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SUMMARY 

Leishmaniasis is a fatal disease that could have serious implications from self-healing 

cutaneous lesions to fatal visceral leishmaniasis. Nanomaterials have elicited that metal 

oxide nanoparticles might have very promising and potent roles as anti-leishmanial agents. 

Here, we describe the synthesis and characterization of fourteen zinc oxide (ZnO) 

nanoparticles with different concentrations of metal and non-metal dopants e.g. silver, 

copper and nitrogen. The goal was to enhance the photocatalytic activity of ZnO by (1) 

bringing the activation from UV light to visible light (2) increasing reactive oxygen species 

(ROS) production (3) the increase of singlet oxygen and (4) finally, the PEGylation of 

synthesized nanoparticles to enhance the delivery and biocompatibility. In this milieu, the 

pertinent qualities of these synthesized nanoparticles were checked for their daylight 

responsive Photodynamic therapy (PDT) against Leishmania tropica KWH23 strain.  

Initially, different concentrations of silver (Ag) (0.5, 1, 3, 5, 7 and 9%) were doped in the 

ZnO and thus, six Ag doped ZnO nanoparticles (DSNs) and one pure or non-doped ZnO 

(NDSN) were synthesized and characterized. In the second stage, seven new nanoparticles 

were synthesized with copper (Cu) (1, 5 and 10%) and also a combination of 

copper/nitrogen were introduced as dopant (1, 5 and 10%) in ZnO (CuZn) with one NDSN. 

The synthesis was carried out by a modified co-precipitation method. The efficacy of the 

synthesized nanoparticles were checked against biological parameters of Leishmania 

tropica KWH23 such as morphology, proliferation, infectivity, and survival in host 

macrophage cells. Initially, the DSNs demonstrated effective daylight response in the PDT 

of Leishmania protozoans, through the generation of ROS with a quantum yield of 0.13 by 

NDSN while that of DSNs was enhanced to 0.28. However, the CuZn were found to 

generate higher quantum yield of ROS ranging from 0.24 to 0.63. The Leishmania tropica 

death, both in promastigotes and amastigotes form, was accredited in a dose- and time- 

dependent manner with the IC50 ranging from ng/ml to µg/ml and also with the elimination 

of hyperthermia. Furthermore, all of the nanoparticles have not shown anti-leishmanial 

activity in dark. Moreover, the synthesized nanoparticles were found biocompatible 

because of no cytotoxic effect on human macrophages both in light and dark conditions. 

Using reactive oxygen species scavengers, cell death was attributable mainly to 77-83% 

singlet oxygen and 18-27% hydroxyl radical in case of DSNs while 77-92% singlet oxygen 

and 8-21% hydroxyl radical by the CuZn nanoparticles, thus, by causing apoptotic death of 

Leishmania cell both in promastigotes and amastigotes forms.  
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The study was further extended to investigate ROS induced lipid peroxidation (LP) and 

protein oxidation (PO) because it was found that generated ROS were causing permeability 

of cell membrane of Leishmania tropica KWH23. Successfully, the PDT based 

nanoparticles were found responsible for both LP and PO of Leishmania. However, no LP 

and PO production was observed in the dark experiments. It was found that the major LP 

derivatives produced were conjugated dienes, lipid hydroperoxides and malondialdehyde 

with no hydroxynonenals reported, whereas water, ethane, methanol and ethanol were 

obtained as the end products of LP. Moreover, proteins were oxidized to carbonyls, 

hydroperoxides and thiol degrading products. It was also found that the lipid 

hydroperoxides produced were more than 2-fold of the protein hydroperoxides, indicating 

higher degradation of lipids compared to proteins.  

However, ROS are not only responsible for LP and PO but also they have the capability to 

effect the nucleic acids especially the DNA. The Leishmania DNA interaction and damage 

caused by the DSN (9% Ag) was assessed. It was found that there was an indirect damage 

to Leishmania DNA, as the DSN was unable to interact with the DNA in intact Leishmania 

cell, showing the incapability of PEGylated DSN to cross the nucleus barrier. However, 

DSN was found competent of having interaction with the isolated Leishmania DNA. The 

DNA damage by DSN was the result of the higher production of singlet oxygen upon 

exposure to sunlight, as singlet oxygen scavenger such as sodium azide has successfully 

prevented the DNA damage, thus confirming the involvement of this highly energetic 

species in the DNA degradation process. 

The biocompatibility, the Leishmania killing ability at lower concentrations in daylight and 

dormancy of the synthesized nanoparticles in dark makes them suitable anti-leishmanial 

candidates. Thus, new drugs containing PEGylated doped zinc oxide nanoparticles can 

serve as better therapeutic agents against leishmaniasis.
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Researchers and pharmaceutical industries are seeking for alternative treatment options to 

control outbreaks of infectious diseases caused by pathogens that are resistant to the 

currently available drugs. Nowadays, it is a general perception that nanotechnology may 

change the scenario by bringing new drug delivery systems and nanomedicines that will 

replace the currently available standard drugs, especially those to which parasites and 

microbes have developed widespread resistance (Morones et al., 2005; Kim et al., 2007).  

Leishmaniasis is a disease caused by different species of Leishmania, a protozoan parasite, 

and is endemic in 98 countries with a total of about 350 million people at risk and a death 

rate of about 20,000 to 40,000 cases per year (WHO, 2014). Three clinical manifestations 

do exist: cutaneous (CL), mucocutaneous (MCL) and visceral leishmaniasis (VL). In the 

Old-World, CL is caused by Leishmania tropica which occurs in urban environments, is 

strictly anthropometric and causes dry lesions for a fairly long time (6–15 months). This 

contrasts with CL caused by Leishmania major which causes chronic wet lesions in rural 

areas and is typically zoonotic (Jacobson, 2003). Treatment of leishmaniasis is mainly 

based on injection of pentavalent antimony derivatives as first-line, and amphotericin B, 

paromomycin and/or pentamidine-isethionate as second line drug. Because of the high 

incidence of side effects (arthralgia, myalgia, anorexia, nausea, vomiting, swelling and 

local pain) and the discomfort of daily injections, patients tend to interrupt treatment 

allowing the disease to evolve with serious complications and development of drug 

resistance (Croft et al., 2006).  

Photodynamic therapy (PDT) is a cheap and effective remedy that has been successfully 

applied for the treatment of topical conditions, such as macular degeneration, skin lesions, 

cancer (Sternberg et al., 1998; Gollnick et al., 2003) and cutaneous leishmaniasis (Akilov

et al., 2006; Van der Snoek et al., 2008). Generally, PDT is a two-step process that involves 

the delivery of the photosensitizer followed by its activation with non-thermal light of 

specific wavelength generating ROS (Henderson and Dougherty, 1992) such as superoxide, 

hydroxyl radical (Ackroyd et al., 2001) and singlet oxygen (Xiao et al., 2011). Compared 

to ground-state oxygen, ROS are highly reactive and toxic causing damage to proteins, 

nucleic acids, lipids and carbohydrates (Brynildsen et al., 2013). Particularly, superoxides 

and hydrogen peroxides are produced by immune cells as a defense mechanism against 

Leishmania (Haidaris and Bonventre, 1982) but, the parasite is able to withstand ROS, 
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although further enhancement of ROS moieties will eventually kill them (Allahverdiyev et 

al., 2011).  

To date, various studies have been carried out on the potential of PDT against 

leishmaniasis, particularly CL with traditional photosensitizers (Dutta et al., 2011). 

Nowadays, these traditional photosensitizers are being replaced by nanoparticles due to the 

associated lack of long wavelength absorption band, hydrophobicity, payload leaking, 

toxicity in dark conditions, use of high concentrations and insufficient ROS production 

(Juzenas et al., 2008; Xiao et al., 2011; Barbosa et al., 2012). The use of metal oxide 

nanoparticles have the advantage of more ROS production, higher activity at low 

concentrations and dormancy in dark conditions. ZnO can be considered as suitable 

photosensitizers for PDT due to their unique phototoxic effect upon irradiation (Zhang et 

al., 2008). The lower cost, non-toxicity, high crystallinity and similar band to that of 

titanium dioxide (TiO2) makes ZnO a more suitable and cheaper alternative of TiO2 

(Hariharan, 2006). Furthermore, the high surface area and unique physical and chemical 

properties have brought this nanomaterial to a novel approach for killing microbial 

organisms (Kim et al., 2007). 

The use of visible light photocatalysts can presently be found in a number of applications 

including optical, electrical, catalytic properties and antibacterial effect (Sonawane et al., 

2008; Zhang et al., 2008; Freedsman et al., 2010; Rekha et al., 2010). ZnO is normally 

activated by UV light; however, the gaps present in the ZnO can be filled up by the 

introduction of impurities in the form of a cationic dopant which induces visible-light 

absorption (Wang et al., 2014). A problem which affects the activity is the formation of 

electron hole centers that can be removed by the introduction of copper and silver in ZnO 

and is based on two ideas, i.e. interfacial charge transfer and multi-electron reduction of 

oxygen (Irie et al., 2008) and narrow down the conduction band for the development of 

sensitive photocatalysts (Yu et al., 2010). 

This thesis provides an insight into the synthesized different nanoparticles of ZnO doped 

with different concentrations of silver, copper and copper/nitrogen. These dopants were 

selected because of the multi-electron reduction of oxygen producing higher quantities of 

lethal ROS in the immediate environment. PEGylation of the synthesized nanoparticles 

enhanced the biocompatibility as well as delivery inside the cell. These nanoparticles were 

characterized by X-ray diffraction, scanning electron microscopy, and Rutherford 

backscattering, diffuse reflectance spectroscopy and band gap analysis. At this stage, they 
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were found effective against Leishmania tropica together with the evaluation of the 

concentration of these nanoparticles inside infected cells, quantification and identification 

of ROS produced, plasma membrane potential, apoptosis and necrosis in Leishmania 

parasites and cytotoxicity on the human macrophages. In addition, the effect of these 

nanoparticles on lipids, proteins and DNA were carried out where it was found that the 

ROS produced by these nanoparticles caused lipid peroxidation and a small quantity of 

protein oxidation and have an effect on the DNA of Leishmania. 
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2.1 Leishmaniasis 

Leishmaniasis is a disease complex caused by protozoan parasites belonging to the genus 

Leishmania. Protozoan parasites are unicellular eukaryotes causing some of the most 

common diseases in human beings and domestic animals. These parasites have diverse 

range of habitats within their hosts i.e. living in various parts of the body during their life 

cycle. Common protozoa parasites include Plasmodium sp., Giardia sp., Toxoplasma sp., 

Trypanosoma sp., and Leishmania sp. (Mitropoulos et al., 2010). Almost, one third of the 

human population is threatened by the diseases caused by the parasitic protozoa (Ouellette, 

2001).  

Leishmaniasis is a vector-borne disease caused by the obligate protozoan parasites of genus 

Leishmania.  These Leishmania parasites infect several mammals, including human beings.  

The disease is caused by 22 species of Leishmania (CDC, 2013). The insect vector of the 

disease is female sand fly of Phlebotomine belonging to the genera Phlebotomus in Old 

World (Europe, Africa and Asia) while Lutzomya in New World (America) (Reithinger et 

al., 2007). Species of sand fly are prevalent all over the world except Antarctica (Banuls et 

al., 2007). The female sand fly is haematophagous like mosquitoes and in order to progress 

eggs, they need proteins. They consume the Leishmania parasites during blood meals from 

hosts (mammals or humans). The incubation of parasite progresses in the female sandflies 

for 4 to 25 days. The transmission cycle completes when infected female sand flies transfer 

the parasite into the respective host organism, upon feeding on them (Figure 2.1). The 

incubation period usually persists for two to eight weeks in mammals and human beings, 

although longer incubation periods have been noted as well (Weiss et al., 2009). 

Leishmania circumvent host innate immune system by blocking significant activities of 

immune system like production of nitric oxide (NO), tumor necrosis factor-alpha (TNFα), 

interleukin-12 (IL-12) and ROS (Olivier et al., 2005). The parasite exists as flagellated, 

motile promastigotes in sand fly whereas in vertebrate host; it develops and multiply as 

immobile amastigotes to cause cutaneous, mucocutaneous or visceral leishmaniasis 

(Zufferey and Mamoun, 2005).  
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Figure 2.1. Life cycle of Leishmania in Humans, modified from CDC (2013) 

2.2 Morbidity and Mortality 

Leishmaniasis is considered as Neglected tropical disease and is second in mortality and 

forth in morbidity among tropical infections (Alvar et al., 2006; Feasey et al., 2010). The 

disease is endemic in 98 countries and three territories with a total of 350 million people at 

risk and death rate of 70,000 per year around the globe with an incidence of 0.5 million 

cases of the visceral form of the disease and 1.5–2.0 million cases of the cutaneous 

leishmaniasis, causing extensive mortality and morbidity (Blum et al., 2004; Reithinger et 

al., 2007; Alvar et al., 2012; WHO, 2014). Worldwide, visceral leishmaniasis is responsible 

for approximately 59,000 deaths, out of which 35,000 are male and 24,000 female 

causalities (Mohebali, 2013). Actual number can be larger because most of the cases are 

not reported and false diagnosis is also an issue (WHO, 2014). Furthermore, leishmaniasis 

is extremely frequent in many poor and developing countries (Alvar et al., 2006). Different 

reports showed that the disease is spreading in different regions of the world due to the 

environmental changes making a suitable habitat for sand fly vector (WHO, 2014).  
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2.3 Morphology 

Unicellular protozoan Leishmania lives in two different morphologically specific types 

i.e., promastigotes and amastigotes. Promastigote exists in the gut of sandfly 

whereas amastigotes survive in the macrophages of vertebrate hosts. Promastigotes 

live in extracellular environment while amastigotes live intracellularly (Saraiva et al., 

2005). Promostigotes are active at ~7 pH while the ambiance of macrophages is acidic 

hence amastigotes have the ability to remain active in acidic pH. Promastigotes survive at 

22-26°C and amastigotes are adapted to mammalian host temperature. Promastigote have 

spindle like body having length of 10-15µm and width of 1.5-3.5 µm. Promastigotes 

have single flagellum present on anterior end. Amastigotes are circular in shape with 

a very small flagellum and having 2-3µm diameter size (Glew et al., 1988). 

Furthermore, order of Leishmania is Kinetoplastidae, therefore, both of the forms contain 

kinetoplast. Kinetoplast is a huge size mitochondrion situated at the base of flagellum. 

Tangeled circular DNA is present in kitenoplast in the form of maxicircles and minicircle. 

Kinetoplast DNA (kDNA) accounts for 5-10% of total cellular DNA (McConville et al., 

2007).  

2.4 Clinical manifestations 

In humans’ leishmaniasis occur in four different forms (Desjeux, 2004); 

 Cutaneous leishmaniasis (CL) 

 Diffuse cutaneous leishmaniasis(DCL) 

 Mucocutaneous leishmaniasis(MCL) 

 Visceral leishmaniasis (VL). 

2.4.1 Cutaneous leishmaniasis (CL) 

CL is also commonly termed as Oriental Sore or Delhi Boil (Ayub et al., 2003). In rural 

areas, it is caused by Leishmania major while in urban areas Leishmania tropica is 

responsible for the CL in the Old World. CL is mostly endemic in tropical and subtropical 

regions (Alrajhi, 2003) (Figure 2.2). The geographic distribution is affected by factors 

influencing the growth and survival of sand fly vector. CL epidemics are related with any 

kind of human action interfering with the natural territory of sand-fly vector including; 

agricultural activity, deforestation, road construction, wars, etc. (McHugh, 1994). In Iran, 

Afghanistan, Algeria, Brazil, Saudi Arabia, Peru and Syria, 90% of CL cases have been 

reported (Desjeux, 2004). CL is mostly self-healing within 3-18 months but its lesions leave 
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defacing marks (Mishra et al., 2009). CL is not responsible for death but the disfigurement 

is a stigma which leads to social isolation, psychological stress and lesser economic 

prosperity opportunities (Rafferty, 2005).  

2.4.2 Diffuse cutaneous leishmaniasis (DCL) 

People with impaired cell mediated immunity suffered from DCL. Lesions are scattered on 

the skin and are very similar to the lesions that appear in lepromatous leprosy. These lesions 

are not self-curing and re-occur after the treatment with currently available drugs 

(Reithinger et al., 2007).  

2.4.3 Mucocutaneous leishmaniasis (MCL) 

MCL affects immune-compromised patients. In old world it is mostly caused by 

Leishmania donovani and Leishmania major while in new world Leishmania braziliensis 

and Leishmania guyanensis are responsible for this condition. This is a very outrageous 

disease because the lesions cause extremely terrible disfigurement of oral-nasal and 

pharyngeal cavity of the body (Desjeux, 2004). 

2.4.4 Visceral leishmaniasis (VL) 

VL is commonly known as Kala-azar. It was first reported in 1906 by Leishman. 

Reticuloendothelial system, spleen, and liver are mostly affected by VL (Guerin et al., 

2002; Singh, 2006). Complexities caused by VL include periodic or continuous fever, 

cachexia, splenomegaly, livermegaly, abdominal protruding, limbs and trunk devastation 

and pancytopenia (Neva, 1990; Badaro et al., 1996).  

In ~10% of the patients, bone marrow is also affected (Enk et al., 2003). VL is considered 

fatal because of the systemic spreading of parasite if any treatment is not carried out 

(Pearson and de Queiroz Sousa, 1996).  Middle East and South Asia are the endemic area 

for VL, but several reports have shown its emergence in other parts of the world as well 

(Alvar et al., 2006). Almost 90% of VL cases occur in Bangladesh, Nepal, Sudan, India 

and Brazil (Desjeux, 2004). Co-infection of Leishmania with HIV is also becoming an 

alarming disease (Berhe et al., 1999).  
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Figure 2.2. Geographic distribution of CL and MCL, adopted from WHO (2014).  

2.4.5 Post-kala-azar dermal leishmaniasis (PKDL)  

PKDL is a dermatitis which arises after completing the treatment of VL. In India, PKDL 

occurs in ~5-15% of patients and 50%-60% patients in Sudan (Zijlstra et al., 2003). In some 

patients PKDL develops within 6 months of treatment and in India, PKDL arises after 2-3 

years and rarely after 10 years of treatment as well. PKDL is studied extensively because 

PKDL patients are the reservoirs of infectious parasites. It is characterized by; 

 Hypo-pigmented macules that sometime combine or scatter on the whole body. 

 Erythematous eruptions that lead to the formation of papules, nodules, and plaques 

(Zijlstra and El-Hassan, 2001). 
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Figure 2.3. Geographic distribution of VL and PKDL, adopted from WHO (2014). 

2.5 Leishmaniasis in Pakistan 

Sporadic epidemics of Leishmania occur in different regions of Pakistan i.e., from 

Baluchistan to Punjab to areas of Khyber Pakhtunkhwa (KPK) and then to various parts of 

Sindh as well (Kassi et al., 2008). CL and VL, both are epidemic in different regions of 

Pakistan (Yasinzai et al., 1996). VL is prevalent in Northern areas like Gilgit Baltistan and 

Azad Jammu and Kashmir but many cases have been reported also in different areas of 

KPK and Punjab (Ahmed and Burney, 1962; Burney et al., 1981). Leishmaniasis is the 

significant health issue associated with distant areas of the Pakistan especially in those 

regions where weather conditions are arid to semi-arid e.g. climatic conditions in 

Baluchistan (Yasinzai et al., 1996). Dadu, Larkana, Jacobabad and Karachi are the cities of 

Sindh where most of the cases of leishmaniasis have been reported. In Punjab, Dera Gazi 

Khan and Multan are epidemic areas for the disease (Jaffernay and Nighat, 2001). In 2004, 

8007 patients of leishmaniasis have been reported and this number is very high as compared 

to previous reports which clearly shows that the disease incidence is increasing in Pakistan 

(Kakarsulemankhel, 2004). This issue is critical because along with the natives of the 

endemic region, military recruits traveling through these regions are also at high risk of 
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developing leishmaniasis. Moreover, emergence of the Old World CL in Pakistan was 

because of the inflow of Afghan refugees to Pakistan (Brooker et al., 2004; Bhutto et al., 

2009).  

2.5.1 Pathogens in Pakistan 

Leishmania major and Leishmania tropica are responsible for CL in Pakistan (Katakura, 

2009), while Leishmania infantum is involved in VL. A study reported a relation between 

the altitude of the area and the type of Leishmania species (Figure 2.4). In low altitude 

areas, 97.9% presence of Leishmania major was observed whereas 76.2% prevalence of 

Leishmania tropica was observed in high altitude areas (Myint et al., 2008).   

2.5.2 Causes of disease in Pakistan 

Some of the important reasons for spreading of disease from north to south part of the 

country are following: 

 Water running in the form of rivers and canals from South to North 

 Inflow of refugees 

 Transportation of vegetables, fruits and other goods from one region to other 

 Military doings 

 Increasing population 

 Environmental alteration that may lead to the change in habitat of the sand fly 

(Bhutto et al., 2003) 
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Figure 2.4. Geographical distribution of Leishmania in Pakistan, adapted from Bhutto et al. 

