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Abstract

It is very urgent to design and fabricate a new generation of bactericidal materials for confronting the increasing preva-
lence of antibacterial resistance. Here, we propose laminated flower-like nickelous(ll) hydroxide as antibacterial agent and
explore its possible antibacterial action. The nickelous(ll) hydroxide were synthesized by simple one-step hydrothermal
process. The antibacterial properties of nickelous(ll) hydroxide were tested by bacterial growth curves and colonies
growth on agar nutritive plates. The nickelous(ll) hydroxide exhibited a strong, stable and long-term antibacterial activ-
ity and killed > 95.0% of both the Gram-negative bacteria Escherichia coli and the Gram-positive bacteria Staphylococ-
cus aureus at 250 pg/mL. Antibacterial action was investigated by scanning electron microscopy, transmission electron
microscopy, detection of Ni?* residual, measurement of DNA and RNA release and reactive oxygen species generation
analysis. Mechanistically, it killed both Gram-positive and Gram-negative bacteria through physical disruption of the cell
membrane structure, causing a loss of cell viability. The antibacterial action would endow nickelous(ll) hydroxide with

the ability to escape some known mechanisms of antibacterial resistance as a promising long-term bactericide.
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1 Introduction

The disease caused by pathogenic bacterial infections
has been affecting human health throughout the world,
leading to higher morbidity and mortality [1, 2]. The con-
ventional treatments of pathogenic bacteria with anti-
biotics and antimicrobial agents over years have made
many microorganisms resistant to these antimicrobials
[3-6]. Microbial drug resistance has caused serious risks
in the biomedical field (agriculture and public health)
and therefore motivated researchers to concentrate on
exploring safe, inexpensive and effective antimicrobial
treatment strategies for fighting against bacterial tar-
gets [6-8]. However, among the various strategies, the
nanomaterials will afford a very promising approach due
to their unique structure, physico-chemical properties
and good biocompatibility or chemically incorporated

antimicrobial activity [9-17]. Recently, some nanomate-
rials utilized to resist against pathogenic microorganism
have made great advances. For example, silver-based
nanomaterials such as silver nanoparticles (Ag NPs) and
silver complexes have been reported to show high anti-
bacterial activities [18-26]. Carbon-based nanomaterials,
such as carbon nanotubes, graphene and its derivatives,
also have been widely reported to hold great promise for
combating microbial infections [27-33]. In addition, previ-
ous researches have demonstrated that metal oxide nano-
materials (such as TiO,, ZnO and MgO) exhibit antibacte-
rial efficacy [34-39]. The nanomaterials as bacteriostatic
agents has recently become a focus of intense research
due to their steady and efficient antibacterial activity.
Moreover, it is very important to study the antibacterial
mechanisms of nanomaterials. A variety of mechanisms
for the antibacterial activity of nanomaterials have been
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proposed, including the reactive oxygen species (ROS)
production, mechanical damage to the cell membrane,
entrapment, metal ion release and so on [9, 14, 32, 33].
However, the exact mechanisms of these nanomaterials
as bactericide are not yet fully understood, which could
limit the application of nanomaterials in the field of anti-
bacterial agents. Currently, an increase of pernicious anti-
biotic resistant bacteria is motivating a search for novel,
low-cost and effective antibacterial material as well as an
exploration for their antibacterial mechanism. Therefore,
the generation of materials with more effective antibacte-
rial capabilities is still anticipated.

The goal of this study is to investigate the antibacte-
rial activity and possible antibacterial mechanism of lami-
nated flower-like nickelous(ll) hydroxide (Ni(OH),) against
microbes. The Ni(OH),-based materials have been reported
to be the most promising electrode material due to its low
cost, easy preparation, ultrahigh specific capacitance and
environmental friendliness [40-43]. It's easy to synthesize
Ni(OH), with variant crystalline structures and morpholo-
gies as a promising material for multifunctional applica-
tions [44-46]. And most striking, the three-dimensional
(3D) laminated flower-like Ni(OH), particles with a large
number of active sites have extraordinary mechanical and
electrical properties that show some potential in manu-
facturing, environmental, and biomedical applications
[47-50]. The unique and extensive changeable structure
and physicochemical properties have been inspiring us in
using it as a biocide in antibacterial treatment. However,
recent studies have few reported that Ni(OH), materials
exhibited significant antibacterial activities to bacteria.
Up to date, the mechanism of Ni(OH),-mediated bacteria
killing has not previously been identified. As we all know,
that’s very important to fully understand the toxicity
mechanisms of Ni(OH), materials as antimicrobial agents
in order to predict their ecotoxicity and environmental
impact. A clear antibacterial mechanism of Ni(OH), is help-
ful to explore the application of these materials in food

Scheme 1 Schematic diagram
of the laminated Ni(OH), as
antibacterial platform
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industry, water treatment, biomedical engineering and
daily chemical.

