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ABSTRACT: Here we reported the antibacterial effect and External adsorption induce antibacterial mechanism of nano-Mg(OH),
(g

related mechanism of three nano-Mg(OH), slurries using
Escherichia coli as model bacteria. X-ray diffraction (XRD),
scanning electron microscopy (SEM) and laser particle size
analysis revealed that the as-synthesized Mg(OH), _ MgCly
Mg(OH), 504 and Mg(OH), ygo are all composed by
nanoflakes with different sizes, and their aggregates in water
are 5.5, 4.5, and 1.2 um, respectively. Bactericidal tests showed
that the antibacterial efficiency is conversely correlated with
the size of Mg(OH), aggregates. Transmission electron
microscopy (TEM) observation have not provided evidence
of cellular internalization, however, the antibacterial effect is
positive correlation to the loss of integrity of cell walls. SEM

o
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and zeta potential analysis revealed that the adhering ability of Mg(OH), on the bacterial surface is Mg(OH), rcn >
Mg(OH),_pgsos > Mg(OH), 0, indicating the toxicity of Mg(OH), may be caused by the electrostatic interaction-induced
external adsorption. Confocal laser scanning microscopy (CLSM) further revealed that the adhering of Mg(OH), on the
bacterial surface could increase the permeability of cell membranes. Taken together, the antibacterial mechanism of nano-
Mg(OH), could be as follows: nano-Mg(OH), adsorbed on the bacterial surface by charge attraction first, and then destroyed
the integrity of cell walls, which resulting in the final death of bacteria.
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B INTRODUCTION

Nanomaterials are widely used in the removal of organic matter
or heavy metal in industrial wastewater due to their small size
and relative large specific surface area.”” For instance,
zerovalent iron and iron oxide material were used to effectively
remove heavy metal ions (As, Cr) and nitrates from
wastewater.> > Recently, not only the toxicological effects of
nanomaterials, but also the antibacterial activity have raised
researchers’ concerns and interesting. It has been reported that
the nanoscale TiO, was apt to cause lung inflammation,® and
ZnO nanoparticles showed strong toxicity to bacteria, aquatic,
and terrestrial organisms.”~” However, TiO, and ZnO have also
been recognized as antibacterial agents.w’11 Therefore, it is a
hot research topic to develop new antibacterial materials that
are not toxicity.

As a low cost and environmentally friendly material, nano-
Mg(OH), has already been widely applied in the process of
neutralizing acid water and dye from wastewater.">""> Over the
past decade, the global consumption of Mg(OH), in
wastewater treatment is more than 48 000 tons annually.'® At
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present, the commercial Mg(OH), mainly involves three states,
including slurry, filter cake, and powder.17 Among these states,
the slurry-like Mg(OH), has been most frequently used
because of its excellent dispersibility and fluidity, as well as
strong adsorption ability. However, little attention was paid to
the cytotoxicity and antibacterial activity of nano-Mg(OH),.
Recently, Dong et al. studied the interaction of electrolytic
nano-Mg(OH), suspension to E. coli. It revealed the nano-
Mg(OH), has antibacterial effect, and the mechanism might be
the direct contact between bacterial cells and nanoplatelets.'®"?
As we know, there are various synthetic methods of nano-
Mg(OH),, including electrolytic method, hydration of MgO,*°
or precipitation of a magnesium salt with an alkaline
solution.””** Different synthetic methods may result in
different size, morphology, aggregation state, and surface
charge of Mg(OH),. Accordingly, the resulted material may
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have different antibacterial effects. Therefore, for the appro-
priate selection of nano-Mg(OH), as antibacterial agents, it is
necessary to systematically evaluate the related antibacterial
mechanism of nano-Mg(OH),.