(2003) 

2.6 Available treatments and importance of new drugs   

Drugs are the most important tool in order to control different clinical manifestations of 

leishmaniasis. Specific drugs have been used depending upon the type of leishmaniasis e.g. 

pentavalent antimonials, amphotericin B (AmB), miltefosine, paromomycin, sitamaquine 

and pentamidine. 

First line of treatment for leishmaniasis include the antimonials, e.g. meglumine antimonate 

and sodium stibolgluconate. Antimonials are injected under the edges of the lesion and the 

entire lesion for 28 days on daily basis. The adverse effects include prolonged QT interval 

(measure between Q wave and T wave in the heart's electrical cycle) leading to pancreas 

malfunctioning (Gasser et al., 1994), arrhythmias and hepatic malfunctioning, 

hepatotoxicity (Hepburn et al., 1994; van Griensven et al., 2010). The parasites have also 

developed resistance against antimonials. Also, the effectiveness of antimonials has 

decreased to be 35% in Bihar, India (Croft et al., 2006). Liposomal amphotericin B has 

higher efficacy (90-100%) and it has been used in Europe and developed countries. But, it 

is an expensive drug and the alternatives include pentamidine, parmomycin and 

conventional amphotericin B which may have noteworthy side-effects (Roberts, 2005). 

Miltefosine is an alkylphosphocholine analogue which is used as oral agent exhibiting high 
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cure rates (Sundar et al., 2002), but the appearance of severe gastrointestinal problems and 

teratogenic effects have diminished its use in pregnant women (Sangraula et al., 2003; 

Prasad et al., 2004; Soto and Toledo, 2007). However, this drug is approved by health 

department for use by adults and children in India, Germany and Colombia (Reithinger et 

al., 2007). Moreover, the development of resistance by Leishmania species against several 

drugs has led to the treatment by combination drugs therapy and trials have been carried 

out on different drugs (Guerin et al., 2002).  

Furthermore, current challenges in the classical leishmaniasis therapy include accessibility 

of very few drugs, appearance of resistance to the available drugs, toxicity and lack of cost-

effectiveness (Minodier et al., 2003; Date et al., 2007; Santos et al., 2008; van Griensven 

et al., 2010). Moreover, lack of noteworthy commercial return from 'neglected diseases' 

has also resulted in unsatisfactory funding for drug development against leishmaniasis (de 

Lalla et al., 1993; Sundar et al., 1998; Di Giorgio et al., 1999; Rodrigues et al., 1999; 

Oliveira et al., 2011). Thus, to get new, cheap and beneficent drugs for effective treatment, 

scientists have always tried to come up with something new and in this regard the discovery 

of new biologically active compounds has always been of great importance.  

2.7 Nanotechnology 

The dynamic and modern developments in nanotechnology especially nanobiotechnology 

has opened new paths for diagnosis and treatment of diseases that cannot be cured with 

traditional basic therapies and surgical treatments. Most of the diseases occur due to 

changes in biological processes at nanoscale level or molecular level. Alteration in genes, 

protein mis-folding and viruses or bacterial infections cause life-threatening diseases due 

to miscommunication or cell malfunction. Because of the nanometer size, these molecules 

and infectious agents might be present in biosystem and are protected by nanometer-size 

barrier (Kim et al., 2010). 

Nanotechnology can be defined as “controlling the size and shape at nano level (1-100nm) 

to deliberately design, characterize and produce materials, devices and systems having 

powerful application in every field”. These materials are similar to biomolecules and can 

perform different functions inside the biosystem. Nanomaterials can be easily engineered 

to specific sizes, shapes, composition, surface properties and structures for their particular 

application (Peer et al., 2007; Xia et al., 2009). These nanomaterials have also gained 

interest due to their beneficial applications in medical field. The designing, physical 
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characteristics and novel properties of nanomaterials in the form of nanomedicine have 

brought them to such level in which they can get access and interact with the molecules 

and can diagnose any changes at molecular level and also they can act as vehicles for the 

transportation of therapeutic agents. Upon comparison with the atomic or macroscopic 

materials, these nanomaterials are advantageous due to their higher surface area/volume 

ratio, electronic, magnetic and novel biological properties.  

Mostly nanomaterials are classified into three groups: 1) metal or metallic particles, 2) 

nonmetal and 3) semiconducing particles. For the biological targeting and increased 

bioavailability, surface of nanomaterials are coated with polymers or biorecognition 

molecules. Thus, it is one of the unique property of nanomaterials to be used as carriers in 

drug delivery (Kim et al., 2010). For the delivery of drug candidates, it is very important 

to understand synthesis of nanomaterials and their use as diagnostic devices or therapeutic 

agents and properties like higher ratio of surface area to volume for coating of targeted 

biomolecules, particular size and shape to cross biological barrier and biological properties 

with chemical composition are also important. Metals can be used as drugs as well as 

delivery agents. Specially zinc, titanium, copper, iron and silicon are used as antimicrobial, 

antiprotozoal and anticancer agents (Blake et al., 1999; Liu and Yang, 2003; Kovalev and 

Fujii, 2005; Lonnen et al., 2005; Jin et al., 2008; Sokmen et al., 2008; Baptista and 

Wainwright, 2011; Xiao et al., 2011; Hajipour et al., 2012; Karunakaran et al., 2012; Li et 

al., 2012; Talari et al., 2012; Allahverdiyev et al., 2013). Further, due to their inert nature, 

these particles are also conventionally coated with biomolecules, proteins and 

oligonucleotides in drug delivery system (Rasmussen et al., 2010; Kumar and Jaikumar, 

2011; Zhang et al., 2011). 

2.8 Nanomedicine 

The advancement in broad spectrum of nanotechnology has started a change in the bottom 

line of prevention, diagnosis and treatment of diseases. These advanced nanotechnological 

innovations have great abilities to make molecular discoveries in genomics and proteomics 

which are patient beneficial, referred as “nanomedicines” by the National Institutes of 

Health, USA (Moghimi et al., 2005). Nanomedicine is a broad subject area which includes 

“biological mimetics” (carbon nanotube called functionalized nanotube), “nanomachines” 

(i.e., which are made from interchangeable DNA scaffolds and DNA parts like stick cube 

or octahedron cube), “nanofibers” (nanofibers of peptides and peptide-amphiphiles for 

tissue engineering), “polymeric nanobiomaterial” (shape-memory polymers as molecular 



Chapter 2  Literature Review 

15 

 

switches, nanoporous membranes), and nanoscale microfabrication-based devices (silicon 

microchips for drug release), metal nanoparticles especially metal oxides, sensors and 

laboratory diagnostics (Rolland et al., 2005). 

Effective delivery and targeting of pharmaceutical agents, therapeutic agents and diagnostic 

agents through endovenous or oral routes with nanoparticles is now at the limelight of 

nanomedicine projects (Moghimi et al., 2005). Appendix 1 shows some of the 

nanomedicines either in the market or in trial phases. Owing to the potential of all these 

mentioned nanomedicines in appendix 1, there are still many that should be taken into 

account. 

2.9 Treatment modalities of nanomedicine  

Recent nanomedicine projects are mainly focused on effective delivery and targeting of 

therapeutic and diagnostic agents. For targeted and effective drug delivery, selection of 

specific targets i.e. cells or membrane receptors which are associated with clinical 

conditions of specific disease and selection of proper nanocarrier are very important to 

minimize side effects and to maximize appropriate responses especially against key target 

molecules, dendritic cells, cancers (tumor cells and tumor neovasculature), mononuclear 

phagocytes and endothelial cells (Langer, 1998). 

Because of the intracellular nature and dispersed location, parasitic disease (malaria, 

leishamaniasis and trypanosomiasis) agents are great challenge to scientific community. 

Furthermore, low rate of drug discovery against parasitic agents have been seen in the past 

decades, so it is necessary to develop therapeutics especially a replacement for the currently 

available ineffective drugs (Date et al., 2007). Nevertheless, modern parasitic drug research 

mainly focuses on biological and biopharmaceutical problems involved in targeted drug 

delivery against these parasitic infections (El-Tonsy, 2010).  

Moreover, in host defense system, macrophages have the specialty to recognize pathogens. 

Macrophage causes destruction of many microbes via phagocytosis however many have 

the capability to escape the sophisticated macrophage system. Also, these pathogens e.g. 

Mycobacterium tuberculosis, Listeria monocytogenes, Toxoplasma gondii and various 

species of Leishmania uses macrophage lysosome and cytoplasm as obligate intracellular 

home (El-Tonsy, 2012). This is the reason why macrophages are the main therapeutic 

targets and there are number of ways to focus macrophage targeted methods (Allen and 

Cullis, 2004). Additionally, for effective targeting, antimicrobial agents are encapsulated 
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in nanocarrier particles to attack on macrophages, to kill these pathogens. The endocytosis 

process helps nanocarrier to get entry to the cell where pathogens are present. With the help 

of lysosomal enzymes, carrier is degraded and releases the drug into phagosomal-lysosome 

sac and further releases the drug in cytoplasm via diffusion or with the help of specific 

transporters. Recognized formulations used for human are restricted to lipid based 

nanocarrier having Amp-B (Sundar et al., 2010). It is approved for visceral Leishmaniasis 

treatment and specific fungal species infection. This approach has significantly reduced the 

required concentration of Amp-B and attained effective drug concentration inside 

macrophages (Miller et al., 2004). 

2.10 Metal nanoparticles as nanomedicine 

Metal nanoparticles are nowadays frequently used as antimicrobial, anticancer and anti-

parasitic agents. The small size of metal nanoparticles allows them to interact with cellular 

membrane and have shown biocidal effect inside the cell (Morones et al., 2005). Metal 

nanoparticles coated onto surface or immobilized, have various applications (Appendix 1). 

For infection, burn and wounds treatment, number of silver compounds have been used 

(Dunn and Edwards-Jones, 2004). Various studies have shown antimicrobial activity of 

silver nanoparticle and is mainly achieved at lower concentration (Petica et al., 2008; Rai 

et al., 2009). Also, both silver and gold nanoparticles have not shown significant 

cytotoxicity against human cells (Kim et al., 2007). From 2500 BC, Chinese and Indians 

are using gold for healing of disease in medical history (Ravishankar and Jamuna, 2011). 

The gold based nanoparticles, nanospheres, nanocages, nanorods and nanostars can destroy 

cancer cells and have antibacterial activity in near infrared (NIR) irradiation (Freddi et al., 

2013).  Photosensitizer can also be combined with gold based nanoparticles and can be 

used for photodynamic chemotherapy (Zharov et al., 2006; Khaing et al., 2012). Many 

other metal oxides nanoparticles e.g. magnesium oxide, copper oxide, iron oxide, 

aluminum oxide, silver oxide, gold oxide, silicon dioxide, titanium dioxides and zinc oxide 

(ZnO) are used as anticancer, antimicrobial and antiprotozoal agents (Liu and Yang, 2003; 

Jin et al., 2008; Sokmen et al., 2008; Ostrovsky et al., 2009; Heng et al., 2011; Xiao et al., 

2011; Hajipour et al., 2012; Karunakaran et al., 2012; Larsen et al., 2012; Novotna et al., 

2012; Talari et al., 2012; Swain et al., 2014). Moreover, less is available on the anti-

leishmanial efficacy of metal nanoparticles. However, study showed that silver and gold 

nanoparticles have anti-leishmanial activity and can be used for the treatment of cutaneous 

leishmaniasis (Mohebali et al., 2009; Torabi et al., 2011). Furthermore another study 
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showed synergistic effect of UV and silver nanoparticles on Leishmania major 

(Allahverdiyev et al., 2011). Recently, Jebali and Kazemi (2013) examined the anti-

leishmanial activity of gold nanoparticles, silver nanoparticles, TiO2 nanoparticles and 

magnesium oxide nanoparticles on Leishmania major parasites but there excitation was 

under UV and IR conditions. ZnO nanoparticles were used against Leishmania major 

(Delavari et al., 2014).  

Here in this dissertation the main emphasis is on ZnO nanoparticles. 

2.11 Zinc oxide nanoparticles 

It has been found that ZnO remains stable during hard processing environment and have 

low cytotoxicity, which makes it a suitable antimicrobial agent (Stoimenov et al., 2002).  

Furthermore, various studies have shown that ZnO nanoparticle have minimum effect on 

human cells therefore it has significant applications in agricultural and food industries 

(Ravishankar and Jamuna, 2011). Moreover, they have numerous applications in 

biomedicine and also in pharma industry (Rasmussen et al., 2010; Hong et al., 2011; Nag 

et al., 2011). During few years, there has been numerous studies investigating the toxic 

effect of ZnO nanoparticles against yeast, water algae, fungi, soil bacteria and human and 

rodent cell lines (Karlsson et al., 2008; Xia et al., 2008; Horie et al., 2009; Neal et al., 

2012).  

Interests in ZnO has increased due to its photocatalytic properties (Barick et al., 2010; 

Gupta et al., 2011). Normally, when light strikes the surface of ZnO nanoparticles, 

electrons of the valence band absorbs the photonic energy, which excites the electrons, 

moving them to the conducting band of the semiconductor photocatalyst (SC). Following 

reaction takes place (Abdollahi et al., 2011). 

Photoexcitation: SC + hν → e− +h+ 

Adsorbed oxygen: (O2) ads + e− → O2
− 

Ionization of water: H2O → OH− + H+ 

Protonation of superoxides: O2
−• +H+ → HOO• 

HOO• + e− → HO2
-- 

HOO− + H+→ H2O2 

H2O2+ e- → OH− + OH• 

H2O + h+→H+ + OH• 
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The above reactions show the excitation of ZnO nanoparticles, which causes a 

recombination reaction, producing electron-hole interaction. The released electrons and 

protons attack the surrounding water molecules and oxygen, producing reactive oxygen 

species (ROS). The produced ROS causes oxidative stress in the immediate environment.  

Immune cells like macrophages and neutrophils have the capability to produce ROS to kill 

microbial agents, parasites, bacteria and viruses (Lodge and Descoteaux, 2006). But 

different parasites like Leishmania inhibits enzymatic ROS production and can survive 

inside macrophages (Mehta and Shaha, 2006). Besides that, it is also found that the 

enhanced production of ROS kills the Leishmania parasite especially produced by the metal 

oxide nanoparticles (Allahverdiyev et al., 2011). This strategy will be helpful in treatment 

of leishmaniasis (Jebali and Kazemi, 2013). But, the problem which has weakened the use 

of these metal oxides like ZnO and TiO2, as ROS producing agents, is their excitation by 

the UV light, as UV is also a carcinogen (Allahverdiyev et al., 2013).  

2.12 Doping 

A better approach is to bring the activation of these nanoparticles in visible region of light. 

This can be achieved by the introduction of impurities in the form of dopant. ZnO has 3.37 

eV energy band-gap, by using a dopant, the band gap level can be reduced and thus, ZnO 

can be excited in visible region of light (Huang et al., 2001; Singhal et al., 2012). In the 

last few years, there are various researches conducted on doping of ZnO with metals like 

silver (Wang et al., 2004), nickel (Cong et al., 2006), copper (Kanade et al., 2007; Ghotbi 

et al., 2012; Mohan et al., 2012; Singhal et al., 2012), cobalt (Abdollahi et al., 2011), 

chromium (Li et al., 2009) and indium (Kumar et al., 2005).   

The activation of doped ZnO starts when light with energy higher or equal to the band gap 

energy, is irradiated upon the semiconductor surface thus, promoting a photo-excited 

valence band electron to the conduction band and leaving behind a hole in the valence band. 

This creates electron-hole pairs, which causes (1) migration of the pairs to the 

semiconductor surface (2) allows the occurrence of redox reactions of the adsorbates with 

suitable redox potentials (3) thermodynamically; oxidation will occur if the redox potential 

of the valence band is more positive than that of the adsorbates. Similarly, conduction band 

electrons can reduce adsorbed species if the redox potential is more negative than that of 

the adsorbates. Clearly, the most likely outcome of the formation of electron-hole pairs is 

their simple recombination, with the subsequent release of thermal energy and/or light (4) 

Recombination proceeding within the same timescale as the redox processes being 
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promoted reduces photocatalytic activity considerably (Mohan et al., 2012). Therefore, for 

electron-hole pairs, whose life time is normally considered to be of the order of 

femtoseconds, separation is a vital parameter when determining activity. Before any 

reaction or recombination step can take place the charge carriers must be trapped, and thus, 

the defects play an important role in this process (Wang et al., 2014). Defects can be either 

intrinsic, for example oxygen vacancies in nanostructured reducible oxides, or extrinsic, 

such as dopants or impurities (Baruah et al., 2010; Xing et al., 2011). Minimizing the 

likelihood of recombination has led to the preparation of nanostructure dioxide materials 

together with the development of materials capable of enhanced photocatalytic activity 

through doping. Doping of impurities in ZnO results in a lower band gap and increases the 

defect sites (Xing et al., 2011). It has also been believed that the higher surface-to-volume 

ratio for the nanorods results in more surface oxygen vacancies (Huang et al., 2001; 

Banerjee et al., 2004; Mohan et al., 2012). More oxygen vacancies will therefore increase 

surface activity and thus the photocatalytic property (Baruah et al., 2010). Further 

understanding of the photocatalytic properties of doped ZnO nanoparticles demands more 

in-depth experimental and theoretical work (Mohan et al., 2012). 

2.13 Photodynamic therapy (PDT)  

PDT was discovered over 100 years ago in the field of microbiology and was used for 

treatment of cancer and ophthalmology. PDT involves photosensitizer (PS) and light for 

the ROS production (Macdonald and Dougherty, 2001; Mang, 2004). These PS have 

effectively been used for treatment of  macular degeneration, cancer, skin lesion and other 

local and tropical diseases (Levy, 1995; Machado, 2000; Gollnick et al., 2003) and also for 

the treatment of leishmaniasis (Bristow et al., 2006; Akilov et al., 2007; Peloi et al., 2011).  

The mechanism of excitation is same as when light hits the surface of PS; they are excited 

with a specific wavelength light, matching their absorption band gap. The PS then produces 

ROS like superoxide, hydroxyl radical (Ackroyd et al., 2001) and singlet oxygen (Detty et 

al., 2004; Xiao et al., 2011) which causes toxicity.  

In PDT, the ROS produced by PS molecules causes’ cellular and vascular damage at 

cellular and tissue levels and also have immunological effects (Prasad, 2004). ROS causes 

oxidative damage of lipids, proteins and DNA that results in permeability of membrane, 

denaturation of proteins, dysfunction of enzymes, higher ion permeability and finally 

membrane destruction (Sodergren, 2000). 
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2.14 PDT treatment of leishmaniasis 

There are various studies on PDT used against leishmaniasis especially against CL. 

Tetracationic porphyrins photosensitizer (Bristow et al., 2006), cationic photosensitizer 

(Akilov et al., 2006) and aminolevulinic acid and protoporphyrin IX (Akilov et al., 2007) 

showed good results in treatment against Leishmania major and few against Leishmania 

donovani and Leishmania tropica (Enk et al., 2003; Ghaffarifar et al., 2006; Sohl et al., 

2007). Furthermore, PDT treatment with aminolevulinic acid was more effective than 

topical paromomycin and methylbenzethonium chloride used for CL (Gardlo et al., 2003; 

Asilian and Davami, 2006; Gonzalez et al., 2008). Impressive results were obtained with 

phthalocyanine derivatives like zinc-phthalocyanines, silicon-phthalocyanines and 

aluminum phthalocyanine chloride as PDT agents against Leishmania amazonensis (Dutta 

et al., 2005; Dutta et al., 2011; Dutta et al., 2012), Leishmania panamensis and Leishmania 

chagasi (Escobar et al., 2006), phenothiazine derivatives against Leishmania braziliensis 

(Barbosa et al., 2012), dimethyl and diethyl carbaporphyrin ketals against Leishmania 

panamensis and Leishmania tarentolae  (Morgenthaler et al., 2008; Taylor et al., 2011), 

phenothiaziniums against Leishmania major (Akilov et al., 2007) and methylene blue 

against Leishmania amazonensis (Peloi et al., 2008; Song et al., 2011). Moreover, loading 

of some of these traditional photosensitizers like acenaphthoporphyrins, chloroaluminum 

phthalocyanine and zinc phthalocyanine in liposomes have also shown good 

antileishmanial activity in PDT against Leishmania amazonensis, Leishmania panamensis 

and Leishmania chagasi (Gardner et al., 2010; Sazgarnia et al., 2010; Hernandez et al., 

2012) but the toxicity in dark has limited the use of zinc phthalocyanine (Montanari et al., 

2010).  

