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Abstract
The preparation of nanoparticles by utilizing laser ablation in liquid has gained extensive attention as a reliable, simple, fast, 
efficient and environmental friendly method. In the present study, zinc oxide nanoparticles (ZNO NPs) and aluminum-doped 
ZNO nanoparticles (Al ZNO NPs) were produced via laser ablation in deionized water. The synthesized nanoparticles were 
characterized by X-ray diffraction (XRD), UV–Vis spectroscopy, field emission scanning electron microscopy (FESEM) 
and energy dispersive spectrum (EDS) analyses. ZNO NPs showed that the particle size increased with the increase in the 
number of laser pulses, while the shape changed from nanoplate to nanowire, along with the presence of small agglomer-
ated spherical nanoparticles. The results confirmed the formation of Al ZNO NPs with Wurtzite hexagonal phase where the 
shape being modified from nanowire to spherical, along with high agglomeration. The EDS analysis showed that all peaks 
had conformity with the peaks of Zn, O, and Al atoms, with no impurities. The antibacterial activity test revealed a largest 
inhibition zone in Staphylococcus aureus as compared to Escherichia coli, with a more potent effect for Al ZNO NPs when 
compared with ZNO NPs alone. The same effects were recorded against Leishmania tropica and L. donovani, with stronger 
activity against the former parasite. The nanoparticles also showed anticancer activities against MDA-MB-231 cells, suggest-
ing that cancer cells were targeted by the NPs through induction of cell death. Consequently, these investigations reveal that 
the prepared particles may be useful for the development of anti-cancer drugs, including those used for breast cancer therapy.
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1  Introduction

Metal oxides received an increasing interest in research 
due to low cost, nontoxicity, simple processing steps, and 
beneficial applicability in many fields for electronic, opto-
electronic and biological labeling and catalysis [1–3]. Their 
unique properties depend on both the size and the morphol-
ogy of nanoparticles [4]. There is a large variety of metal 
oxide nanomaterials such as nanoparticles, nanowires, nano-
tubes, and nanoporous structures. Hussein et al. prepared 

fluorescent quantum dots and studies their properties [5]. 
Khashan et al. synthesized InN NPs by Nd:YAG laser abla-
tion of indium target submerged under ammonium hydroxide 
and examined their characterization [6]. Singh et al. success-
fully synthesized (2–6 nm) spherical monoclinic structured 
of CuO NPs with an optical band gap of 2.5 eV via green 
method using P. guajava leaf extract [7].

Zinc oxide (ZNO) is one of the promising nanomateri-
als that is prepared in different methods and used in a wide 
range of applications, including optoelectronic devices, energy 
storage and biomedical sciences [8–10]. ZNO NPs received 
increasing attention in recent years, not only because their 
stability under harsh processing conditions, but also because 
they are generally regarded as safe materials to human beings 
and animals. Metal oxide nanoparticles with varying phys-
icochemical characteristics can exhibit different antibacterial 
mechanisms and effects [11]. The benefits of utilizing ZNO 
as an antibacterial agent are derived from the properties of Zn 
as a mineral that is essential to humans, non-toxic, long-term 
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stable and strongly active even when administrated at lower 
concentrations [12]. Oxide nanoparticles with a combination 
of two or three metals can be developed for efficient elimina-
tion of various bacterial strains, even those highly resistant 
to traditional treatments. The activity of ZNO NPs can be 
enhanced by doping with different metals such as Mn, Al, Mg, 
In, Cd and Ti [13–16]. Al is considered as a suitable choice for 
dopant materials in terms of its availability and non-toxicity 
[17].

To date, many techniques have been used to synthesize 
ZNO NPs with different shapes and sizes, such as the hydro-
thermal [18], chemical [19], and green synthesis methods [20]. 
Most of these techniques involve adding a source of Al in order 
to achieve Al-doped ZNO nanoparticles (Al ZNO NPs). Also, 
Saxena et al. have systematically designed Al ZNO NPs via a 
co-precipitation method, and evaluate the antibacterial proper-
ties against Escherichia coli and E. hirae [12]. Bhuiyan et al. 
reported that Al ZNO nanostructure have been successfully 
grown by an electrochemical method [21]. Singh et al. success-
fully synthesized spherical, polydispersity of ZNO NPs with 
average size of 20 nm via a green synthesis method using an 
aqueous leaf extract of Punica granatum [22].

However, one of the simplest methods for preparing 
nanoparticles can be the utilizing of laser ablation in liquid 
(LAL). This method is based on the process of pulse laser 
ablation of a metallic target that is impressed in liquid. This 
method is preferred because it is simple, fast, efficient and 
environmental friendly. It is used to synthesize a wide range 
of NPs colloidal solutions for various types of materials in 
many type of liquids. Therefore, this process could be uti-
lized to synthesize different types of materials with vari-
ous shapes of nanoparticles [23–25]. Furthermore, it can be 
used to reduce the size of initial particles in liquid and to 
reshape and de-agglomerate the nanoparticles [26]. In gen-
eral, nanosized materials produced by LAL technique have 
a great importance in recent years because of their inter-
esting properties and their efficient applications in different 
fields, including biomedical uses [27, 28]. Until now, only 
limited information is available on the potential toxicity of 
Al ZNO NPs to bacterial species, parasites and cancer cells. 
Thus, the present research is aiming at the synthesis of Al 
ZNO NPs colloidal suspension by LAL and studying their 
properties against two clinical isolates of bacteria, two spe-
cies of leishmania, and human triple-negative breast cancer 
(MDA-MB-231) cells.

