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Magnesium oxide nanomaterials (nano-MgO) have many advantages, such as environmentally benign, high
thermal stability, no need of illumination, broad-spectrum antibacterial activity and more. However, its low
activity has restricted the application in environmental purification and antibacterial disinfection. Herein, the
equal volume impregnation—air calcination method was first used in the synthesis of nano-MgO and
a series of nano-MgO with varying amounts of Li doping were prepared to enhance their antibacterial
properties. Li doping leads to the distortion of MgO lattice structure and the presence of oxygen
vacancies, enhancing oxygen absorption and alkalinity. This enhancement effectively promotes the
formation of reactive oxygen species (ROS) and maintains its high chemical reactivity. The Li doped
nano-MgO at 100 pg mL™* showed a significant improvement in antibacterial activity, achieving the

antibacterial ratio of 99.6% against Escherichia coli (E. coli). Moreover, the contribution of alkalinity, ROS,
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Accepted 3rd February 2025 physical morphology effect, and dissolved ions (Mg?* and Li*) to the antibacterial ability was further

discussed. Especially, the results of dialysis tube test indirectly indicated that ROS played the crucial role

DOI: 10.1039/d4ra071389 in enhancing the antibacterial performance of nano-MgO. This study lays an essential foundation for
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1. Introduction

Malignant multiplication and widespread dissemination of
pathogenic microorganisms have become increasingly threat-
ening to people’s health, such as the infections caused by SARS-
CoV-2, Monkeypox, E. coli, Streptococcus haemolyticus, and Ser-
ratia marcescens.*™ It is crucial to deactivate and suppress
dangerous germs to slow down the spread of epidemic diseases.
Recent research has shown that inorganic nanomaterials
include silver and silver derivatives,” photocatalysts like TiO,
and ZnO,*” rare-earth-based complexes® and MgO® can effec-
tively inactivate disease causing microorganisms. Among these
materials, magnesium oxide nanomaterials (nano-MgO) have
garnered significant attention from researchers due to its high
refractoriness and stability, low cost, environmentally friendly
and completely light-independent antibacterial capability.
However, nano-MgO still face challenges such as high effective
concentration requirements and lower activity levels compared
with that of silver-based and photocatalytic materials.'®

“College of Resources and Environmental Science, Yunnan Agricultural University,
Kunming 650201, China

Collaborative Innovation Center for Vessel Pollution Monitoring and Control, Dalian
Maritime University, Dalian 116026, China. E-mail: zhaojiao@dimu.edu.cn

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra07138g

© 2025 The Author(s). Published by the Royal Society of Chemistry

further investigation into the antibacterial performance and mechanism of nano-MgO.

The antibacterial effect of nano-MgO depends on the oxygen
vacancies that cause one-electron reduction processes to
generate ROS.' Additionally, the hydrolysis of nano-MgO’
surface results in the production of OH™, which raises the
alkalinity in a liquid-phase environment. The results of the
previous literature showed that the alkaline environment was
available to enhance the chemical stability of ROS.> From the
above mechanism, how to find a modification method to
precisely construct oxygen vacancies in the matrix of nano-MgO
for inducing the generation of more ROS and maintaining its
high activity is key to enhancing the antibacterial performance
of nano-MgO. The orderly arrangement of atoms in the intact
lattice structure of MgO makes it difficult to introduce oxygen
vacancies. Doping is a useful technique for modifying the
perfect lattice structure of MgO. Due to the variation in atomic
radius, doping can lead to localized lattice distortion and
disorder.”® The disruption of the lattice structure also triggers
the movement of oxygen atoms from their original positions,
resulting in the formation of oxygen vacancies. Currently,
researchers have designed a series of metal-doped nano-MgO,
such as doping Fe,'** Zn,'*" Gd," Co," AL" La," Cu,* Ag,*"
Ni,** Li,® and Ti.>® The above studies have indicated that the
metal doping method by regulating doping species and content
can successfully introduce oxygen vacancies and enhance the
antibacterial properties of nano-MgO. Among them, alkali

