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Abstract: Human beings suffer from several infectious agents such as viruses, bacteria, and
protozoans. Recently, there has been a great interest in developing biocompatible nanostruc-
tures to deal with infectious agents. This study investigated benign ZnCuO nanostructures that
were visible-light-responsive due to the resident copper in the lattice. The nanostructures were
synthesized through a size-controlled hot-injection process, which was adaptable to the surface
ligation processes. The nanostructures were then characterized through transmission electron
microscopy, X-ray diffraction, diffused reflectance spectroscopy, Rutherford backscattering,
and photoluminescence analysis to measure crystallite nature, size, luminescence, composition,
and band-gap analyses. Antiprotozoal efficiency of the current nanoparticles revealed the photo-
dynamic killing of Leishmania protozoan, thus acting as efficient metal-based photosensitizers.
The crystalline nanoparticles showed good biocompatibility when tested for macrophage toxicity
and in hemolysis assays. The study opens a wide avenue for using toxic material in resident
nontoxic forms as an effective antiprotozoal treatment.

Keywords: zinc oxide, nanoparticles, doping, photodynamic therapy, Leishmania

Introduction

Researchers and pharmaceutical industries are striving to find alternative treatment
options to control outbreaks of infectious diseases caused by pathogens that are resistant
to the currently available drugs. Nowadays, it is generally perceived that nanotechnology
may change this scenario by introducing new drug delivery systems, and nanomedicines
to replace the currently available standard drugs, particularly in situations where parasites
and microbes have developed widespread resistance.'? Photodynamic therapy (PDT)
is a cheap and effective therapy that has been successfully applied for the treatment of
topical conditions, such as macular degeneration, skin lesions, cancer,* and cutaneous
leishmaniasis.* Generally, PDT is a two-step process that involves the delivery of a pho-
tosensitizer, followed by its activation with nonthermal light of a specific wavelength to
generate reactive oxygen species (ROS). Singlet oxygen moieties are produced frequently
in type II reactions of PDT.> Compared to ground-state oxygen, singlet-state oxygen
is highly reactive and very toxic, causing damage to a number of substrates including
proteins, nucleic acids (DNA and RNA), lipids, and carbohydrates.® This highly excited
energetic form has received serious consideration because of its physical, chemical, and
biological properties. The conversion of ground-state oxygen to this highly activated
antiparallel spinning molecule requires overcoming the spin restriction: in the first
stage, it has two electrons in the outer shell with a normal spin and in the second stage,
it has one electron in an opposite spin and is converted into a highly reactive molecule.
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Thus, the highly electrophilic characteristic of singlet oxygen
and the non-radical nature have increased its capability for
stimulating oxidative reactions with macromolecules without
the participation of free radicals.” TiO, and ZnO are considered
potential photosensitizers for PDT due to their unique photo-
toxic effect upon irradiation.® The lower cost, nontoxicity,
high crystallinity, and being in a similar band to that of TiO,
make ZnO a suitable and cheap alternative.'

A problem that affects the activity of these metal oxides
is their large band-gap structure making them UV responsive
for electrons-holes generation. Cu and other dopants may
enhance the visible light response through reducing the band-
gap of such materials.!' Cu doping may help in enhancing the
phototoxic activity through dual mode: addition of more elec-
tropositive Cu?* centers can take excited electrons increasing
the life-time of holes in valence band of ZnCuO structures.
Moreover Cu may induce the visible light sensitivity through
narrowing down the conduction band in ZnCuO structures.'?

Leishmaniasis caused by Leishmania spp. is a digenetic
(heteroxenous) parasitic protozoa of humans and animals."
The disease occurs in different clinical manifestations,
that is, ranging from cutaneous to visceral leishmaniasis.
Cutaneous leishmaniasis is caused primarily by Leishmania
tropica, and this parasite is different from all others in the
Old-World Leishmania complex.' L. tropica is strictly lim-
ited to human beings and the lesions caused by this species
may remain for a longer time. The lesions often resemble
flattened volcanoes, becoming firmer as they heal and can
last for more than 3 years."

This study focuses on the development of six biocompatible
nanoparticles of ZnO doped with different concentrations of
Cu (1%, 5%, and 10%, ZnCuO1-ZnCuO3) and 5% N with
Cu (1%, 5%, and 10%, ZnCuO4—ZnCuO6, respectively) and
their in vitro efficacy against Leishmania parasite. Previously,
we had used silver as a dopant® but it produced a lower
ROS, and the half maximal inhibitory concentration (IC,,)
against Leishmania cells was not efficient as compared to the
currently synthesized ZnCuO nanoparticles. In the current
study, Cu and Cu—N were selected as dopants as they cause
multi-electron reduction of oxygen, which produce a higher
quantity of lethal ROS in the immediate environment upon
exposure to visible portion of light, and thus were more
effective photodynamic killers.

Materials and methods

Ethics

The study was approved by the Research Ethical Committee
of Biotechnology Department, Quaid-i-Azam University,
Islamabad, Pakistan.

