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ARTICLE INFO ABSTRACT

This study reports anti-bacterial assessments of ‘halloysite nanotubes (HNTSs) surface-tuned with Fe3O,4 and ZnO
nanostructures (M-HNTs-ZnO)’ against the non-drug resistant pathogenic E. coli and S. aureus, drug-resistant
methicillin-resistant S. aureus (MRSA) and their respective biofilms. Naturally occurring clay mineral the hal-
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MRS? loysite nanotubes (HNTSs) are emerging materials in nano-bio-medicines. Fabricating HNTs' tunable surface with
):' erleus anti-bacterial nanomaterials can be a significant application in combating the deadly bacterial infections. SEM,
B.ioﬁlms TEM, FT-IR, XPS and VSM analysis corroborated a successful synthesis of M-HNTs-ZnO. The acquired results

established the significant anti-bacterial potential of M-HNTs-ZnO against the E. coli, S. aureus and MRSA, re-
spectively. The stepwise modifications made on HNTs enhanced anti-bacterial performance. Detailed SEM image
analysis established possible anti-bacterial mechanisms. M-HNTs-ZnO found effective against the successfully
established biofilms of S. aureus. The M-HNTs-ZnO applied in repeated anti-bacterial performance against E. coli,
S. aureus and MRSA, marked its importance for water-treatments. In conclusion, M-HNTs-ZnO showed sig-
nificant anti-bacterial properties that can be used in the treatment of infectious diseases. Also, its repeated anti-

bacterial capabilities might be applied in water disinfection protocols.

1. Introduction

The use of antibiotics dominated as a treatment for the pathogenic
micro-organisms in the last century [1]. The dramatic increase in an-
tibiotic resistance of pathogenic bacteria constitutes one of the major
threats to human health [1,2]. To combat these problems, several an-
timicrobial nanomaterials have been studied in recent years for the
replacement of antibiotics. Despite this, the robust nano-material with
natural-availability, higher-efficiency, and multi-functional properties
are necessary to be investigated. However, the highly-applicable and
multi-dimensional materials which have the anti-bacterial effect to
methicillin-resistant Staphylococcus aureus (MRSA) and their biofilms
can counter the rising drug-resistance in micro-organisms.

Halloysite nanotubes (HNTs) are the biocompatible materials,
known for exceptional drug carrier potential [3-6]. HNTs are naturally

occurring clay mineral having a significant potential of the surface
modification for diverse applications [3]. Structurally, HNTs
[Al,Si,05(0H)42H,0] are made up of aluminosilicate layers with the
composition of aluminum, silicon, hydrogen, and oxygen [7]. HNTs
structure shows hollow-tubular nature with an inner-lumen diameter of
5-20 nm and the length of the tube is in the range of 0.5-10 um [8].
Chemistry of HNTs includes a tubular morphology with the Al-OH
sheet forming the inside and the Si-O sheet the outside [9,10]. The
HNTSs' outer surface mainly covered by Si—O—Si groups and have some
Si—OH groups present on the edges [11]. HNTs nano-tubular frame-
work provides there utilization in diverse applications including; en-
vironmental, catalytic, and nano-medicinal [12]. Due to their out-
standing properties, HNTs are widely used in many emerging
applications. So, the impact of the HNTs on human health and the
environment needs to test. The biocompatibility of HNT is one of the
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main necessities for use in personal care products [13]. Recent reports
of in vitro and in vivo toxicity evaluations of HNTs revealed HNTs bio-
compatible nature [13-16]. When HNTs were modified with iron oxide
(Fe304) nanoparticles, HNTs reduced the cytotoxicity of Fe3O4 nano-
particles by changing their surface characteristics [13,17]. Based on the
several animal modal studies, HNTs clay is the safest biocompatible
material and is much less harmful than the carbon nanomaterials such
as carbon nanotubes [16].

