different
trend compared to PEG, since the increment of PVP concentration caused hydrodynamic particle size enlargement. IONP capped by
PVP at 1.0% concentration showed the highest particle size, and the resulting particle size was not significantly different compared to
the IONP (p > 0.05). Otherwise, the capping layer that was constructed by PVP 0.1% was particularly favorable to reduce the IONP
particle size significantly to 68.79+11.50 nm compared to the uncoated IONP and IONP capped by 1.0% PVP (p < 0.05). The presence
of high PVP concentrations affected the capping layer construction on the surface of IONP. The first layer was formed by the initial PVP
molecules adsorbed on the surface, followed by the other parts that dissolved in the reaction medium to form the capping layer [74]. At
higher PVP concentrations, the distribution of the first layer was not uniform, and the thickness of the capping layer was concentrated
in a specified region. The EDX spectrum analysis also confirmed that the thickness of the PVP capping layer increased, particularly at
1.0% polymer concentration. Nevertheless, the elemental mapping profile shown in Fig. 4 indicated that the capping layer was not
homogeneously dispersed. The thickness of the capping layer and the inhomogeneous distribution of the capping layer that induced
IONP agglomeration probably determined the particle size enlargement at higher PVP concentration applied [75].

On the other hand, the application of HPMC 0.1% as a capping layer was pointed out not to have significantly influenced the
particle size reduction of IONP. Whereas IONP capped by HPMC 0.5% exhibited a smaller particle size than the uncoated IONP, as well
as the HPMC-capped IONP at 0.1% concentration (p < 0.05). This substantial reduction of particle size was presumably due to the
enhanced agglomeration hindrance and stabilization by applying a higher concentration of capping layer on the IONP surface. A
higher concentration of HPMC as a capping layer formed multi-layer adsorption on the surface of IONP, providing more steric hin-
drance and electrostatic repulsion. Consequently, these mechanisms resisted IONP aggregation in the dispersion medium [76]. The
hydrodynamic size profile for each polymer-capped IONP was in accordance with the previous particle size determination from the
SEM images, indicating an adequate correlation between these particle size evaluation methods to predict the impact of polymer
concentrations as a capping layer.

The zeta potential value of uncoated IONP and polymer-capped IONP was determined by the Zetasizer instrument, as presented in
Fig. 5(B). Zeta potential indicated the potential difference between the sliding plane of the electrical double layer adsorbed on the
surface of particles and the bulk medium [65]. The surface charge of IONP and polymer-capped IONP samples can be estimated by zeta
potential value determination [77]. Since the colloidal stability of IONP was determined by both the steric and electrostatic repulsion,
the evaluation of zeta potential needs to be conducted. Nanoparticles that employed zeta potential values greater than +25 mV or less
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than —-25 mV preserved high colloidal stability [78]. Considering the interaction between the polymer-capped IONP interface and
bacteria, the surface potential of the prepared IONP also plays a vital role in the attachment process and ROS production [79]. The zeta
potential value of the uncoated IONP was found to be —26.26+0.55 mV, indicating sufficient colloidal stability in aqueous medium.
The negative zeta potential value of IONP was correlated with the negative charge of the hydroxyl group due to water adsorption on
the surface of IONP, which maintained its stability [31,69]. When PEG was applied as a capping layer on the surface of uncoated IONP,
the zeta potential charge was inversely converted from a negative to a positive value. The positive value of the PEG-capped IONP was
similar to Hayashi et al result, which indicates slightly positive values close to zero in the neutral aqueous medium [80]. The zeta
potential value of the PEG-capped IONP prepared in this study ranged from 9.05+2.35 to 13.53+0.44 mV. The immobilized PEG layer
on the surface of the IONP altered the zeta potential value due to its surface coverage properties and the existence of functional groups
from the polymers. PEG exhibited a non-ionic character, and the hydroxyl group is only at the end of the polymer structure. Therefore,
the effect of surface charge was minimized, attributed to the conversion to the positive charge, and decreased the zeta potential value
[801.