2 � Experimental Work

2.1 � Materials

Zinc target (99.999%) was purchased from Sigma–Aldrich, 
Saint Louis, USA. Aluminum target (99.999%) were 

purchased from Himedia Ltd., Mumbai, India. Mueller 
Hinton agar and nutrient broth were purchased from Merck, 
Germany. Tissue culture plastic wares were obtained from 
BD Bioscience, USA. RPMI 1640, fetal calf serum (FCS) 
2,2-diphenyl-1-picrylhydrazyl (DPPH), 3-(4,5-dimethylthi-
azal-z-yl)-2, 5-diphenylterazolium (MTT) and crystal violate 
stain were purchased from Sigma Chemical Co., USA. The 
antibiotics penicillin–streptomycin were purchased from 
Biosource International, Nivelles, Belgium. All other chemi-
cals and reagents were used at analytical grade. Water was 
double distilled with Millipore water purification system.

2.2 � Organisms

Two clinical isolates like Escherichia coli (gram-negative) 
and Staphylococcus aureus (gram-positive) were used to 
evaluate the antibacterial activity of prepared nanoparticles. 
The clinical isolates were obtained from patients admitted 
to several Iraqi medical centers in Baghdad. E. coli were 
isolated from patients suffering from urinary tract infections. 
While, S. aureus were isolated from patients with wound 
infections. The isolates were processed and identified by 
standard biochemical methods at Medical Microbiology 
Laboratory, Biotechnology Division, Department of Applied 
Science, University of Technology, Baghdad, Iraq. Two spe-
cies of Lieshmania (L. tropica and L. donovani) were kindly 
donated by Dr. Mohammad M.F. Al-Halbosiy (Biotechnol-
ogy Research Center, AL-Nahrain University, Baghdad, 
Iraq). Parasites were cultured in RPMI-1640 medium with 
L-glutamine supplemented with FCS (10%). Parasites were 
passaged weekly by transferring 3 × 105 promastigotes from 
a previous culture to 5 mL of RPMI-1640 plus FCS medium 
(10%). The cultivation of human triple-negative breast can-
cer (MDA-MB-231) cells was maintained in RPMI-1640 
cell culture medium mixed with HEPES (20 mM) as a buff-
ering medium and with FCS (5%), L-glutamine (2 mM), 
sodium pyruvate (10 mM) and both penicillin and strepto-
mycin (100 IU mL−1). The mixture was kept in tissue culture 
flasks (T 25 cm2; Falcon, USA) with a humidified atmos-
phere and optimal conditions (37 °C, 5% CO2) to retain the 
weekly-passaged cells in the logarithmic phase of growth.

2.3 � Preparation of ZNO and Al ZNO Nanoparticles

High intense pulsed Neodymium-doped Yttrium Alu-
minium Garnet (Nd:YAG) laser system (HUAFEI, China) 
providing pulses of 1064 nm wavelength with maximum 
energy per pulse of 1000 mJ, 9 ns pulse width, repetition 
rate of 1 Hz and effective beam diameter of 5 mm, was 
used for preparing the nanoparticles. The reaction con-
dition was performed at ambient room temperature and 
the schematic representation for synthesis of ZNO and Al 
ZNO NPs is illustrated in Fig. 1. In brief, Nd:YAG laser 
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was applied to irradiate the surface of the zinc target that 
was impressed in 3 mL of deionized distilled water (DIW) 
contained in a small glass vessel with continuous spinning. 
The height of water above the target was 2 mm, while 
the laser beam was focused at the surface of the target by 
a convex lens with a focal length of 100 mm and focus 
energy at 700 mj, and different numbers of pulses (25, 50, 
75, 100 and 125). By interaction between laser pulses and 
the solid target in liquid environment, target ablation was 
achieved and the required nanomaterial was obtained as 
a suspension. At a constant concentration of zinc oxide 
nanoparticles, the doping occurred by replacing zinc tar-
get with aluminum target and hitting the surface of the 
aluminum target with constant laser energy and different 
numbers of pulses (20, 30, 40, 50).

The concentration of the prepared NPs was prepared 
by utilizing a four digits-balances to weigh the target 
before the ablation process. After ablation with a number 
of pulses, the target was dried and weighed again. The 
amount of the target mass that was ablated (∆M) could be 
found by the following equation:

where m1 = target mass before ablation; m2 = target mass 
after ablation.

