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ABSTRACT: A new hydrothermal synthesis approach involving the carbonization of glucose in the presence of wiistite (FeO)
nanoparticles is presented, which leads to the fabrication of rapidly acting and potent antibacterial agents based on iron oxide@
carbon (I0@C) nanochains. By using nonmagnetic FeO precursor nanoparticles that slowly oxidize into the magnetic Fe;O,
crystal structure under hydrothermal conditions, we were able to prepare well-defined and short-length IO@C nanochains that
are highly dispersed in aqueous media and readily interact with bacterial cells, leading to a complete loss in bacterial cell viability
within short incubation times at minimal dosage. The smaller IO@C nanochains synthesized using the FeO precursor
nanoparticles can reach above 2-fold enhancement in microbe-killing activity when compared to the larger nanochains fabricated
directly from Fe;O, nanoparticles. In addition, the synthesized IO@C nanochains can be easily isolated using an external magnet
and be subsequently recycled to effectively eradicate Escherichia coli cells even after five separate treatment cycles.
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B INTRODUCTION

Carbon-based nanomaterials are being heavily explored for
their potential in antibacterial applications due to their
capability to promote bacterial cell death through direct
physical interactions and by means of chemical stress induced
by the in situ production of reactive oxygen species (ROS).'~'*
In addition, since the bacterial cell wall contains receptor
proteins that recognize carbohydrate moieties to promote faster
intake of nutrients, carbon-based nanomaterials that mimic the
carbohydrate molecular structure can have strong affinity for
these microbes.'® Furthermore, previous studies have suggested
that by tuning the size, morphology, and surface chemistry of
carbon-based nanomaterials, their bacteria inactivation proper-
ties can be drastically improved.'*™'*'%!” Several studies have
demonstrated that well-dispersed single-walled carbon nano-
tubes showed increased toxicity compared to their aggregated
multiwalled counterparts due to their enhanced bacterial cell
interactions that promote their ability to rupture the cell
membrane of these microbes.'' ~'* Recently, Liu et al. have also
demonstrated that dispersed graphene oxide nanosheets with
sharp edges can readily destroy the membrane integrity of
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bacterial cells through the piercing of their outer cell
membrane, while a reduced form of the graphene oxide
nanosheets can easily aggregate and fall out of solution, thus,
minimizing physical interactions with the bacterial cells."*
Moreover, due to the high affinity of graphene oxide
nanosheets for bacterial cells, these nanomaterials have been
hybridized with other metal-based nanostructures, such as ZnO
and Ag nanoparticles that can leach out toxic ions, in order to
improve the localization of harmful metal ions at the bacterial
cell surface.”™*

While carbon-based nanomaterials have demonstrated great
potential in the treatment of bacterial contamination, the
incorporation of a magnetic component that will facilitate easy
isolation of the antibacterial agent after application is of high
interest.>'® By integrating Fe;O, nanoparticles into a graphene
oxide/Ag hybrid nanomaterial system, Tian et al. were able to
isolate the graphene oxide-based nanomaterial after antibacte-
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rial treatment, allowing the recycling of the multifunctional
antibacterial agent.’

Although the successful incorporation of Fe;O, nanoparticles
into chain-like carbon nanostructures has been previously
shown, the resulting large network of the hybridized magnetic
nanomaterial often led to aggregation, which can compromise
the antibacterial efficacy.”'® Here, we report for the first time
the use of nonmagnetic FeO nanoparticles as precursors to
prepare short-length and well-dispersed iron oxide@carbon
(I0@C) nanochains that act as a cost-effective, reusable, and
fast-acting antibacterial agent.

Over the past years, different synthesis methods have been
developed to prepare carbon-based nanomaterials, includin:
the use of arc-discharge,”® chemical vapor deposition,”
pyrolysis of organic compounds,22 and hydrothermal carbon-
ization (HTC).**"*” In particular, the HTC process has been
widely used to synthesize carbon-based nanomaterials because
of its simplicity and use of natural carbohydrates that are readily
available.”*™*” In the HTC process, carbon nanostructures are
generated from the dehydration of simple sugars producing 5-
(hydroxymethyl)furfural (HMF) that subsequently polymerize
into polyfurans, which, in turn, undergo intermolecular
condensation toward carbonization.”>”>’ Depending on the
carbon source, the HTC method can require up to 48 h of
reaction time.?>™% However, Cui et al. have demonstrated the
accelerated carbonization of starch to form carbon nanospheres
or nanoropes in the presence of metal catalysts.”” Similarly,
Zhang et al. prepared large carbon nanochain networks using
80 nm Fe;O, nanoparticles as coreagents.lg The formation of
interconnected large nanochain networks may lead to
dispersion instability and can be attributed to the strong
magnetic dipolar interactions observed in ferrimagnetic Fe;O,
nanoparticles with diameters larger than 30 nm.">**>* In this
study, we report on an alternative one-step HTC synthesis
approach to prepare functional magnetic hybrid nanostructures
with carbon nanochains containing superparamagnetic Fe;O,
cores that were slowly oxidized from FeO precursor nano-
particles. The slow hydrothermal-assisted oxidization process of
FeO into Fe;0, can increase the magnetic dipolar interactions
among the iron oxide nanoparticles at a controlled rate, aiding
in the formation of short, well-defined nanoassemblies with
chain-like morphology. Finally, we systematically evaluated the
influence of the nanochain size, morphology, and carbon
encapsulation on the inactivation of Escherichia coli (E. coli)
culture cells.