In this work, we synthesized three typical nano-Mg(OH),
slurries by alkaline precipitation of magnesium salts and
hydration of MgO. Then Gram-negative Escherichia coli was
used as model bacterial species to evaluate the antibacterial
activity of the Mg(OH), slurries. In depth, the relationship
between antibacterial effects with particle size, aggregated
morphology, surface charge of the materials, as well as the
contacting degree between the material and bacteria were all
studied. It is worth noting that we first provide the
comprehensive experimental data to explore the antibacterial
mechanism of a series of nano-Mg(OH),. We expected that this
study can offer significant reference for the selection of
Mg(OH), in the real application.

B MATERIALS AND METHODS

Mg(OH), Nanoparticles. Nano-Mg(OH), slurries (purity of over
97%) were prepared with following procedures: (a) coprecipitation of
magnesium chloride hexahydrate and sodium hydroxide in double-
distilled water (ddH,0) under room temperature®* (named as
Mg(OH),_yecn); (b) coprecipitation of anhydrous magnesium sulfate
in ammonia under room temperature 2 (named as Mg(OH), _MgSO4) ;
() hydration of MgO: 2 g of MgO was heated at 600 °C for 2 h, and
then the powder was immediately quenched in 500 mL ddH,O, and
the mixture was stirred for 24 h (named as Mg(OH), _Mgo)~ All the
suspensions were washed with ddH,O three times by centrifugation at
10000 g for 10 min. The pH values of all synthesized 1 mg/mL
Mg(OH), slurries are around 10.3.

Characterization of Nano-Mg(OH),. The morphology and size
of the synthesized nano-Mg(OH), samples (the concentration was 1
mg/ mL) were characterized on a JSM-6700F scanning electron
microscope (SEM) [JEOL Ltd., Japan] equipped with an Oxford-
INCA energy-dispersive X-ray spectroscopy (EDS). Samples were
identified by X-ray diffraction (XRD) pattern using a PANalytical
X’Pert PRO diffractometer with Cu Ka radiation (40 kV, 40 mA) in a
continuous scanning mode. The 26 scanning ranged from 5° to 85° in
steps of 0.017° with a collection time of 20 s per step. The average
crystallite size was determined from the peak broadening according to
the Scherrer equation. In addition, the aggregate size distribution was
characterized by the Winner 2308 laser particle size analyzer [Jinan
Winner Particle Technology Co., Ltd.].

Bacterial Culture Conditions and Antibacterial Test. E. coli
was cultured in Luria—Bertani (LB) medium (NaCl 10 g/L, tryptone
10 g/L, yeast extract S g/L, pH 7.0) at 37 °C with aeration, and the
shaking speed was set at 180 rpm. After 24 h, bacteria were centrifuged
at 5,000 g for S min, and then the pellet was washed with ddH,O for
three times, finally suspended in the ddH,O. For the cytotoxicity
assays, certain amount of nano-Mg(OH), was added to 10 mL
bacterial suspension to obtain the exposure concentrations of 0.1, 0.3,
and 0.5 mg/mL, respectively. Then the mixture of bacteria and
nanoparticles was shaken at 37 °C in dark. Subsequently, 100 xL
diluted suspension was streaked on agar medium, and then the plate
was incubated at 37 °C for 24 h. The inhibition of bacterial growth was
evaluated by the colony-forming units (CFUs). Our control
experiment was conducted in the ddH,O and adjusted the pH of
bacterial suspension (without nanoparticles) around 9—10. The
inhibition rate of bacteria was calculated as follows

lethality rate = (1 — N1/N2) X 100%

Where N1 is the colony number after the exposure to nanoparticles,
and N2 indicates the colony number of control. All experiments were
performed in triplicate.

Microscopic Investigation of Bacteria. After the exposure,
bacteria were fixed with 2% glutaraldehyde for 24 h. Samples were
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postfixed with 1% osmic acid for 2 h, and then fixed samples were
dehydrated in an acetone gradient (35, 50, 70, 80, 95, and 100%) for 3
min, respectively. Finally, air-dried samples were observed on JSM-
6700F SEM. The sample preparation of transmission electron
microscopy (TEM) was the same as SEM from the steps of harvest
to dehydration, and then cells were embedded in resin. Ultrathin
sections were prepared and counterstained with Leica’s and uranyl
acetate onto a copper grid. Grids were conducted on a JEM-2010
TEM [JEOL Ltd,, Japan] at 200 kV.