(1)ΔM (Δg) = m1 −m2

Then, mass concentration was calculated via dividing the 
deference (∆M) by the liquid volume:

The doping ratio (DR %) of aluminum could be calcu-
lated by dividing mass concentration of (Al) NPs by the 
total composition.

The prepared NPs with their respective concentrations, 
doping ratios, and the used number of pulses are listed in 
Table 1.

2.4 � Characterization of ZNO and Al ZNO 
Nanoparticles

X-ray diffraction (XRD) data were obtained using Philips 
PW (Japan) XRD with Cu-Kα radiance source at 2θ 
angle = (10° to 80° with scan speed 5.0000 (° min−1). 
Double beam UV–Vis spectrophotometer (SP-3000 Plus 
model, Optima, Tokyo, Japan) was used to measure the 
optical absorption spectra of ZNO and Al ZNO NPs sus-
pension with different concentrations at a spectral range 
of 200–900  nm. These steps were performed at room 

(2)Mass concentration (μg ml−1) = ΔM/liquid volume

(3)DR (%) =
M.C (AlO)

M.C (AlO + ZNO)

Fig. 1   The schematic represen-
tation for synthesis of ZNO and 
Al ZNO NPs

Table 1   Samples of NPs with 
their respective concentrations, 
doping ratios, and the used 
number of pulses

a Control: deionized distilled water

Sample code Sample Sample abbreviation Number of 
pulses

Mass concentration (µg mL−1)

A Controla – – –
B 1 ZNO 25 66.6
C 2 ZNO 50 133.3
D 3 ZNO 75 200
E 4 ZNO 100 266.6
F 5 ZNO 125 333.3
G Al 1 Al ZNO 20 0.2% doping ratio
H Al 2 Al ZNO 30 0.27% doping ratio
I Al 3 Al ZNO 40 0.33% doping ratio
J Al 4 Al ZNO 50 0.42% doping ratio
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temperature in a 1 cm optical path using quartzite cell. Field 
emission scanning electron microscopic (FESEM) analy-
sis was conducted using MIRA 3 TESCAN (Brno, Czech 
Republic) operating with 10 keV voltage to provide data 
on the distribution of particle shape and size of ZNO and 
Al ZNO NPs. Energy dispersive spectrum (EDS) analysis 
gives a chemical composition of the nanomaterial synthesis 
by using Inspect S50 scanning electron microscope (FEI, 
Eindhoven, Netherlands).

2.5 � Antibacterial Activity Assay of ZNO and Al ZNO 
Nanoparticles

Antibacterial activity of ZNO and Al ZNO NPs suspension 
was examined against E. coli and S. aureus. The stock cul-
tures for these two bacterial isolates was transferred into 
Mueller Hinton agar medium, incubated over night at 37 °C, 
and stored in refrigerator at 4 °C until used.

2.5.1 � Mueller Hinton Agar Peparation

Mueller Hinton Agar was made to reveal antibacterial effec-
tiveness. According to the manufacturer’s guidelines, the 
agar media was prepared by dissolving 28 g of the powder in 
1000 mL of deionized distilled water with the assistance of 
heating and continuous shaking. After autoclaving at 121 °C 
for 15 min, the agar preparation was cooled at 47 °C by cold 
water, and solidified in Petri dishes which were left about 
15 min till they were cooled at room temperature.

2.5.2 � McFarland Solution Preparation

The solution of McFarland was prepared using 
BaCl2×0.2H2O (0.05 mL, 1.175%) and H2SO4 (9.95 mL, 
1%). The standard solution that symbolized to 5 × 107 bacte-
rial cells per milliliter was compared with turbidity bacterial 
suspension, which combined and make sure from its sus-
pending. McFarland Suspension was tightly closed to avoid 
evaporation and wind while covered with foil of aluminum 
to keep away from light.

2.5.3 � Antibacterial Activity of ZNO and Al ZNO NPs 
by Liquid Medium Method

The antibacterial affectivity of ZNO and Al ZNO nanoparti-
cles was tested against S. aureus and E. coli via the dilution 
method in normal saline. To prepare bacterial suspension, 
bacteria strains were recruited from stored bacterial cultures 
via a loop, dissolved in normal saline, and calibrated with 
0.5 McFarland turbidity standard (5 × 107 cell mL−1).

Both bacterial strains were diluted in normal saline. The 
dilution method was performed by adding 0.1 mL of nanopar-
ticles suspension for all concentrations of pure ZNO and Al 

ZNO NPs to tubes containing 0.9 mL of normal saline inocu-
lated with either bacterial strain. The tubes were placed in an 
incubator for 3 h, followed by measuring the optical density 
by spectrophotometer and then the inhibition rate for ZNO 
and Al ZNO NPs. Curves of optical density represented num-
bers of viable bacterial cells in normal saline after treatment 
with ZNO and Al ZNO NPs suspension. The inhibition rate 
(%) was determined by applying the readings from the UV-
spectrophotometer (APEL, PD-303, Japan) in the following 
equation [23]:

2.5.4 � Antibacterial Activity Test of ZNO and Al ZNO NPs 
by Well Diffusion Nethod

Antibacterial activity of ZNO and Al ZNO NPs against E. coli 
and S. aureus was also measured by the well diffusion method. 
The bacteria were separated at the surface of Mueller Hinton 
agar plates. Wells with diameters of about 6 mm were made 
at the surface of agar media by tips of micropipette, then NPs 
suspensions with different concentrations were added into the 
wells. These plates were kept at the incubator for 24 h. The 
antibacterial effectiveness of nanoparticles was recorded by 
measuring inhibition zone diameters from different directions 
using a ruler more than once.