B EXPERIMENTAL SECTION

Materials and Reagents. The iron(III) chloride hexahydrate
(98%), anhydrous iron(I) chloride (98%), oleic acid (90%), 1-
octadecene (90%), glucose (99.5%), triethylamine (99%), toluene
(HPLC grade, 99%), hexane (HPLC grade, 95%), ethanol (HPLC
grade, 90%), and XTT (2,3-bis(2-methoxy-4-nitro-S-sulfophenyl)-2H-
tetrazolium-S-carboxanilide) assay kit were purchased from Sigma-
Aldrich. Sodium oleate (97%) was purchased from TCI America.
Ammonium hydroxide (14.8 N), hydrochloric acid (37%), 3-
(triethoxysilyl)propyl succinic anhydride (95%), hydrogen peroxide
(30%), absolute ethanol, and the iron reference standard solution
(1000 ppm) for the atomic absorption spectroscopic analyses were
purchased from Fischer Scientific. The ultrapure Luria—Bertani (LB)
agar powder used to prepare the bacterial culture plates was obtained
from Affymetrix. The E. coli bacterial cell culture line was obtained
from Invitrogen. All of the chemicals and reagents were used as
received.

Synthesis of Iron Oxide Nanoparticles. The IO nanoparticles
were synthesized according to a previously reported method.**** The
as-prepared FeO nanoparticles are coated in oleic acid and are well-
dispersed in organic solvents such as toluene and hexane. In order to
transfer the FeO nanoparticles into an aqueous phase, the surface of
the FeO nanoparticles was modified through a ligand exchange
process.*® FeO nanoparticles dispersed in toluene (100 mg in 4 mL of
toluene) were mixed with 4 mL of 1 M NH,OH in 1-butanol, 1.4 mL
of triethylamine, and 0.1 mL of 3-(triethyoxysilyl)propyl succinic
anhydride before adding 0.5 mL of deionized water. The mixture was
vortex mixed for 3 min and left to stand at room temperature for 1 h.
After 1 h, the ligand-exchanged FeO nanoparticles transferred from the
top toluene layer into the bottom aqueous layer. To isolate the
nanoparticles, the mixture was centrifuged for 30 min at 8000 rpm and
the nanoparticles were redispersed in water prior to use as a coreagent
in the hydrothermal carbonization of glucose.

Carbon Nanochain Synthesis. In a typical synthesis, 1 mmol of
glucose (0.2 g) was dissolved in 10 mL of deionized water. After
adding 65 mmol of FeO nanoparticles (4.7 mg) to the glucose
solution, the mixture was transferred into a Teflon-lined stainless steel
autoclave and heated to 180 °C for 2 to 24 h to prepare the 2h-NCh,
4h-NCh, 8h-NCh, 12h-NCh, and 24h-NCh samples, respectively. The
product was cooled to room temperature and centrifuged at 8000 rpm
for 60 min to ensure separation of the nanochains from the
supernatant solution. The final product was washed and recentrifuged
six more times to remove excess iron ions that leached out from the
synthesized nanochains. To obtain nanochains without IO cores, the
IO cores were dissolved from the IO@C nanochains by an overnight
acid digestion treatment at 90 °C with concentrated HCI (37%) inside
a Teflon-lined stainless steel autoclave.

Materials Characterization. A JEOL 1200CX transmission
electron microscope (TEM) operated at 80 kV was used to evaluate
the size and morphology of the IO nanoparticles and the IO@C
nanochains. The software ImageJ was used to measure the particle size
of an average of 200 particles to estimate the size distribution for each
sample. The iron content in the different IO@C nanochain samples
was evaluated using atomic absorption spectroscopy (AAS).
Attenuated total reflectance—Fourier transform infrared spectroscopic
(ATR-FTIR) analyses were conducted in the range 600—4000 cm ™!
using a Thermo Scientific Nexus 870 ATR-FTIR spectrometer. The
particle size of the nanochain dispersions was measured by dynamic
light scattering (DLS) on a ZetaPALS particle size analyzer
(Brookhaven) at a scattering angle of 90°. The field-dependent
magnetic properties of the IO nanoparticles and the nanochains were
evaluated at 5 K using a Quantum Design MPMSS SQUID
(Superconducting Quantum Interference Device) magnetometer.

