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1  Introduction

Nanoparticles have unique electronic, optical, chemical, 
and biological properties compared with bulk materials [1]. 
For example, the electrical conductivity, electrical resistiv-
ity, strength and hardness, diffusivity, chemical reactivity, 
and biological activity of nanoparticles are different from 
their bulk counterparts [2]. Therefore, nanoparticles are 
promising candidates for many applications, such as het-
erogeneous catalysis, gas-sensor technology, photovoltaics, 
microelectronics, nonlinear optics, and medicine [3–6]. A 
wide variety of techniques have been developed to produce 
those nanoparticles, such as pulsed laser deposition [7], 
sol–gel [8], spray pyrolysis [9], solvothermal method [10], 
surfactant-mediated synthesis [11], chemical method [12], 
and laser ablation methods [1]. Pulsed laser ablation in 
liquids (PLAL) is a facile single-step top-down technique 
used to synthesis nanoparticles. This technique has several 
advantages over traditional methods, among which are the 
ability to control the size and properties of the nanoparti-
cles produced and the ability to ensure that they are free of 
contamination. In addition, it is used for preparing different 
nanostructure materials [13–15].

The size, shape, and morphology of the nanoparticles 
produced by laser ablation in liquid depend critically on 
several ablation parameters, such as laser fluence, pulse 
width, repetition rate, temperature, ablation time, wave-
length, the level of the liquid above the target surface, 
and, when used, the concentration of the stabilising agent 
[16]. Nano-structured nickel oxide (NiO) has a large excit-
ing binding energy and a large bandgap ranging from 3.6 
to 4.0 eV [17]. This semiconductor can be utilised in opti-
cal, electronic, catalytic, and super-paramagnetic devices, 
such as transparent conductive films, gas sensors, and 
dye-sensitised solar cells [18]. A concourse between the 
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nanotechnology and biology can resolve several biomedical 
problems and can find materials with nanoscale diameters 
that have enhanced bioactivity. Due to their enhanced effec-
tiveness, new nanoparticle drugs composed of polymers, 
metals, metal oxides, or ceramics can combat cancer and 
fight human pathogens like bacteria [19]. Metal-oxide nan-
oparticles can be used as antimicrobial agents because of 
their effectiveness on resistant strains of microbial patho-
gens, as well as their low toxicity and heat resistance [20]. 
Among these nanoparticles, NiO nanoparticles display the 
highest antimicrobial activities. This is related to the fact 
that Ni2+ has the highest toxicity to cells and the small size 
of NiO particles could enhance their solubility. Further-
more, the presence of extracellular Ni2+ has the potential 
to interfere with the intracellular Ca2+ metabolism and 
causes cellular damage [21]. The bactericidal property of 
such nanoparticles depends on their size, stability, and the 
concentration added to the growth medium, which provides 
greater retention time for interaction between the bacterium 
and the nanoparticles [22].

In this paper, the authors investigated the effect of 
changing ablation time and laser energy on synthesised 
NiO nanoparticles by laser ablation in liquid. The anti-
bacterial activities of these nanoparticles with or without 
amoxicillin on cultures of Gram-negative and Gram-posi-
tive bacteria were also tested.

2 � Experimental methods

2.1 � NiO nanoparticle production

NiO nanoparticles were synthesised by laser ablation 
of a nickel metal pellet (1.5 cm in diameter and 3 mm in 
thickness) in deionised water. As shown in Fig. 1, the tar-
get was placed at the bottom of a quartz vessel containing 
1  ml of deionised water; the water level above the target 
was about 2 mm. A pulsed Q-switched Nd:YAG nanosec-
ond laser was used to produce the nanoparticles with the 
following parameters: wavelength λ = 1064  nm, frequency 
f = 1  Hz, and pulse width τ = 9  ns, at different laser ener-
gies (40–200 mJ/pulse). The ablation time varied from 5 to 
20  min. A microbalance scale was used to determine the 
mass concentration of the colloidal nanoparticles by weigh-
ing the bulk target before and after the nanoparticle produc-
tion process.