Zeta-Potential Measurement. The changes of surface charge
after the exposure of Mg(OH), nanoparticles to bacteria were
determined by a ZetaPlus Zeta Potential Analyzer produced by
Malvern Instruments Corporation. The concentration of nanoparticles
was 0.1, 0.3, and 0.5 mg/mL which were synthesized by three different
methods. For each sample, an appropriate amount of undiluted
solution was placed into the cuvette, and an average zeta potential
value was obtained from three individual measurements. The solution
media was set as water for all zeta potential measurements.

Cellular Staining with Fluorescent Probes and High
Epifluorescence Microscopy. Apoptotic Cell Hoechst 33342/P1
Detection Kit was used in our experiment. The collected bacteria were
resuspended in 1 mL LB medium and then incubated with 10 uL
Hoechst 33342 at 37 °C for 10 min (4 ex 355 nm, 1 em 465 nm, and
the final concentration was S pg/mL). Subsequently, the bacterial
suspension was centrifuged at 5,000 g for 5 min at 4 °C, and the
supernatant was discarded. Then the samples were resuspended in 1.0
mL Buffer A and incubated with S yL propidium iodide (PI) for 10
min in dark (4 ex 540 nm, A em 620 nm, and the final concentration of
PI was S pg/mL). The unincorporated dyes were removed by washing
with Buffer A. One droplet of cell suspension (S yL) was dropped on
the freshly treated glass slide, and then it was covered with the
coverslip without bubbles. Finally, the glass piece was sealed using the
petroxolin. The samples were recorded using a laser scanning confocal
microscope [FV1000 CLSM, OLYMPUUS, Japan].

B RESULTS AND DISCUSSION

Characterization of nano-Mg(OH),. The as-synthesized
Mg(OH), slurries were quickly dried into powder and then
identified by XRD. Figure 1 indicates that all diffraction peaks
could be well indexed as hexagonal magnesium hydroxide

XRD pattern

SEM image
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Figure 1. XRD patterns and SEM images were used to confirm the
crystalline structures and observe the morphology of as-synthesized
Mg(OH), samples respectively. (a—c) Samples of Mg(OH),_eci
Mg(OH), _Mgsos and Mg(OH)Z_MgO, respectively.
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structure (JCPDF044—1482). According to the Scherrer
equation, the size of Mg(OH), _MgCly Mg(OH), _Mgso4 and
Mg(OH), g0 planes at (101) direction was 12.9 + 0.7, 21.4
+ 1.8, and 44.8 + 8.1 nm, respectively. This means that three
types of Mg(OH), particles in some dimension were at
nanolevel. However, SEM observation revealed that the as-
synthesized nano-Mg(OH), are not only with different original
morphology, but are very easily aggregated into microparticles.
The Mg(OH), _mgc sample contains a lot of small flakes
around tens of nanometer, which further aggregated densely.
Mg(OH),_gsos had the flower-like self-supported structure
consisted of cross nanosheets. The Mg(OH), _mgo consisted of
the micrometer-scale hexagonal nanoplates. Since Mg(OH),
slurries are actually wet instead of as dry powder, we further use
laser particle size analysis to monitor the agglomeration state of
nano-Mg(OH), in water (details were showed in Supporting
Information, Part I, Figure S1). All the Mg(OH), particles were
dispersed by ultrasonic method before mixing with E. coli, but
the results of laser particle size analysis showed that the average
particle size of Mg(OH),_ycy Mg(OH),_ygs04 and Mg-
(OH),_ 0 is 5.5, 4.5, and 1.2 pm, respectively. Above analysis
revealed that though synthesized as nanoparticles with different
shape and size, all these samples are easily aggregated into
micrometer level during usage as slurry in water.
Toxicological Effect of Nano-Mg(OH), on E. coli.
Because Mg(OH), is slightly soluble in water with solubility
constant of 5.61 X 107", and the pH of Mg(OH), suspension
in water is around 10,'®' thus we choose the alkaline
resistance E. coli for studying the antibacterial effect of nano-
Mg(OH), (Our previous study indicated that this bacterium
had a good resistance of alkalinity even in a circumstance with
pH value of 11, details please see the Support Information, Part
I, Figure S2).The antibacterial activity was evaluated by
regrowing the E. coli on solid agar plate after exposing with 0.1,
0.3, and 0.5 mg/mL Mg(OH), respectively. As shown in Figure
2, Mg(OH), _mgc2 had the significant antibacterial activity
toward E. coli when its concentration was 0.1 mg/mL, and the
inhibition rate was around 88%, whereas the antibacterial effect
of Mg(OH),_pgs04 and Mg(OH),_y,0 Was not obvious at the
same concentration. However, when the concentration
increased to 0.3 mg/mL, the Mg(OH), ygso4 caused the
inhibition of 60% for E. coli. Only when the concentration