In the study, the laminated flower-like Ni(OH), had been
synthesized through one-step hydrothermal method.The
concept of laminated Ni(OH), as an efficient 3D antimi-
crobial system is illustrated in Scheme 1.The antibacterial
activity of Ni(OH), against Gram-positive and Gram-neg-
ative bacteria were for the first examined and proved to
explore its potential as a new and effective antibacterial
material for fighting pathogenic microorganism. Moreo-
ver, the antibacterial mechanism of Ni(OH), had also been
examined and proposed. This will open a door for three-
dimensional materials in the antibacterial applications.

2 Materials and methods
2.1 Materials and reagents

Carbamide and nickel nitrate were purchased from Sin-
opharm Chemical Reagent Co., Ltd. (Shanghai, China).2’,
7'-dichlorofluorescein diacetate (DCFH-DA) had been pur-
chased from Sigma-Aldrich. LB agar powder and sulfadia-
zine were purchased from Sinopharm Chemical Reagent
Co., Ltd. All chemicals concerned were of analytical grade
or the highest purity available. Ultrapure water (18 MQ cm)
was used in the experiments. Both Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) had been provided
by the State Key Laboratory of Agricultural Microbiology
of Huazhong Agricultural University.

2.2 Preparation and characterization of Ni(OH),

The carbamide of 0.15 g was added to 20 mL 0.025 mol/L
nickel nitrate solution with stirring at room temperature
for 10 min. The solution was transferred to a 100 mL Tef-
lon-lined stainless steel autoclave. The autoclave was
heated at 170 °C for 12 h and then cooled naturally along

S. aureus
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with the substrate. The product was washed with deion-
ized water for 5 times and then dried, yielding Ni(OH),
powders. The morphology of the products was obtained
by a scanning electron microscopy (SEM, Hitachi High
Technologies, Japan). X-ray powder diffraction (XRD)
analysis was carried out by X-ray powder diffractometer
(Rigaku D/max-2500, Japan).

2.3 Preparation of bacterial solutions

Gram-negative E. coli and Gram-positive S. aureus respec-
tively grown in LB (Luria—Bertani) broth medium at
37 °C and shaken for overnight. The bacterial cultures
were harvested by centrifuging. Subsequently, the bac-
teria pellets were washed three times with deionized
water. Finally, the cells were resuspended in deionized
water and diluted to an optical density of 0.1 at 600 nm
(ODgpo=0.1) for the following analysis.

2.4 Antibacterial activity experiments

The antibacterial ability of Ni(OH), was determined
by the colony count method and the measurement of
optical density at 600 nm at different concentrations
within the LB broth medium. A 200 uL of bacteria sus-
pension was respectively mixed with and without 20 pL
of Ni(OH), suspension solution with different con-
centrations and incubated in a shaker at 37 °C for 3 h.
The reaction mixture was then dispersed in 10 mL LB
medium at 37 °C. A serial mixture was spread onto LB
agar plates at 37 °C. Then the formation of colonies was
determined and compared with control plates to calcu-
late cell viability. For the growth curve test, the optical
density at 600 nm (ODg,,) of all samples would be meas-
ured through a Nicolet Evolution 300 ultraviolet visible
spectrometer at the preordained time intervals. Bacterial
growth curves were created by plotting OD values versus
time. All treatments were prepared in triplicate.

Besides, the long-term antibacterial activity of Ni(OH),
had been investigated. It was tested that the change of
antibacterial effectiveness of the Ni(OH), after storage in
solutions for 1 week, 2 weeks, 3 weeks, 4 weeks, 5 weeks,
6 weeks, 7 weeks and 8 weeks at room temperature.
Then, the Ni(OH), samples were respectively transferred
from the tubes into a bacterial suspension. After incuba-
tion for 3 h, the bacterial suspensions were respectively
diluted in a gradient and cultured on LB plates to cal-
culate the bactericidal cell mortality (%). All treatments
were also prepared in triplicate.