PVP as a capping layer at 0.1% concentration also significantly reduced the zeta potential value of IONP (p < 0.05), followed by the
alteration of the zeta potential charge into a positive value when a higher concentration of PVP was applied. The lower zeta potential
value of PVP-capped IONP compared to the PEG capping layer indicated the higher surface coverage capacity of PVP due to longer
chain length, higher molecular weight, and more intense interaction, particularly by carbonyl and amino groups. Furthermore, the
thickness of the PVP-capping layer, along with the increase in PVP concentration, resulted in a slight escalation of the zeta potential
value. This was presumably due to more ions adsorbed on the surface of IONP upon the application of an abundant PVP concentration
[44]. The addition of an HPMC layer to the surface of IONP was reported to strongly shield the existing surface charge of uncoated
IONP until close to zero values. The masking effect of HPMC correlated with its complex structure and higher molecular weight,
primarily compared to PEG and PVP. The previous study explained that the electric neutrality properties of HPMC are considered in
reducing the electrostatic repulsion of mineral particles. According to the results, the long carbon chain of HPMC was considered the
main factor in reducing the zeta potential value of HPMC-capped IONP [81].

Although the zeta potential value of all the polymer-capped IONP in this study was lower than |25| mV, indicating a poor elec-
trostatic stabilization mechanism, the utilization of these polymers was still beneficial to produce steric stabilization. The steric sta-
bilization mechanism occurred from the osmotic force, which is established when the polymeric shells of aggregates overlap [82].
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Fig. 6. Magnetic properties (M-H hysteresis curve) of polymer-capped IONP (A) IONP-PEG, (B) IONP-PVP, and (C) IONP-HPMC.
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Thus, this force repels the Van der Waals interaction between particles and thus prevents direct particle contact [28]. In addition,
during the nanoparticle synthesis, the specific group of the polymer chain attaches to the forming nanoparticle, while the loose
polymer chain constructs an adsorption layer on the surface [63]. The controlled particle size of IONP and nearly monodisperse
particle size distribution of polymer-capped IONP obtained from this study indicated that the steric stabilization of this polymer was
sufficient to improve the colloidal stability of IONP [83].

3.6. Magnetization characteristics of IONP

The magnetization characteristics of IONP and all polymer-capped IONP were examined using a vibrating sample magnetometer
(VSM) at room temperature, as depicted in Fig. 6. The sigmoidal (S-shaped) magnetization curve associated with a low saturation
magnetization (Ms) response was observed when the external magnetic field was applied to the uncoated IONP. The magnetization
curve of uncoated IONP also exhibited remanent magnetization (Mr) and coercivity (Hc) close to zero. From these characteristics,
uncoated IONP can be categorized as superparamagnetic materials. Superparamagnetic materials contain several unpaired electrons
that exhibit an electronic moment or spin [84]. The unpaired electron spins align along the direction of the external magnetic field,
presented as a magnetic moment. When the external magnetic field is absent, a zero average magnetic moment is characterized by the
superparamagnetic materials [85]. The magnetization characteristics of the uncoated IONP were different from the bulk maghemite
(y-Feo03), which exhibited ferrimagnetic character at room temperature [86].

The magnetization curve of polymer-capped IONP prepared in this study exhibited nearly S-shaped M-H loops, which are typically
characterized as superparamagnetic materials. The negligible remanent magnetization (Mr) and coercivity (Hc) also suggested the
superparamagnetic behavior of all the samples. The PEG-capped-IONP that was prepared by Tai et al. showed similar trends, wherein
the reduction of particle size contributed to the reduction of Mr and Hc values [64]. The superparamagnetic behavior of the
polymer-capped IONP suggested its benefits for biomedical applications like drug delivery and magnetic hyperthermia, due to its
field-dependent moment in the magnetic field and low tendency to form agglomerates in physiological media [87]. The magnetization
curves of the polymer-capped IONP revealed distinct variations in Mg Mr, and Hc as presented in Table 1, driven by both polymer type
and concentration. In general, the application of PEG, PVP, and HPMC as a capping layer improved the magnetization characteristics of
IONP. The application of a polymer, categorized as an organic coating layer, altered the surface spin structure, making it more regular
and aligned in the same direction. Moreover, the capping layer also contributed to decreasing particle anisotropy due to the bonds
between the polymer and surface cations of IONP, resulting in an improvement of magnetic properties. Several factors were reported to
affect these properties, such as the functional group of the polymer, the length of the chain, the electronic structure, and the strength of
the bond between IONP and polymer [88]. The loops from the magnetization curve presented very small hysteresis compared to the
uncoated IONP, suggesting the excellent performance of the capping layer to suppress the Hc and Mr values, probably due to fewer
agglomerates and better dispersion characteristics of these polymer-capped IONP.