Currently, these traditional photosensitizers are replaced by the nanoparticles because of 

their problems e.g. lack of long wavelength absorption band, hydrophobicity, payload 

leaking, toxicity in dark conditions, use of high concentrations and low ROS production 

like that of singlet oxygen (Sharman et al., 1999; Escobar et al., 2006; Juzenas et al., 2008; 

Montanari et al., 2010; Xiao et al., 2011; Barbosa et al., 2012). The advantages of using 

metal oxide nanoparticles are the production of more ROS, higher activity at low 

concentrations and their dormancy in dark conditions. 
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2.15 Aim and objectives 

The aim was to study the anti-leishmanial effect of these photocatalysts and to portray the 

mechanism of these photocatalysts on Leishmania tropica. Leishmania tropica was 

selected as a target organism because it is limited to human being and lesions of this species 

remain for long time.  

Specific objectives of the study include: 

 Synthesis and characterization of different ZnO nanoparticles doped with metal and 

non-metals moieties for both the enhancement of anti-leishmanial activity as well 

as the activation of these metal oxides in visible light. 

 

 Photodynamic therapy of the Leishmania tropica with the synthesized 

nanoparticles; In-vitro drug susceptibility assays. 

 

 Cytotoxicity of the synthesized nanoparticles on human macrophage cells 

 

 To portray the mechanism of photocatalysis against the parasite  

 

 To study the effect of the synthesized nanoparticles on the lipids, proteins and DNA 

of Leishmania tropica.
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Graphical Abstract 

3.1 Abstract 

We describe daylight responsive silver (Ag) doped semiconductor nanoparticles of zinc 

oxide (DSNs) for the Photodynamic therapy (PDT) against Leishmania. The developed 

materials were characterized by X-Ray Diffraction analysis (XRD), Rutherford Back 

Scattering (RBS), Diffused Reflectance Spectroscopy (DRS) and band-gap analysis. The 

Ag doped semiconductor nanoparticles of zinc oxide were PEGylated to enhance their 

biocompatibility. The DSNs demonstrated effective daylight response in the PDT of 

Leishmania protozoans, through the generation of reactive oxygen species (ROS) with a 

quantum yield of 0.13 by non-doped zinc oxide nanoparticle (NDSN) while 0.28 by DSNs. 

All of the nanoparticles have not shown any anti-leishmanial activity in dark, confirming 
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that only ROS produced in the daylight were involved in the killing of leishmanial cells. 

Furthermore, the synthesized nanoparticles were found biocompatible. Using reactive 

oxygen species scavengers, cell death was attributable mainly to 77-83% singlet oxygen 

and 18-27% hydroxyl radical. The nanoparticles caused permeability of the cell membrane 

leading to the death of parasites. Further, the uptake of nanoparticles by Leishmania cells 

was confirmed by the inductively coupled plasma atomic emission spectroscopy (ICP-

AES). We believe that these DSNs are widely applicable for the PDT of leishmaniasis, 

cancers and other infections due to daylight response. 

  



Chapter 3   

25 

 

3.2 Introduction 

Infectious agents can bring alterations in biological system in the form of diseases. Some 

of these alterations can be life threatening and many other can cause disfiguring, disabling, 

and frequently stigmatizing disorders (Matlashewski et al., 2011). Leishmaniasis is one 

such kind of a disease which can be either fatal (visceral leishmaniasis), may cause 

disfiguring of skin (cutaneous leishmaniasis) or face (mucocutaneous leishmaniasis). The 

World Health Organization has ranked this disease as the sixth most important infectious 

disease. Worldwide, new cases and deaths from leishmaniasis are 1.5–2 million and 70,000 

respectively and an estimated 0.35 billion people are at risk of this disease and infection 

(WHO, 2014). The most common between these manifestations is cutaneous leishmaniasis, 

which is caused by many species of Leishmania including Leishmania tropica, Leishmania 

major. The patient’s skin develops single or multiple ulcers at the biting place, by sandflies 

(Molyneux et al., 1987). The mucocutaneous form is the most severe and causes disfiguring 

of face. Many of the drugs available for the treatment of leishmaniasis are toxic and 

Leishmania species are also getting resistant to drugs (WHO, 2014). 

Chemotherapy and chromotherapy are the only treatments used for the cure of 

leishmaniasis. But these therapies are either expensive like carbon dioxide laser therapy or 

the Leishmania parasite is developing resistance to some drugs while other causes 

nephrotoxicity. Some of the drugs (glucantime and antimonial) are not approved by Food 

and Drug Administration (FDA) and there is no acceptable vaccine for this disease (Santos 

et al., 2008; van Griensven et al., 2010). Leishmaniasis is considered as a disease of 

underdeveloped world and therefore the commercial interest of pharmaceutical industries 

is to develop effective but cheaper anti-leishmanial agents. In this study we aim to develop 

novel but cheaper anti-leishmanial photoactive agents which might be helpful for the low-

cost regimen of principally the cutaneous, subcutaneous and mucocutaneous leishmaniasis. 

During leishmanial infection, the macrophage phagocytizes the parasites and releases ROS 

like hydroxyl radicals/ions, superoxides and hydrogen peroxide (Babior et al., 1973). The 

Leishmania parasites are sensitive to these ROS and can be easily killed (Murray, 1981). 

To cope with these ROS, the Leishmania contain enzymes such as peroxiredoxins, acid 

phosphatase as well as lipophosphoglycan which are responsible for the scavenging of ROS 

produced by the macrophages. Helping the immune system by producing more ROS from 

the outside environment may therefore present a potential solution (Allahverdiyev et al., 

2011). This increase in ROS production will easily kill the Leishmania parasite but it may 
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rather have an effect on the human cells. Therefore, there is a need to develop a system for 

controlled ROS production with a reasonable toxicity to Leishmania protozoans whilst 

being relatively safe to human. Our approach was similar to PDT, including light, oxygen 

and a photoreactive material as the principal units. The Polyethylene glycol (PEG)-

functionalized Ag doped semiconductor nanoparticles of ZnO absorbs light energy, 

particular to the physical aspects of Ag/ZnO, and ultimately transfers it to molecular 

oxygen and water molecules in the biological environment, leading to the production of 

ROS. Cutaneous and subcutaneous leishmanial lesions are well exposed and are easily 

accessible for the light exposure. Surface functionalization of DSNs may overcome the 

biological barriers resulting in an effective delivery of therapeutic dose to the diseased area. 

3.3 Materials and Methods 

3.3.1 Reagents  

Zinc acetate, silver nitrate, PEG, ethanol, triton X-100, ficoll, percoll, trypan blue, sea salt, 

sodium azide, mannitol and penicillin were purchased from Sigma (USA), Medium 199 

(M199), RPMI, sytox green, Di Phenyl IsoBenzo Furan (DPBF) from Invitrogen (USA), 

fetal bovine serum from PAA (Austria), streptomycin from Bio Basic Inc, Methylene blue, 

HCL, from Merck, HEPES from ROTH Germany, shrimps (nauplii) from Ocean Star 

International.  

3.3.2 DSNs synthesis  

Initially, we synthesized the ZnO based DSNs with the varying concentrations of Ag (0.5, 

1, 3, 5, 7 and 9 mol %) as a dopant with some alterations to the earlier reports (Singhal et 

al., 2012). Briefly, 5% v/v triton X-100 was dissolved in the required amount of ethanol 

(solution A).  Zinc acetate dihydrate and the desired amount of Ag nitrate (0.5, 1, 3, 5, 7 

and 9 mol% of the Zn precursor) were dissolved in the equal amount of ethanol under the 

same set of conditions in the second vessel to achieve a final concentration of 50mM of 

precursors in the resulting solution (solution B). Solution B was added to A with continuous 

stirring. The final solution was titrated against 100mM sodium hydroxide. Resulting 

materials were subjected to the argon atmosphere in a tube furnace at a rate of 30sccm, with 

a heating rate of 4ºC/min and then maintained at 100ºC for four hours. The same procedure 

was carried out to synthesize pure ZnO without addition of Ag nitrate. The nanoparticles 

(NPs) were afterwards capped with the PEG-400 molecules to stabilize the NP surface and 
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for avoiding the undesirable interactions of the OH group of ZnO with the biological 

environment.  

3.3.3 Characterization of DSNs 

The DSNs were characterized by XRD, RBS and DRS analysis. The XRD analysis of all 

synthesized samples was performed on X-ray spectrophotometer (Shimadzo 6000) by using 

radiation of Cu-Kά, λ = 1.54 ˚A, at the voltage of 40kV and operating current of 30mA. 

Optical properties of prepared samples were studied by DRS Perkin Elmer UV/VIS/NIR 

spectrometer-lambda 950. Band gap energies of all synthesized samples were calculated by 

the Kubelka-Munk function following the procedure by Zeferino et al. (2011). Table 3.1 

showing the depth profile data of unmodified ZnO and Ag modified ZnO NP’s in atomic 

percentage. 

Table 3.1. Depth profile data of unmodified ZnO and Ag modified ZnO NP’s in atomic 

percentage. 

 

 

 

 

 

 

 

 

 

3.3.4 Leishmania tropica cultures 

In the current study, Leishmania tropica KWH23 strain was used as this strain was isolated 

previously from a patient in Peshawar, Pakistan and was characterized. The Leishmania 

tropica KWH23 cultures were maintained in M199 supplemented with 10% heat-

inactivated fetal bovine serum, 100U/mL penicillin and 100mg/mL streptomycin.  

Catalyst Zn% O% Ag % 

NDSN         33% 66%         0% 

DSN1         34% 65%        0.1% 

DSN2         29% 69%        0.3% 

DSN3         30% 68%        0.7% 

DSN4         34% 63%         2% 

DSN5         33% 59%        7% 

DSN6        35% 55%        9% 
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3.3.5 In-vitro anti-leishmanial activity of DSNs in different conditions 

Stock solutions of 1mg/ml of the different DSNs and NDSN were dissolved in de-ionized 

distill water. Leishmania tropica KWH23 were grown in M199 for seven days at 24oC. The 

cells (2x106 cells/ml) were suspended in 96-well microtitre plate and then treated with serial 

concentrations of DSNs, NDSN and Amphotericin B (0.1ng/ml to 100µg/ml). The 

experiments were carried out in five parallel groups. Three of the groups were exposed for 

15 minutes to (1) sunlight (168W/m2 of sun intensity) (Fu, 2003), (2) tungsten light with 

IR-filter and (3) sunlight with IR-filter and (4) in complete dark condition. The last group 

containing only Leishmania tropica KWH23 was exposed to sunlight and tungsten light 

without any DSNs or NDSN just to check the killing effect of these light sources. All of 

the five groups were incubated at 24oC for 24h in dark. The experiments were carried out 

from mid of September to end of October, February and March, when the external 

temperature was from 23-27oC, favorable for the growth of Leishmania. The relative 

intensities of both sunlight and tungsten light was measured by a CCD spectrometer (Ocean 

Optics, model HR4000) and were kept the same in all experiments. The viable cells were 

counted on a Neubauer chamber by their motility and also using trypan blue. Their IC50 

values were calculated by Graphpad prism 5 and confirmed by SPSS 19. 

3.3.6 In-vitro cytotoxicity studies of semiconductor nanoparticles on Brine shrimps  

Shrimps larvae were grown in filtered 0.3% sea salt at 25oC. DSNs and NDSN were added 

at concentrations 500, 250 and 100μg/ml to 5ml vial containing 20 shrimps per vial at 25oC 

for 24h. The surviving shrimps were counted with the aid of a 3x magnifying glass. Data 

was analyzed by Biostat 2009 with Probit analysis to determine LD50, LD90 and LD100 

values and 95% confidence intervals.   

3.3.7 Biocompatibility assay of semiconductor nanoparticles on human 

macrophages   

Human macrophages were isolated from human blood (by the consent of volunteers) by a 

modified method of Almeida et al. (2000). The isolation was carried out by ficoll-

gastrografin gradient (density = 1.070g/ml). The density of this solution was achieved by 

dissolving 5.7gm of ficoll in 95ml deionized water with 5ml of gastrografin (sodium 

diatrozoate). Blood was diluted three times with Hank’s buffer salt solution (HBSS) and 

was layered over the ficoll-gastrografin, centrifuged at 400g for 30 minutes and the 

macrophage layer was isolated. Afterwards purification was carried with percoll gradient 
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(density = 1.064 g/ml). Percoll densities were adjusted to 1.064 g/ml with 10x HBSS and 

deionized water. Cells were suspended in RPMI medium at 37°C with 5% CO2 

supplemented with 15% fetal bovine serum, 25mM HEPES, 100U/ml penicillin and 

0.1mg/ml streptomycin. Viable cells were seeded in 48-well plates with a density of 1 x 

105 cells per well. Cells were incubated with different concentrations of DSNs and NDSN. 

One group was incubated for 15 minutes in sunlight and then kept for 24h in dark at 37°C 

with 5% CO2. The other group was kept in total dark for 24h at 37°C with 5% CO2, without 

exposing to any light. Their viability was then checked by sytox green and trypan blue 

(Walev et al., 2002; Keefe et al., 2005). The number of viable cells were counted and the 

LD50, LD90 and LD100 were calculated by Biostat 2009 software. 

3.3.8 Anti-leishmanial activity against intracellular amastigotes 

Macrophages were isolated by the above method and were cultured in 24-well chamber 

culture plates with microscopic slides to a cell density of 1x104 cells per well. Cells were 

incubated for 24h to adhere with chamber slides. The monolayers were infected with log-

phase promastigotes at a range of 10:1 (parasite/macrophage) and were incubated at 37°C 

in 5% CO2
 for seven days. The cells were then washed until removal of non-phagocytosed 

promastigotes. Afterwards, the semiconductor nanoparticles were added at a concentration 

of 1µg/ml and 0.1µg/ml. At each tested nanoparticles concentration, one group was 

exposed to sunlight for 15 minutes, while the other group was kept in fully dark condition. 

After 24h 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 were counted, and the percent inhibition was calculated. 

3.3.9 Temperature measurements of DSNs and NDSN undergoing irradiation 

Different concentrations of DSNs and NDSN were added (10, 100 and 1000µg/ml) to de-

ionized water, RPMI and M199 media supplemented with 10% FBS. No Leishmania cells 

were added to the media. They were exposed to sunlight and sunlight with IR-filter for 15 

minutes with temperature probe and the rise in temperature was recorded with a Eutech 

temperature probe at intervals of one minute. The external temperature was 24oC. The 

control was also exposed to sunlight for 15 minutes without any DSNs or NDSN. 

3.3.10 Main ROS moieties 

The Leishmania tropica KWH23 promastigotes were treated in five groups. Three groups 

were treated with both NDSN and DSNs, and exposed to sunlight for 15 minutes as above. 
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Of these three groups, 0.1mM sodium azide (NaN3) was added to the first group, 1mM 

mannitol to the second and a combination of both NaN3 (0.1mM) and mannitol (1mM) to 

the third group. In the fourth group, cells were exposed to 0.1, 1 and 10mM of both NaN3 

and mannitol without any DSNs for any inhibitory effect of these scavengers. In the last 

group, Leishmania cells were treated with nanoparticles without any scavenger and 

incubated as above i.e. exposure to sunlight for 15 minutes and incubation at 24oC for 24h 

in dark. Viable cells were counted by both trypan blue and motility of Leishmania cells on 

Neubauer chamber. 

3.3.11 Cell internalization studies (ICP-AES) 

Leishmania cells (2x108 cells/ml) were incubated for 24h with DSNs and NDSN at a 

concentration of 100µg/ml. Cells were washed four times with phosphate buffer to remove 

any nanoparticles at the protozoan surface and then suspended in de-ionized water. After 

that, the cells were lysed by incubating them in 1.5M HCL. Analysis of DSNs and NDSN 

uptake by the cell were quantified by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). 

3.3.12 Detection of ROS by chemical trapping 

ROS quantification was carried out by a modified method of Xiao et al. (2011). DPBF 

solution was prepared by dissolving 0.15mM DPBF in ethanol. NDSN and DSNs were 

dissolved in a concentration of 10μg/mL in 2ml of DPBF solution, taken in sealed quartz 

cuvette and exposed to sunlight with an IR-filter (400-800nm). After each 30s, the 

absorbance was measured at 410nm for up to 300s by a UV 3000 spectrophotometer, ORI 

Germany. The decrease of the absorbance caused by photo-bleaching of DPBF was 

measured and corrected in all experiments. The natural logarithm values of absorption of 

DPBF at 410 nm were plotted against the irradiation time and fit by a first-order linear 

least-squares model to obtain the decay rate of the photosensitized process. Methylene blue 

was taken as a standard in a same concentration as the nanoparticles and absorbance was 

measured at 410nm. Absorbance was measured and corrected for the degradation of DPBF.  

3.3.13 Cell permeability study by sytox green  

The Leishmania tropica KWH23 promastigotes were treated with 10ng/ml of DSN6 and 

NDSN and were kept in sunlight for 15 minutes. After incubating for 24h in dark, the cells 

were washed with HBSS buffer, not by phosphate buffer as sytox reacts with phosphate. 



Chapter 3   

31 

 

The cells were stained with 1μM sytox green dye for 15 minutes in dark and were examined 

under fluorescent microscope. Triton X-100 (0.1%) was used as a control. 

3.3.14 Statistical analysis 

All the experiments were done in triplicates and were repeated three times. Statistical 

analysis was done by using SPSS 19 and confirmation with Graphpad Prism 5. Data was 

presented as mean, standard deviation. Student’s t-test was used for statistical difference of 

mean value, and p<0.05 was considered to be statistically significant. 

3.4 Results and Discussions 

3.4.1 Characterization of DSNs 

All the synthesized particles were rounded in shape and were 20-50 nm in size, with the 

average size of 23 nm. The XRD graphs of developed DSNs confirmed the presence of Ag 

in crystalline materials when incorporated at relatively higher concentrations (7 and 9% in 

DSN5 and DSN6) (Figure 3.1). The dominant peaks of ZnO at 2θ = 31.4°, 34.2°, 35.9°, 

47.2°, and 56.3° (marked with o) were found in all the DSNs and NDSN, and were indexed 

to wurzite ZnO (hexagonal) structure. Whereas Ag peaks (marked with *) were found in 

the form of Ag and AgO in the DSN5 and DSN6. DSN6 contained both Ag and AgO at 2θ 

= 38.1° (for Ag), and at 26.6° (for AgO). AgO peak at 2θ = 30.9° was found merged with 

the ZnO peak at 31.4° in DSN5. The XRD results pointed out that metallic Ag and Ag 

oxide both existed in the ZnO semiconductor in different ratios. The samples with the lower 

values of incorporated Ag (DSN1-DSN4 with 0.5, 1, 3 and 5% Ag) did not show the peaks 

of Ag or AgO phases, indicating that lower amounts of Ag are successfully doped into the 

ZnO lattice and Ag was not present at the surface. Figure 3.2 shows the band gap energies 

of NDSN and DSNs while, Figure 3.3 and 3.4 shows the Ruthorford backscattering of both 

the NDSN and DSN before PEGylation. 
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Figure 3.1. The XRD of as prepared DSNs (1-6) containing 0.5%, 1%, 3%, 5%, 7% and 

9% Ag in ZnO and also containing NDSN. 

 

 

Figure 3.2. Band gap energies of NDSN and DSNs through Kubelka-Munk function by 

treating their diffuse reflectance spectra. 
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Figure 3.3. Rutherford backscattering spectra of as prepared NDSN (before PEGylation). 
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Figure 3.4. Rutherford backscattering spectra of DSNs (before PEGylation). 

3.4.2 In-vitro anti-leishmanial activity of synthesized nanoparticles in different 

conditions 

Both these NDSN and DSNs were checked for their activity and possible mode of action 

on Leishmania parasites (Talari et al., 2012) at different concentrations i.e. from (0.01ng/ml 

to 100µg/ml). The IC50 of DSNs was in the range of 0.009µg/ml (±0.0012) to 0.02µg/ml 
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(±0.0023) while that of NDSN was 0.1µg/ml (±0.016). The DSNs were 10 times more 

active than the NDSN (Table 3.2). Further, both the NDSN and DSNs were found more 

active than the standard drug Amphotericin B (0.34µg/ml ±0.08). The overall band gap of 

DSNs promoted the generation of the visible excitation response of Ag/ZnO hybrids. Thus, 

the higher activity at low concentrations have made these nanoparticles more advantageous 

compared to other photosensitizers used against Leishmania parasites including TiO2@Ag 

nanoparticles (Allahverdiyev et al., 2013), Ag nanoparticles (Allahverdiyev et al., 2011), 

aluminum and zinc phthalocyanines (Escobar et al., 2006), phenothiazine's derivatives 

(Barbosa et al., 2012) and aluminum phthalocyanine chloride (Dutta et al., 2005). Another 

advantage was the use of sunlight for the excitation of both DSNs and NDSN. Sunlight is 

the biggest source of energy with the major part being the visible light (45%), and a small 

portion of UV light (7%) (Peng et al., 2006). The DSNs and NDSN were tested for their 

photocatalytic activity under different conditions such as in direct sunlight, in tungsten light 

with IR filter and in sunlight with IR filter. The 15 minutes exposure was enough to activate 

the nanoparticles to produce a large number of lethal ROS. When compared to previous 

report (Escobar et al., 2006), no toxic effects under dark conditions were observed for our 

synthesized nanoparticles. Furthermore, there was no inhibitory effect on Leishmania cells 

exposed directly to both sunlight and tungsten light which proved that only the NDSN and 

DSNs were involved in the killing of Leishmania cells. Moreover, the photodynamic effect 

in the sunlight with IR-filter was better than tungsten light.  
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Table 3.2. Table showing the IC50 values of NDSN and DSN carried out in five different 

conditions. IC50s of NDSN and DSNs with exposure to direct sunlight, sunlight with IR-

filter, tungsten light with IR filter. Fourth group shows the effect of NDSN and DSNs in 

full dark condition and last group showing the Leishmania cells exposed to light, without 

any nanoparticles. Amphotericin B was used as a control drug. 