metal efficiently introduces oxygen vacancies, more
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importantly, it could enhance the alkalinity of nano-MgO,
which contributes to the generation and stability of ROS.
Metal-doped nano-MgO along with high alkalinity, plays
a significant role in the antibacterial performance. For example,
Wang et al. prepared a series of metal-doped MgO, including Li,
Ti, Zn and Ag.>*?* Li-doped nano-MgO exhibited the highest
antibacterial activity compared to the other samples. Along with
the increase of pH value after Li doping in nano-MgO (10.93 vs.
11.00), the antibacterial activity become corresponding
strengthen. The minimum inhibitory concentration (MIC) was
decreased from 550 ug mL ™" to 500 pg mL~*.>* This is attributed
to the Li doping strategy, which not only introduced oxygen
vacancies but also enhanced the alkalinity of nano-MgO
because Li is an alkali metal. Wang et al. and our latest work
further indicated that the antibacterial activity of nano-MgO is
not solely due to the increase in alkalinity but is most likely
related to the high stability of ROS in slightly alkaline envi-
ronments.**** However, the study did not further investigate the
trend of alkalinity of Li-doped nano-MgO in a simulated anti-
bacterial environment as well as clarify the antibacterial
contribution of ROS.

Ning and Ma et al. reported that Li-doped MgO nanoparticles
have been successfully prepared by the microwave-assisted
hydrothermal route and solution combustion route, respec-
tively.*** The results clearly showed that the antibacterial
activity of MgO nanoparticles primarily depends on the
enhancement of oxygen vacancies, which can lead to excessive
production of ROS. Based on this, the equal volume impreg-
nation-air calcination method was first employed in our
synthesis system to enhance the antibacterial properties of
nano-MgO, while eliminating the need to filter out the excess
solution in another over-impregnation method, thereby
reducing the loss of active components. Additionally, the
contributions of alkalinity, ROS, physical morphology effect,
and dissolved ions (Mg”* and Li*) to the antibacterial properties
were discussed, and the antibacterial mechanism of Li-doped
nano-MgO was also proposed. This study offers a novel
approach to developing new and effective antibacterial MgO
nanomaterials. Meanwhile, the antibacterial efficacy of the
fabrics plays a crucial role in user health. Our previous studies
primarily focused on magnesium based antibacterial agents
and fabrics.”®* The results indicated that magnesium-based
materials hold significant potential for the functional finish-
ing of fabrics. However, the low antibacterial activity of pure
MgO, along with unclear antibacterial mechanisms for Li doped
nano-MgO, encouraged the authors to conduct this study to
explore the contributions of oxygen vacancies and alkalinity in
Li doped nano-MgO to enhance its activity and help to solve the
antibacterial efficiency and stability issues of functional fabrics.

2. Experimental details
2.1 Synthesis method of Li-doped nano-MgO

The pure nano-MgO and Li-doped nano-MgO were synthesized
using the hydrothermal-N, calcination method. Initially, 70 mL
solution of magnesium chloride (MgCl,) and ethyl-
enediaminetetraacetic acid disodium salt (EDTA-2Na) were
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prepared with deionized water. 10 mL solution of ammonia was
added as a precipitant. After stirring for 20 min at room
temperature, the mixture was transferred to a teflon-lined
stainless-steel autoclave and heated to 180 °C for 24 h. The
precursor of nano-MgO was washed twice with deionized water
and once with anhydrous ethanol, then dried at 60 °C for 8 h.
Subsequently, Li-doped nano-MgO were prepared via equal
volume impregnation method. The precursor of nano-MgO was
added to a solution of lithium nitrate (LiNO3) and was stirred
for 10 min, and then left in a beaker for 8 h at room tempera-
ture. After impregnation, the white precipitate was dried at 50 ©
C for 10 h. Finally, the precipitate was calcined at 750 °C for 4 h
under the air atmosphere. Based on the impregnant concen-
tration (0.1, 0.5 and 1.5 wt%) of LiNO3, Li-doped nano-MgO with
different doping amounts were named 0.1Li-MgO, 0.5Li-MgO
and 1.5Li-MgO, respectively. The pure nano-MgO was
prepared using the same method without impregnation in
a solution of LiNO;. In this work, all reagents were purchased
from Tianjin Kemiou Chemical Reagent without further
purification.