2.5 Examination of integrity of cell membranes

The morphological and ultrastructural changes of bacterial
cells were investigated by scanning electron microscope
(SEM, JEOL JSM-6700F) and transmission electron micro-
scope (TEM, Hitachi H-7650). After incubated with Ni(OH),,
the bacteria were collected and quickly fixed with 2% glu-
taraldehyde and 1% osmium tetroxide. Then the cells were
dehydrated with ethanol for 20 min. The dried samples
were sputter coated with gold for SEM analysis. For TEM,
the collected bacteria were pelleted and fixed overnight
with a 4% formaldehyde and 1% glutaraldehyde fixative.
Following washed with buffer solution, the samples were
postfixed with 1% osmium tetroxide for 1 h, dehydrated
in graded concentrations of ethanol, and embedded in
epoxy resin. The sections were cut using a Leica EM UC6
ultramicrotome and were examined for TEM.

To further verify the integrity of cell membranes, the
ultraviolet-visible spectroscopy at 260 nm was examined.
If the bacteria membrane is disrupted, the amount of DNA
and RNA released from the cytoplasm can be estimated
by the detection of absorbance at 260 nm. Both bacteria
cells were respectively incubated with Ni(OH), solutions
under different shaking speed. The bacterial suspensions
were then immediately filtered with 0.22 um syringe filters
to remove the bacteria. The optical density at 260 nm was
recorded. Besides, after incubated with Ni(OH), under dif-
ferent shaking speed, the bacteria cells were transferred
to LB agar plates and the cell death rate (%) was measured.

2.6 Impact of bacteriostatic agent

Sulfadiazine was dissolved in a mixture of methanol and
acetone at 10 mg/mL. A 10 pL sulfadiazine was added into
the mixture of bacterial suspensions and Ni(OH), disper-
sion (100 pg/mL). The bacterial suspensions were then
incubated for 3 h at 37 °C. In control experiments, 10 uL
sulfadiazine was added into bacterial suspensions without
Ni(OH),. The cell death rates (%) were measured by the
colony forming count method.

2.7 Detection of Ni**

The amount of nickel residues left in the Ni(OH), disper-
sions was determined by inductively coupled plasma mass
spectrometry (ICP-MS) analysis. The antibacterial activ-
ity of Ni?" was studied using the colony forming count
method. Thereupon, the nickel nitrate solution of different
concentrations was inoculated with 1 mL of the bacteria
suspension of E. coliand S. aureus, respectively, at 37 °C for
3 h with gentle shaking. Then, the reaction mixture was
respectively spread onto LB agar plates at 37 °C and the
formation of colonies was determined.
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2.8 Reactive oxygen species (ROS) generation
analysis

To measure whether the antibacterial process is depend-
ent upon reactive oxygen species (ROS), DCFH-DA was
applied to test the level of bacterial ROS induced by
Ni(OH),. E. coli and S. aureus cells were respectively inocu-
lated with 10 uM of DCFH-DA at 37 °C for 30 min. Then,
the cells were respectively treated with and without the
50, 100, 200 pg/mL of Ni(OH), for 3.0 h. The fluorescence
intensity was detected at excitation/emission wavelength
of 488/525 nm.

3 Results and discussion
3.1 Synthesis and characterization of Ni(OH),

The laminated flower-like Ni(OH), was prepared by hydro-
thermal method. Figure 3E shows SEM images of Ni(OH).
Irregular morphology and size can be observed in the SEM
image. The SEM revealed well laminated flower-like struc-
ture. The stacked lamellas were expected to provide a high
surface area for contacting bacteria and improving antimi-
crobial performance. Additionally, a typical XRD pattern of
the dried Ni(OH), is shown in Fig. 1B. The Ni(OH), showed
the sharp characteristic peaks at 12.1°, 19.7°, 25.7°, 40.2°
and 60.7°, which could be attributed to the (001), (100),
(003), (014) and (110) planes of Ni(OH).

3.2 Antibacterial activity of Ni(OH),

The bactericidal activity of Ni(OH), was tested with
E. coli and S. aureus by the measurement of surviving
cells under the treatment of Ni(OH), through the col-
ony counting method. Figure 2 shows the typical pho-
tographs of E. coli and S. aureus bacteria colonies after

Fig. 1 A SEM image and B XRD
patterns of Ni(OH),
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treated with various concentrations of Ni(OH),. Both
bacterias grown well in the absence of Ni(OH),, whereas
a marked decrease in bacterial survival occured after
exposed to the Ni(OH),. As the concentration of Ni(OH),
increased to 250 pg/mL, the cells were almost com-
pletely killed. Figure 3A, B show the bacterial viability
can decrease with increasing concentration of Ni(OH),.
The bacterial viability was both decreased to less than
5% at 250 pug/mL of Ni(OH),. Thus, the Ni(OH), materi-
als had strong antimicrobial activity against E. coli and
S. aureus and the bactericidal activity increased with
increasing Ni(OH), concentration.