Semiconductor 

Nanoparticles Direct Sunlight Tungsten Light 

Sunlight with IR 

filter 

NDSN 0.087 ±0.011 0.15 ±0.033 0.102 ±0.025 

DSN1 0.018± 0.0098 0.099 ±0.011 0.0601 ±0.01 

DSN2 0.012± 0.0078 0.098 ±0.013 0.0384 ±0.006 

DSN3 0.017± 0.0092 0.097 ±0.01 0.0357 ±0.0055 

DSN4 0.0087± 0.0021 0.087 ±0.029 0.0164 ±0.0091 

DSN5 0.0098± 0.0024 0.091 ±0.022 0.0146 ±0.008 

DSN6 0.0094± 0.002 0.087 ±0.018 0.013 ±0.006 

Nanoparticles in Dark 0 

Light only (no Nanoparticles) 0 

Amphotericin B 0.34±0.0914 

3.4.3 In-vitro cytotoxicity and biocompatibility assay of semiconductor 

nanoparticles on human macrophages  

The cytotoxicity was calculated by using shrimps (Solis et al., 1993; Carballo et al., 2002) 

and biocompatibility on human macrophages. Brine shrimp toxicity is an economical, fast 

and dependable assay for the determination of toxicity of pure compounds (Shah et al., 

2014). The DNA-dependent RNA polymerases of shrimps larvae responds similarly to the 

mammalian system (El-Gohary and Shaaban, 2013) due to which, this assay was used as 

an initial evidence for the toxicity of these nanoparticles. Figure 3.5 (A) shows the toxicity 

of nanoparticles against shrimp’s larvae. Human macrophages were selected for 
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biocompatibility as the Leishmania cells attack these cells. Macrophages were isolated 

from human blood by ficoll-hypaque gradient. Macrophage concentration was almost 90-

95% by this method. Gastrografin is used for radiographic examination of segments of the 

gastrointestinal tract and as an adjunct to contrast enhancement in Computed Tomography 

of the torso. Gastrografin is a diatrizoate and was used for the density adjustment of ficoll.  

There was a big difference in the cytotoxicity of both human cells and Brine shrimps 

(Figure 3.5). DSNs were more toxic to shrimps rather than humans. Human cells especially 

macrophages have a system of producing ROS as a defense mechanism. These ROS are 

basically involved in the killing of foreign pathogens and microbes. The immune cells have 

the capability of coping with these ROS if they are introduced from outside. Thus, the 

toxicity depended upon the concentration of ROS produced. The immune cells especially 

the macrophages had easily tackled with the lower amounts of ROS, indicating no toxicity 

of DSNs and NDSN to the macrophages at lower concentrations. Also, the transition metal 

doped semiconductors are non-toxic at room temperature (Herng et al., 2007). Furthermore, 

the better qualities of the current nanoparticles were their non-toxic effect in dark and cost 

effectiveness. Moreover, other photosensitizers like porphyrin and chlorin have shown 

cytotoxic effects against human cells (Banfi et al., 2004). However at higher concentration, 

DSNs and NDSN were found toxic to macrophages principally due to the greater ROS yield 

as well as the greater amount of ZnO (Prach et al., 2012).  
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Figure 3.5. LD50, LD90 and LD100 of NDSN and DSNs on the (A) Brine-shrimps (B) Human 

macrophages. Both the LD50, LD90 and LD100 of the nanoparticles are better on the 

macrophages. 

3.4.4 Anti-leishmanial activity against intracellular amastigotes 

Microparticle forms have lower surface area and are opaque while the nanoparticles are 

small enough to cross the biological barriers, are highly reactive and also its transparency 

increases to visible light. This quality increased the cellular uptake and the delivery 

efficiency of nanoparticles especially ZnO (Zhang et al., 2008). It has been reported that 

such nanoparticles have significant cell killing effect in-vitro by photocatalytic process 

(Zhang et al., 2008; Guo et al., 2009; Ostrovsky et al., 2009). In the current study, the 

semiconductor nanoparticles were checked for their anti-leishmanial activity against 

intracellular amastigotes. These infected macrophages cells were incubated with both 

NDSN and DSNs and were exposed to sunlight for 15 minutes. It was found that at 

0.1µg/ml concentration of the DSNs, the intracellular amastigotes killing was 89%, 81%, 

76%, 76%, 67% and 60% by DSN6, DSN5, DSN4, DSN3, DSN2 and DSN1 respectively 

(Figure 3.6). NDSN on the other hand showed 38% of Leishmania killing upon exposure 

to sunlight. However at 1µg/ml, all nanoparticles showed 100% killing of intracellular 
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amastigotes. This concentration is far less than cytotoxic range of these nanoparticles as 

shown in Figure 3.5. The amastigotes were killed by the production of ROS by the 

semiconductor nanoparticles as there was no killing of these parasites in dark. Other 

photosensitizers like methylene blue and acenaphthoporphyrins have low penetration 

capability and low ROS production (Gardner et al., 2010; Baptista and Wainwright, 2011; 

Moreno et al., 2014). Moreover, the light source also has impact on cell killing like 

previously used Ag nanoparticles that showed good anti-leishmanial activity, but these 

nanoparticles were activated by UV light (Allahverdiyev et al., 2011). The band structure 

of semiconductor tuned with some suitable dopant decreased the band gap energy, which 

shifted the nanoparticles activation to the visible region and resulted in an increased 

efficiency of designed material (Peng et al., 2006). Furthermore, the variance in 

concentration of these dopants improved the physical and optical properties of such 

nanomaterials (Sima et al., 2007). 

 

 

Figure 3.6. Effects of different concentrations of semiconductor nanoparticles on the 

infection index of Leishmania tropica amastigotes. 

3.4.5 Temperature measurements of DSNs and NDSN undergoing irradiation 

In order to elucidate the effect of IR-induced hyperthermia, the control experiments were 

performed on Leishmania cells with no DSNs or NDSN. In the first experiment, the 

Leishmania cells were kept in direct sunlight for 15 minutes and then incubated according 

to standard conditions and were found viable. Another group of experiments were carried 
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out to check whether the NDSN and DSNs were involved in the hyperthermia of protozoan 

cells. The nanoparticles were added in a concentration of 10µg/ml, 100µg/ml and 

1000µg/ml to 1ml de-ionized water, RPMI and M199 media supplemented with 10% FBS 

without having any Leishmania cells (Xiao et al., 2011). Media and water without 

nanoparticles were taken as control. They were kept in sunlight for 15 minutes with 

temperature probe and the rise of temperature was noted in ambient environment. The 

temperature of each solution was recorded at an interval of 1 minute. Maximum rise in 

temperature was 0.6oC (±0.2) in de-ionized water, RPMI and M199 media at 100µg/ml of 

nanoparticles concentration. This concentration was much higher than the IC50 for 

Leishmania. Further, there was no rise in temperature at a concentration of 10µg/ml. The 

temperature rise was up to 2.8-3oC (±0.44), when the DSNs were used at a concentration 

of 1000µg/ml. In another experiment, the media containing DSNs were kept in sunlight 

with IR-filter. It was found that there was only 0.1oC rise in temperature. Xiao et al. (2011) 

and Rozhkova et al. (2009) have found almost 1oC rise in temperature using porous silicon 

nanoparticles and nanobioconjugate nanoparticles. In the current experiment, the rise in 

temperature was minor enough to eliminate the possibility of thermal killing by IR and 

proving that only the ROS were involved in the killing of Leishmania parasites. 

3.4.6 Main ROS moieties 

The contributions of these various ROS types to the biochemical and morphological 

changes after PDT are often inferred by the inclusion of ROS type-specific scavengers 

(Price et al., 2009). The photodynamic effect of DSNs and NDSN was evaluated through 

the quantification of ROS produced after light exposure (Gomes et al., 2005). We used 0.1 

mM NaN3 for singlet oxygen (1O2) scavenging and 1mM mannitol for hydroxyl radical 

(OH•) scavenging. The oxidative damage of 1O2 can be decreased by using NaN3, which is 

considered as a specific 1O2 scavenger (Zhang et al., 1997; Price et al., 2009). NaN3 used 

at a concentration of 1mM caused almost 37% (±4.67) Leishmania killing that is why 

0.1mM NaN3 was used, since there was no killing at this concentration. The DSNs, after 

exposure to sunlight produced a large amount of 1O2 and OH•. Higher quantities of 1O2 

were produced by DSNs, killing 79% (±8.3) to 82.38% (±5.98) of Leishmania 

promastigotes (Figure 3.7). This was mainly confirmed by checking the percent survival of 

Leishmania promastigotes in the presence of NaN3 as a 1O2 quencher. In case of NDSN, 

the 1O2 quenching or Leishmania promastigotes survival was 70.36% (±11.4).  
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The second highest quantity of ROS produced was OH• confirmed by quenching with 

mannitol. NDSN produced 30.81% (±4.33) of OH• while the DSNs produced 22% (±3.81) 

to 32% (±3.17) of OH•. 1O2 can give rise to several other types of ROS including 

superoxide anion, (unlikely since very small yield) hydrogen peroxide and OH• (Price et 

al., 2009). When both the NaN3 and mannitol were used in combination, the situation 

became clearer as 97% (±9.54) to 98 (±13.11) of Leishmania cells were survived. 

 

Figure 3.7. Scavenging of ROS by 0.1mM NaN3 and 1mM mannitol produced by the 

NDSN and DSNs. NaN3 scavenged almost 80% of ROS produced and mannitol scavenged 

20 to 32%. The combination of both NaN3 and mannitol scavenged 97 to 98% of ROS 

produced which indicated that the major ROS produced by the NDSN and DSNs were 1O2 

and OH• (>97%). 
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3.4.7 Cell internalization studies (ICP-AES) 

The DSNs uptake was checked by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). This was important as to check the DSNs and NDSN entry to the 

cell. The Leishmania cells were treated with 100µg/ml of both NDSN and DSNs for 24h. 

Higher concentration of cells was required as they were diluted up to 25ml for ICP-AES, 

as a standard protocol. ICP-AES results showed that zinc was entering into the cell at a 

concentration ranges from 1.84µg/ml (±0.09) to 4.24µg/ml (±0.58) while in the untreated 

cells; zinc concentration was 0.055µg/ml (±0.01). The Ag concentration was from 

0.008µg/ml (±0.0007) to 0.035µg/ml (±0.006) while there was no Ag in the untreated cells. 

This lower concentrations of Ag was due to the small mole percent as a dopant in DSNs. 

Increasing concentrations of Ag in the DSNs increased its concentration in the protozoan 

cells, like in case of DSN1 (0.5%Ag), the Ag uptake was 0.008 ±0.0007µg/ml while for 

DSN6 (9% Ag), the uptake was 0.035 ±0.006µg/ml. Another finding was the increase in 

concentration of dopant that enhanced the zinc’s entry into the cell since in case of NDSN; 

the zinc concentration was 1.28µg/ml whereas that of DSN6 was 4.24µg/ml. It is not known 

exactly how the dopant increased the zinc uptake. This may be the possibility of DSNs 

having higher IC50 than the NDSN as there is more entry of nanoparticles thus producing 

more ROS to kill the cell.  

3.4.8 Detection of ROS by chemical trapping 

DPBF was used as singlet oxygen and hydroxyl radicals trapping reagent, as DPBF can 

scavenge; both 1O2 and OH• (Okada and Okajima, 1998). In the first experiment, DPBF 

solution was kept in direct sunlight and it was found that DPBF was fully degraded when 

exposed to sunlight without any filter after 45s. To eliminate this problem, an IR filter was 

used which had negligible effect on DPBF degradation (Xiao et al., 2011). NDSN and 

DSNs were added to DPBF solution and were kept in sunlight with IR filter for 300s. 

Absorbance was measured after each 30s at 410nm. Methylene blue was used as a standard. 

Quantum yield is defined as the number of ROS produced per absorbed photon (Huarac et 

al., 2010). Upon excitation with light, the NDSN and DSNs were photo-enhanced into a 

singlet energy state and it went through the intersystem crossing to triplet state and this 

energy was transferred to the triplet oxygen state and were converted to 1O2 (Xiao et al., 

2011). These released ROS reacted with the DPBF and started its degradation. The numbers 

of ROS produced were quantified by using the equation 3.1. 
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Φ∆SN= Φ∆standard (kSN /kstandard)   (3.1) 

These lethal ROS production depended upon the photosensitizer used. By taking methylene 

blue as standard, the ROS quantum yields of DSNs were quantified as a function of doping 

of nanoparticles. NDSN produced 0.13 (±0.067) of ROS while doping enhanced the 

production of ROS to 0.28 (±0.055). Ag acted as an acceptor in the doping mechanism as 

ZnO donated two electrons, which caused the release of ROS. Φ∆SN is the quantum yield 

of semiconductor nanoparticles (SNs); Φ∆standard is the quantum yield of methylene blue 

(quantum yield of 0.52) (Huarac et al., 2010). Figure 3.8 displays the ROS quantum yield 

from DSNs. 

 

 

Figure 3.8. Figure shows the quantum yield of NDSN and DSNs. 

3.4.9 Cell permeability study by sytox green  

To get a better understanding of the mechanism of DSNs, the treated Leishmania 

promastigotes were checked for the membrane permeability by using a vital sytox green 

fluorescent dye. Full permeability (100%) was considered as that achieved after addition 

of 0.1% triton X-100. Sytox green is a passive dye and cannot penetrate the intact cell 

membrane but can penetrate the permeablized cell membrane. 1O2 were produced for a 

short time i.e. 3µs lifetime in water but they were highly reactive, causing the peroxidation 

of lipids and also of proteins (Hatz et al., 2007). The sytox green entered into the cell and 

fluorescence was observed due to the attachment of sytox green with the nucleic acids, 
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upon entry to the cell. The fluorescence progressed as the permeability increased with the 

addition of DSN6 (Figure 3.9A). 

(A)     (B)    (C) 

    

Figure 3.9. Fluorescent microscopy of leishmanial cells showing the insertion of vital sytox 

green fluorescent dye used for the membrane permeability (A) Showing the membrane 

permeability caused by DSN6 (B) by NDSN and (C) by triton X-100 (control).
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Graphical Abstract 

4.1 Abstract 

ZnO nanoparticles have generated considerable interest as a pharmaceutical agent with a 

wide range of therapeutic activities. Objective of the current study was the introduction of 

impurities in ZnO, which was helpful in enhancing photocatalytic activity by (1) bringing 

the activation of ZnO from UV light to visible light (2) increasing ROS production from 

0.14 to 0.632 higher than 0.52 by methylene blue (3) increase of the singlet oxygen 

production from 77% to 92% and (4) both the PEGylation and cationic charge enhanced 

the delivery to the cell. The current study explored the effects of Cu and Cu/N-doped ZnO 

nanoparticles (CuZn) on biological parameters of Leishmania tropica such as morphology, 

proliferation, infectivity, and survival in host cells and also, the biocompatibility of such 

nanoparticles. CuZn inhibited Leishmania tropica growth in a dose- and time- dependent 

manner with IC50 ranging from ng/ml to µg/ml in the first 3h upon exposure to the visible 

portion of solar spectrum and also the elimination of hyperthermia with no increase in 

temperature at lower concentrations. CuZn caused apoptotic death of Leishmania cell both 

in promastigote and amastigote forms by causing cell membrane permeability. 

Furthermore, CuZn particles were dormant in dark while they were activated by the visible 

light, thus the high surface to volume ratio and extrinsic defects caused more release of the 

ROS, enough to kill pathogenic cells. 
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4.2 Introduction 

Researchers and pharmaceutical industries are seeking for alternative treatment options to 

control outbreaks of infectious diseases caused by pathogens that are resistant to the 

currently available drugs. Nowadays, it is a general perception that nanotechnology may 

change the scenario by bringing new drug delivery systems and nanomedicines that will 

replace the currently available standard drugs, especially where parasites and microbes 

have developed widespread resistance (Morones et al., 2005; Kim et al., 2007). 

PDT is a cheap and effective therapy that has been successfully applied for treatment of 

topical conditions, such as macular degeneration, skin lesions, cancer (Gollnick et al., 

2003) and cutaneous leishmaniasis (Akilov et al., 2006). Generally, PDT is a two-step 

process that involves the delivery of the photosensitizer followed by its activation with non-

thermal light of specific wavelength generating reactive oxygen species (ROS). Singlet 

oxygen moieties are produced frequently in type II reactions of PDT (Henderson and 

Dougherty, 1992; Agostinis et al., 2011). Compared to the ground state oxygen the singlet 

state oxygen is highly reactive and very toxic, causing damage to a number of substrates 

including proteins, nucleic acids (DNA and RNA), lipids, carbohydrates (Brynildsen et al., 

2013). This highly excited energetic form has got some 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 of spin restriction. 

Firstly, it has two electrons in outer shell with normal spin and in the second stage it has 

one electron in opposite spin and is converted into a highly reactive molecule. Thus, the 

highly electrophilic characteristics of singlet oxygen and the non-radical nature have 

increased its capability to stimulate oxidative reactions with macromolecules without the 

participation of free radicals (Agnez-Lima et al., 2012). TiO2 and ZnO are considered as 

potential photosensitizers for PDT due to their unique phototoxic effect upon irradiation 

(Zhang et al., 2008). The lower cost, non-toxicity, high crystallinity and similar band to 

that of TiO2 makes ZnO a suitable and a cheap alternative (Hariharan, 2006). 

A problem which affects the activity of these metal oxides is the formation of electron hole 

centers. Such kind of effects can be removed by the introduction of Cu and other dopants, 

which is based on two ideas i.e. interfacial charge transfer and multi-electron reduction of 

oxygen (Irie et al., 2008). Thus, the forbidden gaps present in the ZnO are filled up by the 

introduction of impurities in the form of cationic dopant, which induces the visible-light 
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absorption by narrowing down the conduction band for the development of sensitive 

photocatalyst (Yu et al., 2010). 

Leishmaniasis caused by species of Leishmania, are digenetic (heteroxenous) parasitic 

protozoa of humans and animals (Jacobson, 2003). The disease occurs in different clinical 

manifestations i.e. ranging from cutaneous (CL) to visceral leishmaniasis (VL). CL is 

caused primarily by Leishmania tropica and this parasite is different from all others in the 

Old World Leishmania complex (Hanafi et al., 2013). Leishmania tropica is strictly limited 

to human beings and the lesions caused by this species may retain for a longer time (6–15 

months). The lesions often look like flattened volcanoes, becoming firmer as they heal and 

can last for more than three years (Jacobson, 2003). 

ROS especially the superoxides and hydrogen peroxides are produced by the immune cells 

as a defense mechanism against Leishmania (Haidaris and Bonventre, 1982). But the 

parasite is able to withstand ROS, however an increase in ROS will eventually kill them. 

In the current study, we have focused on the enhanced ROS production especially the 

production of singlet oxygen in PDT. We have synthesized six nanoparticles of ZnO doped 

with different concentration of Cu and Cu/N (1, 5 and 10%). Previously, we have used 

silver as a dopant, but with lower ROS production (Chapter 3). Cu and a combination of 

Cu and nitrogen was selected as dopants as it caused multi-electron reduction of oxygen, 

which produced higher quantity of lethal ROS in the immediate environment. Both Cu and 

Cu/N doped ZnO photocatalysts (CuZn) were found effective in in-vitro conditions against 

Leishmania tropica together with the evaluation of these nanoparticles effect in infected 

cells. Furthermore, the cytotoxicity of these synthesized nanoparticles against human 

macrophages, concentration of CuZn inside the Leishmania tropica cells, quantification of 

ROS produced and identification and concentration of each particular ROS moiety 

produced. 