120 | mMg(OH),_ygciz BMI(OH);_wgso:BMG(OH),_ygo
100
80 -
60

40 1

inhibition rate (%)

20

0.1 0.3 0.5
Mg(OH), concentration (mg/mL)

Figure 2. Relationship between the antibacterial efficiency and the
Mg(OH), species. E. coli was exposed for 4 h to 0.1, 0.3, and 0.5 mg/
mL of different types of Mg(OH),. Comparison with a positive
control (bacteria in ddH,O at pH ~10 without nanoparticles)
permitted to determine the percentage of antibacterial efficiency. Data
presented as mean =+ standard deviation (n = 3).

1139

increased to 0.5 mg/mlL, the Mg(OH), y,o exerted the
comparative antibacterial efficiency with a inhibition rate of
merely 53%. Overall, the antibacterial activity sequence of
Mg(OH), toward E. coli was Mg(OH), ygcn > Mg-
(OH)Z_MgSO4 > Mg(OH)Z_MgO'

Cause of the Toxicology of Nano-Mg(OH), toward E.
coli. Previous reports showed that the bacterial toxicity could
be attributed to the following reasons: (i) cellular internal-
ization of nanoparticles;>*~>* (ii) direct surface interaction;'®"?
(iii) the dissolution metal ions of nanoscale metal oxide.>*5~2*
Commonly, if the antibacterial effect is originated from the size
effect of the material (that is the cellular internalization), the
smaller the size, the stronger the inhibition effect.””*° However,
combined with the result from laser particle size analysis, we
found the Mg(OH), _mgch that with the largest average particle
size has the strongest antibacterial effect. The Mg(OH), _Mg0
with the smallest size distribution has the weakest antibacterial
effect. Thus we considered the size effect was not the major
factor on antibacterial effect in this study. For verifying this, we
performed the TEM thin-sections of bacteria coupled with EDS
to study the distribution of Mg element inside the bacteria after
interacting with Mg(OH),. No signal of Mg element was
detected from the EDS analysis in several randomly selected
areas. This indicated that the Mg(OH), particles and dissolved
Mg elements might not enter into the bacterial interior.
However, an obvious changes of cell walls were observed after
exposure with Mg(OH),. As shown in Figure 3a, bacteria
without being exposed to Mg(OH), exhibited relatively intact
profile and clear cell walls. After interacting with 0.5 mg/mL
Mg(OH),_gciz for 4 h, the entire profile became unclear, and
most of the cell walls were damaged. When exposed to
Mg(OH), _Mgso4 the damaged level of the bacterial profile as
well as the cell wall decreased at some certain comparing to
Mg(OH),_ygci- When exposed to Mg(OH),_ g0, the entire
profile and cell wall still remained complete. Thus the toxicity
of Mg(OH), may be caused by the external adsorption rather
than the cellular internalization, which induced the disorganiza-
tion of cell walls.