HNTs loaded with nanomaterials/anti-microbial compounds have
been utilized for anti-microbial activities [5,18-24]. Therefore, dec-
orating the HNTs surface with applied nanomaterials aids significant
applications in nanomedicines [12]. The unique structural properties of
HNTs laid a solid platform, to develop further exceptional materials.
Iron oxide nanoparticles (Fe;0,) are highly known for their rapid-se-
paration from the solution due to the magnetic potential [25]. The use
of Fe30,4 nanoparticles separation-potential in anti-microbial treatment
of water and waste-waters was significantly important to combat pa-
thogenic bacteria [25]. Inorganic antimicrobials zinc oxide (ZnO) na-
noparticles known for properties such as; better selectivity, lower cy-
totoxicity, heat resistance and higher stability [26]. Remarkably, ZnO
nanoparticles are reported as non-toxic to human cells [27]. Therefore,
assembling these nanomaterials (Fe;04 and ZnO) over HNTs can give
magnetic anti-microbial nano-tubular reactors, which might be ac-
cessed for the anti-bacterial potential against non-drug resistant and
drug-resistant pathogenic bacteria’s, and their biofilms. In addition to
this, the Fe30,4 and ZnO also possess a wide range of applications like;
separation-science, environmental remediation of pollutants and the
solar cells etc [4,7,8,28-34]. However, this study mainly aimed to
evaluate Fe304 and ZnO modified HNTs against the ‘non-drug resistant
pathogenic bacteria’s, drug-resistant MRSA, biofilm infections and re-
peated anti-bacterial effect in many cycles’.

In summary, this study aimed to fabricate HNTs based nano-anti-
microbial material, by assembling Fe;04 (M-HNTs) and ZnO (M-HNTs-
ZnO) nanoparticles on the HNTs tunable surface. The developed nano-
anti-microbial materials tested against individual non-drug resistant
pathogenic-bacteria such as; E. coli and S. aureus, drug-resistant MRSA
strain, and their efficacy to treat biofilms (biofilms of E. coli, S. aureus,
and MRSA). Also, the repeated use of M-HNTs-ZnO for the anti-bacterial
response was investigated. Thus, this overall strategy targeted a com-
plete anti-bacterial evaluation of developed HNTs based nano-anti-mi-
crobial material.

2. Materials and methods
2.1. Materials and microbial strains

HNTs, Na;SO3 and NaOH were obtained from Sigma Aldrich, USA.
Zinc acetate and iron(III) chloride hexahydrate were obtained from the
Dae Jung Chemicals, South Korea. Escherichia coli (KCCM 11234; E.
coli), staphylococcus aureus (KCCM 11335; S. aureus), and methicillin-
resistant staphylococcus aureus (ATCC 33591; MRSA) were obtained
from the Korean Culture Center of Microorganisms (KCCM, Seoul,
Korea) and the American Type Culture Collection (ATCC, VA, USA).
Each bacterium was cultured on a Tryptic Soy Agar plate (TSA; BD, San
Jose, CA, USA). The TSA plates were incubated at 37 °C for overnight.
Each colony of the bacterium was inoculated in Tryptic Soy Broth (TSB;
BD, San Jose, CA, USA) and incubated at 37 °C 150 rpm for 18 h.

2.2. Synthesis

HNTs were super-magnetized by the reduction-precipitation method
[4]. In a typical reduction-precipitation method, 1 gm of HNTs was
added in 100 mL distilled water. The mixture was refluxed and ultra-
sonicated for 1 h. Then 50 mL of FeCl3.6H,0 solution (3%) was added
dropwise. The reductant solution of Na,SOs; (0.7%) was added to the
mixture. After the addition of the Na,SOs, the color of the solution was
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changed to the wine red and further back to the yellow within 2 min of
time. Once the color changed to the yellow color, the precipitant 30 mL
solution of NaOH (1 M) was added. This formed a dark black colored
precipitate. The precipitate was refluxed for 10 min and separated by an
external magnetic field applied. The separated magnetized HNTs (M-
HNTs) was used further in the experiment. Further, M-HNTs were
modified with the zinc oxide nanoparticles as reported by [32], with
several modifications. In a typical synthesis process, M-HNTs (0.5 g)
was taken in 20 mL separately in 100 mL beaker. The respective solu-
tions were mixed thoroughly and ultrasonicated for 20 min. After
mixing and ultrasonication process, 20 mL of ZnAc,2H,0 solution (5%)
was added dropwise to M-HNTs mixtures. These mixtures were rapidly
refluxed for 12 h on the magnetic stirrer. The precipitates formed in
both the mixtures were washed several times with distilled water and
solid pellet were dried at vacuum oven (65 °C) for 24 h. The dried
powders were calcinated at 500 °C for 3 h. The obtained dry powders of
M-HNTs-ZnO were dried and ground for further use.