The powder X-ray diffraction (PXRD) patterns of the samples were
collected using a Rigaku MiniFlex X-ray powder diffractometer using
Cu Ka radiation (y = 0.154 nm). For Rietveld analysis, a 2-0 range
from 20 to 70° was scanned at 0.01° step size at 1 s/step and used in
the weight percentage calculation for the wiistite (FeO) and magnetite
(Fe;0,) phases. To estimate the relative proportions of magnetite
(Fe;0,) and maghemite (y-Fe,O;) in the samples, the weight
percentage of the iron oxide phases was estimated using a smaller 2-
0 range from 55 to 60° that was scanned at 0.01° step size at 10 s/step.
All of the peak profiles were fitted with pseudo-Voigt function and
corrected with March—Dollase function.’” The reference diffraction
pattern standards were obtained from the International Centre for
Diffraction Data (ICDD): FeO (#01-073-2143), Fe;O, (#01-071-
4918), y-Fe,0, (#01-089-5892).

Cell Viability Assays by Colony Counting Method. For all of
the cell studies, the E. coli cell culture was diluted with deionized water
to an ODggp um Of 0.01 before use. In order to evaluate the effect of the
IO nanoparticles on the E. coli growth, 100 pug of IO(FeO)
nanoparticles dispersed in 10 yL deionized water was added to 990
uL of diluted cell culture (8 X 10° cells) and incubated at room
temperature for 15 min before spreading 5 uL of the resulting mixture
onto a LB agar plate. The agar plate containing the E. coli spread was
cultured in an incubator at 37 °C overnight. The bacterial growth was
evaluated through counting of the resulting colonies. The same
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Figure 1. Corresponding transmission electron microscope (TEM) images of the (a) FeO and (b) Fe;O, nanoparticle samples that were deposited
onto the TEM grids after exposure to room temperature (RT) conditions, after heating the samples in solution to 140 °C under Ar gas, and after
HTC treatment that results in nanochain formation after 4 h at 180 °C; the scale bars represent 200 nm for the TEM images. (c) Dynamic light
scattering (DLS) measurements showing the comparison of the average size of the nanochains synthesized using FeO and Fe;O, precursor

nanoparticles, respectively.

procedure was performed with the following nanochain samples: 2h-
NCh, 4h-NCh, 8h-NCh, 12h-NCh, and 24h-NCh. The antibacterial
assay approach was also adapted in comparing the activities of the 4h-
NCh sample with and without IO cores, as well as in the comparison
of the antibacterial efficacy of the IO(FeO)-NCh and I0(Fe;O,)-NCh
samples. For all the bacterial cell assays, 10 uL of deionized water was
adapted as a control treatment to replace the IO/nanochain samples.
All the nanochain samples were washed extensively with deionized
water a total of six times prior to bacterial cell incubation to ensure
removal of iron ions entrapped in the porous carbon shells. Statistical
analyses were performed on the evaluated loss of cell viability data to
test for differences among the different treatment groups. A one-way
analysis of variance (ANOVA) was conducted with n = 5. Moreover,
Student’s t test was used to statistically compare paired sample sets.
For the concentration-dependence assay, the concentration of the
antibacterial agents was adjusted to 0, 50, 100, 200, 500, 750, and 1000
pug/mL, respectively.

Detection of Reactive Oxygen Species. The possible
generation of ROS, such as the superoxide anion radical (0,°”), was
evaluated by monitoring the absorption of XTT (2,3-bis(2-methoxy-4-
nitro-S-sulfophenyl)-2H-tetrazolium-S-carboxanilide). In the presence
of ROS, the pale yellow XTT dye is reduced to its bright orange-
colored XTT-formazan analog, the accumulation of which can be
measured by monitoring its absorbance at 470 nm."”**™* In our
study, 100 pg of the IO nanoparticle/nanochain samples [ie.,
I0(FeO), 2h-NCh, 4h-NCh with and without IO core, 8h-NCh,
12h-NCh, and 24h-NCh] were separately dispersed in 1 mL of
deionized water prior to incubation with 20 yL of an E. coli cell
suspension (8 X 10° cells). Afterward, 255 L of XTT (1.5 mM with
1% phenazine methosulfate for prevention of inefficient reduction)
was added to the different IO nanoparticle/nanochain cell suspensions
and the mixtures were incubated in the dark at room temperature for
1S min or S h, respectively. Following incubation, the mixtures were
centrifuged at 13 000 rpm for 1 min and the supernatants were filtered
through 0.2 um Acrodisk poly(ether sulfone) filters to remove the
aggregated IO nanoparticles/nanochains and E. coli cells. The filtered
solutions (200 uL) were then pipetted into a 96-well plate with four
replicates for each sample treatment. The absorbances at 470 nm were
measured on a FLUOstar Omega multimode microplate reader. In this
assay, hydrogen peroxide (0.5, 1.0, 2.0 mM) was used as positive
control. In addition, the XTT reduction in the absence of the E. coli
cells was evaluated by replacing the cell suspension with deionized
water.