Chemicals and apparatus

Zinc acetate, copper acetate, polyethylene glycol (PEQG),
ethanol, oleylamine, oleic acid, Ficoll®, Percoll®, trypan
blue, sodium azide, mannitol, and penicillin were pur-
chased from Sigma-Aldrich Co. (St Louis, MO, USA);
Medium 199 (M199), Roswell Park Memorial Institute
(RPMI), sytox green, and 1,3-Diphenylisobenzofuran
(DPBF) from Thermo Fisher Scientific (Waltham, MA,
USA); fetal bovine serum (FBS) from PAA Laboratories
GmbH (Pasching, Austria); streptomycin from Bio Basic
Inc. (Markham, ON, Candada); methylene blue and HCI
from Merck and Co.

Synthesis

The ZnCuO nanoparticles were synthesized by a modi-
fied Masayuki method.' In a typical reaction, zinc acetate
(1 mM), copper acetate (0.01, 0.05, and 0.1 mM correspond-
ing to 1%, 5%, and 10% Cu amount), and oleylamine (5 mM)
were added to oleic acid (10 mL) and stirred at 80°C under
vacuum for 30 minutes to obtain a clear solution. The solu-
tion was heated at 150°C for 60 minutes under nitrogen.
The reaction temperature was further raised and kept at
300°C for | hour to generate ZnCuO nanostructures. The
ZnCuO nanostructures were precipitated by adding ethyl
acetate and washed repeatedly with n-hexane and ethanol.
Air-dried nanoparticles were annealed in oxygen atmo-
sphere for 6 hours at 600°C to remove oleic acid capping
from the synthesized ZnCuO nanostructures. For nitrogen
doping, ZnCuO4-ZnCuO6 nanostructures were suspended
in 5 mM urea dissolved in 10 mL ethanol and stirred for 3
hours. The resulting suspension was oven dried at 100°C
and annealed at 400°C for 4 hours to obtain nitrogen doping
in ZnCuO nanostructures. Crystalline ZnCuO1-ZnCuO6
nanoparticles were sonicated in 3 wt% PEG-2000 and
incubated for 2 hours to stabilize the nanoparticle surface
in biological media toward aggregation. Unbound PEG was
removed through centrifugation and washing with ethanol.
PEG-bound ZnCuO nanoparticles were air dried for physical
characterization.

Characterization of nanostructures

The physical characterization of nanostructures was carried
out by transmission electron microscopy, X-ray diffraction
analysis, diffused reflectance spectroscopy, and Rutherford
backscattering analysis. The crystallite sizes were con-
firmed through transmission electron microscopy analysis
on a JEOL JEM-1010 transmission electron microscope
(JEOL, Tokyo, Japan). The crystallite nature of ZnCuO
including phases, crystallite structure, and crystalline
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size was measured on a Shimadzo 6000 X-ray diffraction
machine. Analysis was performed using Cu-Ka radiation
of A=1.54 A at 40 kV and the operating current was set at
30 mA. Diffused reflectance spectroscopy was performed
on a LAMBDA 950 PerkinElmer UV/VIS/NIR spectrom-
eter (PerkinElmer Inc., Waltham, MA, USA). Rutherford
backscattering was carried out to calculate the percentage
composition of nanocrystalline samples. Analysis was
executed on a SUDH-2 Pelletron linear tandem accelerator
facility using He** beam of energy 2.085 MeV. The incident
angle was kept at 0° whereas the backscattering angle was
170°. A solid-state barrier detector was used set at 20 keV
resolutions. The data were analyzed via XRUMP 2.0 and
SIMNRA 6.06.

Biocompatibility of synthesized

nanoparticles

Human macrophages

Human macrophages were isolated by the Ficoll-Gastrografin®
method and their biocompatibility was tested and calculated
using a previously used method of Nadhman et al.'s

Hemolysis assay

Hemolysis assay was carried out by using a modified method
of Nederberg et al.!” Briefly, fresh red blood cells (human
red blood cells, approved by the review committee of the
Biotechnology Department, Quaid-i-Azam University,
Islamabad, Pakistan, on February 7, 2014; the subjects also
provided informed consent) were washed three to four times
with Hank’s buffer salt solution (HBSS). Afterward, 180 uL
of red blood cell suspension in HBSS (4% in volume) was
placed in 96-well plates and 20 pL of ZnCuO particles were
added in different concentrations to each well with one group
exposed to sunlight for 15 minutes and another group in dark.
Afterward, the plates were incubated for 3 hours at 37°C with
5% CO,. The suspended cells were taken and centrifuged
at 1,000x g for 5 minutes. The hemoglobin released was
assessed at 576 nm by taking the supernatant in a 96-well
plate and read using a microplate reader (BioTek 96-well
plate reader; BioTek Instruments Inc., Winooski, VT, USA).
The red blood cell suspension in HBSS without nanoparticles
was used as a negative control. Triton X-100 (0.1%) was
taken as a positive control. The following formula was used
to calculate the percentage of hemolysis:

OD at 576 nm in the nanoparticle solution —OD at 576 nm in HBBS

Dose and time-dependent in vitro anti-

leishmanial activity

The L. tropica KWH23 cultures were maintained in M199
supplemented with 10% heat-inactivated FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin at 24°C. The experi-
ments were carried out by our previously used method"
with modifications. Briefly, stock solutions of 1 mg/mL of
the different ZnCuO particles were dissolved in deionized
water. Leishmania promastigotes were grown in M199
for 7 days at 24°C. The cells (1x10%mL) were suspended
in a 96-well microtiter plate. They were then treated with
serial concentrations of ZnCuO particles (0.1 ng/mL to
100 pg/mL). The experiments were carried out in four
groups. One group each in triplicate was exposed to direct
sunlight for 15 minutes, tungsten light (100 W) with an
infrared (IR) filter, and dark. The last group containing only
L. tropica KWH23 was exposed to direct sunlight without
any ZnCuO nanoparticles for the purpose of checking the
killing effect of sunlight. The experiments were carried out
from mid-September to the end of October, February, and
March, respectively, during which time the external tem-
perature was maintained between 22°C and 25°C, favorable
for the growth of Leishmania. The external temperature was
frequently monitored, and no experiments were performed
during cloudy weather. The 96-well plates with clean and
clear covered lids were exposed to direct sunlight in all the
experiments, and the selected time for such exposure was
between 11 am and 12 noon. During this time, the sunlight
was located perpendicular against the plates, which is better
for more exposure of each well of the 96-well plate. After-
ward, the microtiter plates were incubated at 24°C for 3,
12, and 24 hours, respectively, in the dark. The viable cells
were counted on neubauer chamber by their motility and
also using trypan blue. Their IC, values were calculated by
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA) and also confirmed by SPSS 21 (IBM Corporation,
Armonk, NY, USA).

ROS quantification

DPBF solution was prepared by dissolving 0.1 mM DPBF in
ethanol. The synthesized nanoparticles were dissolved in a
concentration of 10 pg/mL in 2 mL of DPBF solution, taken
in sealed quartz cuvette, and exposed to sunlight with an IR
filter (400—-800 nm) due to the full degradation of DPBF upon

Hemolysis (%) =

x100 (1)

OD at 576 nm in 0.1% Triton X-100 —OD at 576 nm in HBBS
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exposure to sunlight for 45 seconds. After each 30 seconds,
the absorbance was measured by UV 3000 spectrophotometer
(O.R.I., Hamburg, Germany) for up to 5 minutes. Methylene
blue was used as a standard. Absorbance was measured and
corrected for the degradation of DPBF.

For the identification of possible ROS produced,
L. tropica KWH23 promastigotes were treated with ZnCuO
in two groups and were exposed to sunlight for 15 minutes as
in the aforementioned protocol. Sodium azide was added to
one group at a concentration of 0.1 mM, and 1 mM mannitol
was added to the other group. The cells were incubated at
24°C for 24 hours in the dark. Viable cells were counted by
both trypan blue exclusion and motility of Leishmania cells
on the neubauer chamber.

Cell internalization studies (inductively
coupled plasma atomic emission

spectroscopy)

Leishmania cells were taken in 2 mL eppendorf tubes with
a higher quantity of Leishmania parasites (2x10% cells/mL)
and ZnCuO nanoparticles were added at a concentra-
tion of 10 pg/mL. The cells were incubated for 3 hours
and after that washed three times with phosphate buffer.
The cells were then lyzed by incubating in 1.5 M HCI.
Quantification of ZnCuO nanoparticles was carried out by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES).

Effect on axenic amastigotes and infected

macrophages

Axenic amastigotes were cultured in M199 at pH 4.5 and
the culture was maintained at 32°C-33°C. The rest of the
procedure was the same as previously mentioned in the
antileishmanial assay. Human macrophages were cultured
in 24-well chamber slides to a cell density of 2x10* cells
per well and 24 hours after adhesion and growth on the
chamber slides, monolayers with log-phase promastigotes
at a range of infection of 1:10 (macrophage/parasite) were
infected and incubated at 37°C in 5% CO, for 5 days.
Washing was done until the removal of non-phagocytosed
promastigotes, and 0.1 pg/mL of each ZnCuO nanoparticle
was administered to each well. One group was exposed
to total dark and the other to sunlight for 15 minutes.
After 24 hours incubation in dark, chamber slides were
fixed and stained with absolute methanol and 4% Giemsa,
respectively. The percentage of infected macrophages, as
a minimum 100 macrophages per well, was counted and
the percent inhibition calculated.