To further see if the Ni(OH), besides showing bac-
tericidal properties also can cause growth inhibition
in the nutrient solution, the optical density at 600 nm
(ODgq0) was measured to monitor bacterial growth. The
ODs shown in Fig. 3C, D demonstrate that the growth
inhibition effect of Ni(OH), became more significant as
the concentration of Ni(OH), increased, whereas 250 pg/
mL Ni(OH), showed a significant growth inhibition effect
against E. coli and S. aureus. The antibacterial effect in a
concentration-dependent manner shown that a higher
concentration of Ni(OH), would result in superior inhibi-
tory effect on the both bacterias. Thus, a new type of
antimicrobial material showed much potential in antimi-
crobial systems. Overall, the antimicrobial activity datas
indicated that the Ni(OH), possessed very high antibac-
terial activities against Gram-negative and Gram-positive
bacterias. In addition, the long-term antibacterial activ-
ity of Ni(OH), had been investigated. It was tested that
the change of antibacterial effectiveness of the Ni(OH),
after storage in solutions for different time. In the Fig. 3E
and F, the bacterial cell mortality shows no significant
changes with storage time. The cell mortality of both E.
coliand S. aureuswas still very high after 8 weeks of stor-
age. These results demonstrated that the Ni(OH), could
act as a kind of long-term effective antibacterial agent.

(001) ——Ni(OH),

Intensity (a.u.)

——— T
10 15 20 25 30 35 40 45 50 55 60 65
20 (degree)
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Fig.2 Concentration dependent antibacterial activities of the treatment for 3 h with 0 ug/mL (A), 50 pg/mL (B), 100 pug/mL (C),
Ni(OH),: photographs of agar plates onto which E. coli (top panel) 150 pg/mL (D), 200 pg/mL (E), and 250 pug/mL (F)
and S. aureus (bottom panel) bacterial cells were recultivated after
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Fig.3 Cell viability measurements of A E. coli and B S. aureus treated with Ni(OH),. OD regrowth curves of C E. coli and D S. aureus treated
with Ni(OH),. Long-term antibacterial effectiveness of E E. coli and F S. aureus treated with Ni(OH),

3.3 Antibacterial mechanism of Ni(OH),
3.3.1 Destruction of bacterial membrane

To investigate the changes of bacterial morphology
caused by the antibacterial system, SEM was employed
to observe E. coli and S. aureus before and after Ni(OH),
treatment. As can be seen in Fig. 4A, B, as control groups,
E. coli and S. aureus cells were respectively rod-shaped
and spherical-shaped with smooth and intact cell walls.
In contrast, after treated with Ni(OH), (Fig. 4C, D), both
bacterias were trapped by the Ni(OH), and formed
agglomerates, indicating the Ni(OH), can interact with
the cells. To further explore the antibacterial behavior,
TEM was used to investigate the intracellular structural
changes of E. coli and S. aureus. As shown in Fig. 4E, F, E.
coli is rod-shaped with smooth surface and S. aureus is
spherical-shaped with smooth surface. After treatment
with Ni(OH), materials, as shown in Fig. 4G, H, the irre-
versible damages can be induced on both bacterial cells.
It was observed that the holes in bacterial cells occurred
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and significant intracellular substrate leaked since the
Ni(OH), could attack cells in the solution.

The physical punctures of bacterial membrane were
further illustrated by changing the shaking speed dur-
ing incubation and then monitoring the release of cyto-
plasmaic constituents (such as DNA and RNA) [9, 51]. The
optical density (OD) ratio of a bacterium suspension with
Ni(OH), to a bacterium suspension without Ni(OH), is
plotted in Fig. 5A, B. A remarkable increment by a factor
of 6.8 and 7.4 times after E. coli and S. aureus respectively
interacting with Ni(OH), at 200 rpm is observed, indicat-
ing that more mobile will enhance their physical punc-
tures on bacteria. In Fig. 5C, D, the death rates of both E.
coli and S. aureus increase with the increase of shaking
speeds, indicating a higher shaking speed can remarkably
enhance the mobility of both bacterias. Thus, the lamella
on Ni(OH), may act as a sharp blade to pierce into the cell
membranes through directly contacting with the bacteria.
More punctures of Ni(OH), on bacterial membranes can
result in more severe destruction of bacterial membranes,
ultimately increasing cell death rates.
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Fig.4 SEM images of A E. coli A
and B S. aureus treated without