In addition, SEM analysis was used to investigate the
distribution of Mg(OH), material on bacterial surfaces. Figure
3b shows that after treated by Mg(OH), _mgcy the bacterial
surfaces were no longer smooth. Instead, there were a lot of
loose materials attached on the bacterial surface. EDS spectrum
revealed that these aggregates contained Mg element, showing
that a number of Mg(OH), _Mgc2 Nanoparticles gathered on
the surface of E. coli. As to bacteria that treated with
Mg(OH),_pgso4 sample, similarly, analysis revealed that
Mg(OH), _Mgso4 May attach on the bacterial surface, however,
the attached amount is not as much as Mg(OH), _ Mgl treated
bacteria. As to Mg(OH), o treated sample, the bacterial
surface is almost as smooth as the control sample. We further
noticed the dispersed hexagonal nanoplates Mg(OH),_y,0)
which were not closely attached to the bacterial surface at all
(shown by circle in Figure 3b). This result indicated that the
three Mg(OH), samples have different adhering ability on the
bacterial surfaces, that is Mg(OH),_ygcra > Mg(OH),_igs04 >
Mg(OH), _mgo- This sequence seems directly correlation to the
antibacterial efficiency of the material.

Analysis of the Toxicological Mechanism. On the basis
of above analysis, we considered that the external adsorption
may play an important role on the antibacterial effect, which is
very similar to Dong’s suggestion.'®'” However, we found the
adsorption ability of three samples seems different. We further
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control Mg(OH), _ mgci,

Mg(OH), _ mgso, MQ(OH)zT Mgo

Figure 3. (a) TEM and (b) SEM images of E. coli treated with 0.5 mg/mL Mg(OH), slurries for 4 h, respectively. Inset images of b show the EDS

analysis of bacteria. The size of all SEM images is 6.0 ym.

explored the zeta potentials of all the samples. As shown in
Figure 4, Mg(OH),_ycp» and Mg(OH), 504 carried positive

concentration unit (mg/mL)
0.1 0.3 0.5 01 03 05

Mg(OH), solution

after exposure
- with bacterium

01 03 05

Zeta potential (mV)

o o>
Pl
o o

Figure 4. Zeta-potentials of nanoparticles before and after exposure
with bacteria for 24 h. Note the negative zeta potential for
Mg(OH), o without bacteria.

charges, while Mg(OH), _mgo carried negative charges. After
incubation Mg(OH), with highly negatively charged E. colj, all
the three mixture solutions became negatively charged in zeta
potential. This result indicates that the binding of Mg(OH),
with bacteria could be driven by the electrostatic interactions.>"
In this situation, the positively charged Mg(OH), ycp, and
Mg(OH), _mgso4 could be more active for the adsorption
process than the negatively charged Mg(OH), _mgo- This is
coincident with the SEM observation. Electrostatic repulsion
between Mg(OH), 1,0 and E. coli would result in the loose
connection of Mg(OH), w0 on the bacterial surface, and
consequently limit its toxicity,”> although laser particle size
analysis revealed the smallest average particle size of this
sample. Moreover, we also found that the morphology of the
aggregates influence the toxicity. For example, both Mg-
(OH),_ngcrr and Mg(OH),_ 504 are positively charged, and
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with similar particle size distribution (5.5 and 4.5 pm), while
the flower-like self-supported structure Mg(OH)z_Mgso4
showed weaker toxicity compare to lump-like aggregates of
Mg(OH), e It revealed that the complex structure of
nano-Mg(OH), might hinder its contact degree on the
bacterial surface. In addition, the pH values of nanoparticles
and bacterial suspension were shown in the Supporting
Information, Part III, Table S1. The result revealed that the
pH was maintained at a stable value, and there is no difference
among three samples after exposure with equal nanoparticles.
Therefore, we considered that the surface charge of the nano-
Mg(OH), may be the main reason to induce the different
antibacterial effects.