20156

Antibacterial Recyclability Studies. The 4h-NCh sample was
magnetically separated from solution using a 1 T FeNdB bar magnet
(2in. X 1 in. X '/, in.). E. coli cultures containing approximately 4 X
10% cells in 10 mL water were exposed to the isolated nanochain
sample (5 mg) at room temperature for 15 min. After bacteria
exposure, the nanochains were isolated using an external 1 T FeNdB
bar magnet, and S uL of the treated bacterial cells were plated onto LB
agar plates to estimate cell viability via the colony counting approach.
To remove bacterial fragments attached to the nanochains, the
magnetically isolated nanochains were mixed with absolute ethanol
and sonicated for 30 min before isolation with a bar magnet. This
washing step was repeated a total of five times. The same procedure
was repeated three times using deionized water, and the nanochains
were vacuum-dried to remove ethanol/water residue before the next
antibacterial treatment cycle.

B RESULTS AND DISCUSSION

Formation of I0@C Nanochains. To fabricate the hybrid
magnetic carbon nanochains, IO nanoparticles were used as
coreagents during the HTC of glucose. The unique magnetic
dipolar interactions between the IO nanoparticles dictate their
self-assembly behavior at elevated temperatures, which in turn
influence the morphology of the resulting IO@C nanochains
during HTC.**"** Basically, IO nanoparticles can adapt several
common crystalhne phases, each with highly distinct magnetic
properties.*’ When exposed to high temperatures (>120 °C)
under aerobic conditions, wiistite (FeO), which is the most
reduced IO form, will first oxidize to magnetite (Fe;O,), and
further oxidation of the divalent iron ion will give rise to the
maghemite (y-Fe,O;) crystalline phase. Among the previously
discussed IO phases, Fe;O, exhibits the highest saturation
magnetization, while FeO is largely nonmagnetic in nature
(Supporting Information Figure S1).*!

At room temperature (RT), both FeO and Fe;O, nano-
particles, with an average diameter of 15 nm, were freely
dispersed in solution and no chain-like assemblies were
observable under TEM in the absence of an external magnetic
field or sufficient thermal activation energy, which can enable
them to cohesively realign their magnetic moments (Figure 1a,
b). However, at elevated temperatures, the IO nanoparticles
can be thermally activated and in particular the super-
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Figure 2. (a) TEM images of the IO (FeO) nanoparticles with an average diameter of 15 nm prior to HTC, and the nanochains succeedingly formed
after 2 h, 4 h, 8 h, 12 h, and 24 h of reaction time; the scale bars are 100 nm. (Inset: enlarged TEM image of the 4h-NCh sample showing a visible
carbon shell. Scale bar is 20 nm). (b) Powder X-ray diffraction patterns of the nanochains formed at different reaction times. The inset bars represent
the iron oxide phase compositions of the nanochains as estimated from Rietveld analysis; the weight percentages for the FeO, Fe;O,; and y-Fe,0;
crystalline iron oxide phases are represented in black, gray and white bars, respectively. (c) ATR-FTIR spectra of the nanochains formed at different

reaction times.

paramagnetic Fe;O, nanoparticles can act as tiny magnets,
which strongly influence the magnetic dipolar interactions
among its neighboring IO nanoparticles. As a result, when the
Fe;0, nanoparticles were exposed to an organic solvent heated
at 140 °C under inert atmosphere conditions, a pronounced
clustering of the Fe;O, nanoparticles was observed in
comparison to that of the FeO nanoparticles treated under
the same conditions (Figure la, b). Although the FeO
nanoparticles have an innately low saturation magnetization
and the interparticle magnetic dipolar interactions might not be
sufficiently strong to cause alignment of the particles, FeO can
be slowly oxidized into Fe;O, under hydrothermal conditions
(Supporting Information Figure S2), which can lead to an
increase in saturation magnetization of the overall IO
nanoparticle system. This, in turn, can result in a gradual
increase in the interparticle magnetic dipolar interactions,
which can facilitate a controlled chain-like self-assembly
process. As such, by using the nonmagnetic FeO precursor
nanoparticles during the HTC of glucose, the fabricated IO@C
nanochains are dramatically shorter in length compared to the
large IO@C nanochain networks fabricated from the more
strongly magnetic Fe;O, nanoparticles (Figure la, b). This
observation was further confirmed from DLS measurements,
whereby a nearly 4-fold increase in nanochain size was observed
with the use of the Fe;O, nanoparticles (Figure 1c).
Consequently, the IO@C nanochains fabricated using FeO
nanoparticles were stable in aqueous suspensions and have
unique antibacterial activities compared to the nanochains
formed using the Fe;O, nanoparticles.