2.2 � Nanoparticle sample preparation 
for characterisation

For TEM analyses, a copper micro-grid mesh (gold-
coated copper grid −200 meshes) was used for the sam-
ple preparation. After depositing a drop of colloidal 

nanoparticles onto the mesh, the substrate was allowed 
to dry at room temperature. The X-ray diffraction sample 
was prepared via depositing colloidal nanoparticles on an 
aluminum substrate by the drop casting technique.

2.3 � Characterisation of nanoparticles

To characterise the nanoparticles, a double-beam UV–Vis 
spectrophotometer (SP-3000 Plus, OPTIMA) was used 
for examining the absorption spectra of the colloidal 
nanoparticles within the spectral range (200–500  nm). 
A Transmission Electron Microscope (TEM) (Philips 
EM 208S) was used to examine the morphology of the 
nanoparticles and measure their size and size distribu-
tion. Fourier transform infrared (FTIR) spectroscopy 
(8000 Series, Shimadzu) was used in the spectral range 
of 400–4000  cm−1 to study the molecular vibrations of 
the nanoparticles. X-ray diffraction (XRD) (Philips PW) 
with a Cu-Kα radiation source at 2θ = (30–60) degrees 
was used for the investigation of the crystalline material 
structures. The grain size was calculated using the Scher-
rer formula [23]:

where λ is the X-ray wavelength (1.54060  Å), β is the 
full-width at half maximum of the diffraction line in radi-
ans, and θ is the diffraction angle.

An optical spectrophotometer was used to measure the 
optical density of the bacterial cultures in a liquid medium 
at 600 nm (OD600).

(1)D = 0.94 � ∕� cos �,

Fig. 1   Experimental setup for synthesis of NiO nanoparticles by 
laser ablation in liquid
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2.4 � Antibacterial activity analysis

The antibacterial activities of the nanoparticles were tested 
against Escherichia coli, Pseudomonas aeruginosa, Pro-
teus vulgaris (gram-negative bacteria), and Staphylococ-
cus aureus (gram-positive bacteria) using a liquid medium 
method. The bacteria suspension was prepared by adjust-
ing the tubes to a 0.5 McFarland turbidity standard (5 × 107 
cell mL−1) tubes. Each bacterial strain was subcultured in a 
nutrient broth.

To investigate the inhibition rate, the broth was inocu-
lated with 0.2 ml of bacterial strains, and then with 0.5 ml 
in solutions of 400, 600, or 1000 µg ml−1 of concentration 
of NiO nanoparticles without antibiotics (amoxicillin at a 
concentration of 30 µg ml−1) or a combination after vortex 
mixing. The tubes were incubated at 37 °C for 24 h. Bac-
terial growth was measured by optical density at 600  nm 
wavelength. The mean values of the inhibition were cal-
culated from taking a triple reading of each test. A broth 
tube containing bacterial strains only (without nanoparti-
cles) was used as a control. Inhibition efficiency (%) was 
expressed using the UV spectrophotometer model (APEL 
PD-303) JAPAN as follows [24]:

The effect of the nanoparticles at different concentra-
tions combined with amoxicillin was also determined using 
the well-diffusion method against E. coli and S. aureus. A 
lawn of bacterial culture was spread on the nutrient agar 
plates, and the plates were allowed to rest for 10–15  min 
to allow culture absorption. Wells measuring 8  mm in 
size were punched into the agar with the tip of a sterile 

(2)

Inhibition efficiency (%)

=
(

(control OD600 − test OD600)∕control OD600

)

× 100%.

micropipette. Using a micropipette, the nanoparticle solu-
tions at concentrations of 400, 600, or 1000 µg ml−1 com-
bined with amoxicillin were poured into the wells. After 
incubation at 35 ± 2 °C for 24 h, the inhibition zone diam-
eter was measured. The antibiotic amoxicillin was used as 
a control.