4.3 Materials and Methods 

4.3.1 Chemicals and apparatus 

Zinc acetate, copper acetate, poly ethylene glycol (PEG), ethanol, Triton X-100, ficoll, 

percoll, trypan blue, sodium azide, mannitol and penicillin were purchased from Sigma 

(USA), Medium 199 (M199), RPMI, Sytox green, Di Phenyl IsoBenzo Furan (DPBF) from 

Invitrogen (USA), fetal bovine serum from PAA (Austria), streptomycin from Bio Basic 

Inc, Methylene blue and HCL from Merck and HEPES from ROTH.  
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4.3.2 Synthesis  

The NDSN and CuZn nanocatalysts were synthesized by a modified Masayuki method 

(Kanehara et al., 2009). In a typical reaction, zinc acetate (1mM), copper (Cu) acetate (0.01, 

0.05 and 0.1 mol%), oleylamine (5mM) were added to oleic acid (10 ml) and stirred at 80°C 

under vacuum for 30 minutes to obtain a clear solution. The solution was heated at 150°C 

for 60 minutes under nitrogen. The reaction temperature was further raised and kept at 

280°C for 1h to generate CuZn nanocrystals. The CuZn nanocrystals were precipitated out 

by adding ethyl acetate, further purified, and annealed in oxygen atmosphere at 400°C for 

4h. The obtained particles were capped with PEG-400 molecules to stabilize the 

nanoparticle surface and for avoiding the undesirable interactions of the OH group of ZnO 

with the biological environment. PEG functionalization was obtained through stirring 5% 

PEG-400 solution in ethanol for 2h and centrifuged to get rid of access of unbound PEG, 

washed and dried at room temperature for further use. 

4.3.3 Characterization of CuZn 

The nanocrystals were characterized by XRD by diffractometer (Shimadzo 6000) using 

radiation of Cu-Kά, λ = 1.54 ˚A, at 40kV and operating current of 30mA. DRS Perkin 

Elmer UV/VIS/NIR spectrometer-lambda 950 was used for optical properties of prepared 

nanocrystals. RBS was used for the structure and composition of the synthesized 

nanoparticles. The detector resolution for RBS was between 15 and 20 keV and the 

multichannel analyzer was set with a channel width at 5keV. Perkin Elmer 

photoluminescence LS 55 was used to verify the Photoluminescence (PL) spectra of the 

synthesized samples at room temperature.  

4.3.4 Leishmania tropica cultures 

The Leishmania tropica KWH23 cultures were maintained in Medium 199 (Gibco, 

Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine serum (PAA, 

Austria), 100 U/mL penicillin (Sigma, USA), and 100 mg/mL streptomycin (Bio Basic Inc) 

at 24oC. 

4.3.5 Dose and time dependent in-vitro anti-leishmanial activity of CuZn in different 

conditions 

The experiments were carried out by our previously used method by Nadhman et al. (2014) 

(Chapter 3).  
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4.3.6 Temperature measurements of CuZn undergoing irradiation 

Different concentrations of CuZn were added (0.1mg/ml, 1mg/ml and 10mg/ml) to water, 

RPMI and M199 media supplemented with 10% FBS. No Leishmania cells were added to 

the media. They were exposed to sunlight for 15 minutes with temperature probe and the 

rise of temperature was recorded with Eutech temperature probe at intervals of one minute 

at ambient environment. The control was also exposed to sunlight for 15 minutes without 

any CuZn.  

4.3.7 ROS quantification by DPBF 

Di phenyl isobenzo furan (DPBF) solution was prepared by dissolving 0.1mM DPBF in 

ethanol. The synthesized nanoparticles were dissolved in a concentration of 10μg/mL in 

2ml of DPBF solution, taken in sealed quartz cuvette and exposed to sunlight with an IR-

filter (400-800nm) because of the full degradation of DPBF upon exposure to sunlight for 

45 seconds. After each 30 seconds, the absorbance was measured by UV 3000 

spectrophotometer, ORI Germany for upto five minutes. Methylene blue was used as a 

standard.  Absorbance was measured and corrected for the degradation of DPBF.   

4.3.8 Main ROS moieties produced by CuZn  

The Leishmania tropica KWH23 promastigotes were treated as two groups’ and they were 

exposed to sunlight for 15 minutes as above mentioned protocol. Sodium azide was added 

to one group at a concentration of 0.1mM and to the other group 1mM mannitol was added. 

The cells were incubated at 24oC for 24h. Viable cells were counted by both trypan blue 

and motility of Leishmania cells on neubeur chamber.  

4.3.9 Cell internalization studies (ICP-AES)  

The Leishmania cells were taken in 2ml eppendorf tubes with higher quantity of 

Leishmania parasites (2x108 cells/ml) and CuZn was added at a concentration of 10µg/ml. 

The Leishmania cells were incubated for 24h and after that the cells were washed three 

times with phosphate buffer. The cells were then lysed by incubating in 1.5M HCL. 

Quantification of CuZn was carried out by ICP-AES.  

4.3.10 Biocompatibility assay of CuZn on human macrophages 

Human macrophages isolated by ficoll-gastrografin method and their biocompatibility 

were checked and calculated by previously used method by Nadhman et al. (2014) (Chapter 

3).  
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4.3.11 Effect on axenic amastigotes and infected macrophages 

Axenic amastigotes were cultured in M199 at pH 4.5 and culture was maintained at 32-

33°C (Bates, 1993). Rest of the procedure was same as previously mentioned in anti-

leishmanial assay. IC50 values were calculated by Graphpad Prism 5 software. Secondly, 

human macrophages were isolated from human blood by the above mentioned method. 

Macrophages were cultured in 24-well chamber slides to a cell density of 2x104 cells per 

well and 24h after adhesion and growth on the chamber slides, monolayers with log-phase 

promastigotes at a range of infection of 10:1 (parasite/macrophage) were infected and 

incubated at 37°C in 5% CO2
 for five days. Washing until removal of non-phagocytosed 

promastigotes and 0.1µg/ml of each CuZn were administered to each well. One group was 

exposed to total dark and other for 15 minutes in sunlight. After 24h 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 were counted and the percent inhibition was calculated. 

4.3.12 Apoptosis and necrosis evaluation 

The Leishmania tropica KWH23 promastigotes were treated in two groups’ and they were 

exposed to sunlight for 15 minutes and incubated in dark for 24h and then washed with 

phosphate buffer. The cells were treated with RNAase (1mg/ml). One of the group was 

stained with acridine orange (100μg/ml) and other group with ethidium bromide 

(100μg/ml) mixed with acridine orange (100μg/ml) in 3:1 concentration. The increase in 

fluorescence was checked on Leica Fluorescent Microscope with Canon cam, using 485 

and 530 nm filters for excitation and emission wavelengths.  

4.3.13 Sytox Green 

The Leishmania tropica KWH23 promastigotes were treated as above and then washed 

with HBSS buffer. The cells were stained with 1μM Sytox green dye for 15 minutes in dark 

and then mounted on a slide. The increase in fluorescence was checked on Leica 

Fluorescent Microscope with canon cam, using 485 and 530 nm filters for excitation and 

emission wavelengths. Triton X-100 (0.1%) was used as a control for full permeability. 

4.3.14 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 by using SPSS 21 and also 

with Graphpad Prism 5. The relationship between different parameters was assessed using 



Chapter 4   

51 

 

Pearson's correlation coefficient (r). One-way ANOVA was used to check significant mean 

difference with Tukey HSD for post-hoc analysis. Two-way ANOVA was used for 

significant mean and interaction effect while Sidak method was used for multiple pairwise 

comparisons of the marginal means. A p<0.05 and p<0.01 were used to define significant 

and highly significant results respectively. 

4.4 Results and Discussion 

4.4.1 Characterization of synthesized nanocrystals 

The CuZn nanoparticles were synthesized by a modified Masayuki method and were 

characterized by the following techniques. 

4.4.1.1 XRD analysis 

X-rays diffraction measurement was performed on a diffractometer (Shimadzo 6000) 

equipped with Cu Kα1 (λ=1.5406 nm) at a voltage of 40 kV and a current of 30 mA. Figure 

4.1 represents the XRD pattern of NDSN compared with different concentrations of Cu 

(CuZn1 to CuZn6). The observed diffraction peaks in the recorded XRD pattern agreed 

well for the hexagonal ZnO having wurtzite structure (Muthukumaran and Gopalakrishnan, 

2012). No characteristics peaks of other impurities were observed in XRD pattern, 

indicating that phase-pure and high quality ZnO nanomaterials were readily obtained. The 

main diffraction peaks were indexed to wurzite ZnO (hexagonal) appeared at 2θ =31.6°, 

34.5°, 36.3°, 47.6°, 56.6°, 62.9°, 66.6°, 68.0° and 69.2°. Average crystalline size of all 

synthesized samples was calculated by using Scherrer’s formula (Singhal et al., 2012) by 

averaging results from all the nine crystallographic peaks and thus, the obtained values 

were 24-36nm for the NDSN and for different CuZn nanoparticles. 

Average crystalline size (D) = kλ/βcosθ (4.1) 

Where, λ is wave length (1.54A°), β is FWHM (full width half maximum) and θ is the 

Bragg’s diffraction angle. 

It can be elucidated from Figure 4.1, that a steady decrease in the peak intensity was noted 

with increasing amount of Cu (from CuZn1 to CuZn2). Additionally, Cu did not result in 

the additional peaks corresponding to Cu related secondary or impurity phase. Moreover, 

no remarkable shift of diffraction peaks was found among NDSN and CuZn particles, 

which revealed that the lattice expansion or shrinkage should be neglected. It may be 

therefore inferred that Cu was incorporated into the Zn lattice in the standard wurzite 
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structure in CuZn1 and CuZn2, rather at the interstitial sites that occupied substitution site 

in the ZnO lattice. However, in case of CuZn3, Cu incorporated into the interstitial site that 

resulted an increase of peak intensity and hence increased in particle size. While in case of 

CuZn4, doped nitrogen into the crystal lattice of ZnO did not bring a new object phase. 

However, a significant shift in 2θ was observed, which indicated that in nitrogen doping, 

nitrogen occupied the oxygen vacancy and did not replace the Zn atom from the lattice 

sides. In CuZn4 it occupied the substitution and then, went to interstitial and again came 

back to substitution with an increase in concentration that resulted a considerable shift in 

the peak position. Thus, the obtained values were 16-24nm.  

 

Figure 4.1. XRD patterns of ZnO, Cu & Cu/N doped ZnO nanocrystals having 1, 5 and 

10% ratio 
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Figure 4.2. Clear pattern of main peaks of Cu & Cu/N doped ZnO CuZn nanoparticles and 

NDSN 

Figure 4.2 signifies a clear pattern of the three main peaks and it was observed that the peak 

intensity was increased by the addition of Cu concentration and hence, the Cu2+ ion was 

understood to have occupied the Zn without changing the crystal structure. It was evident 

that orientation behavior of ZnO was strongly promoted by Cu-doping (Chauhan et al., 

2010). 

Table 4.1. Average crystalline size of the nanoparticles calculated by Scherrer’s equation. 

Samples 
Cell parameter 

(Å) 

c/a 

Ratio   

unit cell  Microstrain 

= βCosθ/4 

Crystalline  

Size D=kλ/βcosθ 

Nanocrystals a=b c  volume (ε)(10¯3) (nm) 

NDSN 3.250 5.207 1.602 47.64 0.128 24 

ZnO: CuO (1%) 3.252 5.219 1.604 47.80 0.157 16 

ZnO: CuO (5%) 3.255 5.219 1.603 47.91 0.161 17 

ZnO:CuO(10%) 3.257 5.209 1.599 47.88 0.165 21 

ZnO:CuO:N(1%) 3.254 5.209 1.601 47.77 0.149 20 

ZnO:CuO:N(5%) 3.255 5.210 1.60 47.83 0.161 18 

ZnO:CuO:N(10%) 3.255 5.211 1.601 47.84 0.165 19 
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4.4.1.2 Diffuse Reflectance Spectroscopic (DRS) Analysis 

Perkin Elmer UV/VIS/NIR spectrometer-lambda 950, with integrating sphere ranges 

between 900nm to 2500nm was used to check the optical properties of prepared samples. 

In Figure 4.3, DRS spectrum of NDSN shows a small peak below 400nm that was the 

absorption in UV region. While CuZn1 TO CuZn3 showed characteristic absorption edge 

near 430-455nm related to oxygen defects and indicating visible region of the spectrum. 

It can be clearly seen in Figure 4.3, that NDSN showed a strong absorption edge at 450nm 

which was related to oxygen defects (Qiu and Burda, 2007). CuZn also showed small peaks 

related to oxygen defects appeared at 450nm except CuZn1. However, in case of CuZn4 to 

CuZn6, the increasing Cu concentration decreased the visible response. Moreover, CuZn1 

showed strong absorption in visible region at 520nm while CuZn2 to CuZn3 showed a 

relatively weak absorption at 510-515nm. 

 

Figure 4.3. Diffuse reflectance spectra of NDSN and CuZn nanoparticles (1, 5 & 10%) 

4.4.1.3 Band Gap Measurements 

DRS technique was also used to measure the optical band gap energies of all synthesized 

samples. Kubelka-Munk function (Mukhtar et al., 2012) was used to calculate the band gap 

energies of all synthesized nanocrystals; 

F(R) = [F (R∞) hv] 1/2   (4.2) 

Where;  

F(R) is the Kubelka-Munk function, R represents the absolute value of reflectance and hv 

is the energy. 

Figure 4.4, represents the band gap energies of the NDSN and CuZn1 to CuZn6, derived 

by plotting the square root of the Kubelka-Munk function F (R)1/2 vs energy in electron 
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volts (eV). The direct band gap energies of all synthesized samples were estimated from 

the intercept of tangents drawn to the plots shown in Figure 4.4. 

A drastic change in the band gap was observed with a change in the concentration from 

CuZn1 to CuZn6. However, the band gap of NDSN was 3.0eV but, by doping with Cu or 

nitrogen it shifted to 2.6-2.9eV, which resulted a change in properties of the material. This 

decrease in the band gap energy with the addition of Cu can be attributed to structural 

interruption in the ZnO framework by Cu atoms resulting in smaller energy gap between 

the valence band and conduction band, the same happened with the Cu and nitrogen co-

doped ZnO nanoparticles (Kim and Park, 2009). 

 

Figure 4.4. Band gap energies of NDSN and CuZn nanoparticles, calculated by using 

Kubelka-Munk function 

4.4.1.4 Photoluminescence (PL)    

Perkin Elmer photoluminescence LS 55 was used to verify the PL (Photoluminescence) 

spectra of the synthesized samples at room temperature. Generally, the optical properties 

of metal oxide nanostructures were significantly affected by the densities of defects and 

oxygen vacancies. The PL Spectra was used to investigate correlation between structure 

and property (Figure 4.5).  

It was noticed that, there was a clear difference in the luminescence intensity of NDSN and 

CuZn nanoparticles. The luminescence intensity of NDSN was high as compared to that of 

CuZn (Elilarassi et al., 2011). The PL spectra of NDSN and CuZn1 to CuZn6 showed two 

distinct peaks on the wavelength scale. First emission peak near 400nm in PL spectra was 

sharper while second peak near 650-690 nm was broader with that of the previous one. Pure 

ZnO exhibited a very strong peak around 385-400nm related with UV response, which can 
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be attributed to recombination of bound excitons corresponding to band edge emission of 

ZnO. However, a very minute peak in the visible region was observed that was neglected 

when compared to CuZn nanoparticles. 

The emission peak 650nm in the PL spectra for the CuZn1 to CuZn3 corresponded to the 

red emission. This visible emission of the CuZn1 to CuZn3 would gave the new dimensions 

to the display materials and its use in luminescent display. Additionally, these two emission 

peaks existed at 385-400nm and 640-680nm were in the vicinity of the UV–visible and 

visible-IR regime respectively. 

While in case of CuZn4 to CuZn6 nanoparticles as shown in Figure 4.5, a decrease in peaks 

intensity was observed with increase in Cu concentration. The broad visible emission band 

around 645-685nm from NDSN was due to transition of a photogenerated electron from 

the conduction band to a deeply trapped hole (Meyer et al., 2004) and the probable 

candidate for the trapping of holes are O-2/O- ion at the surface. 

The results obtained from PL were closely related to DRS, because in PL the visible 

response of CuZn1 was also maximum and a broad band emission at wavelength ranges 

between 650-690nm was observed.   

 

Figure 4.5. Photoluminescence spectra of ZnO and CuZn nanoparticles 

Figure 4.6 shows the Ruthorford backscattering of both the NDSN and CuZn before 

PEGylation. RBS was used to characterize defect densities, thickness and structures in the 

near surface region. Further, the spectra represents the purity of each synthesized 

nanoparticle. 
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Figure 4.6. RBS of NDSN and CuZn 

4.4.2 Dose and time dependent in-vitro anti-leishmanial activity  

The Leishmania cells were treated with the serial dilutions of CuZn and NDSN (0.1ng/ml 

to 100µg/ml) in different light conditions i.e. exposing the cells with nanoparticles in direct 

sunlight (168W/m2 of sun intensity) (Fu, 2003), in tungsten light with IR-filter (4.124W/m2) 

(MacIsaac et al., 1999), and in dark for 15 minutes each. Afterwards, the cells were 

incubated at 24oC for 3, 12, and 24h in total dark. The cells killing started from the first 

hour at 100 and 10µg/ml. In the 1st hour the killing percentage was almost 20-25% while 

in the 2nd it reached 75-80% (Figure 4.7) and while, 100% was achieved at the 3rd hour, 

after exposure in direct sunlight. In tungsten light with IR-filter, 100% killing was achieved 

after 12th hour at 100 and 10µg/ml. In room light, the cellular inhibition was slow (Li et al., 

2012). Basically, the CuZn molecules were activated by the visible region as inferred from 

DRS and PL however, tungsten light contains 10% of visible portion of light (MacIsaac et 

al., 1999) and more of the infrared region while sunlight contains 45% of visible region so 

they were activated more in sunlight (Peng et al., 2006). Cu2+ ions are toxic to cells in 

higher quantities (Song et al., 2014) and it was found that there was almost no killing in 

dark by the CuZn nanoparticles except CuZn6 that showed 10% cell killing, which might 

be the toxicity of Cu2+ ions. It may be possible that they were leaked out as Cu2+ ions, as 

the toxicity depended upon the type and also on the concentration of Cu in nanoparticle (Li 

et al., 2012; Song et al., 2014).  
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Figure 4.7. Time-dependent activity of CuZn against the promastigotes of Leishmania 

tropica 

It was found that NDSN has an IC50 of 85ng/ml but that of CuZn was 14.5 (±1.69), 9 

(±1.33), 0.27 (±0.034), 7.7 (±0.77), 1.37 (±0.11) and 1.6 (±0.24) ng/ml respectively for 

CuZn1 to CuZn6 in direct sunlight. The bars in Figure 4.8 represents the confidence 

intervals of data set which showed a significant relation (p<0.05) between CuZn 

nanoparticles with the rest of the other nanoparticles.  

As discussed above, among the CuZn particles, the CuZn4 was showing the highest IC50. 

Based on Figure 4.8, best IC50 were in the order: CuZn3> CuZn6> CuZn5> CuZn4> 

CuZn2> CuZn1> NDSN. However, statistical analysis grouped the CuZn2 and CuZn4 and 

also the CuZn5 and CuZn6 as having no significant difference (p>0.05 at 95% confidence 

interval). While both the CuZn1 and CuZn3 were found highly significant (p<0.01 at 95% 

confidence interval) in comparison with the other CuZn nanoparticles showing the effect 

of low and high concentration of Cu in ZnO lattice.    
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Figure 4.8. Statistical comparison of IC50 of CuZn particles against Leishmania tropica 

KWH23 in direct sunlight after 24h (bars indicate 95% confidence intervals). Same letter 

specifies no statistical difference at p>0.05 

4.4.3 Temperature measurements of CuZn undergoing irradiation 

The less or no activity in dark conditions confirmed that the CuZn particles were producing 

ROS or there might be a possibility of hyperthermia involved in the killing of Leishmania. 

The experiments were carried out in water, M199 and RPMI containing 10% FBS, in the 

absence of Leishmania cells, with different quantities of NDSN and CuZn particles. The 

results were assessed after each minute by exposing them in direct sunlight. The results 

showed that increasing the concentration of dopant increased the temperature. For example 

in case of NDSN there was no increase in temperature. Whereas the CuZn showed small 

increase in temperature at 0.1mg/ml from  0.01°C in case of CuZn1 to 0.057°C by CuZn6 

in water while to 0.043 and 0.046°C (Table 4.2) by CuZn6 in M199 and RPMI respectively. 