Ni(OH),, and CE. coliand D S.
aureus treated with Ni(OH),.
TEM images of E E. coliand F S.
aureus treated without Ni(OH),,
and G E. coliand H S. aureus
treated with Ni(OH),

S. aureus E. coli

E. coli

S. aureus

However, except that the physical destruction can
induce antimicrobial activities, other factors may also
affect the antimicrobial activities, such as inhibiting cell
growth. To verify whether the bacterial death may be
induced by inhibiting the cell growth, thus the impact
of sulfadiazine as a bacteriostatic agent on the cells

C

was investigated [9, 52]. The growth and reproduction
of bacteria can be inhibited by the sulfadiazine with-
out killing bacteria. The death rates of both bacterias
after incubated with different samples were compared.
As shown in Fig. 6A, the both bacterias incubated only
with sulfadiazine have a less than 10% death rate, but

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:931 | https://doi.org/10.1007/s42452-019-0965-7

Fig.5 Releasing of 260 nm
absorbing materials from A E.
coliand B S. aureus after incu-
bating with Ni(OH), at different
shaking speeds. Death rate of
CE. coliand D S. aureus after
incubating with Ni(OH), at dif-
ferent shaking speeds
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Fig.6 A Cell viability measure- 100
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treated with different solu- B E. coli
tions. B Antibacterial activi-
ties of nickel(ll) at different
concentration
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the death rates of both bacterias after incubated with
Ni(OH), and sulfadiazine are almost the same high as
incubating the bacterias using Ni(OH), alone. These
results illuminated that the inhibiting cell growth by
Ni(OH), was not a major cause responsible for the death
of cells in this study. Therefore, the physical membrane
disruption might be a major mechanism of cell death.
This distinct bactericidal mechanism made Ni(OH),
promising antibacterial agents to effectively kill bacte-
rias and avoid resistance.
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Ni(OH), + Sulfadiazin

Nickel concentration (ug/mL)

3.3.2 Influence of nickel residues

Nickel residues may affect antimicrobial activity [9, 53].
To measure whether the nickel residues on Ni(OH), sam-
ples could improve the antibacterial activity, the content
of Ni?* in solutions was analyzed through ICP-MS. The
amount of the Ni?* in solutions was lower than 2.0 ug/mL.
The potential of the Ni** as antibacterial agents was eval-
uated. Five different samples of Ni(NO;), solutions were
tested to study the antibacterial activities against E. coli
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and S. aureus, and the results are shown in Fig. 6B. It can
be observed that the bacterial viability did not show sig-
nificant decrease in the range between 0.0and 12.0 pg/mL,
even if the concentration was more than six times higher
than the Ni residue left in Ni(OH), dispersions. Therefore,
the nickel residues can’t display impact on the Ni(OH),
antibacterial activity in this study.

3.3.3 ROS mediated by Ni(OH),

Another possible antibacterial mechanism for Ni(OH),
is the oxidative stress. To investigate whether Ni(OH),
exerted ROS-independent oxidative stress on bacteria, the
generation of ROS at different Ni(OH), concentrations was
monitored using DCFH-DA as the fluorescent probe [54].
As shown in the Fig. 7, no noticeable increase of fluores-
cence intensity are observed with the increase of Ni(OH),
concentrations, indicating that the Ni(OH), mediated no or
negligible ROS production compared with that of the con-
trol group. The results proved that the ROS-independent
oxidative stress toward bacterial cells was not very related
to the antibacterial activity, which had actually played a
minimal role in the antibacterial mechanism of Ni(OH),.

4 Conclusions

In summary, the studies demonstrated that the prepared
Ni(OH), solution can stimulate antibacterial activity
against Gram-negative E. coli and Gram-positive S. aureus
bacteria in a concentration-dependent manner. From
the above results, the potential antibacterial mechanism
of Ni(OH), were proposed that the delaminated Ni(OH),
with sharp edges contacted with the surface of microor-
ganisms and the microorganisms were then trapped by
the Ni(OH),; subsequently the Ni(OH), pierced cell mem-
brane, leading to the death of the microorganism. It is
expected to apply the Ni(OH),, as an antibacterial agent
in medical and biological fields against resistant bacteria

and promote extensive studies on other 3D materials as
antibacterial agents.
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