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Abstract: Lipid and protein oxidation are well-known manifestations of free radical activity
and oxidative stress. The current study investigated extermination of Leishmania tropica
promastigotes induced by lipid and protein oxidation with reactive oxygen species produced
by PEGylated metal-based nanoparticles. The synthesized photodynamic therapy-based doped
and nondoped zinc oxide nanoparticles were activated in daylight that produced reactive oxygen
species in the immediate environment. Lipid and protein oxidation did not occur in dark.
The major lipid peroxidation derivatives comprised of conjugated dienes, lipid hydroperoxides,
and malondialdehyde whereas water, ethane, methanol, and ethanol were found as the end
products. Proteins were oxidized to carbonyls, hydroperoxides, and thiol degrading products.
Interestingly, lipid hydroperoxides were produced by more than twofold of the protein hydroper-
oxides, indicating higher degradation of lipids compared to proteins. The in vitro evidence
represented a significant contribution of the involvement of both lipid and protein oxidation in
the annihilated antipromastigote effect of nanoparticles.

Keywords: lipid peroxidation, protein oxidation, Leishmania tropica, zinc oxide (ZnO),
nanoparticles, reactive oxygen species (ROS), photodynamic therapy (PDT), doping

Introduction

Reactive oxygen species (ROS) are capable of causing alteration in macromolecules,
such as lipids, proteins, and nucleic acids, which is often termed as oxidative stress.
These oxygen derived free radicals are highly unstable, short-lived, and reactive, and
seriously affect prokaryotic or eukaryotic cell integrity, health, and viability thus leading
to cell death.'? The oxidative stress induces lipid peroxidation and protein oxidation that
damage the rigidity of cell membrane by affecting fluidity and permeability, inflicting
changes in the ion transport, and inhibiting the metabolic processes.’

Lipid concentration in cellular membranes is 30%-80% by mass. The leftover
contains proteins (20%—-60%) and carbohydrates (0%—10%).> Several species, for
example, hydroxyl, alkoxyl, peroxyl, hydroperoxyl, and singlet oxygen, are involved
in abstraction of the first hydrogen atom from the lipid moiety.* As a result, different
derivatives are formed, for example, conjugated dienes and hydroperoxides. Hydroper-
oxides are highly unstable and are further converted to malondialdehydes (MDAs),
hydroxynonenals (HNEs), and hydroxyhexenals in the presence of reduced metal.’
Proteins, attacked by ROS, are normally oxidized to carbonyls on the chiral carbon or
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the amino acid side chains,® and also to other products, for
example, hydroperoxide and thiol degradation products.’

Leishmania is a protozoan parasite that causes a vector-
borne disease called leishmaniasis. Sandfly transmits the
parasites between mammalian hosts.® It occurs in different
clinical manifestations, that is, cutaneous, mucocutaneous,
visceral, and disseminated as well as post-Kala Azar dermal
leishmaniasis. Leishmaniasis is still one of the major infec-
tious diseases worldwide with a serious risk to 350 million
people in 98 countries and ~2 million new cases reported every
year.’ Leishmania tropica is mainly responsible for cutane-
ous leishmaniasis and the parasite is capable of producing
single or multiple ulcers at the biting place.'® Photodynamic
therapy (PDT) used for the treatment of cancer and infectious
diseases has emerged as a noninvasive medical technology.!!!2
In PDT, photosensitizers are used to eliminate diseased cells/
pathogens. These photosensitizers are activated by nonthermal
light to produce cytotoxic ROS."* PDT can be used for specific
treatment of lesions that are exposed to light.'

The purpose of this study was to investigate the annihi-
lation of L. tropica promastigotes with PEGylated-doped
and -nondoped ZnO.">'® ZnO was selected for its nontoxic-
ity, lower cost, high crystallinity, and unique phototoxic
effect upon irradiation. Further, the forbidden gaps in ZnO
were filled up by the introduction of silver and copper that
induced the visible-light absorption by narrowing down the
conduction band.'” The study was mainly focused on the
lipid and protein oxidation caused by the ROS generated
by PDT-based ZnO nanoparticles, and the quantitative dif-
ferences among lipid and protein oxidation products. Lipid
peroxidation starts from the first moment of ROS attack and
generally involve three steps: initiation, propagation, and
termination.'® Owing to the time dependence of the processes,
lipid peroxidation was assessed in a time-dependent manner.
Moreover, since the protein oxidation products are stable
for a long time,” only the final products were considered in
the current study.