It was suggested that the introducing of Mg(OH),
nanoparticles may cause considerable damage on the cell
membrane of E. coli.!”'® In order to verifying this, we observed
the bacteria by fluorescence microscope. Both Hoechst 33342
and PI were used for double-staining the bacteria, for revealing
the changes on the permeability of cell membranes. As we
known, Hoechst 33342 is cell-permeable, which could bind the
DNA of all the cells (live and dead). Thus the healthy cell
shows weak blue nuclei,> the apoptosis cell appears strong blue
nuclei. PI could bind to DNA or RNA and stain only the
necrotic cells, thus intracellular staining of PI would show red
fluorescence.*** Figure Sa shows that almost all of the control
bacteria appears blue nuclei, indicating the PI can not penetrate
the cell membranes of viable cells. After exposure with different
types of 0.5 mg/mL Mg(OH), nanoparticles for 24 h, the
stained situations were obviously different. As shown in Figure
Sb, Mg(OH), _mgcp-treated bacteria were almost red with
fluorescence, indicating the highly permeability of PI dye
toward Mg(OH),_y,cp-treated bacteria, and most of the cells
were dead. The MggOH)z _mgsos-treated bacteria show strong
blue and red nuclei, revealing that the PI permeability of
Mg(OH), _mgsos-treated bacteria decreased compared to Mg-
(on), _mgcp-treated bacteria. The strong blue and red
fluorescence also indicated that Mg(OH), ys04 induced the
apoptosis for the most bacteria, and part of the bacteria became
necrosis (as shown in Figure Sc). Figure Sd reveals that
Mg(OH),_ygo-treated cells showing weak blue nuclei, which

dx.doi.org/10.1021/am302910q | ACS Appl. Mater. Interfaces 2013, 5, 1137—1142
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Figure S. Microscopy investigation of apoptotic and necrotic cells morphology after Mg(OH), exposure. 0.5 mg/mL nanoparticles were added to
the bacterial solution for 24 h. All stained samples were imaged at comparable cell concentration. (a) Control, (b) Mg(OH), e (c)
Mg(OH), _Mgsos and (d) Mg(OH), _mgo- Note the higher extent of cell lysis and aggregation of dead cells with Mg(OH), _Mgch €Xposure.

indicated Mg(OH), _mgo had a weak destructive effect on the
cell membranes and majority of bacteria were viable, and thus
the PI dye to penetrate the cell. In summary, the bacterial loss
of viability is correlated to an impairment of cell membranes
integrity, which is highly consistent with the damage degree of
cell walls for the three samples by TEM analysis.

Taken together, as shown in Figure 6, we concluded that the
antibacterial mechanism of nano-Mg(OH), to bacteria may be

Cell wall
destroyed

. Permeability of
cell membrane
increased

Cc
) 11— Hardly adsorbed
on the bacterial
Ma(OH), e % surface

Figure 6. Schematic diagram showed the different contacting patterns
between nanoparticle aggregates and bacteria.

induced via two steps. First, with the assistance of electrostatic
attractive interactions, positively charged nano-Mg(OH), are
easily adsorbed onto the bacterial surfaces with negative charge.
For the Mg(OH), aggregates with the similar size and charge
situation, the morphology also affected the contact degree.
Second, the adsorbed nanoparticles destroyed the integrity of
cell walls, then increased the permeability of cell membranes
and finally induced the death of bacteria. In addition, we also
found that Mg(OH), _Mgso4 appeared equivalent inhibition
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effect with widely researched ZnO nanoparticles (they had the
similar size at [101] direction, as discussed in the Suporting
Information Part IV, Figure S3). Therefore, the Mg(OH),
nanoplatelets have great application potential as a new
antibacterial material.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures and table depicting the data in laser particle
size analysis, the resistance of alkalinity on E. coli, the changes
in pH value, and the comparison of inhibition effect between
nano-Mg(OH), and ZnO. This material is available free of
charge via the Internet at http://pubs.acs.org.
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