2.3. Characterizations

Functional-groups of the materials were analyzed by Fourier
transform infrared spectroscopy (FT-IR, Vertex 80v (Bruker) Germany),
using the KBr pellet method (KBr ~ 0.15 g and sample < 0.001 g). The
nanoparticulate nature and surface morphology of materials were wit-
nessed by scanning electron microscopy (SEM, FC-SM10, Hitachi S-
4800, Japan) and transmission electron microscopy (TEM, Tecnai G2,
Hillsboro, USA). The surface elemental composition of the materials
was examined by X-ray photoelectron spectroscopy (XPS, Theta Probe
AR-XPS System, Thermo Fisher Scientific, UK). Magnetic properties of
Fe304 modified materials were analyzed by vibrating sample magnet-
ometer (VSM) (Lakeshore, Model: 7407, USA).

2.4. Anti-bacteria assays

The antibacterial effect of HNTs, M-HNTs, and M-HNTs-ZnO was
estimated against E. coli and S. aureus, and MRSA. The samples of HNTs,
M-HNTs, and M-HNTs-ZnO ultrasonicated for 15 min before the use.
Each bacterium having initial concentration of 0.6-1.0 of OD 600 nm
prepared in the trypticase soy broth (TSB) medium. The HNTs, M-HNTs,
and M-HNTs-ZnO at the concentration of 5 mg/ml were added into the
medium and incubated at 37 °C for 4 h with 1 x 10° cells/ml bacteria
180 rpm in the shaking condition. After incubation, anti-bacteria effects
were evaluated using colony counting assay on agar plate and petrifilm
(3 M, MN, USA). Inoculated bacteria were seeded on both trypticase soy
agar and petrifilm incubated at 37 °C for 24 h, and then photographs of
anti-bacteria effects.

2.5. Anti-biofilm assay

Formation of bacterial biofilms of E. coli and S. aureus and MRSA for
studying the anti-biofilm effect was referred by [35]. Inhibition effect of
HNTs, M—HNTs, and M-HNTs-ZnO against biofilm formation was es-
timated on a 6-well plate using Crystal violet (CV) assay. Each bacterial
strain was cultured in TSB and dispensed into 6-well plate. Seeded
bacteria were incubated at 37 °C for 24 h. The 24 grown bacterial
culture in a 6-well plate was washed two times with the PBS. HNTs and
modified HNTs at the concentration of 5 mg/ml were added in 6-well
plate 24 grown bacterial cultures and incubated at 37 °C for 4 h. After
then, the well was washed two times with PBS and 0.1% CV solution
was added to each well for 5 min. After taken a picture, added to 33%
acetic acid each well and estimated to absorbance at 590 nm.

2.6. Scanning electron microscopy (SEM) analysis

E.coli, S. aureus, and MRSA were incubated with HNTs, M-HNTs,
and M-HNTs-ZnO at 37 °C under 150 rpm shaking speed for 4 h. All
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cells were collected and rinsed twice with phosphate-buffered saline
(PBS, Bio-sesang, Seoul, Korea), followed by fixing with a 2.5% glu-
taraldehyde solution at 4 °C for 18 h. The samples were dehydrated by
treatment with 50, 70, 80, 90 and 100% ethanol respectively. Each
sample was coated with a thin layer of gold and imaged via SEM.

2.7. Repeated cycle antibacterial effect by M-HNTs-ZnO

The anti-bacterial effect of M-HNTs-ZnO was measured against E.
coli and S. aureus, and MRSA. Each 24 h grown bacterium was in-
cubated at 37 °C for 4 h with M-HNTs-ZnO at 180 rpm in the shaking
condition and evaluated for the bacterial viability. After incubation,
microbial viability was measured using microbial viability assay ELISA
kit (Dojindo, Kumamoto, Japan) according to the manufacturer’s in-
structions. After then, M-HNTs-ZnO was separated using an external
magnet and sterilized using autoclave 121 °C for 15 min. Sterilization
was done to overcome the problem arising from the attached bacteria’s
to the M-HNTs-ZnO. Sterilized M-HNTs-ZnO was further applied in the
next cycle to study the repeated anti-bacterial effect.

3. Results and discussions
3.1. Synthesis

In recent literature, HNTs found to be excellent material in many
nano-medicinal and environmental applications [3]. Although, there
are many aspects of HNTs applications, which still needs to be studied
and investigated [3]. Hence, in this study, surface modifications on the
HNTs were done by incorporating the Fe;04 and ZnO nanostructures.
The detailed schematic presentation was shown in Scheme 1. First,
Fe304 was decorated over the HNTs (M-HNTs) by a low-cost reduction-
precipitation (RP) method. Later, ZnO nanoparticles were assembled
over the M-HNTs. The Zn?* ions from precursor solution of zinc acetate
binds tightly over the negative surface of the HNTs and nucleation of
Zn?" ions occurred after calcination at 500 °C, to form the ZnO over M-
HNTs surface. Because of the HNTs as a template for the distribution of
ZnO, aggregation of ZnO was inhibited. Therefore, these nanotubular
reactors possess the magnetism from Fe;O,4 (allows their systematic
localization and separation) and significant anti-microbial potential
from the ZnO nanostructures. The materials; HNTs, M-HNTs, and M-
HNTs-Zn was assessed further in the study for anti-microbial, anti-
MRSA and anti-biofilm studies.