However, the temperature increased from 0.48 to 0.6°C by adding 1mg/ml of each CuZn 

nanoparticles in water while NDSN increased the temperature to 0.56°C. However, the 

temperature increase in M199 and RPMI was in the range of 0.46 to 0.56°C and 0.36 to 

0.59°C using CuZn respectively. The increase in the temperature was high up to 4.19°C by 

CuZn6 in water while in RPMI and M199 it was upto 4.10 and 4.08°C at 10mg/ml 

respectively. Thus this eliminated the involvement of hyperthermia in the killing of 

Leishmania cells, as the IC50 values were in ng/ml.
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Table 4.2. Rise in temperature after 15 minutes, using different concentrations of CuZn and NDSN nanoparticles. Nanoparticles were added in 

water, Medium 199 and RPMI and calculation of the rise of temperature. 

  Water M199 RPMI 

 NP’s 0.1mg/ml   (°C) 1mg/ml (°C) 

10mg/ml 

(°C) 

0.1mg/ml 

(°C) 

1mg/ml 

(°C) 

10mg/ml 

(°C) 

0.1mg/ml 

(°C) 1mg/ml   (°C) 

10mg/ml 

(°C) 

NDSN 0.01±0.002 0.36±0.07 2.7±0.6 0 0.33±0.10 2.4±0.5 0 0.33±0.08 2.3±0.6 

CuZn1 0.03±0.004 0.48±0.06 2.9±0.8 0.03±0.002 0.40±0.06 3.0±0.7 0 0.36±0.06 3.0±0.7 

CuZn2 0.037±0.003 0.50±0.05 3.1±0.8 0.031±0.005 0.45±0.06 2.97±0.6 0.021±0.04 0.45±0.065 3.1±0.5 

CuZn3 0.041±0.006 0.51±0.03 3.1±0.7 0.03±0.005 0.46±0.08 3.06±0.98 0.031±0.06 0.48±0.07 2.79±0.8 

CuZn4 0.049±0.004 0.53±0.04 3.2±0.7 0.037±0.004 0.50±0.08 3.05±0.9 0.039±0.05 0.51±0.078 3.16±0.4 

CuZn5 0.056±0.002 0.57±0.03 4.0±0.9 0.043±0.005 0.54±0.07       4.13±1.1 0.045±0.04 0.57±0.09 3.96±0.8 

CuZn6 0.057±0.006 0.60±0.03 4.19±0.8 0.043±0.007 0.56±0.09 4.08±1.02 0.046±0.06 0.59±0.14 4.10±1 
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4.4.4 ROS quantification by DPBF 

DPBF is a fluorescent dye normally used for the quantification of ROS especially the 

singlet oxygen and hydroxyl radicals (Okada and Okajima, 1998). This dye is sensitive to 

both singlet oxygen and hydroxyl radicals and rapidly decolorizes. The dye degradation is 

rate dependent. Furthermore, the dye is also sensitive to sunlight and free oxygen. In the 

current study, DPBF was used a ROS quencher and quantification was done using below 

equation 

Φ∆CuZn = ΦMB (kCuZn / kstandard)  (4.3) 

Whereas, Φ∆CuZn is the quantum yield of semiconductor nanoparticles (SNs); Φ∆MB is 

the quantum yield of methylene blue. DPBF quenching was more than the normal quencher 

i.e. methylene blue (quantum yield of 0.52) as in the case of CuZn3, the quantum yield was 

0.632 ±0.13 (Figure 4.9).  

 

 

Figure 4.9. The inverse relation between ROS and IC50 of CuZn particles. Left side of scale 

shows the quantum yield of ROS while right side scale shows the IC50 of CuZn particles 
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Currently, it was found that the ROS production started in the visible region of light by the 

introduction of 1% of Cu, having a quantum yield of 0.24 ±0.052 while, it increased to 0.44 

±0.1 in case of 5% of Cu and further to 0.632 ±0.07 by 10% of Cu. The introduction of 

both Cu and nitrogen yielded a decrease in the ROS production ranging from 0.42 ±0.085, 

0.51 ±0.064 and then to 0.56 ±0.086. Furthermore, a highly significant correlation (Pearson 

r =1) was found among the ROS and IC50, which showed that ROS has an inverse relation 

with IC50 of nanoparticles (p<0.01), as the more ROS the less the IC50. ZnO nanoparticles 

have the capability to produce less amount of ROS (Li et al., 2012) but having 10% of Cu 

as impurity in ZnO, it had produced high amount of  ROS and hence it is required in less 

amount to kill the pathogen as e.g. CuZn3 had an IC50 of 0.0002µg/ml or 0.2ng/ml. 

To compare the amount of ROS produced by each of the different nanoparticle (Figure 

4.10), a one-way ANOVA analysis was performed, which showed that the effect of 

nanoparticle type on the production of ROS was significant (p<0.05). The pair-wise 

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 NDSN and CuZn nanoparticles to produce ROS (p<0.05). ROS production 

by the NDSN was significantly lower compared to CuZn (p<0.05) as confirmed by the pair-

wise comparison, portraying the positive effect of dopant in the ZnO lattice. 

 

Figure 4.10. Comparison of Quantum yield of NDSN and CuZn. Red bar showing the ROS 

production by Methylene blue (MB). 
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4.4.5 Main ROS moieties produced by CuZn 

DPBF basically quenches the singlet oxygen and to some extent the hydroxyl radicals 

(OH.). In the current study it was found that CuZn produced more of the singlet oxygen. 

Upon excitation, on the surface of the excited CuZn particles, electrons were involve in the 

reduction of oxygen to produce the singlet oxygen (Zhang et al., 2011). The concentration 

of these singlet moieties were calculated by introducing quenchers like sodium azide (Price 

et al., 2009; Jose et al., 2011). The singlet oxygen concentration was 79, 83, 92, 80, 82, and 

87% in case of CuZn1 to CuZn6 whereas the NDSN produced 77% of singlet oxygen 

(Figure 4.11). CuZn3 was found to produce maximum amount of singlet oxygen and it was 

considered that the best IC50 of CuZn3 was due to 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 recombination reaction started, 

producing electron-hole pairs (Mohan et al., 2012). To minimize the recombination 

reaction, the charge carriers produced must be trapped and this was achieved by the 

introduction of Cu (Wang et al., 2014). Thus, it enhanced more production of ROS due to 

surface-to-volume ratio that resulted in more surface oxygen vacancies. The lowering of 

band gap energy in CuZn resulted in enhanced photocatalytic activity (Xing et al., 2011). 

Moreover, when Cu was doped in ZnO, more surface defects were produced and a space 

charge layer were formed on the surface, which was beneficial for hindering the 

combination of photo-induced electron-hole pairs (Huang et al., 2001; Mohan et al., 2012). 

But producing excess of hindrance had decreased the production of ROS like in the case of 

CuZn5 and CuZn6 particles where the increase in dopant decreased the production of ROS.  

The lifetime of singlet oxygen is too short i.e. 3µs (Hatz et al., 2007), so it has the capability 

to react with the available macromolecules like proteins, lipids or nucleic acids or react 

with the surrounding water molecules to give rise to further ROS moieties like hydroxyl 

radicals, hydroxyl ions, hydrogen peroxide and also to highly reactive superoxide 

molecules (Price et al., 2009). Moreover, it is also possible that on the surface of 

nanoparticles, the holes produced in the recombination reaction abstracted electrons from 

water molecule through oxidative process and thus produced hydroxyl radicals (Lin et al., 

2005; Li et al., 2012). To compare the amount of hydroxyl radical formed by the different 

nanoparticles and also from singlet oxygen, a two-way ANOVA analysis was performed, 

which showed that the effect of nanoparticle type and singlet oxygen on the production of 
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hydroxyl radical was significant (p<0.05). The hydroxyl radicals produced were 7.8% by 

CuZn3, while 12.6, 16.6, 17.8, 19.4 and 20.7% by CuZn6, CuZn2, CuZn5, CuZn4 and 

CuZn1 particles, while NDSN produced 22% of hydroxyl radicals. The remaining point 

percent of ROS were hydroxyl ions and hydrogen peroxide.  

 

Figure 4.11. Percentage production of ROS moieties by the CuZn particles using 0.1mM 

sodium azide and 1mM mannitol produced as singlet oxygen and hydroxyl radical 

scavengers 

4.4.6 Cell internalization studies (ICP-AES) 

Delivery of the nanoparticle to the cell is an important aspect of drug delivery. PEG coated 

CuZn particles have the capability to get entry to the cell. PEG containing the CuZn were 

accumulated more inside the Leishmania cells as well its circulation was also increased 

(Greenwald, 2013). The CuZn uptake were checked by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES). Cells were treated with 10µg/ml NDSN and CuZn for 

3hr. The delivery of nanoparticles was concentration dependent as increase of dopant 

increased the entry of CuZn particles i.e. in the case of NDSN the zinc concentration was 

0.98 ±0.06 µg/ml while that of CuZn3 was 1.48 ±0.28 µg/ml whereas in the control, zinc 

concentration was 0.023 ±0.009 µg/ml (Figure 4.12). Dopant decreased the dissolution of 

Zn+2, thus increased the uptake of Zn (George et al., 2009). Further, the dissolution of these 
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nanoparticles depends upon the acidic environment of the lysosomes and calveolar 

compartments of the cell (Xia et al., 2008). The Cu concentration was from 0.01 to 

0.023µg/ml while there was no Cu in the control cells. As the Cu concentration increased 

in the CuZn particles it increased the Cu and zinc uptake in the cell. Additionally, the 

cationic nanoparticles might also entered by electro-migration or electro-osmosis in the 

case of bulk fluid flow across the charged membrane surface (Touitou and Barry, 2006). 

Thus, this made these particles more toxic to Leishmania cells.  

 

Figure 4.12. CuZn nanoparticles internalization in Leishmania cells. Comparison of Zn 

(right scale) and Cu (left scale) intake by ICP-AES (p<0.05) 

4.4.7 Biocompatibility 

In the current study, the biocompatibility of the synthesized nanoparticles were carried out 

on human macrophages because of the attack and survival of Leishmania on the 

macrophages. Human macrophage cells were incubated with different concentrations of 

synthesized nanoparticles. Divided into two groups, one group was incubated for 15 

minutes in sunlight and the other group in total dark and then incubated for 24h in dark at 

37°C with 5% CO2. The nanoparticles treated cells were given the same conditions as given 

for Leishmania to produce ROS. Interestingly, CuZn showed cytotoxic activity at the 

microgram (µg) level against macrophages. Nevertheless, all of the CuZn particles showed 
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an improved therapeutic index; with LC50 for these cells types was thousand fold higher 

than for Leishmania. This is because of the macrophages capability to cope with ROS as 

they are produced as defensive bullets against pathogen (Haidaris and Bonventre, 1982). 

Although, the therapeutic index was higher but it can be elucidated (Figure 4.13) that 

increasing the concentration of dopant increased toxicity e.g. the LC50 of NDSN was 122 

±14.52 µg/ml while that of CuZn6 was 44 ±8.90 µg/ml. However, the cytotoxicity of 

photocatalytic ZnO is reduced if its dissolution within culture media is inhibited by doping 

(George et al., 2009) but, higher concentrations of dopant might be responsible for the 

release of dopant ions. In dark experiments, the current nanoparticles were found non-toxic 

but they were toxic at concentrations more than 200 µg/ml because ZnO nanoparticles are 

toxic in higher concentrations to immune cells (Prach et al., 2012). Another possible reason 

might be the insolubility of higher quantities of these particles in the media or in water, as 

dissolved particles increases the cell viability (Heng et al., 2011).  

 

Figure 4.13. Biocompatibility of both NDSN and CuZn particles against macrophages. 

Macrophages were treated with the synthesized nanoparticles and exposed to sunlight and 

incubated in standard conditions. LC50 and LC90 calculated by SPSS 21 
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4.4.8 Effect on axenic amastigotes and infected macrophages 

Axenic and intracellular amastigotes susceptibilities were checked by treating the axenic 

amastigotes with synthesized nanoparticles. In the current study, it was found that the 

amastigotes were 1-2.5 folds more resistant than the promastigotes. Regarding the infected 

macrophages, the experiments were carried out in two phases. In the first phase the 

experiment was started by incubating the infected macrophage with 0.1µg/ml of both the 

NDSN and CuZn nanoparticles and they were directly kept in sunlight for 15 minutes and 

then incubated in dark for 24h. The amastigote killing was 55% inside the macrophages 

while all the axenic amastigotes were killed 100% at this concentration. In the second phase 

the infected cells were incubated with the nanoparticles and they were kept in dark for 1 to 

2h for the cells to take up the nanoparticles. The treated cells were then exposed to sunlight 

for 15 minutes and then incubated in standard conditions. The results were quite remarkable 

as the amastigote killing reached to almost 100% by all the CuZn particles. The increased 

in amastigote killing was due to the uptake of more CuZn molecules and after exposure to 

sunlight, it produced more ROS that helped the immune cells to achieved more killing 

(Allahverdiyev et al., 2011). Superior efficacies of CuZn were primarily accredited due to 

their improved localization in macrophage cells because the PEG coating enhanced the 

uptake of nanoparticles (Larsen et al., 2012). Furthermore, the negatively charged surface 

on CuZn nanoparticles provided a colloidal dispersion that was helpful to entrapment onto 

amastigotes (Figure 4.14).  
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Figure 4.14. Inside the macrophage, alteration in nuclear morphology of amastigote 

occurred in physiological situations, and in several processes associated to cell death. These 

modifications included nuclear condensation and fragmentation observed in apoptosis, 

decrease in nuclear size and an increase in nuclear irregularity because of the stress 

produced by the CuZn particles by producing ROS 

4.4.9 Apoptosis and necrosis evaluation 

Apoptosis is a multistep and complex program cell death pathway, which occurs in every 

cell (Mroz et al., 2011). Microscopic visualization of staining cells with suitable dye is a 

primary technique to study the biological mechanisms (Carpenter et al., 2006). Upon 
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treatment of Leishmania cells with CuZn particles, the cells were treated with apoptotic 

dye acridine orange and for necrosis ethidium bromide was used, as both the dyes attaches 

itself to nucleic acids in the nucleus upon entry to the cell and emit the respective green and 

orange color (Ribble et al., 2005). The Leishmania cells initially started the apoptosis as 

the chromatin material condensation started with light green nuclei showing early apoptosis 

in 1st 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 (Jimenez-Ruiz et al., 2010). 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 (Savill and Fadok, 2000). When the cells were exposed for 3h or more, than 

the ethidium bromide entered to the cell, which showed the necrosis of cell by emitting 

orange color. Upon observation on ImageJ software, the cells showed nuclear irregularity 

index (Figure 4.15) and also in the image, showing that many of the Leishmania cells were 

apoptotic while few were necrotic. In the 1st hour more than 90% cells were apoptotic while 

in the 3rd hour more than 50% cells were necrotic using 0.1µg/ml of CuZn3.   

     

   

Figure 4.15. Apoptosis and necrosis of Leishmania cells, after exposure to CuZn3 particles 

for 1 and 3h duration (a) the graph showing the nuclear irregularity index (b) shows the 

apoptotic and necrotic cells upon 1h exposure to CuZn3 particles almost 90% of cells 
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showing necrosis while remaining showing the early and late apoptosis (c) showing the 

apoptotic and necrotic cells upon 3h exposure to CuZn3 particles, almost 50% of cells 

showing necrosis while remaining showing the early and late apoptosis (d) shows the cell 

exposure of 1h to CuZn particles, the encircle regions showing the formation of apoptotic 

bodies within the cells while some are showing early apoptosis (light green) (e) bright field 

image 

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 emitted green fluorescence. 

Singlet oxygen is lethal to biomembranes, causing oxidation and degradation (Bakalova et 

al., 2004). CuZn3 treated Leishmania cells emitted the green fluorescence confirming the 

permeability of membrane by the ROS produced.
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DAYLIGHT RESPONSIVE ZINC OXIDE 

NANOPARTICLES: A TEMPORAL 

RELATIONSHIP OF ROS INDUCED LIPID 

AND PROTEIN OXIDATION 
 



Chapter 5 

72 

Graphical Abstract 

5.1 Abstract  

Lipid peroxidation (LP) and protein oxidation (PO) are well-known manifestations of the 

free radical activity and oxidative stress in biological activity. This study investigated ROS 

induced LP and PO, as these ROS being generated by the PEGylated metal based 

nanoparticles that proved as the major cause of death of Leishmania tropica. Furthermore, 

the study was also extended to the comparison of both doped nanoparticles (DNPs) and 

non-doped zinc oxide (NDNP) nanoparticles on lipids and proteins of Leishmania tropica. 

The PDT based DNPs were activated in sunlight that produced ROS in the immediate 

environment, which was found to be the main cause of LP and PO. However, no LP and 

PO production was observed in the dark experiments, confirming only the PDT based 

production of ROS. The major LP derivatives produced were conjugated dienes, lipid 

hydroperoxides (LOOH) and malondialdehyde (MDAs) with no hydroxynonenals (HNEs) 

reported, whereas water, ethane, methanol and ethanol were obtained as the end products 

of LP. However, proteins were oxidized to carbonyls, hydroperoxides and thiol degrading 

products. Furthermore, lipid hydroperoxides produced were more than 2-fold of the protein 
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hydroperoxides, indicating higher degradation of lipids compared to proteins. Moreover, 

both LP and PO were responsible for membrane permeability and thus led to Leishmania 

death. The in-vitro evidence represented a significant contribution of the involvement of 

both LP and PO in the anti-leishmanial effect of nanoparticles. 
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5.2 Introduction 

ROS are considered as the major agents that causes alteration in macromolecules such as 

lipids, proteins and nucleic acids, often termed as oxidative stress. These oxygen derived 

free radicals are highly unstable, short-lived and reactive, seriously affecting cell integrity, 

health and viability, thus leading to cell death by necrosis or apoptosis (Simon et al., 2000; 

Palmieri and Sblendorio, 2007). LP and PO due to oxidative stress, damages the rigidity of 

the cell membrane by affecting fluidity and permeability and also cause changes in ion 

transport and inhibition of metabolic processes (Catala, 2009). 

Cellular membranes are composed of 30 to 80% lipids by mass. The left over contains 

proteins (20-60%) and carbohydrates (0-10%) (Catala, 2009). Several species, including: 

hydroxyl (•OH), alkoxyl (RO•), peroxyl (ROO•), and possibly HO2• and singlet oxygen are 

involved in abstraction of the first hydrogen atom from the lipid moiety (Devasagayam et 

al., 2003). As a result different derivatives are formed i.e., conjugated dienes and LOOH. 

These LOOH are highly unstable and are converted into aldehydes like MDAs, HNEs, 

hydroxyhexenal (HHE) and acrolein in the presence of reduced metal (Yadav and Ramana, 

2013). However, proteins are normally oxidized to carbonyls by the attack of ROS on the 

chiral carbon or the amino acid side chains (Berlett and Stadtman, 1997) and also to other 

products e.g. hydroperoxides and thiols degradation (Hawkins et al., 2009). 

Leishmania is a protozoan parasite, which causes vector-borne disease called leishmaniasis. 

Sandfly is a vector that transmits the parasites between mammalian hosts (Gradoni, 2013). 

Leishmaniasis is still one of the major infectious diseases, with 350 million people at risk 

in 98 countries worldwide with about 2 million new cases reported every year (Sosa et al., 

2013).  PDT, recently used for the treatment of cancer and infectious diseases, has emerged 

as a non-invasive medical technology (Demidova and Hamblin, 2004; Wang et al., 2011). 

In PDT, photosensitizers (PS) are used to eliminate diseased cells/pathogens. These PS are 

activated by non-thermal light to produce cytotoxic ROS in the presence of oxygen (Dutta 

et al., 2011). The main advantage of PDT is that it can be used for specific treatment of 

lesions that are exposed to light (Juarranz et al., 2008). 

The major purpose of the current study was to investigate the annihilation carried out by 

the previously synthesized PEGylated doped and non-doped ZnO by Nadhman et al. (2014) 

(Chapter 3 and 4). These nanoparticles were found having good anti-leishmanial activity in 

a dose dependent manner. Previously, many studies have been performed on the 
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involvement of ROS in LP and PO (Fruebis et al., 1992; Ma et al., 2013). Therefore, we 

have focused on the LP and PO of Leishmania tropica caused by the ROS that are produced 

by the PDT based ZnO nanoparticles and the nanoparticles caused quantitative differences 

among the LP and PO products. Furthermore, the LP starts from the first moment of ROS 

attack and generally, three steps are involved in the process; initiation, propagation and 

termination (Catala, 2006). Owing to the time dependence of the processes, the LP 

experiments were assessed in a time-dependent manner. Moreover, since the PO products 

are stable for a long time (Hawkins et al., 2009), only the final products were considered 

in the current study. 

