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Hetero-elements doping is an effective way to modify the composition and nanostructure of metal oxides.
These modifications could lead to changes in physical and chemical properties correspondingly. In this
study, Fe-doped MgO nanoparticles (NPs) were synthesized by simple calcination method in air. The
antibacterial activity of MgO NPs against Escherichia coli (E. coli, ATCC 25922) was significantly
improved as shown by the bactericidal efficacy test results. According to X-ray diffraction (XRD) results,
Fe was successfully doped into MgO lattice and mainly adopted interstitial doping. The Fe-doping led to
increased oxygen vacancies and O, content (from 13.5% to 41.3%) on MgO surface, which may have
facilitated the reactive oxygen species (ROS) generation and bacteria death. The wrinkled and sunken E.
coli surface after contact with Fe-doped MgO NPs also confirmed the existence of adsorption damage
mechanism. Thus, the antibacterial activity enhancement against E. coli was originated from the
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1. Introduction

Human beings are suffering from Corona Virus (COVID-19)
now. Beside viruses, other pathogenic microorganisms such
as bacteria and fungi* can also cause infectious diseases which
can also cause global deaths.”> Antibacterial agents are effective
to destroy or inhibit bacterial activities and improve environ-
mental sanitation for the benefit of human health.® Various
inorganic, organic and biological antibacterial agents have been
explored in recent times.* Among them, inorganic antibacterial
agents (such as metal ions and oxides) have increasingly
attracted attention due to their advantages such as high selec-
tivity, superior durability, heat resistance and chemical
stability.>” Until now, variable metal ions have been explored
and proven to be effective inorganic antibacterial agents, i.e.
Ag", Hg*", cu®*, cd*', cr*", Ni**, Pb*", Zn?", Fe*'and Ti**. 2%
However, most of these are heavy metal ions are not only
expensive but also very toxic to human beings if largely used in
sanitary products. MgO has attracted intensive interests due to
its large reserves, low cost, readily availability, economical
precursors, high thermal stability and low toxicity to human
beings."** MgO has been widely applied in medicine and
antibacterial agents and it has exhibited significant inhibition
properties on many bacteria, such as Escherichia coli, Salmonella
typhimurium, Pseudomonas aeruginosa, Staphylococcus aureus
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synergistic effect of increased ROS concentration and the interaction with Fe-doped MgO NPs.

and Bacillus subtilis.*™° Many reports have focused on the
antibacterial properties of MgO and developed various strate-
gies to improve its antibacterial ability. For instance, through
different synthesis method to control its particle sizes,*® using
surfactants®* and other functional groups to modify its surface
properties,** manipulating its elemental compositions
through hetero-elements doping®* (i.e. Li, Ca, Zn, Ti, Cu and Ag),
or producing new complexes with other nano materials like
multi-walled carbon nanotubes (MWNTs)** and graphene.”®
Reducing the particle sizes of MgO can increase its surface area
and enhance the ROS generation in solution, leading to a more
effective destruction of the bacterial cell wall. Thus, decreasing
the particle sizes of MgO is an effective way to improve its
antibacterial activity. Besides size control, hetero-atom doping
has been proved to be a convenient and valid way to alter MgO's
properties and raise its antibacterial ability. This is due to the
increase in oxygen vacancy content that is generated during
hetero-element's substitution in MgO matrix. Until now, Li, Ca,
Zn, Ti, Cu and Ag elements have been successfully doped into
MgO through one-pot synthesis or post treatment methods.?
Compared with others, Ag and Cu showed superior antibacte-
rial ability and high toxicity levels.”” Therefore, new hetero-
elements doping in MgO with high antibacterial activity but
low toxicity to both human and environment needs to be
developed.

In our previous research, magnesium-based antibacterial
materials were investigated and mainly focused on antibacte-
rial nanomaterials and fabrics.”®*® Here, novel Fe-doped MgO
NPs were successfully prepared through post treatment calci-
nation method. The findings indicated that, when doped with
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some amount of Fe i.e. 0.11 wt%, the antibacterial properties
of MgO NPs against E. coli were greatly enhanced. XRD and
high-resolution transmission electron microscopy (HRTEM)
results showed that the presence of Fe did not disturb the
crystal structure of MgO NPs and mainly acted as interstitial
impurity which could be beneficial in activating oxygen and
ROS generation. X-ray photoelectron spectroscopy (XPS) and
photoluminescence (PL) results further supported the above
hypothesis with significant increase in chemisorbed oxygen
(0Oa) content from 13.5% to 41.3% and oxygen defects
concentration in Fe-doped MgO NPs. Scanning Electron
Microscope (SEM) images showed that the enhanced anti-
bacterial property originated from the synergetic effect of
increased ROS concentration and interaction with Fe-doped
MgO NPs.