Apoptosis, necrosis, and membrane

permeability evaluation
L. tropica KWH23 promastigotes were treated in two groups.
One group was exposed to sunlight for 15 minutes and incu-
bated in dark for 24 hours. The second group was incubated
in the dark without any exposure to light. Afterward, both
the groups were washed with phosphate buffer. The cells
were treated with RNAase (1 mg/mL). Both the groups were
further divided into two more groups. One of the groups was
stained with acridine orange (100 pg/mL) and other group
with ethidium bromide (100 pwg/mL) mixed with acridine
orange (100 pg/mL) in a 3:1 concentration. The increase
in fluorescence was checked on a Leica fluorescent micro-
scope with a Canon camera using 485 and 530 nm filters for
excitation and emission wavelengths, respectively. Nuclear
irregularity was measured by ImageJ software (ImageJ 1.48
free version) using the method of Filippi-Chiela et al.'®

To evaluate membrane permeability, the L. tropica
KWH23 promastigotes were treated as mentioned earlier and
then washed with HBSS. The cells were stained with 1 uM
sytox green dye for 15 minutes in dark and then mounted
on a slide. The increase in fluorescence was checked on a
Leica fluorescent microscope with a Canon camera using 485
and 530 nm filters for excitation and emission wavelengths,
respectively. Triton X-100 (0.1%) was used as a control for
full permeability.

Temperature measurements of ZnCuO

undergoing irradiation

Different concentrations of ZnCuO nanoparticles were added
(0.1, 1, and 10 mg/mL) to water, RPMI, and M199 media
supplemented with 10% FBS, respectively. No Leishmania
cells were added to the media. They were exposed to sun-
light for 15 minutes with temperature probe, and the rise in
temperature was recorded with Eutech temperature probe at
intervals of 1 minute at ambient environment. The control
was also exposed to sunlight for 15 minutes without any
ZnCuO nanoparticles.

Data processing and statistics

All the experiments were conducted at least three times to
confirm their reproducibility and were done each time in
triplicate. Statistical analysis was done using SPSS 21 and
also with GraphPad Prism 5. The relationship between dif-
ferent parameters was assessed using Pearson’s correlation
coefficient (r). Analysis of variance (ANOVA) was used
to check significant mean difference with Tukey’s honest
significant difference (HSD) for post hoc analysis. Two-way
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ANOVA was used to determine significant mean and interac-
tion effect, followed by the Holm-Sidak method for multiple
pairwise comparisons of the marginal means. P<<0.05 and
P<0.01 were used to define significant and highly significant
results, respectively.

Results and discussion
Characterization of synthesized

nanostructures
ZnCuO nanoparticle characterization is provided in the
Supplementary material.

Biocompatibility

In the current study, the biocompatibility of the synthesized
nanoparticles was carried out on human macrophages because
Leishmania attack these cells. Interestingly, ZnCuO particles
showed cytotoxic activity at the microgram level against
macrophages. Nevertheless, all of the ZnCuO particles
showed an improved therapeutic index; lethal concentration,
50% (LC,) for this cell type was a 1,000-fold higher than for
Leishmania. This was because of the macrophage capability
to cope with ROS as they are produced to act as defensive
bullets against pathogens.!'” Although, the therapeutic index
was higher, it can be elucidated (Figure 1) that increasing
the concentration of dopant increased toxicity; for example,

360
320
280

240 - N

160 —

120

Cytotoxicity (ug/mL)

80

40

the LC, of non-doped ZnO (ndZnO) was 122+14.52 ug/mL
while that of ZnCuO6 was 44+8.90 pg/mL. But according
to George et al,? the cytotoxicity of photocatalytic ndZnO
is reduced if its dissolution within culture media is inhib-
ited by doping. However, higher concentrations of dopant
might be responsible for the release of dopant ions. In the
experiments in dark, the current nanoparticles were found
to be toxic at higher concentrations (>200 pg/mL) to these
macrophage cells.?!

Furthermore, biocompatibility was also assessed on red
blood cells. The cationic agents have major harmful side
effects including hemolysis.!” In the current study, different
concentrations of the ZnCuO nanoparticles were used to assess
the hemolytic activity. Interestingly, after incubation, the
ZnCuO nanoparticles have shown little hemolysis at 200 pg/
mL, without damaging the membrane of the red blood cells.
Moreover, at such concentrations, ZnCuO has successfully
damaged the Leishmania surface, as the surface charge of try-
panosomatids is highly negative,? and this might be the reason
for the increased uptake of ZnCuO particles by Leishmania
(confirmed by ICP-AES), thus increasing the killing and dis-
ruption of cell membrane (confirmed by sytox green). How-
ever, high concentrations of ZnCuO nanoparticles have shown
higher hemolysis (60%—-100%) using 500 and 1,000 pg/mL
as metal oxides are toxic at higher concentrations.?