5.3 Materials and methods 

5.3.1 Materials/equipment 

Medium 199 was purchased from GIBCO Invitrogen, fetal bovine serum from PAA 

laboratories GmbH, streptomycin from Amresco, Ohio, HEPES, from Roth, sodium 

bicarbonate from MERCK, anhydrous D-glucose, CaCl2.2H20, MgCl2.6H2O, KCl, DMSO, 

TRIS, sodium chloride, chloroform, cylcohexane and toluene from Scharlau, methanol, 

trichloroacetic acid (TCA), thiobarbituric acid (TBA), 2,4-dinitrophenylhydrazine 

(DNPH), guanidine hydrochloride, bovine serum albumin (BSA) (essentially fatty acid 

free), 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), and penicillin G from Sigma Aldrich, 

petroleum ether and diethyl ether from Riedel-de Haen. Centrifuge (Eppendorf Centrifuge 

5424), microscope (Micros Austria), incubator (Memmert), Fourier Transform Infra-Red 

Attenuated Total Reflectance spectrometer (FTIR-ATR) (TENSOR 27TM Bruker), 

Shimadzu gas chromatography unit (GCMS- QP2010 Ultra). 

5.3.2 Nanoparticles 

In this study, we used our previously synthesized four ZnO based DNP nanoparticles with 

varying concentration of dopant i.e. 1, 5 and 9% silver (Ag) and 1% Copper (Cu) and one 

pure ZnO (Chapter 3 and 4) (Table 1). These nanoparticles were capped with PEG-400 and 

were characterized previously with XRD, Rutherford backscattering, Diffuse reflectance 

spectroscopy and band-gap analysis. The morphology of the current nanoparticles was also 

elucidated with scanning electron microscopy (SEM), carried out with JOEL SEM model 

SM6460 after gold coating. 
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Table 5.1. Table showing different nanoparticles used in the current study. 

S.No Code Name and composition 

1. NDNP 

 (Non-doped nanoparticle) 
ZnO 

2. DNP1 

(Doped nanoparticle) 
ZnO with 1% Silver 

3. DNP2 

(Doped nanoparticle) 
ZnO with 5% Silver 

4. DNP3 

(Doped nanoparticle) 
ZnO with 9% Silver 

5. DNP4  

(Doped nanoparticle) 
ZnO with 1% Copper 

5.3.3 Cell culture 

Leishmania tropica KWH23 parasites were incubated at 240C in Medium 199 containing 

25mM HEPES, 10% fetal bovine serum and 100mg/ml streptomycin and 100U/ml 

penicillin antibiotics. Cells were taken at a concentration of 2x107cells/ml in all 

experiments.  

5.3.4 Anti-leishmanial experiments 

For anti-leishmanial experiments, Leishmania cells were incubated with 10µg/ml DNPs 

and NDNP in Eppendorf tube, final volume was adjusted to 1ml. The experiments were 

divided into two groups. One group was exposed to sunlight for 15 minutes for the 

activation of both DNPs and NDNP and another group in complete dark and then both of 

them incubated at 24oC in full dark condition. Their viability was checked after each hour 

by motility and trypan blue assays. Full mortality (100% killing) was achieved after 3h. 

Sunlight effect was also assessed on Leishmania by direct exposure of cells to sunlight 

without nanoparticles. The experiments were performed in the months of September, 

October, February and March with the external temperature of 23-25oC. The same protocol 

was repeated for all the experiments. 

5.3.5 Leishmania lipid and protein extraction 

Leishmania parasites were treated as mentioned above. Lipids were extracted by 

centrifuging both the treated and untreated (control) Leishmania tropica cells and washing 

the pellet with Hanks’s buffer salt solution (HBSS). Lipids were extracted by a modified 
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method of Devasagayam et al. (2003) in a chloroform: methanol (2:1 v/v) solution at 2000 

rpm for 15 minutes. Supernatant along with proteins were used in protein experiments. This 

procedure was followed for all the experiments.  

5.3.6 Analysis of LP by TLC  

Lipids were dried in a vacuum dryer at room temperature and dissolved in petroleum ether. 

Afterwards, the samples were spotted on silica gel 60 TLC plates and were run in toluene: 

diethyl ether (8:2 v/v) solution and the spots were visualized by iodine vapors.  

5.3.7 FTIR-ATR of LP products  

Samples were dissolved in 1ml chloroform and read on FTIR. The IR spectrums of both 

the control and treated samples were recorded by using bench-top TENSOR 27TM Fourier 

Transform Infra-Red (FTIR) spectrometer (Bruker, Germany) equipped with universal 

PIKE-MIRacleTM Single Reflectance ATR accessory (PIKE Technology, Germany). The 

FTIR-ATR spectra were recorded at room temperature (25 °C) yielding an IR spectrum 

over the range of wave number 4000-600 cm-1 with a speed of 10 scans per spectrum. All 

data were initially corrected for background spectrum and base line. The transmittance (%) 

mode was used for spectral measurements. 

5.3.8 Quantification of LP products 

5.3.8.1 Conjugated Dienes 

Extracted lipids were dried and samples were dissolved in 1ml cyclohexane and absorbance 

was taken at 233 nm on a spectrophotometer, (Standard 1 OD = 37.5nM). Cyclohexane 

was used as blank. The experiments were carried out in the absence of oxygen i.e. by 

nitrogen purging, as dienes are sensitive to oxygen. 

5.3.8.2 Lipid LOOH 

LOOH were estimated by FOX assay. FOX solution was prepared by mixing 1 part of 

FeSO4 (25mM) with 2 parts of de-ionized water (DW) and 2 parts of Xylenol orange 

(10mM). FOX was added with a 1:19 ratio to the sample and were incubated in the dark 

for 30 minutes and afterwards, the optical density was read at 560nm. The levels of LOOH 

were calculated by H2O2 standard curve and molar absorbing co-efficient of 4.3 x 104 M-1. 

5.3.8.3 MDAs quantification 

MDAs were quantified by TBARs assay. To the centrifuged pellet, 0.1ml HBSS, 0.1ml 

FeSO4 (1mM) and 0.1ml Ascorbic acid (1.5mM) were added; final volume was adjusted to 
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1ml by adding 600µl distill water. TCA (10%) and TBA (0.357%) were added (1:2) and 

incubated in boiling water for 15 minutes. Optical density was read at 532nm after 

centrifuging at 3000 RPM for 10 minutes. The above solution without sample was used as 

control. 

5.3.9 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 with an on-column injector coupled to a mass 

spectrometer via a high-temperature interface. The separation was achieved using a 30m × 

0.25mm DB-5ms capillary column having 0.25μm thickness. Helium was used as a carrier 

gas at a purge flow of 3ml/minute with linear velocity of 40m/sec and column flow was 

1.24ml/minute. The pressure of gas was about 64.3kPa. The injection and interface 

temperatures 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 at 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 15s. 

5.3.10 Quantification of Leishmania proteins 

5.3.10.1 Protein carbonyls 

Carbonyls quantification was started by diluting protein samples up to a concentration of 

1mg/ml. The samples were divided into two groups with a sample size of 250μl in 1.5ml 

centrifuge tubes. To the first group, 250μl of 10mM DNPH (dissolved in 2.5M HCl) was 

added. To the second, 250μl of 2.5M HCl was added and both groups were then incubated 

in dark for 15 minutes at room temperature by simple vortex for every 5 minutes. TCA was 

also added (125μl) 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 acids contaminants (Levine et al., 

1994). The protein pellet was washed with ethanol/ethyl acetate (1/1 mixture), re-dissolved 

in 1ml of 6M guanidine-HCl and the absorbance was measured at 370 nm on UV/Vis 

spectrophotometer. Total protein concentration was determined by preparing a standard 

curve of BSA (1mg/ml) in 6M guanidine-HCl and the absorbance was measured at 280 nm. 
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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. 

5.3.10.2 Protein LOOH 

Proteins were purified to homogeneity and LOOH were determined by the above method 

used for the lipid LOOH.  

5.3.10.3 Protein Thiols 

Thiols quantification was started by dissolving 0.5mM of DTNB 0.1M in phosphate buffer. 

In centrifuge tubes, 50μL of protein solution was dispensed and 1ml of DTNB solution was 

added. To the control group, 1ml of 0.1M of phosphate buffer was added and then incubated 

in the dark for 30 minutes at room temperature. The absorbance was measured at 412 nm 

(extinction coefficient of 13,600 M-1 cm-1) on UV-Vis spectrophotometer. DTNB in de-

ionized 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 21 to give the thiol concentration (in moles per liter) of the 

original solution. 

5.3.11 Cell permeability by sytox green 

The Leishmania tropica promastigotes were treated with DNP3 and were kept in sunlight 

for 15 minutes. After incubation for 24h in dark, the cells were washed with HBSS and 

were stained with 1μM sytox green dye for 15 minutes in dark and were examined under 

fluorescent microscope. Triton X-100 (0.1%) was used as a control. 

5.3.12 Statistical analysis 

All the experiments were performed in triplicates and were repeated three times. For 

statistical analysis, SPSS 21 and Graphpad Prism 5 were used. Data is presented as mean 

with standard deviation. Two-way ANOVA analysis was used to identify significance 

effects and * p<0.05 and ** p<0.01 was considered as statistically significant and highly 

significant. The relationship between different parameters was assessed using Pearson's 

correlation coefficient (r).   

5.4 Results and Discussion 

5.4.1 Characterization of nanoparticles  

The nanoparticles used in the current study were capped with PEG-400 molecules to 

stabilize the surface and to avoid the undesirable interactions of the OH group of ZnO with 
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the biological environment (Veronese and Pasut, 2005; Fishburn, 2008). These 

nanoparticles were characterized previously with XRD, Rutherford backscattering, Diffuse 

reflectance spectroscopy and band-gap analysis (Chapter 3). The SEM images of the 

current nanoparticles revealed the round shape morphology (Figure 5.1) with the size 

distribution ranging from 20-60nm.  

   

   

Figure 5.1. Figure showing the SEM images of DNP3. 

5.4.2 Anti-leishmanial 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, PDT based ZnO 

nanoparticles were found to kill Leishmania cells in a time dependent manner. The cell 

killing started from the first hour using 10µg/ml concentration of nanoparticles, after an 

exposure of 15 minutes in direct sunlight. In the 1st hour, the killing percentage was almost 

15-30% while in the 2nd hour it reached up to 50-70%, and in the final third hour, it reached 

100%. Moreover, there was no killing of the Leishmania cells in dark conditions. The PDT 

based nanoparticles produced ROS that caused LP by switching first to initiation, then to 

propagation and termination (Catala, 2006; Lee and Park, 2013) and also, giving rise to 

protein oxidation products (Davies, 2003). In the current study, both LP and PO were 
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confirmed by treating Leishmania cells with the synthesized nanoparticles in dark thus no 

killing of cells was observed. Likewise, the Leishmania cells were not affected by the 

sunlight upon 15 minutes exposure. This showed that the killing was only caused due to 

ROS production by nanoparticles upon exposure to sunlight. 

5.4.3 Analysis of LP by TLC 

TLC is used in routine work for the separation and identification of lipids and also for their 

quantitative determination. Different dyes have the ability to bind with functional groups 

of proteins, carbohydrates and lipids (Fuchs et al., 2011). TLC was used as a first evidence 

to confirm the LP formation by the nanoparticles. The experiments were divided in a time 

dependent approach (1h, 2h & 3h) to get better and appropriate results. LP production 

started in the 1st hour with the appearance of extra bands, which were increasing in each 

hour. Also, the spots were turning darker, especially the ones formed by DNP3, which was 

showing better activity. The controls used were lipids of untreated Leishmania and also 

lipids extracted from dark treatment, which showed no band formation. 

5.4.4 FTIR-ATR of LP products  

FTIR is an easygoing, immediate, non-expensive and non-destructive technology and is 

very helpful to study the pathway of lipid degradation via oxidative stress (Barriuso et al., 

2013). FTIR-ATR spectrometry was performed for the qualitative analysis of the formed 

LP products. In Table 5.2, comparison of treated with untreated samples shows a great 

variation affirming the formation of LP. As we look into the whole data, it gave us the 

evidence of LP and also the information of the derivatives which were produced during LP. 

Currently, FTIR spectra showed the appearance of the band at 929 cm-1 and disappearance 

at 751 cm-1 , which was evident that the dienes (C=C) changed their arrangement that was 

lacking in normal lipids. The observed bands at 1019 cm-1 (range of 1000-1140 cm-1) in 

control and also 1043 and 1023 cm-1 could be the C-O stretching vibration of ketones 

normally present in lipids. Similarly, bands between 1100-1350 cm-1 might belong to =C-

O stretching of the carboxyl group of lipid, which were present in both control at 1311 cm-

1 and in treated samples at 1308, 1309 and 1310 cm-1 respectively. However, there were 

other band ranges (1331-1334 cm-1) that were not present in control. It showed the presence 

of carboxyl groups, which experienced a change and were converted to LP. Also, there 

were some C=C found at 1517, 1518, 1519 and 1546 cm-1 which were modified forms of 

normal lipid dienes. The disappearance of the band at 1660 cm-1 in control and formation 
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of new bands in treated samples at 1517-1546 cm-1 confirmed the formation of modified 

dienes. Aldehydes and ketones produced as secondary products, were also the degraded 

products formed during LP in the current study (Barriuso et al., 2013). Compared to the 

control, the bands found at 1700 cm-1 were the best evidence of C=O stretching of aldehydes 

and ketones. The bands observed at a range of 2500-3400 cm-1 could be the belongings of 

acids COOH stretching vibration of carboxylic acid of lipids. These were present both in 

the control and treated samples at 2994 and 2995 cm-1 respectively. However, there were 

two bands at 3026 and 3027 cm-1 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 LP 

(Devasagayam et al., 2003). It was also found that -OH stretching vibration at 3505 cm-1 

could be alcohols. 
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Table 5.2. FTIR-ATR results showing the comparison of control with doped and non-doped 

nanoparticles. The numbers represent the appearance and disappearance of bands of 

different group. 

Control NDNP DNP1 DNP2 DNP3 DNP4 

- - 3746.81 3746.28 3746.24 3745.75 

- - 3505.45 - - - 

- - 3026.50 3027.35 - 3027.62 

2998.10 2994.17 2995.38 2994.41 2994.33 2994.30 

2914.58 2911.99 2912.74 2911.69 2911.62 2911.65 

- - - 1700.14 1700.27 1700.04 

1660.15 - 1651.63 - - - 

- - - - - 1546.66 

- - - 1519.11 1518.92 1518.06 

1436.20 1435.73 1435.83 1435.60 1435.55 1435.48 

1407.45 1408.10 1407.67 1408.39 1408.54 1408.41 

 1331.75  1333.15 1333.54 1334.39 

1311.94 1308.97 1310.91 1309.98 1310.08 1310.42 

1019.71 1043.63 1023.54 1043.65 1043.70 1043.62 

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 
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5.4.5 Conjugated dienes  

The quantification of the LP was started by primarily formed conjugated dienes which was 

the result of the attack of any radical species on methylene group near to the carbon double 

bond. The resultant carbon radical was unstable and to stabilize itself by molecular 

rearrangement, produced conjugated dienes (Devasagayam et al., 2003). Like TLC, the 

experiments were done in a time dependent manner. Initially, the cells were treated for 3h 

and lipids were isolated each hour by chloroform: methanol (2:1) solution which is a 

standard protocol and was found best for the extraction of lipids (Arjuna and Somal, 2013). 

The conjugated dienes production in each hour with all the nanoparticles was inconsistent 

as shown in Figure 5.2. The doped ZnO have produced more of the conjugated dienes as 

compared to non-doped ZnO. 

 

Figure 5.2. Conjugated Dienes formation by NDNP and DNPs. Leishmania lipids extracted 

(both from control and treated samples). Bars show data of treated samples (control values 

subtracted from initial treated values). 
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Table 5.3. Two-way ANOVA for significance of the effect of time and nanoparticle type 

on dienes production 

Source SSa dfb F 

Time (h) 128.438 2 3.954* 

Nanoparticle type 539.446 4 8.303** 

Time * Nanoparticle type 31.768 8 0.244 

Error 487.292 30  

aSum of squares and bdegrees of freedom. Results are significant at *p<0.05 and highly 

significant at **p<0.01. 

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 nanoparticle 

type on the production of conjugated dienes was significant (p<0.05) (Table 5.3). The pair-

wise comparison revealed that the difference mainly exist due to the higher dienes 

formation in the 2nd hour (p<0.05). The dienes gave rise to more dienes as a chain reaction 

(Barriuso et al., 2013). 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 the three 

hours 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 (Chapter 

3) thus, NDNP was mildly activated by sunlight as sunlight contains 5% UV portion, not 

enough to fully activate the NDNP. In the case 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 i.e. Ag and Cu. After the 3rd hour, the quantity of conjugated dienes was 

reduced in all of the five treatments. Reduction in the quantity gave the indication to 

continue the experiments for the detection of the upcoming derivatives. 

5.4.6 Lipid LOOH 

Upon production of ROS, the LP chain reaction started immediately converting the first 

product into the next in a short span of time to stabilize itself (Ayala et al., 2014). The 

reaction started as the carbon-centered radical was stabilized by the molecular 
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rearrangement to form a conjugated diene, but the next coming carbon- centered radical 

reacted with the 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 and thus gave 

rise to the lipid hydroperoxides (Sodergren, 2000). FOX assay was used to quantify the 

LOOH concentration. In FOX, the LOOH have the ability to oxidize Fe2+ into Fe3+ and 

begins the formation of a complex between ferric ions and xylenol orange. Newly made 

complex can be easily determined spectrophotometrically due to its high absorption 

coefficient in the range of 550–600 nm (Meisner and Gebicki, 2009). It can be found that 

the LOOH formation in each hour with all the nanoparticles was inconsistent as shown in 

Figure 5.3. LOOH formation pattern by the nanoparticles were mostly similar to dienes 

except in the third hour (Table 5.6). 

 

Figure 5.3. LOOH formation by NDNP and DNPs was quantified by FOX assay. 

Leishmania lipids extracted (both from control and treated samples). Bar shows data of 

treated samples (control values subtracted from initial treated values). 
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Table 5.4. Two-way ANOVA for significance of the effect of time and nanoparticle type 

on LOOH production 

Source SSa dfb F 

Time (h) 1375553.656 2 6.185** 

Nanoparticle type 7692641.484 4 17.296** 

Time * Nanoparticle type 431631.484 8 0.485 

Error 3335806.447 30  

aSum of squares and bdegrees of freedom. Results are significant at *p<0.05 and highly 

significant at **p<0.01. 

Like dienes, a two-way ANOVA and pair-wise comparison of LOOH for each hour and 

nanoparticles were performed (Table 5.4). It showed that the effect of time and nanoparticle 

type on the production of LOOH was significant (p<0.01) and also, the difference mainly 

existed due to higher LOOH formation in the 2nd hour (p<0.05). Moreover, similar to 

dienes, LOOH by the NDNP were significantly lower compared to DNPs (p<0.05) as 

confirmed by the pair-wise comparison in the three hours span. 

5.4.7 MDAs quantification 

Lipid peroxides are usually degraded into secondary products, so the quantification of 

peroxides does not give the real measurement of oxidative stress (Barriuso et al., 2013). 

TBARs assay was used to detect and quantify any MDAs formed. Likewise, the TBA 

reacted with the MDAs and produced a pink color (Moselhy et al., 2013), that was 

measured spectrophotometrically at 532nm (Papastergiadis et al., 2012). It is a common 

method to measure oxidative change in lipids due to free radicals (Sabuncuoglu and Orhan, 

2013). It was found that the MDA formation in each hour with all the nanoparticles was 

continuously increasing as shown in Figure 5.4. 
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Figure 5.4. MDAs formation by NDNP and DNPs. Lipids were extracted from Leishmania 

tropica treated with synthesized nanoparticles and also from untreated (control) 

Leishmania tropica and the MDAs were quantified by TBARs method. Bar shows only 

data of treated samples (control values subtracted from treated values).  

Table 5.5. Two-way ANOVA for significance of the effect of time and nanoparticle type 

on MDA production 

Source SSa dfb F 

Time (h) 1925276.568 2 55.645** 

Nanoparticle type 4591902.880 4 66.358** 

Time * Nanoparticle type 413201.180 8 2.986* 

Error 518992.256 30  

aSum of squares and bdegrees of freedom. Results are significant at *p<0.05 and highly 

significant at **p<0.01. 
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Two-way ANOVA showed a highly significant formation of MDA upon comparison with 

nanoparticle type and time (p<0.01) (Table 5.5). The pair-wise comparison revealed that 

the difference mainly existed due to higher MDA formation in the 3rd hour (p<0.01). The 

MDA production was found indirectly dependent on dienes (p<0.01) and directly on the 

LOOH (p<0.01) with the exception only in the 3rd hour against LOOH (p>0.05) (Table 

5.6). 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 three hours span, MDA 

production by the NDNP were significantly lower compared to DNPs (p<0.05). 