Materials and methods

Materials/equipment

Medium 199 was purchased from GIBCO® (Thermo Fisher
Scientific., Waltham, MA, USA); fetal bovine serum from
PAA Laboratories GmbH, Célbe, Germany; streptomycin
from Amresco (Cleveland, OH, USA); HEPES from Carl
Roth GmbH + Co. KG, Karlsruhe, Germany; NaHCO,
from Merck & Co., Inc., Whitehouse Station, NJ, USA;
anhydrous D-glucose, CaCl,-2H,0, MgCl,-6H,0, KCI, NaCl,
DMSO, TRIS, chloroform, cylcohexane, and toluene from

Scharlau, Barcelona; 2,7-dichlorodihydroflurescein diacetate
from Invitrogen (USA) methanol, trichloroacetic acid,
thiobarbituric acid, 2,4-dinitrophenylhydrazine (DNPH),
guanidine hydrochloride, bovine serum albumin (essentially
fatty acid-free), 5,5’-dithiobis-2-nitrobenzoic acid (DTNB),
and penicillin G from Sigma-Aldrich Co. (St Louis, MO,
USA); and petroleum ether and diethyl ether from Riedel-de
Haen, Sigma-Aldrich Co. (St Louis, MO, USA). The equip-
ments used were centrifuge (Eppendorf 5424, Hamburg,
Germany), microscope (Micros, Carinthia, Austria), incu-
bator (Memmert, Schwabach, Germany), Fourier transform
infrared (FTIR) attenuated total reflectance spectrometer
from TENSOR 27™ Bruker (Milan, Italy), and gas chro-
matograph from Shimadzu GCMS-QP2010 Ultra (Japan).
Our institute ethics committee/institutional review board does
not require approvals for these kinds of studies.

Nanoparticles

In the current study, one pure ZnO (non-doped nanoparticle
[NDNP]) and four doped-ZnO nanoparticles were synthesized
with varying concentration of dopants, that is, 1%, 5%, and
9% silver (DNP1-DNP3) and 1% copper (DNP4).'* The syn-
thesis was started by dissolving both zinc acetate and silver
nitrate (different concentrations) in ethanol (solution A) and
in a second reaction, zinc acetate and copper acetate (1%) in
ethanol (solution B). The final concentrations obtained were
50 mM each. Afterward, 5% triton X-100 was dissolved in
ethanol (solution C). Both solutions A and C were mixed and
titrated against 100 mM NaOH. Similarly, solutions B and C
were mixed and titrated against 100 mM NaOH. The obtained
materials were subjected to argon atmosphere at 30 sccm in a
tube furnace (4°C/min) maintaining the temperature at 100°C
for 4 hours. The synthesized nanoparticles were capped with
PEG-400. The morphology of the current nanoparticles was
elucidated by scanning electron microscopy, carried out on
JOEL SEM model SM6460 after gold coating. Characteriza-
tion was carried out by X-ray diffraction by a diffractometer
(Shimadzo 6000) using radiation of copper-Ko.', A=1.54 A,
at 40 kV and operating current of 30 mA. The polydispersity
index and zeta potential were assessed by Microtrac, Nanotrac
Wave II, USA system (North Wales, PA, USA).

Cell culture

L. tropica KWH23 promastigotes were incubated at 24°C
in Medium 199 containing 25 mM HEPES, 10% fetal
bovine serum, 100 mg/mL streptomycin, and 100 U/mL
penicillin antibiotics. Cells were taken at a concentration of
2x107 cells/mL in all experiments.
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Time dependent antileishmanial

experiments

Leishmania promastigotes were incubated with 10 pg/mL
doped nanoparticles (DNPs) and NDNP in Eppendorf tubes
with a final adjusted volume of 1 mL. For control, Leishmania
cells were taken in Eppendorf tubes without any nanoparticles
and exposed to sunlight for 15 minutes. The nanoparticle
treated Leishmania cells were divided into two groups; the
first group was exposed to direct sunlight (168+0.8 W/m? of
sun intensity) for 15 minutes' while the second was kept in
complete dark. Afterward, they were incubated at 24°C in full
dark conditions for 3 hours. The viability was checked after
each hour by motility and trypan blue assays. The experiments
were performed in the months of September, October, Feb-
ruary, and March with external temperatures of 23°C-25°C.
During these experiments, the external temperature was
frequently monitored and no experiments were performed
during cloud covers. The Eppendorftubes were kept in direct
sunlight in all the experiments at noon time when the sunlight
was perpendicular and ideal for maximum exposure. The
same protocol was repeated for all the experiments.