A similar Mg enhancement pattern was observed in the IONP capped by PEG and HPMC. When the polymer concentration increased
from 0.1% to 0.5%, the magnetization value increased gradually. This confirmed the favorable surface atom interaction and the
promising effect of particle size reduction on the surface spin arrangement [89]. Kaaragac and Kockar also reported the same results: as
the PEG amount increased from 5 to 25 g, the saturation magnetization (Ms) of the polymer-capped IONP gradually increased, starting
from 52.3 to 58.5 emu/g. The existence of a capping layer also contributed to preventing particle agglomeration and maintaining the
superparamagnetic properties [36]. However, the application of a 1.0% concentration of those polymers revealed slightly magnetic
suppression compared to the prepared IONP with a 0.5% capping layer. The thicker insulation capping layer or strong steric stabi-
lization probably influenced this phenomenon. The diamagnetic shell produced by the capping layer was considered to reduce the
magnetization [17,42]. Meanwhile, PVP exhibited a greater reduction in magnetization at the same loading (1.0%) than PEG and
HPMC. The magnetization value of PVP-capped IONP at 1.0% concentration was remarkably decreased below that of the IONP capped
by 0.1% concentration. This phenomenon presumably occurs due to the tighter binding and more compact shells, in line with the
SEM-EDX result (Fig. 3) that revealed the thicker capping layer established by PVP at this concentration. The existence of a
non-magnetic outer shell, composed of higher concentrations of PVP, influenced spin disorder in the core-shell structure, further
decreasing the magnetization [44].

Table 1

Saturation magnetization (Ms), remanent magnetization (Mr), and coercivity of IONP and polymer-capped IONP.
System Saturation magnetization (Ms) (emu/g) Remanent magnetization (Mr) (emu/g) Coercivity (Hc) (Oersted)
IONP 0.1632 0.0029 190.88
IONP-PEG 0.1% 0.4734 0.0021 44.41
IONP-PEG 0.5% 0.5950 0.0349 160.99
IONP-PEG 1.0% 0.4995 0.0008 68.55
IONP-PVP 0.1% 0.3264 0.0002 44.24
IONP-PVP 0.5% 0.5431 0.0287 189.54
IONP-PVP 1.0% 0.2829 0.0012 39.52
IONP-HPMC 0.1% 0.4013 0.0016 24.74
IONP-HPMC 0.5% 0.5590 0.0288 160.39
IONP-HPMC 1.0% 0.5774 0.0311 92.56
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3.7. Invitro antibacterial activity analysis by disk diffusion method

IONP is a versatile material that exhibits antibacterial activity through membrane damage mechanisms, reactive oxygen species
(ROS) generation, DNA damage, lipid peroxidation, and mitochondrial disruption [90]. Several interactions, including hydrogen
bonds, Van der Waals forces, electrostatic forces, and hydrophobic interactions, were considered in the attachment of IONPs to the
bacterial cell membrane. However, these interactions were reported to be randomly established between the IONP and the surface cell
membrane, resulting in different responses to each bacterial strain [91]. Despite the bacterial strain, the properties of the prepared
IONP and the culture conditions also influenced the antibacterial response of IONP toward the bacterial cell [92]. Therefore, in this
study, two different antibacterial strains, which represent the Gram-positive and Gram-negative bacteria, were employed to evaluate
the antibacterial activity of polymer-capped IONP, namely Staphylococcus aureus and Escherichia coli, respectively. The membrane of
Gram-positive bacteria, such as Staphylococcus aureus, consists of a compact peptidoglycan layer and teichoic acid. On the contrary,
Gram-negative bacteria like Esherichia coli exhibit a thin peptidoglycan layer, followed by outer lipopolysaccharide membranes [93].
The antibacterial activity of IONP and polymer-capped IONP was studied using these bacterial strains by the Kirby-Bauer disk diffusion
method. The results of inhibition zone diameter measurements are explained in Fig. 7. The observation of inhibition zone diameter
towards Staphylococcus aureus and Escherichia coli was presented in Supplementary Figs. S6 and S7.