2.2 Characterization techniques

X-ray diffraction (XRD) patterns of the samples were recorded
on an X'Pert Pro diffractometer (USA) with Cu Ko (A = 1.5406 A)
radiation. The scanning electron microscope (SEM) investiga-
tions of the samples were carried out with the help of a Hitachi
S-4800 (Japan) with an accelerating voltage of 5 kV. The micro-
graph observations were also analyzed using a transmission
electron microscopy (TEM, FEI Talos F200x, America). Thermo
VG ESCALAB 250 X-ray photoelectron spectrometer (USA) was
employed for X-ray photoelectron spectroscopy (XPS) studies,
and then the spectra were calibrated referring to the C 1s peak
at 284.6 eV.

2.3 Antibacterial studies

The plate count method was employed to test the antibacterial
activity of pure and Li-doped nano-MgO against Escherichia coli
(E. coli, ATCC 25922). 100 ug mL~" of pure and Li-doped nano-
MgO were respectively added to 10° CFU mL ™' of E. coli
suspension and incubated in a shaking incubator at 37 °C. E.
coli suspension without any MgO samples under the same
conditions was used as blank control group. After 24 h, 100 pL
of E. coli suspension was serially diluted using a PBS solution
and spread on the surface of LB solid agar and followed by
incubation at 37 °C for 24 h. Further, the antibacterial ratio of
MgO samples was counted and calculated based on using
formula (1):

A—-B
A

Antibacterial ratio (%) = x 100% (1)

where A and B are the number of E. coli colonies corresponding
to the blank control and MgO sample groups. The biological
reagents were purchased from Beijing Aoboxing
Biotechnology.

The detailed methods were similar to the reported work
by Ning et al.*® Briefly, the E. coli suspension was diluted to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10° CFU mL " with LB liquid medium. The different samples
(300 pg mL ") were added into the LB medium and then incu-
bated at 37 °C in the shaking incubator with the speed of
150 rpm. The value was measured using a UV spectrophotom-
eter (Shimadzu UV-2600, Japan) at a certain time and subse-
quently plotted to create a growth curve.

The live-dead studies of E. coli were detected using an acri-
dine orange-propidium iodide (AO-PI) fluorescent double
staining method. The suspension contained MgO samples and
E. coli was cultured at 37 °C for 0 h and 12 h. After the
suspension and 50 pL of the staining agent were fully mixed, the
mixed suspension was dropped onto a glass slide and then the
coverslip was covered on the slide. The live-dead of E. coli was
analyzed by a fluorescence microscope.

2.4 Alkalinity tests

To evaluate the alkalinity change of Li-doped nano-MgO in the
antibacterial environment, the simulating condition was con-
ducted based on the antibacterial studies in the part of 2.3. The
pure MgO and 1.5Li-MgO at 500 pg mL ™" were separately added
to a PBS solution with the initial pH of 7.3 and then mixed for
5 min. The suspension of pure MgO and 1.5Li-MgO was sepa-
rately shaken at 37 °C in a shaking incubator. Subsequently, the
alkalinity change of pure MgO and 1.5Li-MgO was assessed by
regularly monitoring the pH value.

2.5 ROS validation tests

100 pL of DCFH-DA solution was added into the E. coli
suspension (10° CFU mL ') and incubated at 37 °C for 10 min.
The 1.5Li-MgO was added to the DCFH-DA solution and was
shaken for 20 min. After that, the above solution was washed
with PBS solution. The fluorescence intensity was measured by
fluorescence spectrophotometer (Cary Eclipse, America).