ROS detection

Intracellular ROS levels were detected in treated and
untreated cells. DNP treated Leishmania promastigotes
were harvested, resuspended in Hank’s buffer salt solution,
and cell number was counted in a Neubauer chamber. The
promastigotes were then incubated with 2,7-dichlorodihy-
droflurescein diacetate (20 mM) for 20 minutes at 37°C in
complete dark. The increase in fluorescence caused by the
binding was checked on Leica Fluorescent Microscope with
Canon camera, using 485 and 530 nm filters for excitation
and emission wavelengths. Positive control was obtained by
addition of 1 mM of H,O, for 20 minutes.

Leishmania lipid and protein extraction
Leishmania cells were treated as mentioned earlier. Lipids were
extracted by centrifuging (at 6,000 rpm) both the treated and
untreated (control) L. tropica cells and washing the pellet with
Hanks’s buffer salt solution. Lipids were extracted by a modi-
fied method of Devasagayam et al* in a chloroform:methanol
(2:1 v/v) solution at 2,000 rpm for 15 minutes. Supernatant
along with proteins were used in protein experiments. This
procedure was followed for all the experiments.

FTIR of lipid peroxidation products
Samples were dissolved in 1 mL chloroform and analyzed
on FTIR. The infrared spectrums of both the control and

treated samples were recorded with bench-top TENSOR
27™ FTIR spectrometer (Bruker Optik GmbH, Ettlingen,
Germany) equipped with universal PIKE-MIRacle™ single
reflectance attenuated total reflectance accessory (PIKE
Technologies, Madison WI, USA). The FTIR spectra were
recorded at room temperature (25°C) yielding an infrared
spectrum over the range of 4,000-600 cm™" with a speed of
ten scans per spectrum. All data were initially corrected for
background spectrum and base line. The transmittance (%)
mode was used for spectral measurements.

Quantification of lipid peroxidation

products

Conjugated dienes

Extracted lipids were dried, samples were dissolved in 1 mL
cyclohexane, and absorbance was measured at 233 nm on a
spectrophotometer (Standard 1 optical density =37.5 nM).
Cyclohexane was used as a blank. Since dienes are sensitive
to oxygen, the experiments were carried out in deoxygenated
conditions, that is, by nitrogen purging.

Lipid hydroperoxides

Lipid hydroperoxides were estimated by ferrous oxidation-
xylenol orange (FOX) assay. FOX solution was prepared by
mixing one part of FeSO, (25 mM) with two parts of deion-
ized water and two parts of Xylenol orange (10 mM). FOX
was added in a 1:19 ratio to the sample and incubated in the
dark for 30 minutes. Afterward, the optical density was read
at 560 nm. The levels of hydroperoxides were calculated
from H,O, standard curve and molar absorbing coefficient
of 4.3x10* M.

MDA quantification

MDAs were quantified by thiobarbituric acid reactive sub-
stances assay. To the centrifuged pellet, 0.1 mL Hanks’s
buffer salt solution, 0.1 mL FeSO, (1 mM), and 0.1 mL
ascorbic acid (1.5 mM) were added and the final volume was
adjusted to 1 mL by adding 600 uL distilled water. Trichlo-
roacetic acid (10%) and thiobarbituric acid (0.357%) were
added (1:2) and incubated in boiling water for 15 minutes.
Optical density was noted at 532 nm after centrifugation at
3,000 rpm for 10 minutes. The above solution without sample
was used as a control.

GC-MS for identification and quantification of
secondary oxidation compounds

Lipids dissolved in chloroform were introduced to Shimadzu
gas chromatography unit (GCMS-QP2010 Ultra) equipped
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with an on-column injector coupled to a mass spectrom-
eter via a high-temperature interface. The separation was
achieved using a 30 mx0.25 mm DB-5 ms capillary column
having 0.25 um thickness. Helium was used as a carrier gas
at a purge flow of 3 mL/min with a linear velocity of 40 m/s
and column flow of 1.24 mL/min. The gas pressure was main-
tained at ~64.3 kPa, and the injection and interface tempera-
tures were set to 220°C and 250°C, respectively. The column
oven temperature was programmed at 35°C/10 minutes and
further temperature was set to 250°C. The injection mode
was split. Mass spectra were recorded in the total ion current
monitoring mode. The operating conditions for MS were ion
source temperature at 200°C, energy at 0.6 kV, and scan
range from m/z 10 to 600 with a period of 15 seconds.

Quantification of Leishmania proteins
Protein hydroperoxides

Proteins were purified to homogeneity and hydroperox-
ides were determined with the same method used for lipid
hydroperoxides as mentioned earlier.