B LGy — @ LG,

- ‘\\\ _’,/-"" '\‘
200 T N

ndZnO ZnCuO1

ZnCuO2 ZnCuO3 ZnCuO4 ZnCuO5 ZnCuO6

Nanoparticles

Figure | Biocompatibility of both non-doped ZnO and ZnCuO particles against macrophages.
Notes: Macrophages were treated with synthesized nanoparticles and exposed to sunlight for 15 minutes, then incubated in standard conditions. LC,; and LC,; were

calculated by SPSS 21.
Abbreviations: LC,, lethal concentration, 50%; LC,, lethal concentration, 90%.
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Dose and time-dependent in vitro

antileishmanial activity

In the current study, the solubility of ndZnO and ZnCuO
nanostructures was first tested at different concentrations
such as 10, 5, and 1 mg/mL in culture media. It was found
that the highest concentrations (10 and 5 mg/mL) of ZnCuO
showed some precipitation after 24 hours. The particles were
soluble and stable for 36 hours at a concentration of 1 mg/mL
in culture media (M199 and RPMI); this is the reason for
1 mg/mL of stock solution being used for these experiments.
Leishmania promastigote cells were treated with the serial
dilutions of ZnCuO nanoparticles (0.1 ng/mL to 100 ug/mL)
in different light conditions, that is, exposing the cells with
nanoparticles to direct sunlight, in tungsten light (100 W)
with an IR filter and in dark for 15 minutes each. Afterward,
the cells were incubated at 24°C for 3, 12, and 24 hours in
total dark. The cell killing started from the first hour at 100
and 10 pg/mL of ZnCuO particles. In the first hour, the kill-
ing percentage was 20%—25%, while in the second hour,
it reached 75%—-80% and further to 100% at the third hour
after exposure to direct sunlight (Figure 2). Dose-dependent
activity of the synthesized nanoparticles showed the IC_ in
the [Lg and ng levels in direct sunlight (Figure 3). In tungsten
light with IR filter, 100% killing was achieved after 12 hours
at 100 and 10 pg/mL. As for sunlight, the global luminous
efficacies (white light proportion) are approximately 105
Im/W for clear skies and for average conditions. Similarly,
tungsten light luminous efficiency is approximately 16.7 lm/W
(only 2.4% visible region luminosity) for a 100 W bulb.*
Tungsten light is powerful, but a major portion of the emitted
radiations from a tungsten source is in the IR region® and is
of little use for the PDT. Therefore, we used the IR filter to

120 -

Cell killing (%)

1 2 3
Time (hours)

Figure 2 Time-dependent activity of all the ZnCuO nanoparticles against the
promastigotes of Leishmania tropica (mean percent killing of ZnCuO nanoparticles).

100 1

50

Viability (%)

102 10" 10° 10 102 10° 10+ 10°
Concentration (ug/mL)

mm ndZnO mm ZnCuO1 mm ZnCuO2 mm ZnCuO3
ZnCuO4 ZnCuQO5 mm ZnCuO6

Figure 3 Dose-dependent activity of the synthesized nanoparticles against
Leishmania tropica.

Notes: The 96-well plates with transparent, clear, and clean lids were exposed
to direct sunlight for 15 minutes with an external temperature of between 22°C
and 25°C between || am and 12 noon, and afterward incubated in the dark for
24 hours at 24°C.

Abbreviation: nd, non-doped.

filter the IR radiations from a tungsten source. Further, the
ZnCuO nanoparticles were activated by the visible region
of light as inferred from diffused reflectance spectroscopy
and photoluminescence; thus, there was more killing when
exposed to direct sunlight than that to tungsten light.

Dopants in higher concentration are toxic to cells*® and
it was found that there was no killing in dark by the ZnCuO
nanoparticles except ZnCuO6 that showed 10% cell killing,
which may be the toxicity of a higher dopant concentration.
But, in case of other ZnCuO particles, the resident dopant in
lattice resulted in decreased toxicity but increased the photo-
killing capability of nanoparticles against protozoa.

Based on Figure 4, the best IC,  values were in the order:
ZnCu03>ZnCu06>ZnCu05>ZnCu04>ZnCu0O2>
ZnCuOl. The bars in Figure 4 represent the confidence
intervals of data set, which showed a significant relation
(P<<0.05) between ZnCuO nanoparticles.

However, statistical analysis grouped ZnCuO2 and
ZnCuO4 and also ZnCuOS5 and ZnCuO6 as having no
significant difference (P>0.05 at 95% confidence interval)
while both ZnCuO1 and ZnCuO3 were found highly signifi-
cant (P<<0.01 at 95% confidence interval) in comparison with
other ZnCuO nanoparticles showing the effect of low and
high concentrations of dopant in the ZnO lattice.

ROS quantification and identification

DPBEF is a fluorescent dye normally used for the quantification
of ROS, especially the singlet oxygen and hydroxyl radicals.?’
This dye is sensitive to ROS and rapidly decolorizes. The dye
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ZnCuO1 ZnCuO2 ZnCuO3 ZnCuO4 ZnCuO5 ZnCuO6

Nanoparticles

Figure 4 Statistical comparison of IC, of ZnCuO particles against Leishmania tropica KWH23 in direct sunlight after 24 hours (bars indicate 95% confidence intervals).