2.5 � Statistical analysis

The data were statistically evaluated using ANOVA and 
a one-tailed unpaired Student’s t test for significance test-
ing, where p < 0.05 was considered significant. Values are 
presented as the mean ± SD of the three replicates of each 
experiment.

3 � Results and discussion

Transmission electron microscopy (TEM) was used to 
determine the size distribution and morphology of nano-
particles. Figure 2a shows a TEM image of NiO nanopar-
ticles prepared at 200 mJ for an ablation time of 10 min, 
while Fig.  2b shows the size distribution. NiO nanoparti-
cles with a diameter in the range of 2–21 nm and spherical 
shape were obtained. These were aggregated strongly due 
to the electrostatic attractive force between nanoparticles 
produced by the electric double layer on the nanoparticles’ 
surfaces [25]. The nanoparticles are charged in liquid. An 
electrical layer surrounds the surface of the nanoparticles 
as a result of the interaction between the liquid molecules 
and the surface-charged nanoparticles [1]. It is worth men-
tioning that interaction between the plasma plume and 
nanoparticles can take place, which depends on the attrac-
tive and repulsive forces between the plume species and 
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Fig. 2   TEM image (a) and size distribution (b) of NiO nanoparticles prepared by laser ablation in deionised water
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nanoparticles. These forces, such as attractive Van der 
Waals force, may cause growth and/or aggregation.

The colour of the colloidal NiO nanoparticles prepared 
by laser ablation in deionised water at different conditions 
changed from light grey to dark grey. This transformation is 

because of the oscillation of the conduction band electrons 
in the nanoparticles, known as surface plasmon oscillation; 
this phenomenon is stimulated by incident light. In other 
words, the resonance condition, known as surface plasmon 
resonance (SPR), occurs when the frequency of the light 
photons matches the natural frequency of the nanoparti-
cles′ surface electrons. The colour intensity of the solution 
increased with increasing laser energy and ablation time 
due to the increase in the concentration of nanoparticles in 
the colloid.

Figure  3 shows the optical absorption spectrum of the 
NiO nanoparticles prepared at different laser energies (40, 
80, 120, 160, and 200  mJ) for a constant ablation time 
(10  min) and at a constant laser energy (200  mJ) for dif-
ferent ablation times (5, 10, 15, and 20  min). As shown 
in Fig.  3a, the absorption spectrum exhibits broad bands 
whose absorption decreases continuously above 210  nm. 
The optical absorption edges also shifted slightly towards 
longer wavelengths (red shift) due to the increase in par-
ticle size [26]. Delivering more energy to the target means 
ablating larger amounts of material and producing an 
intense plasma plume, so that the colloidal nanoparticles 
become denser. The absorbance of the NiO nanoparticles in 
deionised water has almost increased consistently with the 
ablation time of the target material. The change in absorb-
ance indicates that the number density of the nanoparticles 
increased with increasing ablation time. These results agree 
with those reported in [27], while the second weaker peak 
was due to change the wavelength from the UV region to 
VIS region.

Figure  4a shows the influence of laser energy on the 
mass concentration of NiO nanoparticles. It can be seen 
that the concentration of the nanoparticles increased 
with increasing laser energy, which may be attributed to 
increased evaporation of the target at an increased surface 
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temperature caused by increased laser energy. The produc-
tion rate depends on some factors related to the optical 
and thermal properties of the target, such as the reflectiv-
ity, light absorbance of the target surface, heat capacity, 
enthalpy of vaporisation, boiling point, and thermal con-
ductivity of the target [28]. The effect of the ablation time 
on the concentration of nanoparticles at the laser energy 
of 200  mJ is shown in Fig.  4b. The mass concentration 
increased with increasing ablation time. The increase in 
ablation time causes the production of a higher concentra-
tion of particles, but it was also saturated because of the 
high concentration of light absorption in the colloidal nano-
particles. It has been reported that the ablation efficiency of 
the nanoparticles decreases with ablation time, which may 
be due to the presence of nanoparticles in liquid, which 
could interact with the laser beam and decrease the power 
delivered to the metal surface. Conversely, changes to the 
metal surface by laser irradiation could reduce the ablation 
efficiency [27].