Protein thiols

Thiol quantification was started by dissolving 0.5 mM of
DTNB 0.1 M in phosphate buffer. In centrifuge tubes, 50 uL
of protein solution was dispensed and 1 mL of DTNB solution
was added. To the control group, 1 mL of 0.1 M of phos-
phate buffer was added and then incubated in the dark for
30 minutes at room temperature. The absorbance was mea-
sured at 412 nm (extinction coefficient of 13,600 M~ cm™)
on UV-vis spectrophotometer. DTNB in deionized water
was used as a blank. Thiols were determined by: absorbance
change = treated (protein + DTNB) — control (protein +
phosphate buffer) — blank (DTNB in water). The values were
multiplied with a factor of 21 to give thiol concentration in
moles per liter as in the original solution.

Protein carbonyls

Carbonyl quantification was started by diluting protein
samples to a concentration of 1 mg/mL. The samples were
divided into two groups with a sample size of 250 puL in
1.5 mL centrifuge tubes. To the first group, 250 puL of
10 mM DNPH (dissolved in 2.5 M HCI) was added. To the
second, 250 UL of 2.5M HCI was added and both groups
were incubated in dark for 15 minutes at room temperature
by a simple vortex for every 5 minutes. Trichloroacetic acid
was also added (125 uL) to each tube. The samples were
then incubated at —20°C for 15 minutes and centrifuged at
4°C for 15 minutes at 10,000 rpm. The protein pellet was

treated with 1% streptomycin sulfate for the removal of any
nucleic acid contaminants.”® Afterward, the protein pellet
was washed with ethanol/ethyl acetate (1/1 mixture), redis-
solved in 1 mL of 6 M guanidine—HCl, and the absorbance
was measured at 370 nm on UV-vis spectrophotometer.
Total protein concentration was determined from a stan-
dard curve of bovine serum albumin (1 mg/mL) in 6 M
guanidine—HCI, and the absorbance was measured at 280
nm. Carbonyl concentration was determined using the
extinction coefficient of DNPH at 370 nm (22,000 per mole
per cm), and the values were expressed as nM carbonyl per
mg protein.

Statistical analysis

All the experiments were performed in triplicates and
repeated three times. For statistical analysis, SPSS v 21 (IBM
Corporation, Armonk, NY, USA) and Graphpad Prism 5
(GraphPad Software, Inc., CA, USA) were used. Data were
presented as mean with standard deviation. Two-way analysis
of variance (ANOV A) was used to identify significant effects
and *P<<0.05 and **P<<0.01 were considered as statistically
significant and highly significant. The relationship between
different parameters was assessed using Pearson’s correla-
tion coefficient ().

Results and discussion

Nanoparticles

The nanoparticles used in the current study were capped
with PEG-400 molecules to stabilize the surface and avoid
the undesirable interactions of the OH group of ZnO with the
biological environment and also to increase the delivery of
these nanoparticles to Leishmania cells.'>*'?? The scanning
electron microscopy images of the current nanoparticles
revealed the morphology (Figure 1) with the size distribu-
tion ranging from 20 to 60 nm. The polydispersity index of
all the nanoparticles was in the range of 0.24-0.3, while the
zeta potential was in the range of —22 to —25 mV. Figure 2
signifies a clear pattern of the main peaks and it was observed
that the peak intensity increased with the addition of dopant
concentration (silver and copper). Hence, the dopant ions
were understood to have occupied the Zn without changing
the crystal structure. It was evident that orientation behavior
of ZnO was strongly promoted by doping.

ROS detection

Fluorescent microscopy is an excellent method for the
detection of fluorescent molecules.?® In the current study,
the ROS production by DNPs was confirmed by using
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Figure | Figure showing the SEM images of DNPs.
Abbreviations: SEM, scanning electron microscopy; DNPs, doped nanoparticles.

2,7-dichlorodihydroflurescein diacetate dye, which was
hydrolyzed by cellular esterase to 2,7-dichlorodihydro-
flurescein that occurs in the lipophilic compartment.?* 2,7-
Dichlorodihydroflurescein is basically nonfluorescent but its
fluorescence progresses when oxidized to 2,7-dichlorofluo-
rescein by ROS, such as singlet oxygen, hydroxyl radicals,
and other ROS.?* The ROS produced by DNPs reacted with
the 2,7-dichlorodihydroflurescein, oxidized it, and released
the 2,7-dichlorofluorescein, which is a fluorescent molecule
detected at 522 nm (Figure 3).