3.2. Characterization’s

3.2.1. SEM and TEM analyses

The morphological observation was done by the SEM analysis. The
SEM image of HNTs, M-HNTs, and M-HNTs-Zn was shown in Fig. 1A-C.
The image of HNTs showed random nanotubes with the unmodified
surface (Fig. 1A). The M-HNTs SEM image showed a Fe30, modification
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Scheme 1. Schematic presentation of stepwise synthesis of M-HNT-ZnO.
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of HNTs (Fig. 1B). However, in the M-HNTs-ZnO sample, extensive
surface modification was clearly evident (Fig. 1C). Circular and square-
shaped morphologies of ZnO nanostructures seen to be decorated an
HNTs surface (Fig. 1C). In order to investigate morphological ob-
servations, further TEM analysis was done. Fig. 1D shows the image of
the HNTs, and the surface of the HNTs looks plane and unmodified.
However, the TEM image of the M-HNTs-ZnO (Fig. 1E), clearly showed
an extensively modified surface of various sized HNTs with the Fe;04
and ZnO nanostructures. Cuboidal and square-shaped ZnO nanos-
tructures evident on the HNTs surface and seen bind tightly to HNTs.
Further, more close inspection of ZnO nanostructures in a zoomed
image (Fig. 1F) revealed a size of around 5-6 nm. The lattice fringe
region of 0.25 nm corroborates (0 0 2) crystalline plane of the ZnO.
Therefore, all these morphological analyses confirmed the surface of the
HNTs was modified by a Fe304 and ZnO nanostructures.

3.2.2. FT-IR and VSM analysis

In order to investigate the successful modifications made on HNTs,
the FT-IR spectrums were analyzed. Fig. 2(A) shows the FT-IR spectrum
of the HNTs, M —HNTs, and M-HNTs-ZnO. The FT-IR spectrum of HNTs
and M-HNTs gave the following absorption peaks at 3695 cm ™' (the
inner surface O—H stretching of HNTs), 3621 cm ™! (O-H stretching of
inner surface AI-OH groups between the interface of the Si—O tetra-
hedron and the Al—O octahedron), 1031 cm ™! (in-plane stretching
vibration of the Si—O network Si—0—Si and O—Si—0) and 911 cm !
(O—H deformation of inner hydroxyl groups) [36].

The FT-IR peak for Al1-O—Si of HNTs and the characteristic peak of
metal oxides (Fe-O and Zn—O) might be overlapped in a spectrum of
HNTs, M-HNTs and M-HNTs-ZnO [4,8,37]. However, the M-HNTs-ZnO
exhibits broad absorption peaks observed at 3441 cm ™! was attributed
to the O—H groups on the surface of the ZnO [37]. Similar at
3441 ecm ™! peak broadening in ZnO-PEG nano-hybrids was observed
previously [37]. The obtained results are consistent with the observa-
tion made in the SEM and TEM image analysis. The incorporation of
Fe;0,4 gave magnetic properties to the M-HNTs-ZnO. Therefore, it was
important to study magnetic properties. The magnetic properties of M-
HNTs-ZnO were studied by VSM analyses (Fig. 2(B)). In order to un-
derstand the magnetic properties of M-HNTs-ZnO, the VSM analysis
was carried out. The curve obtained from the VSM analysis of M-HNTs-
ZnO demonstrates a typical magnetic hysteresis (Fig. 2(B)). The ob-
tained values of the coercivity and remanence were zero. Thus, the
typical magnetic hysteresis curve and obtained zero values of coercivity
and remanence were confirmed the superparamagnetic nature of the M-
HNTs-ZnO [38]. The magnetization saturation value represents the
susceptibility of a sample to an external magnetic field. The magnetic
saturation value of the M-HNTs-ZnO was found to be 3.8 emu/g. The
inset of Fig. 2(B) showed the magnetic separation potential of the M-
HNTs-ZnO. Therefore, FTIR analyzes gave an idea about the HNTs
modification by Fe304 and ZnO, respectively, and VSM analysis con-
firmed the magnetic potential of M-HNTs-ZnO.