Because of the better control in magnetic dipolar interactions
afforded by the gradual oxidation of the FeO nanoparticles
during HTC conditions, the FeO nanoparticles were
succeedingly used in the fabrication of a series of carbon
nanochains. At the beginning stage, the IO(FeO) precursor
nanoparticles were freely dispersed in solution (Figure 2a). The
nanoparticles and glucose mixture were then treated hydro-
thermally for 2 to 24 h at 180 °C. Under hydrothermal
conditions, the FeO precursor nanoparticles were slowly
transformed into the Fe;O, phase (Figure 2b), while the

20157

glucose molecules underwent dehydration, polymerization,
intermolecular condensation, and carbonization to form a
layer of carbon that encapsulated the IO nanoparticle chain-like
assemblies.”>*>*> After 2 h of reaction time, Rietveld analysis
conducted on the powder X-ray diffraction patterns of the
samples indicated a phase transformation from 100% FeO to
70% Fe;O, (Figure 2b and Supporting Information Table S1).
This conversion of FeO to the Fe;O, crystal structure may be
responsible for the enhanced interparticle magnetic dipolar
interactions among the IO nanoparticles that induced the
formation of short chain-like nanostructures after 2 h of
reaction time, resulting in the appearance of IO@C nanochains
with an average length of 0.15 um as evaluated from TEM
analysis (Figure 2a). On the other hand, the obtained ATR-
FTIR spectrum of the 2h-NCh sample closely resembles the
vibrational spectrum of the glucose monomers, with the OH
vibrational stretch peak at 3250 cm™' and the §(CH)/5(OH)
deformation bands in the 1191—1526 cm™' spectral range,
indicating that the glucose monomers have not fully
polymerized at this stage (Figure 2c). Moreover, some
dispersed IO nanoparticles that have not assembled into a
chain-like structure were observable in the TEM micrograph
(Figure 2a). After 4 h of reaction time, the carbon shell became
visible under the TEM (inset, Figure 2a) and the ATR-FTIR
spectrum of the 4h-NCh sample revealed a significant loss in
the OH vibrational stretch intensity owing to the continued
dehydration of the glucose monomers. Moreover, the §(CH)
and 5(OH) deformation bands were replaced with v(C=0)
and v(C=C) stretch vibration bands (1670 and 1612 cm™),
which supports the emergence of a carbon shell (Figure 2c). As
the reaction time increases, the IO nanoparticles continue to
oxidize into Fe;O, and y-Fe,O; (Figure 2b and Supporting
Information Table S1). At the same time the carbon coating
continues to grow, thereby forming larger and thicker
interconnected networks (Figure 2a). After 4 h of HTC, the
IO cores were transformed into 92% Fe;O,, making the 4h-
NCh sample strongly magnetic with a measured saturation
magnetization of 954 emu/g, a value that is slightly higher
compared to noninteracting Fe;O, nanoparticles; this slight
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Figure 3. Graphical plots of the reaction progression illustrating (a) the changes in IO core diameters with decreasing pH values of the reaction
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Figure 4. Antibacterial behavior of the synthesized IO@C nanochains against E. coli. (a) Photographs showing E. coli colonies grown on agar plates
after incubation with the different nanochain samples. (b) Loss of cell viability after 15 min incubation time of 8 X 10° E. coli bacterial cells with the
different carbon nanochain samples (100 pg/mL concentrations). (c) Loss of cell viability after incubation of E. coli bacterial cells with nanochains
formed from different iron oxide precursors: IO(FeO)-NCh and I0(Fe;0,)-NCh. (d) Loss of cell viability comparing the nanochain sample
prepared after 4 h of HTC with (4h-NCh) and without IO cores (4h-NCh w/o IO core), respectively. For the cell viability assays, a single asterisk
indicates that the results were determined to be statistically significant from each other and NS represents that the results are not statistically
significant with p-value less than 0.05 using Student’s ¢ test, and double asterisks indicate that the result was determined to be statistically significant
from the control water treatment with p-value less than 0.05 using a one way analysis of variance (ANOVA) method.