The prepared IONP and polymer-capped IONP were observed to be more susceptible to Staphylococcus aureus, which is included as a
Gram-positive bacterium, than Escherichia coli, which is known as a Gram-negative bacterium, since a higher diameter inhibition zone
was produced. The higher interaction of IONP with Staphylococcus aureus cells was considered the main factor that exhibited a higher
antibacterial activity compared to Escherichia coli [94]. Similar results were also presented by a polymer-capped IONP that was
prepared with PEG, PVP, and HPMC as a capping layer. However, the greater inhibition zone diameter was ascertained from the
majority of polymer-capped IONP preparations compared to the bare IONP for both bacterial strains. The smaller particle size and
more uniform distribution of polymer-capped IONP particles were presumably considered to enhance the antibacterial activity [95].
The smaller particle size of nanoparticles led to stronger interactions on the active sites (-SH) of the protein cell membrane and better
penetration through this membrane, followed by the release of oxidative stress to the intracellular level [5].

In addition, the alteration of zeta potential charge from a negative value for uncoated IONP to a positive value for polymer-capped
IONP was also beneficial to enhance the surface interaction, since the surface charge of bacteria was generally negative. However, the
higher adsorption saturation density was employed by the Gram-negative bacteria, approximately seven-fold higher than that of the
Gram-positive bacteria, suggesting that a higher concentration of positively charged molecules is required to saturate the exterior
surface [96]. Thus, at the same concentration of exposure, the amount of IONP molecules diffused and generated antibacterial action
was limited in the Gram-negative bacteria, as depicted by the lower inhibition zone diameter observed. The magnetic properties of
polymer-capped IONP also contributed to the improvement of the antibacterial activity of this system for targeted transport in the
bacterial cell. The lower concentration of IONP with superparamagnetic properties, as pointed out in this study, was reported to be
effective in inhibiting bacterial cell growth and minimizing its toxicity on human cells [97].

The antibacterial activity profile of polymer-capped IONP prepared in this study was reported to be highly influenced by the type of
polymer as a capping layer and its concentration. For PEG-capped IONP, the increased PEG concentration, as a capping layer, is
generally followed by an increment in the inhibition zone diameter for both bacteria, Staphylococcus aureus and Escherichia coli. The
significant reduction in particle size and better polydispersity index were predicted to be the main factors that contributed to the
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Fig. 7. Inhibition zone diameter of IONP, IONP-PEG, IONP-PVP, and IONP-HPMC towards Staphylococcus aureus and E. coli. Results were calculated
from three replicates (n = 3) and presented as mean + SD.
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higher inhibition capacity of these IONPs. The smaller particle size of IONP results in a higher surface area to volume ratio, which
enhances free energy content and reactivity. These properties are substantially correlated with their capability to diffuse and permeate
the cytoplasmic region of the bacterial cell membrane [98]. Additionally, the escalation of the atomic percentage of Fe depicted from
the EDX spectrum was also considered to be a prominent factor that enhanced the ROS production. The occurrence of PEG as a capping
layer can inhibit particle aggregation and improve the electrostatic adsorption of the IONP due to the positive charge of the IONP
surface after capping by PEG molecules. These properties were beneficial to induce oxidative stress reactions and ROS production, in
conjunction with membrane cell disruption and cell breakdown, which led to bacterial cell death [77].

The effect of particle size on the antibacterial activity of the polymer-capped IONP was also established for PVP-capped IONP
samples. Since the escalation of PVP concentrations significantly enhanced particle size enlargement of the PVP-capped IONP, the
lowest PVP concentration as a capping layer was preferable to produce smaller, more homogeneous IONP particles. Therefore, the
IONP prepared by PVP as a capping layer at 0.1% concentration was promising as a potential system to overcome both Staphylococcus
aureus and Escherichia coli due to its higher antibacterial inhibition capacity. Although the surface charge of the IONP-PVP 0.1% system
was negative, it produced a greater inhibition of bacterial growth. The main mechanism that improved its antibacterial activity was
presumably due to the particle size effect, despite the surface charge interaction mechanism. The particle size controlled the bio-
distribution, physical penetration, and Fe ion release towards bacterial cell membranes [99]. The smaller IONP particle size and
nanocrystalline properties exhibited a higher surface area to volume ratio, which enabled greater penetration of smaller IONP and
active sites enhancement, leading to internal damage and disruption of bacterial metabolic processes [100].