3.2.3. XPS analysis

Furthermore, validation of the M-HNTs-ZnO material was done by
XPS analysis. The XPS of M-HNTs-ZnO was shown in Fig. 3. The ob-
served binding energies 74.65, 102.58, 532.4, 711.13 and 1022.2 eV
attributed to the Al 2p, Si 2p, O 1 s, Fe 2p, and Zn 2p, respectively
(Fig. 3a). Thus, the obtained results strongly corroborate the successful
synthesis of nanocomposite M-HNTs-ZnO. The obtained XPS results
validated the SEM, TEM, and FT-IR analyzes studied. Furthermore,
higher resolution spectrums of Si 2p, O 1s, Al 2p, Fe 2p, and Zn 2p were
shown in Fig. 3b—f. The high resolutions spectrums show a clear and
sharp peak of the respective element (Si, O, Al, Fe, and Zn). The high-
resolution spectra of Fe 2p (Fig. 3e) show the characteristic Fe;0,4 peaks
of Fe 2p;,» and Fe 2p3,, located at 711.48 and 725.23 eV respectively.
The peaks are broadened due to the existence of the Fe*>* and Fe*™ ions
as Fe30,4. A similar observation for Fe;0,/rGO nanocomposites was
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Fig. 1. Surface morphological evaluation [A] SEM image of HNTs, [B] SEM image of M-HNTs, [C] SEM image of M-HNTs-ZnO, [D] TEM image of HNTs, [E] TEM
image of M-HNTs-ZnO and [F] high resolution of TEM image displaying the lattice fringe regions and particular size of ZnO loaded over the HNTs.
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Fig. 2. (A) FTIR analysis of HNTs, M-HNTs, and M-HNTs-ZnO, and (B) VSM analysis of M-HNTs-ZnO and the photographic image showing magnetization.

reported earlier [39]. The high-resolution spectra of Zn 2p (Fig. 3f)
exhibited binding energies of 1022.15 and 1045.25 eV, attributed to the
spin-orbit of Zn 2p3,,and Zn 2p; /». It directed the presence of a divalent
oxidation state in the sample [40].

Therefore, the entire XPS evaluation confirmed the M-HNTs-ZnO
composed of HNTs (Si, Al, and O), Fe3O, (Fe) and ZnO (Zn). Thus, the
entire characterization’s; SEM, TEM, FTIR, VSM, and XPS analyses va-
lidated the successful synthesis. The materials after thorough char-
acterization were used in further study.

3.3. Anti-bacterial studies against E. Coli and S. Aureus

The HNTs, M-HNTs, and M-HNTs-ZnO were applied to study anti-
bacterial effect to the E. coli (Gram-negative) and S. aureus (Gram-po-
sitive). These are the typical bacteria that are most often found in in-
fections, contaminated equipment, and wounds. The anti-bacterial
effects of HNTs, M-HNTs, and M-HNTs-ZnO (5 mg/ml) were confirmed
using the colony counting assay. The results were shown in Fig. 4A-B.