FTIR measurements were recorded to confirm the for-
mation of oxide bonds for NiO nanoparticles. In general, 
the absorption bands of the metal-oxide nanoparticles are 
below 1000  cm−1, arising from inter-atomic vibrations 
[29]. Figure 5a, b shows the FTIR of the NiO colloidal nan-
oparticles prepared at laser energies of 80 and 200 mJ for a 
10 min ablation time. The peaks at 491 cm−1 correspond to 
the stretching vibration mode of the Ni–O bond. The broad 
peaks at 3420 cm−1 correspond to the band O–H stretching 
vibrations and the peak near 1641.3 cm−1 is assigned to the 
H–O–H bending vibration mode. The intensity of the FTIR 
spectrum changes with a change in laser energy, while the 
width of the peaks is constant. These results are in agree-
ment with the data reported in [30]. The region around 
2090 cm−1 is assigned to the C–O molecules [31].

Figure 6 shows XRD of the crystalline phase of the nan-
oparticles generated at 200 mJ for 10 min. The peaks cen-
tred at 2θ = 37.25° and 43.2° correspond to the 111 and 200 

phases that are assigned to the crystal planes of the nickel 
oxide phase [28]. The peaks at 2θ = 44.45° and 51.8° cor-
respond to 111 and 200, which match the nickel [32], this 
peak related to incompleteness chemical reactions between 
the ejected Ni and the surrounding liquid in the process of 
NP formation. The grain size (D) values, calculated with 
Scherrer’s equation using Eq. (1), are shown in Table 1.

Figure 7a shows the optical density of E. coli, S. aureus, 
P. aeruginosa, and P. vulgaris, cultured in Lysogeny 
broth (LB) media in the presence of NiO nanoparticles. 
It can be noted that the optical density at 600 nm (OD600) 
dropped slightly when the concentrations of the nanopar-
ticles increased. This means that the inhibitory effect of 
the nanoparticles was dependent upon the concentration. 
As shown in Fig. 7b, the 1000 µg ml−1 concentration was 
the best concentration of NiO nanoparticles for inhibiting 
growth of both Gram-positive and Gram-negative strains. 

Fig. 5   FTIR spectrum of NiO nanoparticles prepared by laser ablation of nickel in deionised water at a 80 mJ for 10 min and b 200 mJ for 
10 min
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The inhibition rate of the nanoparticles at a concentration 
of 1000  µg  ml−1, calculated from Eq.  (2), was 26, 25.9, 
18.8, and 26.7% of E. coli, S. aureus, P. aeruginosa, and 
P. vulgaris, respectively. It can be seen that at this concen-
tration, P. vulgaris is more affected than the other types of 
bacteria, while P.aeruginosa seemed to be more resistant to 
NiO nanoparticle than Gram-negative bacteria. However, 
the antibacterial activity of NiO nanoparticles was approxi-
mately similar in Gram-negative bacteria to those observed 
of Gram-positive bacteria. The interaction between NiO 
nanoparticle surface and the cell wall constituents might 
have caused structural changes and damage to the cellular 

membranes. Outer membrane of Gram-negative bacteria is 
composed of lipopolysaccharide in addition to a thin pep-
tidoglycan layer and acts as a primary permeability barrier 
for macromolecules and hydrophobic drugs. However, for 
Gram-positive bacteria, the structure is rather simple as 
they have a membrane, which surrounds the cell, and a cell 
wall primarily made up of peptidoglycan layer as well as 
teichoic and lipoteichoic acids. Still date, the mechanism of 
antimicrobial activity of NiO is not understood. For both 
cases due to direct contact, NiO nanoparticles damaged the 
cell membrane. The global charge of the bacterial cell at 
physiological pH was negative due to the dissociation of 
excess carboxylic groups at the cell surface [33, 34]. Since 
NiO has a positive surface charge and a ζ = 36.8 ± 0.9 mV 
(found from Zeta potential measurement), they became 
electrostatically bound to the negative cell surface hinder-
ing the cell activity. Penetration of NiO into the cell and 
its toxicity made it inactive and dead followed by lysis 
[35].Some studies suggest that the small size of nanopar-
ticles is a factor in penetrating the bacteria membrane. It 
was reported that the outer cell membranes have pores 
in the nanometer range, and that nanoparticles which are 
smaller than the diameter of the pores can penetrate the 