Antileishmanial experiments

ROS are highly reactive moieties and can severely affect the
wellness of the physiologically active cell by reacting with
the cellular moieties. In the current study, the time-dependent
antipromastigote activity of PDT-based ZnO nanoparticles
was assessed. Using nanoparticles at 10 pg/mL concentra-
tion, cell death started from the first hour, after 15 minutes

JUJL DNP3

=) A A A An
3 1 . L . 1 1 N 1 N 1
2 | ’ DNP2

2] P U U
[

[]

=]

= DNP1

260

Figure 2 XRD patterns of ZnO, silver, and Cu ZnO nanostructures.
Abbreviations: XRD, X-ray diffraction; DNP, doped nanoparticle; NDNP, non-
doped nanoparticle.

exposure to direct sunlight (Figure 4). Previously, we
monitored the activity in a dose-dependent manner using the
same set of conditions, demonstrating the activity in lower
micrograms level (~0.01 pg/mL) after 24 hours.' Interest-
ingly, in these experiments, we found 100% leishmanicidal
activity at 10 pg/mL after 3 hours; that is why this concen-
tration was used in the current study. Moreover, there was
no leishmanicidal activity in dark conditions and also in the
control group (without nanoparticles). The PDT-based nano-
particles produced ROS that caused lipid peroxidation'®¢
and also gave rise to protein oxidation products in sunlight,”’
leading to the death of Leishmania cells.

FTIR of lipid peroxidation products

FTIR is an easygoing, immediate, nonexpensive, and
nondestructive technology and is very helpful to study the
pathway of lipid degradation via oxidative stress.?® FTIR
spectrometry was performed for the qualitative analysis of the
formed lipid peroxidation products. In Table 1, comparison
of treated and untreated samples showed a large variation
affirming the formation of lipid peroxidation. A look into the
entire data reveals evidence of lipid peroxidation and also
provides information about the derivatives produced during
lipid peroxidation. In the current study, FTIR spectra showed
the appearance of the band at 929 cm™ and disappearance
at 751 cm™. It was evident that the dienes (C=C) changed
their arrangement that was lacking in normal lipids. The
observed bands at 1,019 cm™ (range of 1,000-1,140 cm™)
in control and also 1,043 and 1,023 cm™ could be the C-O
stretching vibration of ketones normally present in lipids.
Similarly, bands between 1,100 and 1,350 cm™' might belong
to =C—O stretching of the carboxyl group of lipid, which were
present in both control at 1,311 cm™ and treated samples
at 1,308, 1,309, and 1,310 cm™, respectively. However,
there were other band ranges (1,331-1,334 cm™) that were
not present in control. It showed the presence of carboxyl
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Figure 3 Leishmania tropica cells treated with DNP3 and kept in sunlight for 15 minutes.
Notes: After incubation of 3 hours in dark, cells were stained with 20 mM H,DCFDA dye and examined under fluorescent microscope. Fluorescent microscopy of
leishmanial cells shows the insertion of H,DCFDA fluorescent dye used for the detection ROS in Leishmania. (A) Oxidation of DCFH to DCF by the ROS produced by

DNP3 and (B) by H,O, (standard positive control).

Abbreviations: DCF, 2,7-dichlorofluorescein; DCFH, 2,7-dichlorodihydroflurescein; HZDCFDA, 2,7-dichlorodihydroflurescein diacetate; ROS, reactive oxygen species;

DNP, doped nanoparticle.

groups, which experienced a change and were converted
to lipid peroxidation. Also, there were some C=C found at
1,517, 1,518, 1,519, and 1,546 cm™!, which were modified
forms of normal lipid dienes. The disappearance of band at
1,660 cm™ in control and formation of new bands in treated
samples at 1,517-1,546 cm™ confirmed the formation of
modified dienes. Aldehydes and ketones produced as sec-
ondary products were also the degraded products formed
during lipid peroxidation in the current study.?® Compared
to the control, the bands found at 1,700 cm™ were the best
evidence of C=0 stretching of aldehydes and ketones. The
bands observed at a range of 2,500-3,400 cm™ could be the
belongings of acids COOH stretching vibration of carboxy-
lic acid of lipids. These were present both in the control
and treated samples at 2,994 and 2,995 cm™, respectively.

100
801
X 13
— 60+
©
2
2 404 i
S —u— NDNP —e— DNP1
n T I
20 DNP2 —v— DNP3 I 3
{| —¢— DNP4 —<«— Control >
0 —»— Amphotericin B Y
T T T T T T T 1
0Oh 1h 2h 3h

Time (h)

Figure 4 Percentage mortality of the promastigotes of Leishmania tropica by DNPs.
Abbreviations: DNP, doped nanoparticle; NDNP, non-doped nanoparticle.

However, there were two bands at 3,026 and 3,027 cm™
position, which could be acids COOH stretching vibration. It
might be the modified forms of carboxylic acids, which were
under the process of conversion into aldehyde or ketones.
The alcohols were the final products of lipid peroxidation.*
It was also found that —OH stretching vibration at 3,505 cm™
could be alcohols. Conclusively, FTIR has shown a clear
picture of lipid peroxidation.