To test the generation of superoxide radical ions ("O,"),
electron spin resonance (ESR) spectroscopy was conducted at
room temperature. The detailed methods were similar to the
previous literature reported by Ma et al.”

The 1.5Li-MgO at 100 pg mL ™" was added into the dialysis
tube (MWCO of 12000-14000) and put into the E. coli
suspension (10°> CFU mL™") for incubation at 37 °C. The blank
control group only received the equal amount of 1.5Li-MgO at
100 ug mL~" without using the dialysis tubing. After 24 h, the
antibacterial ratio was calculated based on formula (1). To
further estimate the antibacterial contribution of dissolved
Mg>* and Li* from 1.5Li-MgO. Thus, the antibacterial activities
of MgCl, and LiNO; from the raw materials at 100 ug mL ™" were
tested by a plate count method.

3. Results and discussion
3.1 Characterization analysis

The undoped MgO and Li-doped nano-MgO were subjected to
XRD analysis and the corresponding diffraction peaks were
indicated by JCPDS card no. 45-0946, as shown in Fig. 1(a). The
diffraction peaks of all samples appear at 36.9°, 42.8°, 62.3°,
74.6° and 78.6°, which correspond to the (111), (200), (220),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of MgO and Li-MgO, (b) the diffraction peak
corresponding to Li phase and (c) the diffraction peak corresponding
to (200) crystal plane.

(311) and (222) crystal planes, signifying the formation of cubic
crystalline MgO. Compared with undoped MgO, Li-doped nano-
MgO exhibited the additional peaks at 26 values of 33.5° and
56.3°. The new peaks were denoted by an asterisk (*) in Fig. 1(a),
which might be attributed to (111) and (220) crystal planes of
Li,O (JCPDS 12-0254), suggesting the presence of Li,O.
Furthermore, 0.5Li/MgO and 1.5Li/MgO displayed distinct
diffraction peaks at 21.3°, 30° and 31.9°, which were attributed
to the (020), (011) and (101) crystal faces of LiOH (JCPDS 25-
0486), as shown in Fig. 1(b). The intensity of the diffraction
peaks correspondingly increases with the amount of Li doping.
The form of Li on the MgO surface was consistent with the
findings of Raouf and Aritani et al.>***' Interestingly, a different
phenomenon has been reported for the impurity phase of Li.>**®
Other authors have found that the phase of Li,CO; appears in
the XRD pattern of MgO with increasing Li doping amounts. We
inferred that the synthetic raw materials may influence the
crystal structure of Li. The relationship between the synthetic
raw materials and the form of Li present requires further
investigation.

As shown in Table S1 (ESI)T and Fig. 1(c), it can be observed
that the FWHM correspondingly increased from 0.171° to
0.212° and the diffraction peaks at (200) of Li-doped nano-MgO
shifted to a higher angle compared to that of pure MgO. A
similar shift in the diffraction peak corresponding to the same
crystal plane has been reported for Li-doped MgO.>® According
to Bragg's equation, the increase in the diffraction angle of MgO
in relation to the decrease in d-spacing value might be attrib-
uted to atomic substitution. During the high-temperature

RSC Adv, 2025, 15, 5639-5647 | 5641
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calcination process at 750 °C for 4 h, the substitution of Mg ions
by Li ions in the MgO lattice readily occurred, indicating that
additional Li ions were incorporated into the MgO lattice.**?
The lattice contraction might be due to atomic substitution
reduced the interatomic interaction distance and enhanced the
interactions, which might be beneficial for improving the
activity of nano-MgO.** The ordered lattice structure of nano-
MgO was effectively disrupted by Li doping, which would
significantly impact the structural integrity of MgO crystalline
phase and crystal size. According to the Debye-Scherrer
formula,®* the crystal sizes of Li-doped nano-MgO were
smaller than that of pure MgO (49.3 nm), with sizes of 48.5 nm
(0.1Li-MgO) > 44.9 nm (0.5Li-MgO) > 39.8 nm (1.5Li-MgO),
respectively. There was a gradual decrease in d-spacing with
an increase in Li doping levels. Conversely, there was an
increase in FWHM as the Li content increased, indicating
a progressive decrease in the crystallite size of nano-MgO,
ranging from 49.3 to 39.8 nm. These changes in the micro-
structural parameters provided strong evidence that the lattice
distortion in MgO generated by Li doping could inhibit the
growth of host nanoparticles. Similar results have been reported
for trends in the microstructural parameters of Zn-doped MgO
synthesized using a solid-state reaction technique.***”