2.6 � Anti‑parasitic and Anti‑cancer Activities of ZNO 
and Al ZNO NPs by MTT Assay

The cytotoxic activities against two species of Leishmania (L. 
tropica and L. donovani) as well as against MDA-MB-231 
cancer cells were assessed after 24 h using the colorimetric 
MTT reduction assay [29, 30]. Briefly, culture plates (96-well, 
flat-bottom; Falcon, USA) were used to seed the cells (200 
µL, 1 × 106 mL−1), which were initially kept in the exponen-
tial phase of growth for 48 h and then exposed to different 
concentration of either ZNO or Al ZNO NPs. Following 24 h 
of incubation, the cells were labeled with MTT in PBS (100 
µL, 20 min, 37 °C). After a washing step with tap water, the 
stain was dissolved by the addition of DMSO (100 mL) and 
the air bubbles were cleared out through 10 min of incubation. 
The absorbance (600 nm) was determined using a microplate 
reader (ELx 800, Bio-Tek Instruments, USA). The percentage 
of the growth inhibition rate was measured depending on the 
following equation:

Inhibition rate% =
Control(OD) − Test(OD)

Control(OD)
× 100%

Growth inhibition% =
Control(OD) − Test(OD)

Control(OD)
× 100%
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2.7 � Statistical Analysis

The statistical analysis was implemented using SPSS pack-
age by one-way analysis of variance (ANOVA). Significance 
of differences was set at p ≤ 0.05. All measurements were 
replicated more than three times for each experiment.

3 � Results and Discussion

Figure 2 shows the influence of increasing the number of 
pulses on the nanoparticle concentration for ZNO and Al 
ZNO NPs prepared by Nd-YAG laser ablation in DIW. The 
absorbance was taken at a wavelength of 1064 nm and output 
energy of 700 mJ. The concentration was calculated using 
Eqs. 1 and 2 as described in Sect. 2.3. The linear relation-
ship between number of pulses and mass concentration 
explains the gradual increase in number of both ZNO and 
Al ZNO NPs at liquid suspension with growing number of 
pulses. This may be related with the increased evaporation 
in target surface at increased surface heating caused by the 
increase in number of pulses. In general, production rate of 

nanoparticles is dependent on parameters related to optical 
and thermal properties of the target material, such as surface 
reflectivity, heat capacity, thermal conductivity, absorbance 
of light, boiling temperature and enthalpy of vaporization 
[31]. Number of laser pulses is the most important factor 
that can influence the efficiency of ablation by affecting the 
concentration and morphology of nanoparticles released in 
the liquid; increasing the number of laser pulses leads to an 
increase in the concentration of nanoparticles. Moreover, 
size and shape of nanoparticles can be modified by further 
interaction with laser pulses [32].

Figure 3 shows the XRD patterns for pure ZNO NPs 
prepared by laser ablation in DIW at 700 mJ with differ-
ent number of pulses. These spectra exhibited peaks equal 
to 2θ = (31.73°, 33.5°, 36.69°, 56.69°, 66.4°, 67.6°, 69°) 
which correspond to the planes of (100), (002), (101), (110), 
(200), (112), and (201). All samples of ZNO NPs were well 
matched with the standard card of JCPDS (No. 36–1451), 
which shows that the ZNO NPs belong to the hexagonal 
Wurtzite structure. While, the peak at a diffraction angle 
≈ 43.76 corresponded to (101) plane for Zn2+ structures 
and was matched with the standard card of JCPDS (No. 
04–0831). These findings providing an evidence for high 
activity of the zinc target to generate ZNO nanomaterial 
suspension in liquid when reacting with water and oxygen 
molecules [33–35].

Figure 4 shows the XRD results for Al ZNO NPs which 
exhibited peaks of 2θ = 43.79°, corresponding with Miller 
indices equal to 320 which provides an evidence of the pro-
duction of Al ZNO NPs inside the suspension and refers 
to a hexagonal structure of the Al ZNO NPs [28]. Other 
peaks appeared at 2θ = 20°, 24°, 25°, 26.6°, 27°, 31.5°, 
34.5°, 36.2° and 56.6°, corresponding to Miller indices of 
111, 112, 004, 100, 013, 020, 014, -214 and 107, respec-
tively. These indices were well matched with the standard 
cards of JCPDS (No. 36–1451), and (No. 023–1491). These 
peaks reflected changes according to Al doping ratio, which 
confirmed the hexagonal structure of Al ZNO NPs nano-
structures. All these results are in a good agreement with 
previously published data [36]. Peaks of Al ZNO NPs tend 
to shift at a diffraction angle smaller than that for ZNO NPs 
after increasing Al concentration in ZNO lattice, which is 
possibly due to the small ionic radius of Al3+ [37]. Also, the 
intensity of diffraction peaks decreases as compared with the 
intensity of ZnO, indicating that the crystal size decreases 
when Al incorporates with the ZNO lattice [36].