Table | FTIR-ATR results showing the comparison of NDNP
with DNPs with large variations

Control NDNP DNPI DNP2 DNP3 DNP4
- - 3,746.81 3,746.28  3,746.24  3,745.75
- 3,50545 - - -
- 3,026.50  3,027.35 - 3,027.62
2,998.10 2,994.17  2,995.38  2,994.4I 2,994.33  2,994.30
2,914.58 291199 291274  2911.69 2911.62 2911.65
- - - 1,700.14 1,700.27 1,700.04
1,660.15 - 1,651.63 - - -
- - - - - 1,546.66
- - - 1,519.11 1,518.92 1,518.06
1,436.20 1,435.73 1,435.83 1,435.60 1,435.55 1,435.48
1,407.45 1,408.10 1,407.67 1,408.39 1,408.54 1,408.41
1,331.75 1,333.15 1,333.54 1,334.39
1,311.94 1,308.97 1,31091 1,309.98 1,310.08 1,310.42
1,019.71 1,043.63 1,023.54 1,043.65 1,043.70 1,043.62
952.35 952.65 952.73 952.53 952.53 952.57
929.30 931.08 929.28 929.23 929.34
898.50 895.33 897.24 895.33 895.25 895.39
751.39 752.99
699.37 696.63 698.38 696.62 696.54 696.71
666.87 666.74 667.78 666.73 666.73 666.44

Abbreviations: FTIR-ATR, Fourier transform infrared attenuated total reflectance
spectrometer; DNP, doped nanoparticle; NDNP, non-doped nanoparticle.
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Conjugated dienes

The quantification of lipid peroxidation was started by
primarily formed conjugated dienes, which was the result of
the attack of any radical species on methylene group near the
carbon double bond. The resultant carbon radical was unstable
and to stabilize itself by molecular rearrangement produced
conjugated dienes.* The experiments were performed in a time-
dependent manner. Initially, the cells were treated for 3 hours
and each hour, lipids were isolated using chloroform:methanol
(2:1) solution, a standard protocol found best for the extraction
of lipids.” The DNPs produced more of the conjugated dienes
as compared to nondoped ZnO (Figure 5).

To compare the amount of dienes formed during each
hour and the different nanoparticles, a two-way ANOVA was
performed, which showed that the effect of time and nanopar-
ticle type on the production of conjugated dienes was signifi-
cant (P<<0.05). The pair-wise comparison revealed that the
difference mainly exists due to the higher dienes formation
in the second hour (P<<0.05). Meanwhile, the effect with
nanoparticle type was present due to a significant difference
in NDNP and the four DNPs to produce dienes (P<<0.05).
In 3-hour span, conjugated dienes by the NDNP were
significantly lower compared to those by DNPs (P<<0.05)
as confirmed by the pair-wise comparison, portraying the
positive effect of dopant in the ZnO lattice. ZnO is normally
activated by UV light to produce ROS;*® thus, NDNP was
mildly activated by sunlight as sunlight contains 5% UV
portion, not enough to fully activate the NDNP. In the case

I 1h E2h

30

Conjugated dienes (nM)

DNP1
Nanoparticles

NDNP DNP2 DNP3 DNP4

Figure 5 Conjugated dienes formation by NDNP and DNPs.

Notes: Leishmania lipids extracted by chloroform: methanol (both from control
and treated samples). Bars show data of treated samples (control values subtracted
from initial treated values).

Abbreviations: h, hours; DNP, doped nanoparticle; NDNP, non-doped nanoparticle.

of DNPs, the ROS formation started due to the excitation of
these nanoparticles by the visible portion of sunlight because
of the addition of dopant, that is, silver and copper.

Lipid hydroperoxides

Upon production of ROS, the reaction started as the carbon-
centered radical was stabilized by the molecular rearrangement
to form a conjugated diene. However, the next coming carbon-
centered radical reacted with oxygen to give a peroxyl radical
to stabilize itself. Peroxyl radicals have the ability to abstract a
hydrogen atom from the next fatty acid side chain, thus giving
rise to the lipid hydroperoxides.*! FOX assay was used to quantify
the hydroperoxide concentration. In FOX, the hydroperoxides
have the ability to oxidize Fe?* to Fe** and begin the formation of
a complex between ferric ions and xylenol orange.* The results
were consistent with no effect of the nature of the dopant and
time (Figure 6). Hydroperoxide pattern by the nanoparticles was
mostly similar to dienes except in the third hour.