2. Experimental section
2.1 Chemicals and reagents

Magnesium oxide (MgO) and ferrous chloride (FeCl,) of
analytical grade were obtained from Tianjin Kemiou Chemical
Reagent Company and were used as supplied.

2.2 Preparation of Fe-doped MgO nanoparticles

The samples preparation were carried out as follows: the MgO
powder was ball-milled for 30 min. The MgO powder was mixed
with various amounts of FeCl,. The mixtures were ground and
heated to 1000 °C at a heating rate of 10 °C min~'. This
temperature was maintained for 2 h in air to yield calcined
samples. The total concentration was 50 mmol with x (x =0, 0.4
and 1.2) mmol of FeCl,, and the samples were denoted as MgO,
Fe-MgO-1 and Fe-MgO-2 respectively.

2.3 Characterization

To understand the Fe-doping effect on MgO, the Fe-doped MgO
NPs were characterized to assess their structural, optical, and
morphological properties. The X-ray analysis of all samples were
carried out by a X Pert PRO diffractometer with CuKa (A =
1.5406 A) radiation, 26 range of 5-90 degrees. The atomic
compositions of MgO and Fe-MgO were determined using
inductively coupled plasma optical emission spectrometer (ICP-
OES, Perki-nElmer ICP Optima 7000DV). Scanning electron
microscopy (SEM) and XPS analysis of the samples were per-
formed by Hitachi S4600 and Thermo VG, respectively. PL
spectra of the powdered NPs were observed by spectrofluo-
rometer (HoribaJobin Yvon) and Transmission Electron
Microscopy (TEM) images were received by using a JEM 2100f
TEM with an acceleration voltage of 200 kv.

2.4 Antibacterial test

To evaluate antibacterial properties of the as-obtained samples,
E. coli ATCC 25922 was selected as a model.*® The bactericidal
efficacy was tested as follows: 0.1 mL of the bacterial solutions
at a concentration of 0.75 mg mL~" were taken and plated in
sterile nutrient agar plates. The plates were then incubated at
37 °C for 24 h.*® After the incubation period, the number of
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bacteria colonies formed were counted. The bactericidal rate (K)
was calculated as follows:**

K= (A — B)/A x 100%

In the equation, A and B are the number of bacterial colonies
in positive control group and sample groups, respectively.

3. Results and discussions

XRD spectra of the undoped and Fe-doped MgO nanoparticles
are shown in Fig. 1. All the peaks corresponded to the cubic
MgO nanoparticles (111), (200), (220), (311), (222) which are in
accordance with the Inorganic Crystal Structure Database
(ICSD) card number 00-45-0946 and no other peaks were
observed. Hence, the Fe-doping did not disturb the crystal
structure of MgO nanoparticles and Fe atoms might have been
well doped into the MgO lattice. The inset in Fig. 1 showed the
enlarged (200) peak of all samples. The peak at (200) of Fe-
doped MgO samples shifted gradually to the left with the
increase in Fe content which could be due to the Fe dopant. The
lattice calculations of (200) peaks are shown in Table 1. The
interplanar distance (d) of the samples were determined
according to Bragg's law. Compared with MgO (4.2049 A) lattice,
the lattice parameters of Fe-MgO-1 and Fe-MgO-2 increased
slightly to 4.2099 A and 4.2170 A respectively, indicating the
interstitial Fe doping was dominant.