Figure 5a shows the UV–Vis spectra for ZNO NPs pre-
pared by the laser ablation of zinc target in DIW, achieved at 
output energy of 700 mJ with different number of pulses. All 
peaks for these five samples were still within the UV range 
and centered at approximately 260 nm. Increasing the num-
ber of laser pulses caused an increase in the peak of absorb-
ance intensity, possibly due to the increase in the amount of 

Fig. 2   Mass concentration as a function of number of laser pulses for 
a ZNO NPs and b Al ZNO NPs
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masses produced by the ablation process inside the colloidal 
suspension which indicates increasing the concentration of 
NPs. Also, changing the number of pulses may change the 
quality of nanoparticles; these particles intercept the path of 
the laser beam, causing absorption of laser energy which, in 
turn, results in the reduction in the size of NPs [38]. There 
were also long tails toward the higher wave length, either 
because of the scattering rate of particle size or the Urpach 
effect resulting from the inter-grain depletion regions [39].

Figure 5b demonstrates the UV–visible absorption spec-
tra for Al ZNO NPs prepared at same laser energy with 

different doping ratios. All peaks were centered at 260 nm, 
a position for a UV region of a high absorption edge which 
was blue-shifted toward shorter wavelength and high energy 
because of the reduction in particle size by doping Zinc 
oxide with Al3+. This shift is attributed to the increase in 
aluminum concentration with increasing the number of laser 
pulses [40]. From Fig. 5b, it can be observed that the breadth 
of the absorption region increases with increasing the dop-
ing ratio of Al ZNO NPs, indicating that the absorption was 
caused by the endings of localized levels within the energy 
gap produced from the change in crystal structure acquired 

Fig. 3   X-ray diffraction patterns for ZNO NPs with different umber of pulses
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by different Al NPs [36]. Also, all peaks in the figure were 
positioned between the low absorbance at the visible region 
and the high absorbance at the UV region. In general, the 
absorbance increases linearly with the doping ratio, which 
is clear when the absorbance peaks at the 0.27% are slightly 
higher than those at the 0.2% sample and the absorbance 
peaks at 0.42% are higher than those at 0.33% samples. 
However, the absorbance of the former two samples was 
higher than that of the latter ones, which might be attributed 
to the scattering by the nanoparticles or the characteristics of 
aluminum reflectance, since aluminum has a high reflectivity 

in the UV region [40, 41]. The variation of band gap for 
prepared samples can be estimated from transmittance data 
as seen in Table 2 and these results were in good agreement 
with previous results of Khan and his co-workers [42].

Figure 6 illustrates the FESEM images for ZNO NPs 
synthesized by laser ablation at output energy of 700 mJ as 
with different number of pulses (25, 50, 75, 100, and 125) 
with their Energy-Dispersive Spectroscopy (EDS) analy-
ses. In general, the morphology of the colloidal preparation 
changed according to the number of laser pulses. As can 
be observed, the formed nanoparticles were in the shape of 

Fig. 4   X-ray diffraction patterns for Al ZNO NPs with different concentrations
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nanoplate or flakes with a thickness of about 10–50 nm at 
25 pulses with average particles diameter was about 44 nm. 
This structure was modified to a hexagonal-rode shape at 
50 pulses, followed by remarkable morphological change 

to spherical particles at 75 pulses, with parallel diameter 
changes from 24 to 42 nm and the average size was about 
35 nm. At 100 laser pulses, agglomerates of mostly spherical 
particles as well as flakes could be clearly observed, with 
diameter change from 34 to 69 nm and average size was 
about 50 nm. Nanowires and tiny agglomerates of spherical 
nanoparticles were observed at 125 pluses. The nanowires 
were with diameters of about 30 nm whereas the particles 
had diameters ranging from 22 to 31 nm and average size 
was about 27 nm. Also, Fig. 6 demonstrates the results of the 
EDS analysis for ZNO NPs with different number of pulses, 
indicating the presence of only Zn metal and Oxygen.