Note: *Indicates no statistical difference at P>0.05.
Abbreviation: ICSO, half maximal inhibitory concentration.

degradation is rate dependent. Furthermore, the dye is also

sensitive to sunlight and free oxygen. DPBF was used as
a chemical quencher of ROS, and quantification was done
using the following equation:

[ D . (k, . /k

AZnCuO = MB( ZnCuO standard) (2)

I Quantum yield

—u—1IC,,

0.7 1

0.6
0.5
0.4 1

0.3

Quantum yield

0.2 1

0.0 -

where ®AZnCuO is the quantum yield of semiconductor
nanoparticles and @PAMB is the quantum yield of methylene
blue. The yield from DPBF quenching was more than the
normal quencher, ie, methylene blue (quantum yield of 0.52),
as in the case of ZnCuO3, the quantum yield was 0.632+0.13.
Currently, it was found that the ROS quantum yield by 1%

- 0.018
-0.016
-0.014
——0.012
-—0.010

- 0.008

IC,, (mg/mL)

I 0.006
I 0.004
I 0.002
I 0.000

- —-0.002

ZnCuO1 ZnCuO2 ZnCuO3 ZnCuO4 ZnCuO5 ZnCuO6
Nanoparticles

Figure 5 The inverse relation between reactive oxygen species (ROS) and IC, | of ZnCuO particles.
Note: The left side of scale shows the quantum yield of ROS, while the right side scale shows the IC; of ZnCuO particles against Leishmania promastigotes.

Abbreviation: IC,, half maximal inhibitory concentration.
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of Cu was 0.24+0.052, while it increased to 0.44%0.1 in the
case of 5% of Cu (Figure 5).

A highly significant correlation (Pearson’s, r=1) was
found among the ROS and IC,, which showed that ROS
has an inverse relation with IC, of nanoparticles (P<<0.01),
as the more is ROS the less is IC, . ZnO nanoparticles have
the capability to produce a lesser amount of ROS* but hav-
ing 10% of Cu as impurity in ZnO, it had produced a higher
amount of ROS and hence it is required in a lesser quantity
to kill the pathogen.

Moreover, to compare the amount of ROS produced by
each of the synthesized nanoparticle, a one-way ANOVA
was performed, which showed that the effect of nanoparticle
type on the production of ROS was significant (P<<0.05)
(Supplementary material). The pairwise comparison revealed

that the difference mainly existed between the nanoparticle
used (P<<0.05). Meanwhile, the effect with nanoparticle
type was present due to a significant difference in ndZnO
and ZnCuO nanoparticles to produce ROS (P<<0.05). ROS
production using ndZnO was significantly lower compared to
ZnCuO (P<0.05) as confirmed by the pairwise comparison,
portraying the positive effect of dopant in the ZnO lattice.
Essentially, DPBF quenches the singlet oxygen and
to some extent the hydroxyl radicals (OH'). In the current
study, it was found that ZnCuO nanoparticles produced more
of the singlet oxygen. The concentration of these singlet
moieties was calculated by introducing quenchers such as
sodium azide.”*° The survival of Leishmania was directly

proportional to the scavenging of the particular ROS type.
ZnCuO3 was found to produce the maximum amount of
singlet oxygen (Figure 6) and it was considered that the
significant IC_  value of ZnCuO3 was due to the increase of
ROS production especially singlet oxygen.

The production of these moieties started when an equal
or high energy light irradiated the nanoparticle surface; it
promoted the valence band electrons to the conduction band
and produced a hole in the leaving region. Thus, a recom-
bination reaction started producing electron-hole pairs.’!' To
minimize the recombination reaction, the charge carriers
were trapped by the introduction of Cu.*? Thus, it enhanced
the photocatalytic activity by producing more ROS due to the
surface-to-volume ratio that resulted in more surface oxygen
vacancies.”® Moreover, the dopant increased the surface
defects, and a space charge layer was formed on the surface,
which was beneficial for hindering the combination of photo-
induced electron-hole pairs.3** But producing excess of
hindrance had decreased the ROS yield, for example, in the
case of ZnCuO5 and ZnCuO6 particles where the increase
in dopant decreased the production of ROS.

The lifetime of singlet oxygen is very short (ie, 3 us);*
so, it has the capability to react with the available macro-
molecules such as proteins, lipids, or nucleic acids. Singlet
oxygen also has the capability to react with the surrounding
water molecules to give rise to further ROS moieties such
as hydroxyl radicals, hydroxyl ions, hydrogen peroxide,
and superoxide molecules.*® For the hydroxyl radicals, it is
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Figure 6 Percentage production of reactive oxygen species (ROS) moieties by the ZnCuO nanoparticles using 0. mM sodium azide and | mM mannitol as singlet oxygen

and hydroxyl radical scavengers.
Abbreviation: nd, non-doped.
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also possible that on the surface of nanoparticles, the holes
produced in the recombination reaction abstracted electrons
from the water molecule through an oxidative process and
thus produced hydroxyl radicals.?®3 To compare the total
amount of hydroxyl radicals formed by either the recombi-
nation reaction on nanoparticle surface or singlet oxygen, a
two-way ANOVA was performed. It showed that the effect
ofthe nanoparticle type and singlet oxygen on the production
of hydroxyl radical was significant (P<<0.05). The hydroxyl
radicals produced were 7.8% by ZnCuO3, while 12.6%,
16.6%, 17.8%, 19.4%, and 20.7% were produced by ZnCuO6,
ZnCu02, ZnCuO5, ZnCuO4, and ZnCuOl, respectively
particles, respectively. The remaining point percent of ROS
were hydroxyl ions and hydrogen peroxide.