To reveal the composition of Fe doped MgO NPs samples, the
contents of Fe in solution were determined by ICP-OES analysis.
It showed a linear increase with the initial FeCl, quantities from
0.11 to 0.75 wt% (Table 1). Combined with the XRD results, Fe
elements had entered the framework of MgO and mainly
occupied the interstitial sites of MgO during re-crystallization
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Fig. 1 XRD patterns of the MgO NPs (a) and Fe-doped MgO NPs
samples: Fe—-MgO-1 (b) and Fe—MgO-2 (c).
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Table 1 XRD data of the MgO NPs and Fe-doped MgO NPs samples

d-Spacing Crystallite Fe content Bactericidal
Samples 2 Theta (°) (A) FWHM (°) size (nm) a(A) (Wt%) rate K (%)
MgO NPs 43.037 2.1000 0.194 43.6 4.2049 0 >99.99
Fe-MgO-1 42.919 2.1055 0.179 47.2 4.2099 0.11 >99.99
Fe-MgO-2 42.852 2.1094 0.196 43.1 4.2170 0.75 >99.99

process.*> The morphologies and nanostructures of the repre-
sentative sample Fe-MgO-1 and control MgO NPs were inves-
tigated by high-resolution scan electron microscopy (HRSEM),
TEM and HRTEM respectively. As shown in Fig. 2A and B, both
MgO NPs and Fe-MgO-1 displayed nanoparticles with average
particle sizes of ~200 nm. Compared with MgO NPs, Fe-MgO-1
showed smoother surface probably due to the high temperature
calcination procedure (1000 °C). The TEM images confirmed
the particle sizes of MgO NPs and Fe-MgO-1 (Fig. 2C-F).
HRTEM and high angle annular dark-field scanning trans-
mission electron microscope (HAADF-STEM, Fig. 2E, F, 3A and
B) analysis were performed to further identify the microstruc-
ture of samples. The interplanar spacing observed in Fig. 2E
and F are ~0.169 nm and ~0.210 nm and they matched with the
(111) and (200) crystal plane of MgO NPs respectively. These
corresponded well with d-spacing calculated from XRD. The Fe-
MgO-1 sample showed no metallic Fe and other material phases
(Fig. 2F). To further learn the Fe distribution in Fe-MgO-1,
elemental mapping was conducted. As shown in Fig. 3C-E,
the Mg, O and Fe are dispersed homogeneously within Fe-MgO-
1. These results indicate that, there might have been

Fig.2 HRSEM, TEM and HRTEM images of MgO NPs (A, C and E) and
Fe-MgO-1 (B, D and F).
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a successful incorporation of Fe element into MgO lattice which
is in accordance with the XRD results.**

The antibacterial properties of Fe-doped MgO samples were
evaluated using E. coli ATCC 25922 as a model. Fig. 4 shows the
representative photographs for the antibacterial activities of
pure MgO NPs and Fe-doped MgO NPs samples at a concentra-
tion of 0.75 mg mL™". After contacting MgO NPs for 24 h, few
bacteria survived compared to the positive control. The bacte-
rial colony number in Fig. 4A-D were 8.3 x 10" CFUmL ', 1.3 x
10* CFUmL %, 1 x 10*> CFU mL %, 9 x 10*> CFU mL ' respec-
tively. Fe-doped MgO NPs showed better antibacterial perfor-
mance with less bacterial colonies observed in the plates
compared with control MgO NPs. The Fe-MgO-1 also showed
much higher antibacterial activities than our previously re-
ported MgO materials, as shown in Fig. S2.1*°

To explore the reason for antibacterial activity increment,
XPS, PL and HRSEM characterizations were adopted. The XPS
survey spectra of MgO NPs and Fe-doped MgO NPs are dis-
played in Fig. 5. The high resolution O1s XPS spectra of Fe-
MgO-1 and Fe-MgO-2 are shown in Fig. 5C and D. The Ols
peaks of each sample was divided into two subpeaks centered at
529.3 and 531.5 eV, those were assigned to lattice oxygen (Oy)
and (O,) respectively. Based on XPS data, compared to MgO NPs
(13.5%, Fig. S11), the molar percentage of O, in O species
increased largely to 38.9% and 41.3% for Fe-MgO-1 and Fe-

Overlap

g2

—— 100 nm

—— 100 nm ——— 100 nm

Fig. 3 HRTEM image of Fe-MgO-1 (A), HAADF-STEM image of Fe-
MgO-1 (B), Mg, O and Fe mapping (C—E) of rectangle area in image B.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bactericidal activities of samples with the concentration of
0.75 mg mL™%, (A) positive control (10° CFU mL™Y); (B) MgO NPs (10?
CFU mL™Y; (C) Fe~MgO-1 (102 CFU mL™); (D) Fe—MgO-2 (10?> CFU
mL~Y).