Figure 7 shows the FESEM images for Al ZNO NPs at 
different concentrations. It can be initially observed that the 
average particle diameters decreased with increasing alu-
minum concentration [43]. At 0.2% Al, the morphology of 
the sample resembled a nanowire structure with 28 nm in 
thickness as well as irregular particles with diameters of 
about 16–27 nm and average size was about 25 nm. At 0.27% 
Al, the morphology was changed to a hexagonal nano-rod 
shape with a diameter of about 126 nm and a thickness of 
about 88–95 nm and particles with average size was about 
82 nm. The morphology kept similar structure with few 
spherical particles as doping ratio increased to 0.33% Al. 
Using this ratio, thickness of the nanorod was decreased to 
56–64 nm and the diameter of the spherical particles were 
in the range of 18–22 nm and average size was about 46 nm. 
Finally, the structure was modified to spherical particles 
with high aggregation and a diameter of about 22–32 nm 
and average size was about 27 nm. These results are in full 
agreement with previously reported data [40, 41]. EDS spec-
tra in Fig. 7 show peaks that well are conformed with those 
of Zn, O, and Al atoms No other peaks related to impurities 
were recorded, clearly explaining that the observed Al ZNO 
NPs were synthesized from Zn, O and Al elements [44].

Figure 8 shows the optical density and inhibition rate 
of the culture growth of Gram positive and Gram nega-
tive bacteria, in the presence of both pure zinc oxide and 
Al-doped zinc oxide nanoparticles. UV–Vis spectroscopy, 
set at 600 nm wavelength, was used to measure the optical 
density of bacteria in liquid medium. As shown in Fig. 8a, 
the optical density of E. coli was slightly dropped after treat-
ment with ZNO, reaching to a minimum suppression at a 
concentration 200 µg mL−1. After doping with alumina, the 
Al ZNO NPs gradually reduced the bacterial culture growth 
with increasing NPs concentration. The antibacterial effects 
of ZNO NPs and Al ZNO NPs against S. aureus were more 
effective than that recorded in E. coli (Fig. 8a).

Figure 8b shows the inhibition rates for E. coli and S. 
aureus, respectively. The blue line indicates the inhibi-
tion rate for E. coli which began to increase with increas-
ing NPs concentrations, until reaching an inhibition of 
28.57% at the third concentration (200 µg mL−1). Less 

Fig. 5   UV–Vis spectra of a ZNO NPs and b Al ZNO NPs with five 
different numbers of pulses

Table 2   Variation of the energy band gap for ZNO NPs and Al ZNO 
NPs

a Eg (e.v): Band gap energy per electron volt

ZNO NPs Al ZNO NPs

Number of 
pulses

Eg (e.v)a Doping ratio Eg (e.v)

25 3.05 0 3.20
50 3.10 0.2 3.25
75 3.15 0.27% 3.30
100 3.20 0.33% 3.35
125 3.25 0.42% 3.15
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Fig. 6   FESEM imaging with 
EDS analysis for five samples 
of the prepared ZNO NPs with 
different numbers of pulses
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Fig. 7   FESEM imaging with 
EDS analysis for the prepared 
Al ZNO NPs with different dop-
ing ratios
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activity was observed at highest concentrations (2.66.6 
and 333.3 µg mL−1), that caused reductions of 17.14% and 
11.43%, respectively. Increasing the number of laser pulses 
in the ablation process exhibited effects on the NPs size, 
diameter, and morphology, with the increased size or diam-
eter causing adverse impacts on NPs toxicity by decreasing 
their penetration into the cell membrane. Thus, only few NPs 
with smaller size can penetrate the membrane and cause cell 
death. This effect may be attributed to the aggregation and 
settling of the NPs at the bottom of the tube, with the particle 

solution being not able to diffuse properly in the medium 
[45]. Various factors such as pH, size, ionic strength and 
capping agent influence the antimicrobial properties of the 
prepared [46].

Doping with alumina induced a sharp reduction in bacte-
rial growth, with the inhibition rates being in a concentration 
dependent manner (2.86%, 20.00%, 54.29%, 68.57%). Treat-
ment with Al ZNO NPs against S. aureus (orange line) was 
more effective than that recorded in E. coli, showing inhibi-
tion rates of 55.22%, 58.20%, 59.70%, 68.66%, respective 

Fig. 8   Optical density (a) and inhibition rate (b) for pathogenic bacteria of E. coli and S. aureus 
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to the used concentrations. This can be due to the difference 
in membrane structures of the bacteria, with regard to the 
organization of peptidoglycan, which is an essential compo-
nent in membrane structure and to the mechanism of NPs-
bacteria interaction [47]. Table 2 demonstrates the samples 
of NPs with their respective concentrations, doping ratios, 
and the used number of pulses.

Figure 9 illustrates the inhibition zone images of ZNO 
NPs and Al ZNO NPs against the two pathogens. The inhi-
bition zone in S. aureus is bigger than that observed in E. 
coli for the same concentrations and conditions. Consist-
ent with the results of bacterial growth in broth, the same 
picture was drawn on the antibacterial activity performed 
using well diffusion method. The diameters of inhibition 
zone for E. coli treated with ZNO NPs were 18, 18, 21, 23, 
and 19 mm whereas those for S. aureus were 18, 19, 23, 
22.5, and 21 mm (Table 3). These findings showed that S. 
aureus was more sensitive to ZNO NPs than E. coli. Similar 
results, with some alterations, were recorded after treatment 
with Al ZNO NPs. The diameters of inhibition zone for E. 
coli were 22, 18.5, 21.5, 20 and 23.5 mm, while those for S. 
auras were 21.5, 20, 23, 26 and 25 mm (Table 3). NPs have 
a specific property for antibacterial effectiveness against 

both Gram positive and Gram negative bacteria, as in the 
effectiveness of ZNO NPs in preventing the growth of S. 
aureus [10].