The SEM images of the MgO and Li-MgO with different Li
doping amounts are presented in Fig. 2. Both pure MgO and Li-
doped nano-MgO exhibited a circular flake-like morphology
with a diameter of approximately 200 nm and a thickness
ranging from 10 to 20 nm. Although there was an increase in Li
doping amounts, the morphology or particle size were not
significantly changed. The results of TEM analysis were similar
to the SEM. This phenomenon might be ascribed to the low
doping concentration of Li. As shown in Fig. 3(c and d), the
lattice fringe of pure MgO was highly ordered, which was
ascribed to the perfect lattice of cubic phased MgO with high
purity. However, some defects existed in the 1.5Li-MgO. This
was sufficient to indicate that Li doping and high-temperature
calcination are the driving forces for the lattice distortion of
MgO. Many defects such as oxygen vacancies were also induced
along with the creation of lattice distortion. Our results of TEM

Fig. 2 SEM images of (a) MgO, (b) 0.1Li-MgO, (c) 0.5Li-MgO and (d)
1.5Li-MgO.

5642 | RSC Adv, 2025, 15, 5639-5647

View Article Online

Paper

b) 1.5Li-MgO

Fig. 3
MgO.

TEM images of (a) MgO, (b) 1.5Li-MgO, (c) MgO and (d) 1.5Li-

were consistent with the reported literature.®® The XRD and
TEM results revealed that Li doping is a crucial strategy for
influencing the lattice of nano-MgO and creating the defects.
The doping strategy of nano-MgO facilitates the introduction
of oxygen vacancies. These vacancies have a significantly effect
on the adsorbed oxygen content of nano-MgO. The surface
chemical oxygen of MgO and Li-doped nano-MgO with varying
Li doping amounts was further analyzed using XPS. In Fig. 4(a),
the O 1s spectra of pure MgO were analyzed to identify lattice
oxygen (Or) and adsorbed oxygen (O,). The characteristic peaks
at low binding energies (529.1-529.7 eV) were attributed to O,
while the peaks at high binding energies (531.2-531.8 eV) were
attributed to O,. In Fig. 4(b-d), the Oy characteristic peaks were
observed in all Li-doped nano-MgO, which might be linked to
the hydroxyl oxygen of LiOH.**** Table S1 (ESI)T displays that
1.5Li-MgO exhibited the highest O, content compared with

(a) Mgo (b) 0.1Li-Mgo

Intensity (a.u.)
Intensity (a.u.)

53 534 &322 530 528 526 53 | 534  S:2 530 528
Binding Energy (eV) Binding Energy (eV)

(c) 0.5Li-Mgo | | (d)

1.5Li-MgO

Intensity (a.u.)

Tntensity (a.u.)
S
;

53 534 532 530 528 526 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Fig. 4 O 1s XPS fine spectra of (a) MgO, (b) 0.1Li-MgO, (c) 0.5Li-MgO
and (d) 1.5Li-MgO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pure nano-MgO, 0.1Li-MgO and 0.5Li-MgO, with increases of
11.1%, 9.2%, and 4.3%, respectively. The improved oxygen
adsorption capability was attributed to the introduction of
oxygen vacancies by distorting the MgO lattice based on Li
doping strategy.