Cell internalization studies (ICP-AES)

Delivery of the nanoparticle to the cell is an important aspect
of drug delivery. PEG-coated ZnCuO particles have the
capability to obtain entry into the cell. In the current study,
it was found that PEG containing the ZnCuO nanoparticles
were accumulated more inside the Leishmania cells as well
as its circulation was also increased.’’” The delivery of the
nanoparticles was concentration dependent as an increase of
dopant increased the entry of ZnCuO particles. In the case of
ndZnO0, the zinc concentration was 0.9810.06 pg/mL while
that of ZnCuO3 was 1.48+0.28 ng/mL whereas in the con-
trol, zinc concentration was 0.02320.009 pg/mL and the Cu
concentration ranged from 0.01 to 0.023 pug/mL while there

1.8+

B Zinc
—m— Copper

Zinc (pg/mL)

was no Cu in the control cells (Figure 7). Dopant decreased
the dissolution of Zn?* and thus increased the uptake of
Zn.% Further, the dissolution of these nanoparticles depends
on the acidic environment of the lysosomes and calveolar
compartments of the cell.® It is also possible that the cationic
nanoparticles enter by electro-migration or electroosmosis
in the case of bulk fluid flow across the charged membrane
surface.’ Thus, this made these particles more toxic to
Leishmania cells.

Effect on axenic amastigotes and infected

macrophages

Axenic amastigote susceptibility was assessed by treat-
ing the axenic Leishmania amastigotes with synthesized
nanoparticles. In the current study, it was found that
the amastigotes were 1-2.5-fold more resistant than the
promastigotes. Regarding the infected macrophages, the
experiments were carried out in two phases. In the first
phase, the experiments were started by incubating the
infected macrophages with 0.1 pg/mL of nanoparticles and
they were exposed to sunlight for 15 minutes and afterward
incubated in dark for 24 hours. The amastigote killing was
55% in the macrophages while the axenic amastigotes
were killed 100% at this concentration. In the second
phase, the infected macrophage cells were incubated with
the nanoparticles and kept in dark for 1-2 hours for the
cells to take up the nanoparticles. Afterward, the treated
cells were exposed to sunlight for 15 minutes and then

0.4

Copper (ug/mL)

ndZnO ZnCuO1 ZnCuO2 ZnCuO3 ZnCuO4 ZnCuO5 ZnCuO6
Nanoparticles

Figure 7 ZnCuO nanoparticles internalization in Leishmania cells.

Note: Comparison of Zn (left scale) and Cu (right scale) intake by Leishmania cells (P<<0.05).

Abbreviation: nd, non-doped.
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Visible light Amastigotes

® ZnCuO entry to cell

ROS

Mitochondria
Membrane permeabiliazation

e
DNA fragmentation

Pores in cytoplasmic membrane
and showing leakage

Figure 8 A small cell showing a macrophage infected with amastigotes (purple
circles).

Notes: Alteration in nuclear morphology of amastigote occurred in physiological
situations and in several processes associated with cell death. These modifications
include nuclear condensation and fragmentation observed in apoptosis, decrease in
nuclear size, and an increase in nuclear irregularity because of the stress produced
by the ZnCuO particles by producing reactive oxygen species (ROS).

incubated in standard conditions. The results were quite
remarkable as the amastigote killing reached 100% by all
the ZnCuO particles. This increase in amastigote killing
was due to the uptake of more ZnCuO molecules, and after
exposure to sunlight, it produced more ROS that helped the
immune cells to achieve more killing.*® Superior efficacies
of the nanoparticles were primarily accredited due to their
improved localization in macrophage cells because the
PEG coating enhanced the uptake of nanoparticles.*' Fur-
thermore, the negatively charged surface on nanoparticles
provided a colloidal dispersion that was helpful to entrap
the amastigotes (Figure 8).