The mechanisms of the activity of the nanoparticle might 
occur in two successive stages; firstly, by causing damages 
in the outer membrane of the bacterial cell wall through 
electrostatic or direct interaction between the cell wall the 
NP. Secondly, by producing an active oxygen environment 
known as oxidative stress, e.g. during production of H2O2, 
because of the presence of metal oxides. For example, ZNO 
NPs shows no effects on the cell shape of E. coli O157:H7, 
but when these particles adhere to the cell surface cell they 
cause irregular surface structure, membrane bleeding, and 
outer membrane exhaustion, which causes surface leak-
age. Thus, the aim behind using NPs as bactericidal agents 
resides in their bacteriostatic effects; in other words, the 
effects of ZNO NPs on bacteria can be summarized by their 
direct interaction, affecting permeability of the outer mem-
brane, causing intracellular oxidative stress, inhibiting cell 
development, and finally leading to bacterial death [48]. The 
main steps in the antibacterial activity of these NPs are, first, 
generation of Zn2+ ions which directly affect and damage the 
cell wall and, second, formation of ROS (reactive oxygen 

Fig. 9   Antibacterial activity 
of ZNO NPs and Al ZNO NPs 
against two types of bacteria
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species). Generation of ROS means the production of H2O2 
and the release of zinc ions in the environment that contains 
bacteria would facilitate their penetration of the cell wall and 
exerting their toxicity effects [49].

Figure 10 shows the results of the anti-parasitic activi-
ties, as evaluated by the MTT assay, against two species of 
Leishmania (L. tropica and L. donovani) in the presence of 
ZNO NPs and Al ZNO NPs in aqueous solution prepared by 
Nd-Yag laser ablation at a wavelength of 1064 nm with an 
output power of 700 mJ. As observed in Fig. 10a, ZNO NPs 
exerted mild cytotoxicity against L. tropica, and this effect 
was concentration dependent. The growth inhibition results 

at the first concentration showed a reduction of 15.5% as 
compared to the non-treated Leishmania, while the high-
est inhibition (40%) was observed at the concentration of 
266.6 µg mL−1. After doping with Al, cell growth exhib-
ited the most remarkable inhibition for all samples (52.5%, 
56.6%, 60.1%, and 64.5%).

As shown in Fig. 10b, lower cytotoxic potentials against 
the L. donovani was recorded with the lowest concentra-
tion of ZNO NPs (5.5%), followed by the concentration of 
133.3 µg mL−1 (16.5%), and finally the concentration of 
266.6 µg mL−1 (38.1%). With respect to Al ZNO NPs, the 
samples recorded significant suppression of L. donovani 

Table 3   Inhibition zone diameters of Escherichia coli and Staphylococcus aureus 

a Control: deionized distilled water

ZNO NPs Inhibition zone (mm)

Sample code Sample Mass concentration (µg mL−1) E. coli S. aureus

A Controla 0 0 0
B 1 66.6 18 18
C 2 133.3 18 19
D 3 200 21 23
E 4 266.6 23 22.5
F 5 333.3 19 21

Al ZNO NPs Inhibition zone (mm)

Sample code Sample Doping ratio% E. coli S. aureus

A Controla 0 0 0
E 4 (E) 266.6 (µg mL−1) 22 21.5
G Al 1 0.2% 18.5 20
H Al 2 0.27% 21.5 23
I Al 3 0.33% 20 26
J Al 4 0.42% 23.5 25

Fig. 10   Growth inhibition of two species of leishmania by a ZNO NPs and b Al ZNO NPs suspension. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001
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growth and the effect was in a concentration dependent 
manner. The reduction values for the investigated samples 
were 42.9%, 46.4%, 46.7%, and 48.0%, respective to the 
used concentrations. These results agree with the observa-
tions obtained by our morphological assay on L. tropica 
and L. donovani for two different concentrations of pure 
ZNO NPs and two different doping ratios of Al ZNO NPs 

(Fig. 11). The effects of doped NPs were stronger than 
those of ZNO NPs, while both types of NPs had more 
potent effects on L. tropica than those on L. donovani. The 
exposed cells revealed reduced numbers of viable cells 
and less morphological changes (Fig. 11). These results 
demonstrate that ZNO NPs and Al ZNO NPs exert higher 
and dose-dependent anti-leishmaia activities due to their 

Fig. 11   Micrographic images of cell viability of L. tropica and L. donovani with two concentrations of pure ZNO NPs (66.6 and 266.6 µg mL−1) 
and two concentrations of Al ZNO NPs (0.33 and 0.42%). Control: non-treated cells
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effects on cell viability which are associated with damages 
to the mitochondrial enzymes and proteins of cell cycle. 
This higher effectiveness can be also explained by the abil-
ity of NPs to generate ROS even in the absence of light 
that can cause changes in macromolecules such as pro-
teins, nuclei acids, and lipids by effects of oxidative stress. 
These oxygen species produce free radicals that are short 
lived and unstable, which influences nuclear viability and 

healthiness and finally leads to cell death. ROS can cause 
oxidation of proteins and peroxidation of lipids that leads 
to damaging the hardness of the cell membrane, changing 
permeability of fluids and ion transport, and inhibiting the 
metabolic processes [50].