HNTs showed significant anti-bacterial potential (62% growth inhibi-
tion of E. coli). The obtained result supported by the earlier report,
which showed a slight decrease in the number of E. coli cells in the
presence of the bare HNTs [5]. Also, Taylor et al., [41] report the re-
duction in the growth of S. typhimurium oxyR strain in the presence of
HNTs. In this study, during the anti-bacterial experiment ‘HNTs with
bacterial cells’ was shaken at 180 rpm speed and this might cause an
enhancement of physical damage/rupture to the bacterial cells. The
increased interactions among the HNTs and bacterial cells at 180 rpm
speed might be yielded the anti-bacterial potential of HNTs. Anti-bac-
terial HNTs are highly valuable, as it is a naturally derived material.
This obtained result encouraged to advance/modify the HNTs surface
by various anti-microbial nanomaterials. Because of Fe3O, NPs ex-
clusive characteristics, such as response to external magnetic force
(magnetic assistance) is extremely important in case of the critical lo-
calization of infection [42,43]. The Fe304 nanomaterial is a metal oxide
that possesses both anti-bacterial and magnetic properties [17]. Dif-
ferent studies reported the anti-microbial potential of Fe30,4 is might be
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due to the production of reactive oxygen species (ROS) with lipid
peroxidation, membrane depolarization with consequent impairment of
cell integrity, the release of metal ions that affect cellular homeostasis
and protein coordination and DNA damage [17,25]. Abhinaya et al.,
[17] reported that M-HNTs have antibacterial activity against E. coli
which less than the anti-bacterial activity of Fe;04 NPs at different
phases of the growth. However, in this study, HNTs surface modified by
the Fe;04 (M-HNTs) exhibited enhanced anti-bacterial activity (87%
growth inhibition of E. coli). The anti-bacterial activity to E. coli by M-
HNTs was enhanced compared to the HNTs. This increase in growth
inhibition of E. coli was due to the enhanced anti-bacterial effect ex-
erted by the Fe;04. Furthermore, M-HNTs were modified by ZnO (M-
HNTs-ZnO) gave 92.2% of the growth inhibition to E. coli. ZnO is a well-
known anti-microbial metal oxide nanomaterial and exerts an anti-
bacterial effect in several ways such as; generation of reactive oxygen
species (ROS), cell wall damage due to ZnO-localized interaction, in-
ternalization of ZnO NPs due to loss of proton motive force, enhanced
membrane permeability, and toxic zinc ions uptake [27]. Thus, surface
modifications of HNTs with (Fe30,4 and ZnO) significantly enhanced the
anti-bacterial potential against the E. coli (Fig. 4A). Furthermore,
against the bacteria S. aureus, HNTs, M-HNTs and M-HNTs-ZnO in-
hibited the growth to 58, 76 and 99%, respectively. Similar to the E.
coli, in the case of anti-bacterial effect to the S. aureus, inhibition was
enhanced for M-HNTs-ZnO (99%) compared to the M-HNTs (76%)
(Fig. 4B). The photographic image of the E. coli and S. aureus colonies
obtained before and after the treatment was confirmed the anti-bac-
terial potential of the studied materials (Fig. 4C). HNTs modified with
CuO NPs, Ag NPs, ZnO NPs, polyurethanes, peppermint essential oil,
salicylic acid, thyme oil, and vancomycin were shown anti-bacterial
properties [5,6,19-23,25,44-49]. The detailed anti-microbial potentials
and studied parameters of HNTs (powder form) based on anti-microbial
materials were shown in the supplementary information, Table S1.
Silver nanoparticles, Fe30,, silver NPs/ZnO and ZnO/CeO, modified
HNTs gave approximately 75, 18, 95 and 92% bacterial growth in-
hibition (supplementary information, Table S1). Hence, in comparison
with the earlier HNTs based materials (supplementary information,
Table S1), the obtained results suggest the M-HNTs-ZnO is among the
highly significant HNTs based antibacterial material.

Notably, the materials exhibited anti-bacterial properties to both
Gram-negative and Gram-positive bacteria. The obtained results
showed the HNTs, M-HNTs and M-HNTs-ZnO materials are potential
antibacterial capabilities and need to further study against the drug-
resistant bacteria and bacterial biofilms.
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Fig. 5. (A) Anti-bacteria effect of HNTs, M-HNTs,
and M-HNTs-ZnO against MRSA. All values are
expressed as mean = SEM (n = 3) and sig-
nificantly different (*, p < 0.05, **, p < 0.01,
**% p < 0.005) in comparison to control by
Tukey’s multiple comparison test. (B) Photographs
of bacteria colonies formed treated with HNTs, M-
HNTs, and M-HNTs-ZnO against MRSA.

3.4. Anti-bacterial studies against MRSA

When the bacteria carry several resistance genes against more than
two antibiotics, it is usually mentioned as multiple-antibiotic-resistant
bacteria, superbug or a super-bacterium [50]. Gram-positive drug-re-
sistant bacteria MRSA is a serious threat, and antimicrobial resistance is
a major global health concern [51]. MRSA is a dangerous pathogen well
known for the resistant against f-lactam antibiotics. In recent times,
MRSA was categorized by the World Health Organization (WHO) as one
of the twelve priority pathogens that threaten human health [52]. In-
novative tactics are consequently desirable to recognize and advance
agents to control bacterial infections or the next generation of drugs
[50]. Recently, nanotechnology yielded materials that have flourished
as an enormously potent and multipurpose nano-weapons to fight these
issues [53-55]. Contrary to the mechanistic action of antibiotics, mi-
crobes just find problematic to obtain resistance toward nanoparticles
as they target multiple bacterial components [50,55]. Zinc oxide (ZnO),
iron oxide (Fe30,), titanium dioxide (TiO,), copper oxide (CuO) and
silver nanoparticles (AgNPs) and their composites found bactericidal to
the MRSA [1,50]. However, decorating important nanoparticles such as
(ZnO and Fe30,4) on nanotubular structures of HNTs have a significant
impact for MRSA treatment, by considering its biocompatibility and
upcoming staggering applications in the nano-medicinal field [[3,4,24].
Therefore, in this study, the anti-bacterial potential of HNTs, M-HNTs,
and M-HNTs-ZnO was checked against the MRSA strain (Fig. 5A). The
HNTs and M-HNTs showed 57 and 78% growth inhibition of the MRSA
(Fig. 5A). M-HNTs showed significantly enhanced MRSA growth in-
hibition compared to the bare HNTs. In an earlier study, the bare
magnetic nanoparticles displayed an anti-microbial effect against the
MRSA [56]. Furthermore, MRSA experienced 88% growth inhibition in
the vicinity of the M-HNTs-ZnO (Fig. 5A). The photographic image of
MRSA colonies before and after the treatment with HNTs, ZnO and
Fe3O04 NPs has confirmed the inhibition of the growth of MRSA
(Fig. 5B).