Similar patterns regarding the effect of particle size of capped-IONP on the antibacterial activity were observed from the HPMC-
capped IONP. The higher inhibition zone diameter for both bacterial strains was observed with IONP as the concentration of HPMC in
the capping layer increased. IONP capped with HPMC as a capping layer in 1.0% concentration exhibited higher antibacterial activity
due to the smaller particle size and a larger band gap energy, implicating the higher intracellular ROS production through greater
availability of excitons [101]. The higher antibacterial activity of HPMC-capped IONP was also observed towards Staphylococcus aureus
than Escherichia coli across all capping layer concentrations. Gram-positive bacteria are composed mainly of a thick peptidoglycan
layer and lack a protective barrier, enabling a more accessible penetration process and antibacterial exertion mechanism [102]. The
closely spherical morphology, sheet-like structure, and more edges of the HPMC-capped IONP prepared by a 1.0% capping layer were
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predicted to be highly related to the efficient contact of this nanoparticle with the bacterial cell membrane [103]. The gradual increase
in Fe atomic percentage with HPMC concentration was also considered a necessary factor in ascertaining the enhancement of anti-
bacterial activity. Since the stabilization mechanism of IONP capped by HPMC was predominantly through steric effect, the efficient
capping process and uniform dispersion of IONP were achieved in the higher HPMC concentration (1.0%) [104]. Based on the anti-
bacterial activity test, the application of PEG, PVP, and HPMC as capping layers was favorable for improving the antibacterial activity
of IONP.

3.8. Principal component analysis (PCA) of polymer-capped IONP physicochemical properties and antibacterial activity

Principal component analysis (PCA) was reported to be applicable in reducing the dimensionality of the dataset of physicochemical
properties and antibacterial activity of polymer-capped IONP synthesized in this study. PCA, as a powerful data exploration tool, was
prominent for data categorization and comparability [43]. The results of the eigenanalysis of the correlation matrix, the scree plot,
score plot, and loading plot are depicted in Fig. 8. The eigenanalysis results and scree plot revealed that the three principal components
(PC1, PC2, and PC3) were considered the main contributing factors due to the cumulative ratio contributed by these factors lying at
0.838 (83.8%) of the total variance. Additionally, the eigenvalue of these factors was > 1.0, indicating a significant contribution [105].
Therefore, these factors were sufficient to capture the dominant patterns in physicochemical properties and antibacterial activity.

Principal component 1 (PC1) contributed 47.8% of the variance in the data and was the most influential component in this model
[43]. PC1 is primarily derived from hydrodynamic particle size, zeta potential, band gap energy, and inhibition zone against Staph-
ylococcus aureus and Escherichia coli. However, the principal component 2 (PC2) contributed to 0.212 (21.2%) of the data variance. PC2
was dominated by the polydispersity index (PDI), SEM-derived particle size, and magnetization. The homogeneity of particle size and
magnetic properties of these polymer-capped IONP was presented from this component as essential parameters that affected the
nanoparticle performance and surface interactions with bacterial membranes. In addition, the principal component 3 (PC3) revealed a
contribution at 0.148 (14.8%) to the variance. This component dominantly highlighted the polydispersity index (PDI), band gap
energy, and inhibition zone diameter, which reflected the antibacterial activity of these polymer-capped IONP. The scree plot also
indicated that PC1, PC2, and PC3 were the main components that influenced the data variance, since the shoulder plot and eigenvalue
> 1 were constructed by these components, as depicted in Fig. 8(A) and 8(B).