3.2 Antibacterial performance

To investigate the effect of Li doping on the antibacterial
performance of nano-MgO, the antibacterial ratio of MgO and
Li-MgO at 100 pg mL~ " was tested by a plate count method. As
depicted in Fig. 5, the antibacterial ratio of 0.1Li-MgO was
similar to that of pure MgO (86.5% vs. 84.4%). It was hypothe-
sized that the low amount of Li doping was insufficient to
disrupt the MgO lattice and introduce abundant oxygen
vacancies. The XRD and XPS results also validated that the
lattice parameter and O, content of 0.1Li-MgO did not differ
significantly from those of pure MgO. With an increase the
amount of Li doping, the antibacterial performance of 0.5Li-
MgO and 1.5Li-MgO was enhanced. Compared with 0.1Li-
MgO and 0.5Li-MgO, 1.5Li-MgO exhibited the highest activity
against E. coli, with the antibacterial ratio reaching 99.6%. And
this result exceeded other reported by literature at same
concentration.”

When the Li doping amount was low, the enhancement of
antibacterial activity of MgO was relatively minor. As the Li
doping amount increased from 0.1 wt% to 1.5 wt%, the anti-
bacterial performance of MgO was significantly enhanced. This
might imply that a low amount of Li doping was insufficient to
disrupt the MgO lattice and introduce oxygen vacancies. An
appropriate doping concentration of Li is essential for achieving
the high antibacterial performance of nano-MgO. However,
increased Li doping concentration dependence on antibacterial
activity does not follow the same trend, as illustrated in
Fig. S1(ESI).t Fewer surviving E. coli were observed on agar
medium with 1.5Li-MgO (56 CFU mL™ ") compared to 3.0Li-MgO
(417 CFU mL™") and 5.0Li-MgO (522 CFU mL™'). This result

Control MgO

0.1Li-Mgo

0.5Li-MgO 1.5Li-Mg0

1.5Li-MgOo it

0.5Li-MgO i

0.1Li-Mgo e

MgO o

60 65 70 75 80 85 90 95 100
Antibacterial ratio (%)

Fig. 5 Antibacterial activity of MgO and Li-MgO with different Li
doping amounts.
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Fig. 6 The growth curves of E. coli respectively treated with MgO and
1.5Li-MgO.

indicated that a lower Li doping concentration promotes E. coli
inactivation; however, when the concentration exceeds 1.5 wt%,
it negatively impacts antibacterial activity. According to the XRD
results, 1.5Li-MgO exhibited the impure phase of Li,O. The high
concentration of Li doping might cause an increase of the
weight percentage of impurities in nano-MgO samples, thereby
diminishing the antibacterial efficacy of nano-MgO.

Besides, Fig. 6 illustrates the growth curves of E. coli treated
with MgO and 1.5Li-MgO. The 1.5Li-MgO revealed significantly
inhibited the growth of E. coli compared to pure MgO coun-
terpart. This result further demonstrated that a moderate
amount of Li doping was an effective approach to enhance the
antibacterial properties of nano-MgO.

To evaluate the live-dead E. coli treated with 1.5Li-MgO,
a fluorescence microscope was used to record its live-dead
staining state. As shown in Fig. 7(a), the field of vision was all
green, suggesting that untreated E. coli exhibited normal
activity, but the field of view revealed numerous red dots
resulting from the treatment of 1.5Li-MgO after 12 h (Fig. 7(b)).
The results clearly portrayed that more E. coli lose activity when
in contact with 1.5Li-MgO, providing conclusive evidence that
1.5Li-MgO effectively destroyed the membrane, ultimately
leading to E. coli death.

Fig. 8 presents the SEM images of E. coli surface morphology
before and after exposure to 1.5Li-MgO. The untreated E. coli
possessed solid normal morphology. However, the surface of E.
coli treated with 1.5Li-MgO displayed distortion and wrinkles in

Fig. 7 Fluorescence micrograph of E. coli treated with 1.5Li-MgO for
(@) 0 h and (b) 12 h.