MgO-2 respectively.>* Moreover, the oxygen vacancy had strong
adsorption ability towards oxygen. Thus, the highly improved
O, contents in Fe-doped MgO samples were mostly caused by
the increase in oxygen vacancy concentration. All three samples
showed similar crystallite sizes, hence the improvement of O,
content mainly originated from Fe-doping.

In order to identify oxygen vacancy concentration, PL
measurement was utilized.** Room temperature PL spectra of
MgO NPs and Fe-doped MgO NPs samples are shown in Fig. 6.
All samples exhibited two main emission peaks at 395 nm and
468 nm which were attributed to UV and visible emission
respectively.’” The UV emission was produced by the recom-
bination between electrons and holes, while the visible
emission was related to the defects such as oxygen vacancies
and Mg interstitials.?® Thus, the increased intensity of the PL
bands in Fe-doped MgO NPs samples suggested that both the
density and intensity of sample defects were enhanced
together with oxygen vacancies. It is well known that oxygen
vacancy has strong activation ability towards chemisorbed
oxygen which could be beneficial for the generation of
ROS.?***° Besides, the alkali microenvironment around the
MgO NPs surface was also beneficial for the generation and
stabilization of active oxygen (O, ).*** ROS is detrimental to
bacterial cells due to its high reactivity with amino acids,
lipids and proteins etc*>. Compared with MgO NPs, Fe-doped
MgO NPs samples exhibited higher O, content, which was
favourable for the generation and stabilization of ROS.
Furthermore, Zhang et al. used computational simulation
method and studied the micro-electronic structure of Fe-
doped MgO model. They found that the electronic structure
of Fe-doped MgO is easy for electrons jumping and can act as
the catalytic active center for activating the adsorbed oxygen

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS survey spectra of samples for (a) MgO NPs, (b) Fe—-MgO-1,
(c): Fe=MgO-2; (A): high resolution O 1s, (B): high resolution Mg 2s, C-
D: O 1s XPS spectra of Fe—MgO-1 and Fe—MgO-2, respectively.

or the oxygen in the water, generating radicals and ROS with
strong redox ability.*> Thus, Fe-doping led to significantly
enhanced antibacterial inhibition activity.>** To reveal more
information about the antibacterial mechanism, surface
changes of E. coli before and after contact with Fe-MgO-1 NPs
were investigated through SEM imaging of dehydrated cells
(Fig. 7A and B).** As shown in Fig. 7A, the cell surface of E. coli
was smooth and uniform before antibacterial treatment.
However, under Fe-MgO-1 NPs exposure, the cell surface
became clearly wrinkled and sunken, suggesting that, there
was serious cell damage which was probably caused by the
interaction of Fe-MgO-1 NPs with E. coli. In combination with
the XPS and PL results, the possible antibacterial mechanism
for Fe-doped MgO NPs was the synergistic effect of ROS and
interaction between Fe-doped MgO NPs and E. coli. The
possible mechanism illustration is shown in Fig. 8. Compared
with MgO NPs, an increased oxygen vacancy and ROS
concentrations were obtained through Fe-doping, thus the Fe-
doped MgO samples showed enhanced antibacterial activity
against E. coli.

20 80 1) 850 640
Wavelength In (om)

Fig. 6 PL spectra of MgO NPs (a), Fe—MgO-1 (b) and Fe—-MgO-2 (c).
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Fig.7 Typical SEM images of E. coli before (A) and after (B) treatment
with 0.75 mg mL™ Fe—MgO-1 NPs.

4. Conclusion

Fe-doped MgO NPs with different Fe contents were prepared
utilizing simple calcination technique. Fe-doping did not affect
the crystal structures and morphologies of MgO NPs but led to
increased lattice parameters due to the major interstitial
doping. Compared with MgO NPs, the antibacterial properties
were greatly enhanced after Fe-doping through bactericidal
efficacy test against E. coli. XPS and PL results confirmed the
formation of Fe-doped MgO NPs and showed largely increased
O, content (from 13.5% to 41.3%) and oxygen vacancies which
originated from the improved electronic structure because of Fe
doping. The increased oxygen vacancies of Fe-doped MgO NPs
as well as the interaction between NPs and E. coli all promoted
its antibacterial activity synergistically.
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Fig. 8 Possible mechanism illustration of the synergistic effect of ROS
and physical interaction between MgO NPs, Fe-doped MgO NPs and E.
coli.
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