increase in magnetization may be due to the enhanced
interparticle dipolar interactions of the coated IO nanoparticles
that are locked in place within the hybrid carbon nanochain
structure (Supporting Information Figure S3). From TEM
analysis, it is evident that the size of the IO cores decreases with
reaction time until all of the IO cores completely disappear
after 24 h, thus, leaving a pure carbon-based thick nanocable
structure (Figure 2a). The observed size reduction of the 10
cores can be correlated to the decrease in pH of the reaction
mixture, which can be attributed to the emergence of acid
decomposition products from the dehydration of glucose
(Figure 3a).** Analysis of the total atomic Fe concentration
confirms the dissolution of the nanoparticle templates during
the HT'C process (Figure 3b). Although it is evident from TEM
analysis that the IO cores have completely dissolved after 24 h
of reaction time, even with repeated washings a small amount
of Fe (0.2 mM) was still measurable from the AAS analysis of
the 24h-NCh sample (Figure 3b). This may be attributed to the
porous nature of carbon nanomaterials synthesized from the

HTC process, which has been shown to be effective in the
adsorption of transition metal ions.** Overall, the progressive
decrease in IO core size and the concomitant increase in Fe
concentration found in the supernatants are in agreement with
the disappearance of the sharp IO peaks from the powder X-ray
diffraction patterns and the emergence of an amorphous carbon
peak at 20° (Figure 2b).

Several groups have shown that metal ions can serve as
catalysts for the glucose dehydration process during HTC.>*™>
To test this effect, Fe** and Fe®" ions were separately added
during the hydrothermal treatment of glucose. We observed a
similar catalytic effect of the Fe ions on the carbonization of
glucose, and carbon nanomaterials were isolated after 4 h of
reaction time; in comparison, in the absence of the Fe ions, it
took 24 h to recover trace amounts of carbon nanomaterials
(Supporting Information Figure S4). These results suggest that
the Fe ions that leach out from the IO core dissolution during
the carbon nanochain formation can continue to participate in
the hydrothermal reaction as a catalyst for carbon formation. In

dx.doi.org/10.1021/am505744m | ACS Appl. Mater. Interfaces 2014, 6, 20154—20163
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turn, as the reaction time proceeds to 8—24 h, the diameter of
the nanochains thicken from about 15 to 33 nm, and the
initially short-length nanochains formed at 4 h transformed into
a large carbon network after 12 to 24 h of reaction times
(Figure 3¢).

Antibacterial Properties of the I0O@C Nanochains. The
antibacterial properties of the IO@C nanochains were
evaluated using E. coli as a test pathogen, a Gram-negative
bacterium commonly found in contaminated wastewater.
Typical cell viability assays use molecular dyes to measure
bacterial cell proliferation,'® but due to the porous nature of the
carbon shell, the dye can be readily adsorbed on the surface of
the IO@C nanochains and cause false cell viability measure-
ment results (Supporting Information Figure SS). As such, a
colony counting method was adapted in our studies where the
bacteria cell viability was estimated through counting of colony
forming units (CFUs)."* The antibacterial effect of the IO@C
nanochains prepared at different reaction times was compared
to the IO(FeO) precursor nanoparticles with water as control
(Figure 4a, b). A series of cell cultures each containing
approximately 8 X 10° E. coli cells were separately incubated
with 100 pg of IO nanoparticle or nanochain sample for 15
min. The bacterial cell incubation studies show a significantly
higher loss in cell viability upon exposure with the different
I0@C nanochain samples (37.3 to 100.0%) as compared to the
bacterial cell death observed upon incubation with the
precursor IO(FeO) nanoparticles (10.6%) (Figure 4b). More-
over, the IO@C nanochains fabricated using FeO nanoparticles
after 4 h of reaction time [IO(FeO)-NCh] can reach up to a
100.0% loss in cell viability in comparison to only a 49.6% cell
death in E. coli upon exposure to the nanochain sample
synthesized using Fe;O, nanoparticles [IO(Fe;0,)-NCh]
(Figure 4c). In addition, removal of the IO cores from the
4h-NCh sample did not result in a significant difference in
antibacterial activity against E. coli (Figure 4d).

The observed increase in antibacterial potency of the hybrid
IO@C nanochains compared to the dispersed 10(FeO)
nanoparticle sample could be attributed to differences in
nanostructure morphology. This observation is in agreement
with the studies conducted by Stoehr et al. on the cellular
uptake of nanoparticles with various shapes, whereby they

demonstrated that wire-like nanoparticles can trigger higher
cellular uptake and toxic effects compared to their spherical
nanoparticle counterparts.'® Similarly, although the 2h-NCh
and 4h-NCh samples appeared to be similar in size and
morphology at first glance, a close examination of the TEM
micrograph of the 2h-NCh sample revealed the presence of
dispersed nanoparticles that were not enclosed in a carbon
nanochain (Figure 2a and Supporting Information Figure S6).
This can be due to an incomplete carbonization of glucose after
2 h of reaction time, which is further verified from the
comparison of the respective ATR-FTIR spectra of the samples
that indicate that the glucose monomers were only completely
carbonized after 4 h of reaction time (Figure 2c). As such, we
only saw a full carbon shell encapsulation for the nanochains
after 4 h of reaction time (inset, Figure 2a).