RSC Adv, 2025, 15, 5639-5647 | 5643
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Fig. 8 SEM images of E. coli surface morphology before (a) and after
(b) treatment with 1.5Li-MgO.
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Fig. 9 Relationship between pH value and time of MgO and 1.5Li-
MgO in a simulate antibacterial environment.

its morphological features. The results confirmed that 1.5Li-
MgO could effectively damage E. coli.

In the previous report, the author proposed a new point that
alkaline conditions are favorable for maintaining the stability of
ROS in Li doped nano-MgO." The work only examined the
alkalinity of Li doped nano-MgO, without further assessing the
alkalinity changes of the materials in the antibacterial envi-
ronment. Herein, the pH-time variation of pure MgO and 1.5Li-
MgO was investigated in a simulated antibacterial environment
(in Fig. 9). The pH value of pure MgO and 1.5Li-MgO rapidly
rose from 7.35 (the initial pH value) to peaks of 10.41 and 11.09
within 0-1.0 h, respectively. Subsequently, the pH value
decreased slowly to 9.39 and 10.43 in 1.0-6.0 h. Importantly, the
pH value of 1.5Li-MgO remained higher than that of pure MgO
throughout the measurements. This disparity was attributed to
two factors: (i) when doped into nano-MgO, Li as an alkali metal
promots the increase of its alkalinity. (ii) The abundant oxygen
vacancies created by Li doping act as the active sites that
accelerating the hydrolysis of nano-MgO to produce more OH .
Li doping effectively heightened the alkalinity of the antibac-
terial environment, enhancing the stability of ROS and
bolstering the inactivation ability of nano-MgO against E. coli.

3.3 ROS validation analysis

To investigate the generation of ROS within E. coli treated by
MgO and Li-MgO, the DCFDA staining study was tested and the
fluorescence results were shown in Fig. 10. As the Li doping
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Fig. 10 The change of ROS levels in E. coli treated with MgO and Li-
MgO based on DCFDA staining study.

level increased, the fluorescence intensity gradually rose. That
meant more the presence of oxygen vacancies based on doping
strategy, and higher the generation of ROS levels which was
ultimately the explanation for enhancement in antibacterial
activity with the Li doping levels increases from 0.1 wt% to
1.5 wt%.

The DCFDA staining studies was evident by enhancement in
fluorescence intensity for the doped samples, indicating that
the generated ROS accumulated in the bacteria. The "0, plays
the greatest role among all single ROS in the antibacterial
performance of nano-MgO. In Fig. 11, the obvious ‘O, signals
of 1.5Li-MgO were captured by ESR, which directly demon-
strated the generation of ‘O, . The presence of oxygen vacan-
cies, which was a major contributor to 'O,  generation, was
essential for the antibacterial mechanism of nano-MgO.

ROS, as the strong oxidizing substance, have the character-
istics of high reactivity and extremely short existence life.
Accurate quantitative analysis of ROS remains a challenge.
Additionally, the conversion generation among single ROS
makes it more difficult to directly quantitatively detect ROS. In

Intensity (a.u.)

3500 3520 3540

Magnetic field (G)

3460 3480

Fig. 11 ESR spectrum of the generation of ‘O, in 1.5Li-MgO.
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Fig. 12 Antibacterial activity of (a) control, (b) 1.5Li-MgO within tube,
(c) 1.5Li-MgO without tube and (d) the antibacterial ratio.