Figure 12 shows the anti-cancer activities against MDA-
MB-231cells (human triple-negative breast cancer) as 
assessed by the MTT method. ZNO NPs exerted a slight 
activity against MDA-MB-231cells, and the differences were 
significant (p ≤ 0.05) in comparison to the control group. 
The growth inhibition at the first concentration showed a 
reduction of 27.5%, while the highest inhibition (43.0%) 
was observed at the concentration of 266.6 µg mL−1, com-
paring with the non-treated cells. After doping with alu-
minum, cell growth exhibited the most remarkable reduc-
tion of MDA-MB-231 cells for all investigated samples. The 
growth inhibition percentages were 42.8%, 43.0%, 57.0%, 
and 67.5% and the differences for the higher concentrations 
were significant (p ≤ 0.001). This reveals that ZNO NPs and 
Al ZNO NPs can be useful for the development of anti-
cancer drugs including those used for breast cancer therapy. 
Morphological alterations were examined by subjecting the 
MDA-MB-231 cells to two different concentrations of ZNO 
NPs and Al ZNO NPs, as shown in Fig. 13. The results 
indicated that the cell line was targeted by the NPs which 
induced numerous morphological alterations, including 
cell shape changes, cell clumping, and inhibition of cell 
communication. Al ZNO NPs were more effective against 

Fig. 12   Anticancer activity for MDA-MB-231 cells treated with ZNO 
NPs and Al ZNO NPs. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001

Fig. 13   Micrographic images of MDA-MB-231 cells treated with ZNO NPs and Al ZNO NPs. Two concentrations of ZNO NPs (66.6 and 
266.6 µg mL−1) and two concentrations of Al ZNO NPs (0.33% and 0.42%) were used. Control: non-treated cells
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MDA-MB-231 cells; however, no such alterations were 
observed in non-treated cells. These findings confirm those 
from a previous study, indicating that Al ZNO NPs had more 
severe impacts on MCF-7 cells than those of ZNO NPs, 
without affecting the normal cells [51]. Several mechanisms 
might cause cancer cell death, including ROS production, 
antioxidant enzymes inhibition, mitochondrial damage and 
lipid peroxidation [50].

The mechanisms by which the NPS exerted their toxic 
effects on MDA-MB231 cells might have included apopto-
sis, necrosis and generation of ROS; however, the mecha-
nism of cell death in its nanoscale form is not clearly under-
stood and needs more research. In general, the mechanism 
of action of ZNO NPs and Al ZNO NPs on cancer cells was 
probably based on the release of dissolved Zn2+ ions inside 
the cells, then increasing ROS actions that caused death 
of cancer cells by an apoptosis signaling pathway. Zn2+ is 
an anti-cancer agent interring within the cancer cell and 
destroying the mitochondrial electron transport chain with 
realizing a huge amount of ROS that cause mitochondrial 
damage, loss of protein activity balance, and apoptosis [51]. 
Introduction of the transition metal ion (Al3+) into a ZNO 
crystal lattice causes an increase in the ability of particles to 
generate ROS. This effect is attributed to the breadth in band 
gap energy which causes a stronger catalysis of the separa-
tion of H2O2 molecules into hydroxide ions and fundamen-
tal hydroxyl groups or into hydrogen ions and hydroperoxy 
radicals. Such an influence results in the enhancement of the 
protein oxidation and redox state inside the cells and finally 
leads to the killing of cancer cells [52]. Thus, the cells death 
obtained in the present results allow us to predict that their 
potential is not only because of the cytotoxic effect, but also 
in terms of the potential for tumor reduction.

4 � Conclusions

The ZNO and Al ZNO NPs were prepared using pulsed laser 
ablation in liquid and their physical and biomedical proper-
ties were studied. From the present study, we conclude that 
Al ZNO NPs were successfully synthesized, showing a hex-
agonal structure with high absorption in the UV region. The 
FSEM imaging revealed more modification in the structures 
of these NPs with increasing the doping ratio. The prepared 
Al ZNO NPs showed a strong antibacterial potential against 
the tested pathogenic bacteria. Additionally, the MTT assay 
confirmed their cytotoxic activity against different leishma-
nia species, as well as promising anticancer potential against 
MDA-MB231 cells. The current study importantly demon-
strates the possible usefulness of the synthesized NPS in 
the development of therapies against cancer in general and 
breast cancer in particular.
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