The score plot (Fig. 8C) and loading plots (Fig. 8D) captured the clustering tendency of polymer-capped IONP based on their
physicochemical and antibacterial properties due to the polymer type and concentrations. The bare IONP separated as a distinct
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Fig. 9. TEM micrographs of polymer-capped IONP (A) IONP-PEG, (B) IONP-PVP, and (C) IONP-HPMC. The green circle indicates the IONP core.
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cluster; meanwhile, the PEG and PVP at all concentrations, followed by HPMC-capped IONP at low to moderate concentrations,
constructed a cluster together, indicating similar physicochemical properties and antibacterial activity. Meanwhile, these polymer-
capped IONP presented a distinct cluster compared to the bare IONP, suggesting the successful performance of the capping layer to
alter the physicochemical properties of IONP. Notably, the HPMC-capped IONP at 1.0% concentrations observed as a separate cluster,
implicating that the high concentrations of HPMC formed a particular behavior. This is presumably due to excellent steric stabilization
that provoked a smaller particle size, enhanced band gap energy, and outstanding inhibition zone diameter for antibacterial activity.
The loading plots further emphasized the contribution of each variable to the principal component. The vectors of hydrodynamic
particle size and zeta potential were aligned closely, indicating a similar pattern of these variables on the principal components.
Meanwhile, the directions of the hydrodynamic particle size, zeta potential, and PDI variables were observed opposite to the inhibition
zone, implying the inverse relationship between particle size-related properties and antibacterial activity. The magnetization value
and band gap energy constructed a separate vector group, indicating the independent character of these variables as physicochemical
properties that are essential for determining the effect of the polymer as a capping layer. Therefore, the combination of particle size
properties, magnetization, and electronic properties was adequate to capture the excellent system of polymer-capped IONP produced
in this study. Herein, IONP-PEG 1.0%, IONP-PVP 0.1%, and IONP-HPMC 1.0% were pointed out as the promising systems due to the
higher vector length of the first component among the other concentrations for each polymer. In summary, the escalation of PEG and
HPMC concentration as a capping layer contributed to the reduction of hydrodynamic particle size, increment of band gap energy, and
magnetization. Consequently, the enhancement of antibacterial activity was observed for those systems due to easier interaction with
the bacterial cell wall [57]. Meanwhile, the increment of PVP concentration as a capping layer reduced the antibacterial activity of
IONP. This is probably due to a larger hydrodynamic particle size, followed by smaller magnetization and band gap energy [98]. Thus,
the inhibition capacity of PVP-capped IONP towards bacteria was decreased along with the increase in polymer concentration as a
capping layer.

3.9. Transmission electron microscopy (TEM) analysis

The most promising systems of polymer-capped IONP determined by PCA analysis, herein IONP-PEG 1.0%, IONP-PVP 0.1%, and
IONP-HPMC 1.0%, were further analyzed using transmission electron microscopy (TEM) analysis to confirm the morphological state
and IONP particle size. The TEM images depicted in Fig. 9 presented the nearly spherical and elliptical shape of the IONP core (darker
site), distributed in a sheet-like structure of polymer as a capping layer (lighter site). The inorganic IONP core determined from the
promising systems of polymer-capped IONP ranged between 11.36+0.56 nm and 12.56+0.60 nm, followed by a narrow size distri-
bution. These results are in line with the previous development of oleic acid-capped IONP that exhibited IONP core diameters in the
range of 6.15 &+ 0.98 and 17.6 & 0.91 nm [10]. TEM results confirm that capping layers enclosed the IONP core and hindered the
formation of larger IONP aggregates. The particle size determined from TEM images presented a lower value than the hydrodynamic
particle size and SEM-derived particle size, since this method measured the in situ core size of IONP [106]. Furthermore, the type of
capping layer also produced distinct behavior of the IONP core on the polymer-capped IONP structure. PVP exhibited strong surface
functionalization and a narrower particle-size distribution due to intensive interactions, while PEG showed moderate steric stabili-
zation. HPMC possessed polymer entanglement due to the highest molecular weight and bulky structure at 1.0% concentration [104].

Compared with PSA results, the particle size determined by TEM analysis showed a similar trend to the hydrodynamic particle size
measured by PSA. IONP-PVP 0.1% exhibited the smallest particle size, followed by IONP-HPMC 1.0% and IONP-PEG 1.0%,
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respectively. A similar particle size trend of the polymer-capped IONP was observed by TEM analysis and PSA, explaining the cor-
relation between colloidal state and dry state particle size determination. These results also confirmed the capability of the polymer to
inhibit IONP core agglomeration and enclose the surface of IONP, both in the colloidal dispersion and dry particle state.