this work, the dialysis tube was utilized to indirectly verify the
antibacterial contribution of ROS. When the dialysis tube was
used in the antibacterial test, MgO samples could not direct
contact with E. coli, effectively avoiding the physical antibacte-
rial effect.*” Only ROS generated by oxygen vacancies and the
dissolved ions can diffuse from the dialysis tube into the
bacterial suspension to inactivate the bacteria. Based on the
dialysis tube test, the antibacterial activity of two dissolved ions
(Mg** and Li") was separately tested under the same antibac-
terial condition to indirectly clarify the contribution of ROS.
As shown in Fig. 12, the antibacterial ratio of 1.5Li-MgO
without the dialysis tube reached 99.6% in direct contact with
E. coli. After using the dialysis tube, its antibacterial ratio
slightly decreased to 89.9% in indirect contact with E. coli. This
result indicated indirectly that ROS, dissolved Mg>* and Li"
diffused from the dialysis tube into the bacterial suspension
might be the main factors affecting the antibacterial activity of

Contorl MgCL  LiNO;

Fig. 13 Antibacterial activity of (a) control, (b) MgCl,, (c) LINOz and (d)
the surviving colony number.
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Fig. 14 Possible antibacterial mechanism of 1.5Li-MgO.

1.5Li-MgO. It is worth mentioning that the minor difference
between two antibacterial ratios suggested that the physical
direct contact contributed less to the antibacterial performance
of 1.5Li-MgO. This was because 1.5Li-MgO had a smooth
circular flake-like morphology with rounded edges, making it
challenging to puncture and inactivate E. coli due to its physical
morphology effect.*®

Subsequently, the contribution of dissolved Mg** and Li" to
nano-MgO was assessed by a plate counting method. The raw
materials MgCl, and LiNO; at 100 ug mL™" were selected to
evaluate the antibacterial activity of Mg>" and Li" (in Fig. 13).
Compared to the surviving colony number of the control (4.39 x
10° CFU mL™"), the surviving colony numbers treated with
MgCl, and LiNO; were 4.38 x 10° and 4.39 x 10° CFU mL ™},
respectively, indicating almost no antibacterial contribution of
dissolved Mg>" and Li*. Excluding the antibacterial effect of
dissolved Mg”* and Li", confirming that the excellent perfor-
mance of 1.5Li-MgO was mainly due to the oxygen vacancies
mediated ROS generation. The schematic diagram of the anti-
bacterial mechanism was presented in Fig. 14. It can be seen
that Li doping strategy caused MgO lattice distortion and
increased oxygen vacancies, resulting in the enhancement of
nano-MgO's ability to adsorb oxygen and induce the one-
electron reduction reaction based on oxygen vacancies to
generate more ROS, further improving the antibacterial activity
of nano-MgO.

4. Conclusions

In this work, Li-doped nano-MgO were successfully prepared by
the equal volume impregnation-air calcination method and
were explored as the antibacterial agents with oxygen adsorp-
tion capacity to generate ROS, which exhibited the superior
antibacterial activity against E. coli. Even a small amount of Li
doping into nano-MgO could achieve the enhancement of its
activity. Compared with pure MgO, the antibacterial efficacy of
1.5Li-MgO at 100 pg mL™' against 10° CFU mL™"' E. coli
increased from 84.4% to 99.6%. The enhancement was attrib-
uted to the lattice distortion of 1.5Li MgO and introduction of
oxygen vacancies, resulting in the O, content increase from
50.8% to 61.9%. And the increase of alkalinity in antibacterial
environment from 10.41 to 11.09, which was favorable for the
enhancement of generation and stability of ROS. The dialysis
tube results further confirmed that ROS generated by oxygen
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vacancies was the key factor contributing to the significant
antibacterial effect of 1.5Li MgO. The physical direct contact
contributed comparatively little to the antibacterial activity of
nano-MgO, while the dissolved ions (Mg®" and Li") had no
contribution on its activity. The 1.5Li MgO shows promising
potential in the field of antibacterial applications and public
health safety. The fabrication of Li-doped nano-MgO by the
equal volume impregnation-air calcination approach could
accurately control the doping amount and diminish the pollu-
tion caused by the raw materials, which could be highly desir-
able to achieve efficient and green strategy for preparing of
high-performance antibacterial materials. Additionally, Li
doping strategy holds significant promise for inducing oxygen
vacancies in nano-MgO and other metal oxides.
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