The obtained results corroborated the stepwise modifications (ZnO
and Fe30,4) in HNTs increased the anti-bacterial effect on the MRSA. In
addition to the HNTs, ZnO and Fe30,4 NPs might cause a bacterial death
due to their significant anti-microbial potential [6,26,40,50,56]. Being
an exceptional and biocompatible drug carrier, HNTs surface mod-
ifications with ZnO and Fe3;04 gave new hope for the treatment of
MRSA [1,24]. Hence, M-HNTs-ZnO has potential anti-bacterial cap-
ability against the MRSA, and that might be applicable in the near fu-
ture.
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Fig. 6. SEM images of HNTs, M-HNTs, and M-HNTs-ZnO against E. coli, S. aureus, and MRSA.

S.-C. Jee, et al.
E. coli

c

o

(&)

K

2

T

(7))

e

4

T

=

(o]

c

N

K.

2

T

=

M con

— 150 A . HNTs
~ B M-HNTs
c ok Bl M-HNTs-ZnO
[e]
= 100
£
i
Lo
£ 501
=
°
0

0_

E. coli S. aureus MRSA

Fig. 7. Anti-biofilm effect of HNTs, M-HNTs, and M-HNTs-ZnO against E.coli, S.
aureus, and MRSA. Each value is expressed as mean + SEM (n = 3) and sig-

nificantly different (***, p < 0.005) in comparison to control by Tukey’s
multiple comparison test.

3.5. SEM analysis for bacteria-nanomaterial interactions

After the successful establishment of the anti-bacterial applications
of HNTs, M-HNTs, and M-HNTs-ZnO, SEM evaluation was done for
understanding the bacteria-nanomaterial interactions. E. coli, S. aureus,
and MRSA strain were observed under SEM before and after the treat-
ment (Fig. 6). The control image shows intact colonies of E. coli, S.
aureus, and MRSA. The images of HNTs shows interaction with E. coli

caused physical damage, however, not detectable physiological damage
was observed with the S. aureus and MRSA. This might be due to the
differences in the cell wall structures gram-positive and gram-negative.
There are few E. coli cells, which erupted might be due to the dehy-
dration without the particle contact. However, S. aureus and MRSA cells
found separated compare to the control. Further, in the case of M-HNTs
and M-HNTs-ZnO, E. coli showed enhanced interactions and shrinkage
of the E. coli cells, however, S. aureus and MRSA cells have a un-dis-
turbed physical structure with significantly separated cells.

The un-disturbed physical structure attributed to the rigid nature of
the gram-positive cell wall. However, the anti-bacterial effect in M-
HNTs and M-HNTs-ZnO might be due to the release of the zinc ions,
membrane depolarization, generation of the ROS and DNA damage
[25,27]. The overall SEM analysis gave bacteria-nanomaterial interac-
tions to understand the obtained anti-bacterial results.

3.6. Anti-biofilm effect of nanomaterials

Looking at the treatment complexity of the biofilm infections of E.
coli, S. aureus and MRSA strain, the HNTs, M-HNTs, and M-HNTs-ZnO
were tested for their anti-biofilm effect. The biofilms of E. coli, S. aureus,
and MRSA strain were successfully established. The quantitative ana-
lysis of Crystal Violet staining showed in Fig. 7. The obtained results
confirmed the HNTs do not exhibit any anti-biofilm effect. The M-HNTs
exhibited 25% inhibition of the S. aureus biofilm, but not shown in-
hibition to the E Coli and MRSA biofilms. However, M-HNTs-ZnO
eliminated the biofilm against E.coli (25% inhibition) and S. aureus
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Fig. 8. Anti-bacterial effects of recycled M-HNTs-ZnO against E. coli, S. aureus,
and MRSA. All values are expressed as mean + SEM (n = 3) and significantly

different (*, p < 0.05, **, p < 0.01, ***, p < 0.005) in comparison to
control by Tukey’s multiple comparison test.