Like dienes, a two-way ANOVA and pair-wise compari-
son of hydroperoxides for each hour and nanoparticles were
performed. It showed that the effect of time and nanoparticle
type on the production of hydroperoxides was significant
(P<<0.05) and also the difference mainly existed due to higher
hydroperoxide formation in the second hour (P<<0.05). More-
over, similar to dienes, hydroperoxides by the NDNP were
significantly lower compared to DNPs (P<<0.05) as confirmed
by the pair-wise comparison in the 3-hour span.

3,300-
3,000
— 2,700
2,400-
2,100
1,800]
1,500]
1,200] |
900] &
600
300

Hydroperoxides (nM

DNP1 DNP2 DNP3 DNP4

Nanoparticles

Figure 6 Lipid hydroperoxide formation by NDNP and DNPs was quantified by
FOX assay.

Notes: Leishmania lipids were extracted (both from control and treated samples)
and FOX solution was added. The newly made complex was determined
spectrophotometrically due to its high absorption coefficient in the range of
550-600 nm. Bar shows data of treated samples (control values subtracted from
initial treated values).

Abbreviations: h, hours; DNP, doped nanoparticle; NDNP, non-doped nanoparticle.
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MDA quantification

Lipid peroxides are usually degraded into secondary prod-
ucts, so the quantification of peroxides does not give the
real measurement of oxidative stress.?® Thiobarbituric acid
reactive substances assay was used to detect and quantify
any MDAs formed.*3* It is a common method to measure
oxidative change in lipids due to free radicals.® It was found
that there was a continuous increase in the MDA formation
in each hour (Figure 7).

Two-way ANOVA showed a highly significant for-
mation of MDA upon comparison with nanoparticle type
and time (P<<0.01). The pair-wise comparison revealed
that the difference mainly existed due to higher MDA
formation in the third hour (P<<0.01). The MDA produc-
tion was found indirectly dependent on dienes (P<<0.01)
and directly on the hydroperoxides (P<<0.01) with the
exception only in the third hour against hydroperoxides
(P>0.05). Although, the effect with nanoparticle type
was present due to a significant difference in NDNP and
the four DNPs to produce MDA (P<0.05). In the 3-hour
span, MDA production by the NDNP was significantly
lower compared to DNPs (P<<0.05) as confirmed by the
pair-wise comparison.

The MDAs were not the end products of the lipid
peroxidation because of the inordinate amount of ROS.
These hydroperoxides undergo further degradation and are
normally converted to HNEs, ethanol, methanol, or gases
such as ethane and to end products of CO, and H,O.* For the

1h B8 2h &33h

2,500

2000000 it i o o et

-
(&)
o
o

1

-

o

o

o

N L L

T
1
1
|

%
XX
<5

2
S

T

2

TBARS (nM)

500 -

s

%
25

[
0%

oz

DNP1
Nanoparticles

NDNP DNP2 DNP3 DNP4

Figure 7 MDAs formation by NDNP and DNPs.

Notes: Lipids were extracted from Leishmania tropica treated with synthesized
nanoparticles and also from untreated (control) L. tropica. The MDAs were
quantified by TBARS method, and the final pink color products were measured
spectrophotometrically at 532 nm. Bar shows only data of treated samples (control
values subtracted from treated values).

Abbreviations: h, hours; MDA, malondialdehyde; TBARS, thiobarbituric acid
reactive substances; DNP, doped nanoparticle; NDNP, non-doped nanoparticle.

Table 2 GC-MS of the final products formed

Nanoparticles Water % Methanol % Ethanol% Methane %
NDNP 29 34 8 27
DNPI 33 25 9 32
DNP2 29.5 23 20 27
DNP3 36 23 4 36
DNP4 35 22 10 33

Abbreviations: GC-MS, gas chromatography-mass spectrometry; DNP, doped
nanoparticle; NDNP, non-doped nanoparticle.

detection and quantification of end products, especially
HNEs, gas chromatography mass spectrometry (GC-MS)
was performed. It was found that the conversion of lipids
to the final products was very fast and thus no HNEs were
detected in the current study. The general order of end prod-
uct was water > methane > methanol > ethanol as confirmed
by GC-MS (Table 2).

Lipid versus protein hydroperoxides

In the current study, oxidative damages caused by ROS were
more responsible for lipid peroxidation rather than protein
oxidation*’ because of the production of more lipid hydroper-
oxides. Although proteins are the first target of ROS?” and
fragmentation of polypeptide chains, modification of amino
acids to hydroxyl derivatives is a possible outcome of the
ROS-mediated oxidative burst.® But, in the current case,
lipids were the major target of the ROS and this might be
the result of the thick lipophosphoglycan layer. Also, the
major portion of Leishmania lipids are phospholipids (70%)
that are susceptible to ROS.?* Currently, the DNPs were
responsible for more hydroperoxides while NDNP was
capable of inducing equal amount of both lipid and protein
hydroperoxides moieties. Figure 8 represents the third hour
results of both the protein and lipid hydroperoxides. The
lipids hydroperoxides were produced at a concentration
of more than twofold upon comparison with the protein
hydroperoxides.