Previous studies have also highlighted the strong influence of
the size of the carbon-based nanomaterial on its antibacterial
properties.'~'* The smaller the size of the carbon nanoma-
terial, the better is its dispersity and stability in solution, and the
larger is the available specific surface area that enables the
nanomaterial to better interact with bacterial cells."' ™" We
observed this same effect in our study where the highest loss in
cell viability was observed upon treatment with the shortest
nanochain sample synthesized using the FeO precursor
nanoparticles after 4 h of reaction time. In contrast, treatment
with equivalent amounts of nanochains prepared at longer
reaction times (12h-NCh and 24h-NCh) resulted in a
significantly lower loss in cell viability of 51.6 and 44.1%,
respectively (Figure 4b). However, when the concentration of
the nanochain sample was increased 10-fold, the larger 24h-
NCh nanochain network was also demonstrated to effectively
reach 100.0% bacterial cell elimination efficacy (Supporting
Information Figure S7). DLS measurements conducted on the
different nanochain samples revealed that the chain size
increases significantly with prolonged reaction time (Figure
S5a). As such, the lower loss in bacterial cell viability could be
attributed to the significantly larger chain networks of the
samples prepared after 12 and 24 h reaction times. The larger
nanochain sizes led to poor water dispersity that is evident from
the observation of aggregates that settled down after the
samples were left to stand for 15 min at room temperature
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Figure 6. TEM images illustrating the interactions of the synthesized IO(FeO) nanoparticles and carbon nanochains with the cell membrane of E.
coli. The bottom panels are the corresponding TEM images of the sample interaction with the bacterial cells taken at higher magnification.

(Figure Sb). In contrast, the other nanochain samples prepared
at shorter reaction times remained visibly dispersed in solution
after 15 min (Figure Sb). By combining the advantages of
having a carbonized shell and a short chain-like structure to
promote bacterial cell interaction, the 4h-NCh sample can
induce the highest E. coli cell inactivation percentage among all
of the nanochains investigated.

Cytotoxic Mechanism. TEM analysis of the E. coli cells
exposed to the IO nanoparticles and nanochains reveal that the
shortest 4h-NCh sample appears to have the strongest affinity
toward the bacterial cell surface (Figure 6). Moreover, in
contrast to the other sample treatments whereby the E. coli cell
membrane remained relatively intact, treatment with the 4h-
NCh sample resulted in a visibly disrupted bacterial cell
membrane (Figure 6). This result indicates that direct physical
membrane disruption of the E. coli cells by the nanochains is an
important cytotoxic mechanism for effective bacterial cell
inactivation. On the other hand, metal oxides have also been
demonstrated to be effective agents in killing bacterial cells
through the generation of ROS that can induce oxidative stress
within the pathogenic cells.”** Moreover, the presence of iron
ions can promote Fenton reactions that can lead to enhanced
ROS generation.45’46 In order to investigate the possible
contribution of ROS generation by the IO core nanoparticles to
the cell inactivation properties of the hybrid IO@C nanochain
samples, we have removed the IO cores from the most potent
4h-NCh sample (4h-NCh w/o IO core) prior to bacterial cell
incubation.

Despite the absence of the IO cores, a 84.9% loss in cell
viability was reached upon treatment with the 4h-NCh without
IO core sample. This result was evaluated to be statistically not
significant when compared to the loss in cell viability evaluated
for the 4h-NCh core—shell sample, thereby implying that under
the conditions of our bacterial cell assays, similar antibacterial
efficacies can be achieved by the nanochains without the
significant influence from the IO cores (Figure 4d). To further
examine the possibility of ROS-induced oxidative stress on the
E. coli cells treated with the different IO nanoparticle and
nanochain samples, we performed an XTT assay. XTT is a pale
yellow dye that is reduced to a bright orange-colored water-
soluble formazan upon reaction with ROS, such as the
superoxide anion radical (O,°”). By monitoring the absorption
of the generated XTT-formazan at 470 nm, we can monitor the
accumulation of ROS. For our study, we used hydrogen
peroxide (H,0,) as a positive control due to its known