(60% inhibition), but not for MRSA biofilm. The acquired results cor-
roborated the enhanced anti-biofilm activities of M-HNTs-ZnO com-
pared to the HNTs and M-HNTs. This designates the ZnO on HNTs
causing a major role in the obtained anti-biofilm effect.

The anti-biofilm effects by nanomaterials are often related to many
factors such; as its stability, size, and hydrophobic interaction. Besides,
nanomaterials are found induced anti-biofilm effect to different me-
chanisms such as enzymatic inhibition, deactivation of proteins, and
oxidative stress [57]. Anti-biofilm activity of zinc oxide nanosheets
(ZnO NSs) against Proteus mirabilis and E.coli reported by [52]. The
exact mechanism of the ZnO mediated anti-biofilm effect was not yet
fully understood [58]. Furthermore, MRSA biofilm found resistant to all
tested nanomaterials. This might be due to the complex extracellular
polymeric substance (EPSs) of MRSA biofilms. These results specify that
the anti-biofilm effect of M-HNTs-ZnO was different from E. coli, S.
aureus, and MRSA biofilms, respectively. Therefore, the anti-biofilm
assessments of tested nanomaterials provide glimpses that ‘M-HNTs-
ZnO’ might be a suitable nanomaterial to target the S. aureus biofilms
particularly.

3.7. Reusability of M-HNTs-ZnO

In this part of the study, the reuse of M-HNTs-ZnO for bactericidal
potential was assessed. Drinking water having microbial contamination
causes a grave health concern, particularly in developing countries
[59]. The most important technique used for domestic water purifica-
tion is chemical disinfection using chlorine [60]. Chemical disin-
fectants; chlorine, chloramines, and ozone react with various con-
stituents from natural water and forms a disinfection by-product
[59,60]. These disinfection by-products are found to be carcinogens in
nature [59]. Recently, nanotechnology opened a new era for water
disinfection [61]. Still, two very important challenges that limit the use
of nanoparticles for water disinfection are either their aggregation in
water or their removal from treated water [62]. To get rid of these
difficulties, the nanomaterials combined with a potential magnetic
carrier might be a suitable option [62]. Magnetic-separation is con-
trollable, allows the nano-antimicrobial-agents to be recovered effort-
lessly, ready to reuse for the next cycle of water-purification, and
keeping the nano-antimicrobial-agents with reduced environmental-
complications. Additionally, the development of clay-based modified
materials with high effectiveness to capture bacteria from the water will
definitely be advisable due to their ready availability, low-cost and ease
of preparation [63]. Therefore, in this study, clay-mineral HNTs based
M-HNTs-ZnO having significant magnetic potential was applied for
reuse of M-HNTs-ZnO for bactericidal potential against E. coli (Gram-
negative), S. aureus (Gram-positive), and MRSA strain, to access its
potential for water treatment (Fig. 8). The obtained results were
showed that M-HNTs-ZnO maintained consistent anti-bacteria effects in
three cycles compared to the control group against all bacteria studied
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(Fig. 8).

These results evidenced that M-HNTs-ZnO is easily acquired using
magnetic force and apply for the anti-bacteria effects in the next cycle.
Thus, this makes M-HNTs-ZnO an economical material having anti-
bacterial potential for possible water treatment applications in many
cycles.

4. Conclusions

In conclusion, HNTs decorated with anti-microbial and magnetic
nanomaterials (Fe;O4 and ZnO) displayed significant antibacterial po-
tential against non-drug resistant (E. coli and S. aureus) and drug-re-
sistant (MRSA) pathogens. The stepwise modification done on template
HNTs significantly improved the anti-bacterial performance. The de-
veloped nanocomposite found effective against the biofilms of S. aureus.
Magnetically-separable M-HNTs-ZnO gave significant anti-bacterial
performance against E. coli, S. aureus and MRSA in repeated cycles. This
marks the importance of M-HNTs-ZnO in water treatments. The cou-
pling of potent anti-bacterial and magnetically-operable properties in
M-HNTs-ZnO can be applied in the clinical treatment of pathogenic
infections as well as for water treatment to remove/kill pathogenic
bacteria’s.
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