Table 1   XRD parameter investigation for NiO nanoparticles

Ablation condition 2θ (°) Orien-
tation 
(hkl)

G.S (nm) FWHM (°) Type

200 mJ 10 min 37.25 111 33.75 0.2482 NiO
43.2 200 47.63 0.1793 NiO
44.45 111 25.91 0.3310 Ni
51.8 200 34.59 0.2551 Ni

Fig. 7   Growth curves of tested 
organisms in broth in the pres-
ence of NiO nanoparticles: a 
optical density at 600 nm and 
b cell viability. Error bars are 
*≤0.05, **≤0.1
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cell membrane [18]. This results in uncontrolled mass 
transfer through the membranes [36]. As a result, the nan-
oparticles damage the cell membranes as a result of reac-
tive oxygen species (ROS), such as superoxide (O2−) and 
hydroxyl (OH−) radicals or direct cell damage. For metal-
oxide nanoparticles, superoxide and hydroxyl radicals are 
two ROS produced by metal-oxide nanoparticles that cause 
cell damage. ROS oxidise double bonds in phospholipids, 
leading to increased membrane fluidity which leaves cells 
more susceptible to osmotic stress. ROS can also damage 
iron-sulphur clusters that function as cofactors in enzymes. 
Bactericidal activity of such nanoparticles is influenced by 
the size, concentration, and stability of nanoparticles in the 
growth medium [37].

Figure  8 shows the suppressive effect of amoxicillin 
(30 µg ml− 1) against E. coli and S. aureus with and with-
out NiO nanoparticles. The concentration of NiO nanopar-
ticles in each case was 400, 600, and 1000  µg  ml−1. The 
optical density of the bacterial cultures decreased as the 
concentrations of nanoparticles combined with amoxicil-
lin were increased. This result proved that the antibacterial 
effect of amoxicillin improved in the presence of the NiO 
nanoparticles; this effect was the strongest at the highest 
concentration (1000 µg ml−1) against both bacteria strains. 
The small size of the nanoparticles provides a large surface 
area for interaction with the bacterial cells. Such a large 
contact surface enhances the extent of bacterial elimina-
tion. When nanoparticles and antibiotics are used together, 
they have an extremely strong effect against Gram-positive 
and Gram-negative bacteria. The combined effect of metal-
oxide nanoparticles and amoxicillin may be caused by lysis 
induced by the amoxicillin and the DNA-binding action 
of the nanoparticles. The antibiotic molecules contain 

many active groups, such as hydroxyl and amino groups, 
which reacts easily with nanoparticles by chelation. Thus, 
the synergistic effect may be due to the bonding reaction 
between the antibiotics and the nanoparticles [38]. Another 
mechanism reported by Tiwari et al. [39] is the existence of 
hydrophobic groups, such as phospholipids and glycopro-
tein, in the bacteria cell membrane which give the nano-
particles hydrophobic properties. In contrast, amoxicillin 
is hydrophilic, and can easily approach the membrane of 
the bacteria cells. As a result, the antimicrobial groups can 
easily transfer the amoxicillin to the cell surface [39]. This 
new idea was developed to counteract the incidence of high 
bacterial resistance to different antibiotics.

Figure  9 shows the inhibition rate of pure amoxicillin, 
pure NiO2 nanoparticles, and a mixture of the two against 
E.coli and S. aureus bacteria. In the case of the pure 
amoxicillin, the inhibitory rate was about 74.8 and 76.28% 
against E.coli and S. aureus, respectively. This figure was 
enhanced to 81.5% against E.coli and 86.9% against S. 
aureus in the case of NiO nanoparticles with amoxicillin. It 
can be concluded that the efficiency of inhibiting bacterial 
growth could be improved by the addition of metal-oxide 
nanoparticles to amoxicillin in comparison with either pure 
amoxicillin or pure metal-oxide nanoparticles.