capability to induce oxidative stress in various bacterial cell
lines.*” ™ We evaluated the ROS generation with varying
concentrations of H,0, (0.5, 1.0, and 2.0 mM) using the XTT
assay and observed similar results with the different amounts
tested (Supporting Information Figure S8). Subsequently, we
used the lowest H,O, concentration (0.5 mM) as the positive
control in our succeeding XTT assays. After 15 min incubation
of the IO nanoparticle and nanochain samples with the XTT
dye in the absence of E. coli cells, we did not measure any
significant absorption signal at 470 nm, which indicates the
absence of ROS accumulation (Figure 7). No additional strong
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Figure 7. Results of the XTT assay that evaluates the possible
generation of ROS in the presence of 100 ug of IO nanoparticle and
nanochain samples with and without E. coli cells (8 X 10° cells) after
15 min and $ h incubation time, respectively. All of the measurements
were performed in four replicates and determined to be statistically
significant from the positive control (H,0,, 0.5 mM) with p-value less
than 0.0 using a one way analysis of variance (ANOVA) method.

absorption was observed even after a longer incubation time (S
h) in the solutions containing the samples in the absence of the
E. coli cells (Figure 7). On the other hand, the presence of E.
coli cells resulted in a minimal increase in absorption signal for
the IO(FeO) nanoparticle treated sample, but the changes was
marginal indicating that no considerable amount of ROS was
generated after 15 min of incubation time. Conversely, after S h
of incubation of the XTT dye with the IO nanoparticle/
nanochain samples in the presence of E. coli cells, stronger
absorption were monitored at 470 nm, which implies the
increased production of ROS at longer incubation time (Figure
7). This was particularly evident in the samples containing large
amounts of IO nanoparticle cores [i.e., IO(FeO), 2h-NCh, 4h-
NCh, 8h-NCh]. However, the overall absorption signals from
the IO nanoparticle/nanochain treated samples were still
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Figure 8. (a) Sample photographs illustrating the magnetic response of the 4h-NCh samples, with and without IO cores, to an external FeNdB bar
magnet. (b) Photographs of the cell growth agar plates comparing the antibacterial efficacy of the 4h-NCh samples with and without wash steps in
between the different treatment cycles. (c) Comparison of the loss of cell viability between the 4h-NCh samples with and without washing between
treatment cycles after seven times exposure to fresh colonies of E. coli bacterial cells.

significantly lower compared to the positive control (Figure 7).
This result is in agreement with the antibacterial mechanism
previously reported by Liu et al. for graphene-based nanoma-
terials where they did not observed oxidative stress mediated by
ROS formation from the carbon-based nanomaterials.'> In our
current study, it appears that at short incubation times (~15
min) ROS generation is minimal and the major cytotoxic
mechanism involves the direct physical damage of the bacterial
cell membrane upon exposure to the nanochain samples. At
longer incubation times (5 h), ROS generation becomes
significant for the nanoparticle and nanochain samples with
higher IO content, which could lead to oxidative stress in the
treated bacterial cells.

10@C Nanochains As Recyclable Antibacterial Agents.
The added benefit with the incorporation of the IO cores is the
ability for magnetic separation, which in turn facilitates the
recyclability of the fabricated IO@C nanochain antibacterial
agents (Figure 8a). After the initial bacterial treatment, the
recovered 4h-NCh sample became slightly aggregated and its
cell inactivation was significantly reduced (from 100.0 to
72.9%), which may be attributed to adsorbed bacteria cell
debris from the previous bacterial treatment (Figure 8b, c and
Supporting Information Figure S9). Such effect can be reversed
through a washing step with absolute ethanol and water. By
performing a wash step between each cycle, the efficiency of the
IO@C nanochain sample can be extended and the bacteria-
killing performance effectively retained even after five separate
treatment cycles (Figures 8b, c). After five cycles, the loss of cell
viability showed a slow decline due to a possible loss in the
recovered nanochain amount during each washing step.

B CONCLUSIONS

In summary, we have developed a new approach toward the
fabrication of highly efficient and recyclable IO@C nanochains
using a modified hydrothermal carbonization approach. We
demonstrated that by using the nonmagnetic FeO precursor
nanoparticles during the HTC of glucose monomers, we can
have better control of the interparticle magnetic dipolar
interactions in the system, thereby enabling the formation of
short-length hybrid IO@C nanochains that exhibit potent
antibacterial effects. From the performed antibacterial studies
against the E. coli pathogen, it becomes apparent that the
physical disruption of the bacterial cell membrane dominates
the cytotoxic effects of the fabricated nanochains. Moreover, we
could show that at short incubation times (15 min or less), the
core iron oxide nanoparticles do not contribute to a

20161

considerable production of ROS that can lead to additional
oxidative stress on the bacterial cells. However, the presence of
the magnetic iron oxide cores facilitate the magnetic removal
and continued reuse of the promising IO@C nanochain
antibacterial agents.
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