3.10. Reactive oxygen species (ROS) scavenging activity, minimum inhibitory concentration (MIC), and minimum bactericidal
concentration (MBC) analysis

The ROS scavenging activity of the selected polymer-capped IONP systems was concentration-dependent inhibition, as presented in
Fig.10. The samples prepared at 5000 ppm concentration exhibited the highest inhibition percentage of radical species for all the
systems. The prepared polymer-capped IONP showed inhibition activity of 70.85%, 83.58%, and 86.24% for PEG, PVP, and HPMC-
capped IONP, respectively. The inhibition activity of IONP-PVP 0.1% and IONP-HPMC 1.0% was higher than the inhibition activity
of vitamin C as a positive control, which exhibited 72.11% inhibition. A similar observation was reported by Sulaiman et al., which
presented high free radical scavenging activity of about 76.3% [107]. The confirmed radical scavenging activity of the polymer-capped
IONP explained its advantages in preserving biological systems and the non-toxic properties of specific delivery [107]. The radical
scavenging activity of the polymer-capped IONP resulted from the synergism of the IONP core and the surface coating of polymers.
However, this result also confirmed that the antibacterial mechanism of the prepared polymer-capped IONP in this study was not
primarily directed through ROS production mechanisms, but also supported by other mechanisms such as physical and electrostatic
interactions that disrupted the bacterial cell membrane [108].

The determination of the MIC and MBC of polymer-capped IONP against Escherichia coli and Staphylococcus aureus showed no
inhibitory or bactericidal activity up to 5000 ppm of the samples, as arranged. These results explained the limited efficacy of the broth-
based system method in elaborating the antibacterial potency of polymer-capped IONP due to poor dispersion of these nanoparticles in
liquid growth medium and turbid consistency of the dispersion, which affected the endpoint determination of bacterial growth [109].
In the microbroth dilution method, high concentrations of electrolytes and salts can interfere with the surface charge of nanoparticles,
inducing particle aggregation and sedimentation at the bottom of the well. Hence, limiting polymer-capped IONP contact with bac-
terial cell membranes [110]. In contrast, the disc diffusion assay demonstrated an inhibition zone, confirming the ability of higher
localized concentrations of polymer-capped IONP to inhibit bacterial growth. These results confirmed that zeta potential and elec-
trostatic surface charge of the prepared IONP predominantly influenced antibacterial activity through direct physical contact [110,
111]. The antibacterial effect displayed in the disc diffusion method is generally mediated by intracellular ROS generation and
electrostatic interaction leading to membrane damage, whereas the MIC/MBC assays described the limitations of nanoparticle
dispersion and coating-mediated ROS production in aqueous media [112]. Further studies are required using a wider range of
polymer-capped IONP concentrations to determine the MIC value of this system. However, the potential radical scavenging activity of
polymer-capped IONP supports their multifunctional potential as antibacterial agents and antioxidants in the biomedical field.

4. Conclusion

The application of a polymer as a capping layer could improve the physicochemical properties of IONP, as well as their colloidal
dispersion. Three different hydrophilic polymers, including PEG (PEG 4000), PVP (PVP K-30), and HPMC (HPMC E15), were suc-
cessfully employed in this study to produce a smaller and more uniform dispersion of IONP. The results of SEM-EDX and TEM analysis
also revealed the capability of these polymers to cover the surface of the bare IONP, which is mainly constructed through hydrogen
bond interaction as presented in the FT-IR spectrum. The result of PCA analysis revealed that the increment of PEG and HPMC from
0.1% to 1.0% concentrations resulted in a smaller particle size, higher band gap energy, enhancement of magnetization value, and
higher inhibition zone diameter towards Staphylococcus aureus and Esherichia coli. In contrast, the higher concentration of PVP as a
capping layer produced a larger particle size, lower band gap energy, and a reduction of magnetization value, in conjunction with its
lower inhibition zone diameter. The promising polymer-capped IONP systems for further development were IONP-PEG 1.0%, IONP-
PVP 0.1%, and IONP-HPMC 1.0%, as depicted through PCA analysis. The MIC and MBC analysis using the microbroth dilution method
revealed no antibacterial inhibition until a 5000-ppm concentration of the promising polymer capped-IONP due to limited direct
contact with the bacterial cell membrane in aqueous medium. Meanwhile, the disk diffusion assay of antibacterial activity showed an
inhibition zone diameter, suggesting the moderate potency of localized contact of polymer-capped-IONP in inhibiting bacterial
growth. Further investigations using a wider range of polymer-capped IONP concentrations should be conducted to investigate the
antibacterial activity of the polymer-capped-IONP. However, these systems also performed ROS scavenging activity, confirming their
potential properties for antibacterial and antioxidant purposes.
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