Protein thiols

Protein oxidation products are generally formed by the
oxidation of different amino acids. The thiol of cysteine is
one such target that can be oxidized by the ROS,* and lipid
peroxidation products can also give rise to thiol oxidized
products.*' In the present study, it was found that nanopar-
ticles with no or low concentration of dopants were causing
more oxidation of the protein thiols compared to those with
higher dopant concentration, that is, DNP2 and DNP3. DNP4
was responsible for the highest quantity of thiol oxidation
products (102 nM) while DNP2 and DNP3 were produc-
ing <40 nM (Figure 9).
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Figure 8 Lipid and protein hydroperoxides (LOOH) by the NDNP and DNP
nanoparticles.

Notes: Leishmania lipids and proteins were extracted (from control and treated
samples). Both protein and lipid LOOH formation by NDNPs and DNPs was
quantified by FOX assay. Third hour LOOH of lipids were compared with the
protein LOOH. Bar shows the data of treated samples (control values subtracted
from initial treated values).

Abbreviations: DNP, doped nanoparticle; NDNP, non-doped nanoparticle.
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Protein carbonyls

Protein carbonyls are relatively difficult to induce compared
to methionine and cysteine derivatives and, thus, these might
be reflective of more severe cases of oxidative stress.’” ROS
are capable of damaging proteins in a specific manner by
oxidation of backbone or damaging the side chains of lysine,
arginine, histidine, proline, glutamic acid, and threonine.*
These carbonyls are stable for long durations and can be
detected by DNPH, which is involved in the derivatiza-
tion of carbonyl group to give DNPH products that can be
easily detected at 370 nm.?® The current study reveals that
the NDNP was producing 1.25 nM of carbonyl, which was
lower compared to the DNPs (Figure 10). The silver-doped
ZnO was producing higher quantities of carbonyls, that is,
2.08,2.77, and 3.22 nM by DNP1, DNP2, and DNP3 upon
comparison with both the NDNP and copper doped DNP4
(P<0.01). The exception was found among DNP1 and
DNP4 in which the DNP4 was eliciting more carbonyls and

DNP4

DNP3

DNP2

0 20 40 60 80 100

_nM thiols/mg of protein

DNP2

DNP3
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Nanoparticles

Figure 9 Thiol quantification was carried by 0.5 mM of DTNB in 0. M phosphate buffer.
Notes: The absorbance was measured at 412 nm (extinction coefficient of 13,600 M~' cm™') using a spectrophotometer. The small graph shows the formation of different

thiol degraded products.

Abbreviations: DTNB, 5,5"-dithiobis-2-nitrobenzoic acid; DNP, doped nanoparticle; NDNP, non-doped nanoparticle.
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Figure 10 Content of protein carbonyl formed.

Notes: Protein carbonyls were measured by 10 mM DNPH in 2.5 M HCI. The
carbonyls formed were measured at 370 nm by redissolving the protein pellet in
6 M guanidine-HCI. Data represent the mean * SD for three determinations. Graph
shows a highly significant (P<<0.01) relation among the carbonyls produced by the
synthesized nanoparticles.

Abbreviations: DNPH, 2,4-dinitrophenylhydrazine; SD, standard deviation; DNP,
doped nanoparticle; NDNP, non-doped nanoparticle.

this was because of the higher ROS generation by DNP4
than DNP1.'¢

Conclusion

Previously, it was found that ZnO nanoparticles causes
membrane permeability. It can be concluded that lipid
peroxidation affects the biophysical properties especially
of membranes that change the phase properties, affecting
membrane fluidity and thus compromising the barrier capa-
bility of membrane, making it fragile and leaky. The elevated
level of carbonyl is also a sign of protein dysfunction, which
also preceded the cytoskeleton instability. This led to the
possibility of membrane permeability ultimately leading to
Leishmania cell death.

In a few cases, it was found that there was no statistical
difference among the doped nanoparticles especially in case
of dienes and lipid peroxides but it can be elucidated that
there is a clear difference with the nondoped nanoparticle
thus representing more potency of doping of nanoparticles in
antileishmaniasis. It is suggested that research should not be
restricted to ZnO nanoparticles, and other metal nanoparticles
should also be studied.
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