Apoptosis, necrosis, and membrane

permeability evaluation

Apoptosis is a multistep and complex program cell death
pathway, which occurs in every cell.** Microscopic visualiza-
tion of staining cells with suitable dye is a primary technique
to study the biological mechanisms.* Upon treatment of
Leishmania cells with ZnCuO particles, the cells were treated
with apoptotic dye. Acridine orange and ethidium bromide
was used for necrosis, as both the dyes attach to nucleic acids
in the nucleus upon entry to the cell and emit the respective
green and orange colors.* The Leishmania cells initially
started the apoptosis as the chromatin material condensation
started with light green nuclei showing early apoptosis in first
hour of exposure. The formation of apoptotic bodies by the
condensation and fragmentation of cellular bodies, especially
in the cytoplasm and nucleus, were the main features of
apoptosis (Figure 9).* The event started by the activation of
caspase cascade thus initiated the death receptors that led to
the biochemical changes. These changes were initiated by the
nucleus shrinkage and condensation of chromatin material,
which led to the DNA fragmentation and caused the formation
of apoptotic bodies and then to cell death.* When the cells
were exposed for 3 hours or more, ethidium bromide entered
the cell indicating the necrosis of cells by emitting an orange
color. Upon observation on ImageJ, the cells showed a nuclear
irregularity index and many of the Leishmania cells were
necrotic and few were apoptotic. In the first hour, more than
90% cells were apoptotic, while in the third hour almost 90%
cells were necrotic using 0.1 ug/mL of ZnCuO3.

For the confirmation of apoptotic dyes to penetrate the
membrane, the cell membrane permeability was checked by
sytox green dye, which entered the cell upon permeability of
cell membrane and attached itself to the nucleic acid and emit-
ted a green fluorescence. Singlet oxygen is lethal to biomem-
branes, causing oxidation and degradation.”’” ZnCuO3-treated

Figure 9 Apoptosis and necrosis of Leishmania cells after exposure to ZnCuO3 particles for | and 3 hours.

Notes: (A) Bright field image; (B) cell exposure to ZnCuO3 particles at | hour; the encircled regions show the formation of apoptotic bodies within the cells with
some showing early apoptosis (light green); (C) apoptotic and necrotic cells at | hour exposure to ZnCuO3 particles, with 50% of the cells showing necrosis and the
remaining show early and late apoptosis; and (D) apoptotic and necrotic cells at 3 hours exposure to ZnCuO3 particles. Almost 90% of the cells show necrosis and the

remaining show early and late apoptosis.
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4.10x1

0.60+0.03 4.19+0.8 0.043%0.007 0.56+0.09 4.08£1.0 0.04610.06 0.59+0.14

0.057£0.006

ZnCuO6

Notes: Nanoparticles were added in water, M199, and RPMI mediums and the rise of temperature was calculated. Data are presented as mean = standard deviation.

Abbreviations: M199, Medium 199; nd, non-doped; NP, nanoparticle; RPMI, Roswell Park Memorial Institute.

Leishmania cells emitted the green fluorescence confirming
the permeability of membrane by the ROS produced.

Temperature measurements of ZnCuO
undergoing irradiation

These experiments were carried out in water, M199, and
RPMI containing 10% FBS, in the absence of Leishmania
cells, with different quantities of ndZnO and ZnCuO parti-
cles. The results were assessed after each minute by exposing
them to direct sunlight. The results showed that increasing
the concentration of dopant increased the temperature. The
ZnCuO nanoparticles showed a small increase in tempera-
ture at 0.1 mg/mL from 0.01°C to 0.057°C (Table 1). The
temperature increased from 0.48°C to 0.6°C when 1 mg/mL
of each ZnCuO nanoparticles was added in water. However,
the temperature increase in M199 and RPMI was in the
range of 0.46°C—-0.56°C and 0.36°C—-0.59°C, respectively.
The increase in the temperature was high up to 4.19°C using
ZnCuO6 in water, while in RPMI and M 199, it was up to
4.10°C and 4.08°C at 10 mg/mL, respectively. Thus, this
eliminated the involvement of hyperthermia in the killing of
Leishmania cells as the IC, values were in ng/mL.

Conclusion

In conclusion, it is elucidated that the ZnCuO nanostructures,
especially ZnCuO1 to ZnCuO5, can be used against protozoan
diseases such as leishmaniasis because of biocompatibility
and better ROS yield. Further, the emission peak existed at
640-690 nm, observed in photoluminescence representing
the excitation of the current nanoparticles in visible region,
which is very useful for PDT. This visible emission of the
ZnCuO nanoparticles will also offer new dimensions to the
display materials and their uses in luminescent display. The
study showed ZnCuO nanoparticle optimization of dopant
for the ROS production and also their use as antileishma-
nial agents by examining their effects on various cellular
parameters of promastigote and amastigote forms. The
nanoparticles generated measurable quantities of singlet
oxygen. The synthesized particles were found more efficient
than conventional molecular PDT agents (based on IC,,
values) as they were more effective at lower concentrations
to Leishmania parasites. Also, the ZnCuO particles were
not toxic to normal cells both in light as well as in dark
conditions. The cell-killing ability was only in the presence
of visible light by the production of more ROS. These ROS
caused oxidative stress, membrane permeability, and induced
programmed death of the Leishmania cell. The synthesis of
these nanoparticles is highly stable and repeatable. Further
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investigations are required to elucidate the biocompatibility
and biosafety of such particles in vivo.
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