The synergistic antibacterial activity of the NiO nano-
particles combined with amoxicillin was also tested against 
E. coli and S. aureus using the well-diffusion method. Fig-
ure 10 shows the inhibition zone (IZ) results against E. coli 
and S. aureus bacteria. It can be noted that the nanoparti-
cles enhanced the antibacterial activity of amoxicillin. It is 
worth mentioning that higher concentrations of the synthe-
sised metal-oxide nanoparticles exhibited the best results 
along with amoxicillin.
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The synergetic effect of NiO nanoparticles com-
bined with amoxicillin was observed by the increase in 
inhibition zones (mm). As shown in Table  2, the high-
est increase in the inhibition zones was observed for a 
1000  µg  ml−1 concentration of NiO nanoparticles with 
amoxicillin. Nanoparticles are important, because their 
large surface area allows them to carry a large num-
ber of antibiotics. More antibiotic molecules can then 
be absorbed on the surface of the nanoparticles. The 
nanoparticles are surrounded by a number of antibiot-
ics, which then act as a single group against the micro-
organisms. Such a group can then effectively bind to the 
outer membrane of the organisms. This synergistic effect 
may be attributed to the reaction between the antibiot-
ics and the nanoparticles. Antibiotic molecules contain 
groups, such as hydroxyl groups, which may easily react 
with nanoparticles. Therefore, nanoparticles function 
as an antibiotic carrier in addition to their antibacterial 
properties.

4 � Conclusion

Pulsed laser ablation in a liquid environment is an efficient 
method to synthesise colloidal NiO nanoparticles. Nickel 
oxide (NiO) nanoparticles were generated by nanosec-
ond laser in deionised water. They have a spherical shape 
with high aggregation. The absorption spectrum of NiO 
nanoparticles showed increasing absorption peaks with 
increasing laser energy and ablation time. The antibacte-
rial activity of the nanoparticles increased with increas-
ing nanoparticle concentration. Their optimal antibacte-
rial activity was observed against P. vulgaris. In addition, 
NiO nanoparticles and amoxicillin were found to have a 
synergic effect on bacterial cells, and it was observed that 
nanoparticles can efficiently enhance the permeation and 
uptake of amoxicillin into bacteria cells. The antibacterial 
activity of NiO nanoparticles combined with amoxicil-
lin in the solid medium agreed with results obtained using 
the liquid medium. NiO nanoparticles showed an inhibi-
tion zone against E. coli equal to 14.3 ± 1.15, and against 
S. aureus, this figure, was 12.6 ± 0.57. Thus, our findings 
concluded that the efficiency of inhibiting bacterial growth 
could be improved by the addition of NiO nanoparticles to 
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Fig. 10   Antimicrobial activ-
ity of NiO nanoparticles with 
amoxicillin (30 μg ml−1) against 
aE. coli and bS. aureus, where 
A represents amoxicillin and 1, 
2, and 3 represent nanoparticles 
with concentrations of 400, 600, 
and 1000 μg ml−1, respectively

Table 2   Inhibition zone of NiO nanoparticles with amoxicillin 
against E. coli and S. aureus

Organism Concentration Inhibition zone (mm)

E. coli Control (Amoxicillin) 9.3 ± 0.57
400 µg ml−1 9.6 ± 0.57
600 µg ml−1 11.6 ± 0.57
1000 µg ml−1 14.3 ± 1.15

S. aureus Control (Amoxicillin) 9.6 ± 0.57
400 µg ml−1 10.6 ± 0.57
600 µg ml−1 11.0 ± 1.00
1000 µg ml−1 12.6 ± 0.57
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amoxicillin in comparison with either pure amoxicillin or 
pure NiO nanoparticles.
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