Table 5.6. Table showing the correlation coefficient (Pearson r) between dienes, LOOH 

and MDAs at each hour by each nanoparticle  

 1 hour 2 hour 3 hour 

 Dienes 

vs 

LOOH 

Dienes 

vs 

MDA 

LOOH 

vs 

MDA 

Dienes 

vs 

LOOH 

Dienes 

vs 

MDA 

LOOH 

vs 

MDA 

Dienes 

vs 

LOOH 

Dienes 

vs 

MDA 

LOOH 

vs 

MDA 

NDNP 0.99** 0.99* 0.99* 0.99** 1** 0.99** 0.39 0.97 0.17 

DNP1 0.98* 0.98* 1** 0.99* 0.99* 0.98* -0.1 1** -0.09 

DNP2 0.98* 0.99** 0.99* 0.99** 0.98* 0.99* -0.33 0.99** -0.35 

DNP3 0.98* 0.99** 0.99* 0.99** 0.97 0.97 -0.18 0.99** -0.20 

DNP4 0.99* 1** 0.99* 0.99* 0.99* 1** -0.01 0.99** 0.017 

*p<0.05 **p<0.01 

The MDAs were not the end products of the LP because of the inordinate amount of ROS 

as these LOOH undergoes further degradation and are normally converted to HNEs, 

ethanol, methanol or gases like ethane and end product of CO2 and H2O (Ayala et al., 2014). 

However, in the current study, the final product was not HNEs, rather they were converted 

into four products mainly, the general order being water> methane> methanol> ethanol 

(Table 5.7) as confirmed by GC-MS.  
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Table 5.7. Table shows the concentration of different end products of LP using GC-MS. 

Nanoparticles Water % Methanol % Ethanol % Methane % 

NDNP 29 34 8 27 

DNP1 33 25 9 32 

DNP2 29.5 23 20 27 

DNP3 36 23 4 36 

DNP4 35 22 10 33 

The sequence showed the amount of each of the products formed in the LP of Leishmania 

lipids.  

5.4.8 Lipid vs Protein LOOH 

Oxidative damages caused by ROS were more responsible for LP rather PO (Dalle-Donne 

et al., 2003) because of the production of more lipid LOOH. Although proteins are the first 

target of ROS (Davies, 2003) and fragmentation of polypeptide chains, modification of 

amino acids to hydroxyl derivatives are the possible outcomes of the ROS mediated 

oxidative burst (Fagan et al., 1999). But, in the current case, lipids were the major target of 

the ROS and this might be due to the thick lipophosphoglycan layer and also the major 

portion of Leishmania lipids are phospholipids (70%) that are susceptible to ROS (Glew et 

al., 1988). Currently, the DNPs were responsible for more LOOH while NDNP was capable 

of inducing equal amount of both lipid and protein LOOH moieties. Figure 5.5 represents 

the 3rd hour results of both the protein and lipid LOOH. The lipids LOOH were produced 

at a concentration of more than 2-fold in comparison with the protein LOOH.  
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Figure 5.5. Lipid and protein LOOH by the NDNP and DNPs nanoparticles. 3rd hour 

LOOH of lipids were compared with the protein LOOH. Protein LOOH and lipid LOOH 

formation by NDNP and DNPs was quantified by FOX assay. Leishmania lipids and 

proteins extracted (both from control and treated samples). Bar shows the data of treated 

samples (control values subtracted from initial treated values). 

5.4.9 Protein thiols 

PO 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 (Wright and Viola, 1998) and 

LP products can also give rise to thiols oxidized products (Rudolph and Freeman, 2009). 

Normally, thiols can be quantified easily by spectrophotometry based DTNB assay (Hu, 

1994). In the current study, it was found that nanoparticles with no or low concentration of 

dopant were causing more oxidation of the protein thiols, while, those with higher dopant 

concentration i.e. DNP2 and DNP3 were causing less oxidation. DNP4 was responsible for 

the highest quantity of thiol oxidation products (102nM) while the DNP2 and DNP3 were 

producing less than 40nM (Figure 5.6). 
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Figure 5.6. Thiols quantification was carried by 0.5mM of DTNB in 0.1M phosphate 

buffer. The absorbance was measured at 412 nm (extinction coefficient of 13,600 M-1 cm-

1) on UV-Vis spectrophotometer. Small graph shows the formation of different thiols 

degrading products. Bar represents a higher degradation of protein thiols by the NDNP, 

DNP1 and DNP4 in comparison with DNP2 and DNP3.  

5.4.10 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 

(Dalle-Donne et al., 2003). These carbonyls are stable for long duration and can be detected 

by DNPH, which is involved in the derivatization of carbonyl group to give 2-4 

dinitrophenyl hydrazine products which can be easily detected at 370nm (Levine et al., 

1994). The current study reports that the NDNP was producing 1.25nM of carbonyl, which 

was lower as compared to the DNPs (Figure 5.7). The introduction of dopant increased the 

ROS production (Chapter 3 and 4), which in response increased the oxidative stress on the 

Leishmania cells and thus, produced more carbonyls. The silver doped ZnO were producing 

higher quantities of carbonyls i.e. 2.08nM, 2.77nM and 3.22nM by DNP1, DNP2 and 

DNP3 upon comparison with both the NDNP and Cu doped DNP4 (p<0.01). The exception 
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was found among DNP1 and DNP4 in which the DNP4 was eliciting more carbonyls and 

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

These carbonyls were formed by ROS like the singlet oxygen that has the capability to 

damage proteins in a specific manner by oxidation of backbone or damaging the side chains 

of lysine, arginine, histidine, proline, glutamic acid, and threonine (Dalle-Donne et al., 

2003). They are generated by the oxidation of glutamyl side chains, leading to the formation 

of an 𝛼-ketoacyl derivative in a peptide due to the blockage of N-terminal amino acid of a 

peptide (Berlett and Stadtman, 1997; Ma et al., 2013). Carbonyls are also produced by the 

attack of LP products like HNEs on the proteins (Stadtman, 1992) but in the current study, 

it was found that no HNEs were produced, eliminating the possibility of protein carbonyls 

by LP. 

 

Figure 5.7. Content of protein carbonyl formed. Protein carbonyls were measured by 10mM 

DNPH in 2.5M HCl. The carbonyls formed were measured at 370nm by re-dissolving the 

protein pellet in 6M guanidine–HCl. Data represent the mean ± SD for three 

determinations. Graph showing a highly significant (p<0.01) relation among the carbonyls 

produced by the synthesized nanoparticles.   

5.4.11 Cell membrane permeability 

The outer membrane of cell is the first available surface for the ROS. Lipid peroxidation is 

initiated by free radical attack on membrane lipids (Ma et al., 2013). Sytox green has the 
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capability of entering into permeabilized cells but, it is incapable to penetrate an intact cell 

membrane. The Leishmania promastigotes were treated with DNPs and were checked for 

the membrane permeability by using a vital sytox green fluorescent dye. Full permeability 

(100%) was considered to be achieved after the addition of 0.1% Triton X-100. Figure 5.8 

shows the permeability of the cell membrane by the fluorescence of the sytox green upon 

entering into the permeabilized cells. The fluorescence was observed by attachment of 

sytox green with the nucleic acids upon entry into the cell.  

A        B 

  

Figure 5.8. The Leishmania tropica cells treated with DNP3 were kept in sunlight for 15 

minutes. After incubation of 24h in dark, the cells were stained with 1μM sytox green dye 

and were examined under fluorescent microscope. Fluorescent microscopy of leishmanial 

cells showing the insertion of vital sytox green fluorescent dye used for the membrane 

permeability (A) showing the membrane permeability caused by DNP3 (B) by triton X-100 

(control).
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Graphical Abstract 

6.1 Abstract 

Recently, we reported newly synthesized PEGylated silver (9%) doped zinc oxide 

nanoparticle (DSN) which has high potency for killing Leishmania tropica because of the 

reactive oxygen species (ROS) produced upon exposure to sunlight. The current report is 

focused on the Leishmania DNA interaction and damage caused by the DSN. Here, we 

showed that there was an indirect damage to Leishmania DNA, as the DSN was unable to 

interact with the DNA in intact Leishmania cell, showing the incapability of PEGylated 

DSN to cross the nucleus barrier. The DNA damage by DSN was the result of the high 

production of singlet oxygen upon exposure to sunlight, as singlet oxygen scavenger such 

as sodium azide has successfully prevented the DNA damage. This study confirms the 

involvement of this highly energetic species in the DNA degradation process. 
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6.2 Introduction 

Continuous demand for anti-parasitic drugs has urged researchers on the use of metal 

nanoparticles with advantage of being less toxic and more prone to exhibit anti-parasitic 

activity against parasitic diseases. These nanoparticles have the capability to penetrate the 

cell membrane, resulting in damaging the cell and affecting the metabolic and genomic 

activities acting as a drug to control or to cure a disease. However, there is an indispensable 

need of understanding the interactions of metal nanoparticles with cellular molecules (An 

and Jin, 2012). Previously, metal nanoparticles were used for DNA interactions and 

degradation studies (Shen et al., 2009). Because, metal nanoparticles attack the DNA 

possibly effects the DNA synthesis, replication, and its structural integrity and thus impede 

the functioning of DNA (Basu et al., 2008). This is because of the large surface to volume 

ratio that makes metal nanoparticles suitable candidates to produce reactive oxygen species 

(ROS) especially singlet oxygen in the immediate vicinity (Zhang et al., 2008). The singlet 

oxygen basically causes degradation of DNA by promoting DNA cleavage by base 

modification or direct strand scission and leading to cell death (Burrows and Muller, 1998).  

Majorly, work has been carried out on gold, silver, platinum, copper and ZnO nanoparticles 

against cancer and bacterial DNA degradation (Midander et al., 2009; Sharma et al., 2009; 

Hackenberg et al., 2011; Chatterjee et al., 2014), for more study check An and Jin (2012). 

However, a systematic study using ZnO nanoparticles on DNA degradation towards 

parasitic organism especially Leishmania are missing till to date to the best of our 

knowledge. Leishmania causes a severe clinical manifestation called as Leishmaniasis; a 

complex disease ranging from skin lesions to chronic systemic infection in the liver and 

spleen (Yasinzai et al., 2013). The current work is aimed to delineate the interaction 

mechanism of silver doped ZnO nanoparticles (DSN) with both the intact Leishmania DNA 

and purified DNA using UV–Visible absorption spectroscopy. Also, comet assay and gel 

electrophoresis are performed to study the degradation of Leishmania DNA by the singlet 

oxygen produced by the illumination of DSN with sunlight. Overall, the current report gives 

a prediction of the oxidative stress on the Leishmania DNA produced by DSN and provide 

an insight into the potential of this engineered nanoparticle as anti-leishmanial agents. 
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6.3 Material and Methods 

6.3.1  Nanoparticle and Leishmania culture 

In the current study, we used our previously synthesized ZnO nanoparticle doped with 9% 

silver (DSN) by co-precipitation method (Chapter 3). Briefly, triton X-100 (5%) was 

dissolved in ethanol (Sol A).  Zinc acetate dihydrate and silver nitrate (9 mol% of Zn 

precursor) were dissolved in ethanol (final concentration of 50mM of precursors) (Sol B). 

After mixing both Sol B with A, the final solution was titrated against 100mM NaOH. The 

resulting material was subjected to the argon atmosphere in a tube furnace at 30sccm, at 

4ºC/min and finally maintaining at 100ºC for four hours. Later, the nanoparticle was capped 

with PEG-400. The particle size was measured by Dynamic light scattering (DLS) 

(Brookhaven Instruments, Inc., New York, USA), after dissolving 100 µg/ml of DSN in 

de-ionized water and sonicating for 15 minutes (3 minutes on and 1 minute off) and 

performed on particle size analyzer operating at an angle of 90°, with a solid-state laser (15 

mW, 659 nm) as light source. Dust particles were removed through Millipore Millex-HV 

filters with a pore size of 0.80 µm before DLS measurements.  

Leishmania tropica KWH23 was grown in Medium 199 with 25mM HEPES, 10% fetal 

bovine serum and antibiotics. The Leishmania cells were taken at a concentration of 

2x108cells/ml in all experiments. The cells were treated with 10µg/ml of DSN. The 

experiments were carried out in two conditions i.e. one in dark and other in sunlight for 15 

minutes. After that, they were incubated at 24oC in full dark condition for 24h. Full 

mortality (100% killing) was achieved after 3h by checking the motility of Leishmania 

under microscope on a neubauer chamber. The same protocol was repeated in all 

experiments. 

6.3.2 DNA extraction 

DNA was extracted from Leishmania (both treated and untreated) by adding 100 µl of lysis 

buffer (0.3M sucrose, 10mM Tris-HCL (pH 7.5), 2mM EDTA (pH 8.0), 1% Triton X-100, 

10mM SDS and 8.5 µl proteinase K solution (20µl/ml) and then incubated in a water bath 

at 60oC for 2h. Equal quantity of phenol: chloroform (1:1) was added to the above solution 

and centrifuged at 10,000rpm for 10 minutes. After taking the aqueous layer with the DNA, 

1ml of chilled isopropanol was added and centrifuged again at 10,000rpm for 10 minutes. 

After precipitation of DNA, it was washed with 70% ethanol and suspended in TE buffer 

(1M Tris-HCl, 0.5M EDTA). 

http://en.wikipedia.org/wiki/Dynamic_light_scattering
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6.3.3 DNA interaction by UV-Visible spectroscopy 

Leishmania DNA was dissolved by overnight stirring in double de-ionized water (pH = 

7.0) and kept at 4°C. Doubly distilled water was used to prepare buffer (20mM Phosphate 

buffer (NaH2PO4-Na2HPO4), pH = 7.2). The DNA concentration was determined via 

absorption spectroscopy using the molar absorption coefficient of 6,600 M-1 cm-1 (270 nm) 

for Leishmania DNA (Sirajuddin et al., 2012; Sirajuddin et al., 2015) and it was found to 

be 1.8 ×10−4 M. The DSN nanoparticle was dissolved in de-ionized water. The UV 

absorption titrations were performed by in the absence and presence of DNA. An equivalent 

solution of DNA was added to the DSN and reference solutions to eliminate the absorbance 

of DNA itself. DSN-DNA solutions were allowed to incubate for about 10 minutes at room 

temperature before measurements were made. Absorption spectra were recorded using 

cuvettes of 1 cm path length at room temperature (25 ± 1°C). 

6.3.4 Comet assay 

The comet assay of promastigotes and amastigotes was carried out by Singh et al. (1988) 

protocol, with the following modifications. Ten microliters of each fresh and DSN treated 

Leishmania cell suspension (10,000 cells) were mixed with 100µL of 0.7% low melting 

agarose in phosphate buffer at 24oC. Subsequently, 100 µL of this mixture was layered onto 

two slides (one for each sample) already pre-coated with thin layer of 1% normal melting-

point agarose and afterward covered with a cover-slip. After solidifying the agarose at 4oC, 

the slides were immersed in freshly prepared lysing solution consisted of 0.1M EDTA, 

10mM Tris base, 2.5M NaCl, 1% of Triton X-100 and 10% DMSO for 30 minutes. For 

unwinding, the slides were submerged in alkaline electrophoresis buffer consisted of 10N 

NaOH and 0.2M EDTA (pH 13) for 1h and then electrophoresed at 24V for 20 minutes. 

Afterwards, slides were further immersed in neutralization buffer for 3-5 minutes and were 

stained with ethidium bromide (1µg/ml). The slides were observed under fluorescence 

microscope (Nikon, Tokyo, Japan) provided with epi-flourescence and equipped with a 

rhodamine filter (excitation wavelength, 546 nm; barrier filter, 580 nm).  

6.3.5 ROS scavenging and DNA degradation 

To the treated Leishmania (dark and sunlight) and to isolated Leishmania DNA (treated 

with 10µg/ml of DSN), 0.1mM of sodium azide and 1mM of mannitol was added as singlet 

oxygen and hydroxyl radical scavengers. From the treated Leishmania, DNA was isolated 
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by the above method. All DNA samples were electrophoresed on 1% agarose gel at 100V. 

The DNA was visualized by using 0.5µg/ml of ethidium bromide. 

6.4 Results and Discussions 

6.4.1 Particle size 

The present study revealed the effect of PEGylated silver doped ZnO nanoparticle on 

Leishmania tropica DNA in both intact cell and on isolated Leishmania DNA. Firstly, the 

size of the synthesized nanoparticle was measured on DLS and it was found that the mean 

hydrodynamic diameter was 140 nm. This size was not in accordance with the scanning 

electron microscopy (SEM) in our previous findings, which showed an average size of 

23nm (Chapter 3). The results of different size determination methods are based on the 

applied principles e.g. DLS gives mean hydrodynamic diameter of all the particles in 

solution. Also, the agglomeration of particles play an important role and thus upon 

polydispersity, it gives a weighted hydrodynamic diameter of collection of particles with 

larger size (Sharma et al., 2012).  

6.4.2 DNA interaction by UV-Visible spectroscopy 

Electronic absorption spectrum was initially used to examine the interaction between DSN 

and Leishmania DNA. Figure 6.1 shows the UV-Visible spectrum of free Leishmania 

DNA, free DSN and DSN + DNA. It was found that in the presence of DNA, 

hypochromism (decrease in absorbance) occurred indicating that DSN interacted with 

DNA. Figure 6.2 shows the absorption peak of treated DNA, (DNA extracted from intact 

Leishmania cell pre-treated with DSN). But since the peak appeared at 270 nm which was 

same to that of the free DNA, meant no interaction. Interestingly, there was no interaction 

of DSN with the intact Leishmania cell DNA. The results were confirmed using both UV-

Vis spectrometry and gel electrophoresis during dark exposure. This might be because of 

the incompetence of PEGylated DSN delivery to nucleus as nucleus is highly selective and 

is most significant barrier to efficient delivery system (Bonner et al., 2011). However, Long 

and Barton (1990) had pointed out that the shift in absorption peaks of the small molecules 

after they interacted with DNA could due to binding mode between the small molecules 

and DNA: If the binding involves a typical intercalative mode, an hypochromism effect 

coupled with obvious bathochromism for the characteristic peaks of the small molecules 

will be found due to the strong stacking between the chromophore and the base pairs of 

DNA (Sirajuddin et al., 2013). Therefore, based on this viewpoint, the interaction between 
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the DSN and Leishmania-DNA could be non-covalent intercalative binding. After 

intercalating the base pairs of DNA, the π* orbital of the intercalated ligand could couple 

with π orbital of base pairs, thus decreasing the π-π* transition energy, and further resulting 

in the bathochromism. On the other hand, the coupling of a π orbital with partially filled 

electrons decreased the transition probabilities hence resulted hypochromic shift. Since 

hypochromism due to π-π* stacking interactions might appear in the case of the 

intercalative binding mode, while bathochromism (red-shift) might be observed when the 

DNA duplex is stabilized (Sirajuddin et al., 2013). 

 

 

Figure 6.1. UV-Vis of isolated Leishmania DNA without exposure to sunlight (1) Free 

DNA (2) treated with DSN (3) DSN alone. 
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Figure 6.2. UV-Vis of intact Leishmania DNA without exposure to sunlight, treated with 

DSN, showing no interaction with intact cell DNA. 

6.4.3 Gel electrophoresis 

Previously, we found that DSN were capable of producing a good quantum yield of ROS 

(0.27) with more than 80% of singlet oxygen and remaining of hydroxyl radical upon 

exposure to sunlight for 15 minutes (Chapter 3). The intensity of light was adjusted to 

control the singlet oxygen genereation because more exposure to light causes 

photosensitizer photobleaching and oxygen depletion (Zhang et al., 2008). In the current 

study, 0.1mM sodium azide and 1 mM mannitol was used to scavenge both singlet oxygen 

and hydroxyl radicals (Zhang et al., 1997; Jose et al., 2011). Low concentration of both the 

scavengers were used because higher concentration caused Leishmania cell death. Sodium 

azide scavenged singlet oxygen and thus completely inhibited the DNA degradation in both 

intact Leishmania cell and also on isolated Leishmania DNA (Figure 6.3). However, 

mannitol was unable to prevent DNA degradation. Thus, this proved that singlet oxygen 

was involved in the degradation of Leishmania DNA. Furthermore, experiments in the dark 

showed that no nuclease activity of the current nanoparticles were found. However, the 

current results were in accordance with the previously used ZnO and copper nanoparticles 

for the DNA degradation by the production ROS especially singlet oxygen (Sharma et al., 

2009; Hackenberg et al., 2011; Jose et al., 2011). 
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Figure 6.3. Gel electrophoresis of Leishmania DNA. Lane 1 represents the untreated 

(control) Leishmania DNA, Lane 2 shows DSN treated Leishmania in dark and isolated 

DNA running on gel, Lane 3 shows DNA isolated from treated Leishmania with DSN upon 

exposure to light in the presence of sodium azide (singlet oxygen scavenger), Lane 4 shows 

DNA isolated from treated Leishmania with DSN upon exposure to light in the presence of 

mannitol and DMSO (hydroxyl radical scavenger) and Last lane (5) shows DNA isolated 

from Leishmania and later on treated with DSN and exposed to sunlight. 

6.4.4 Comet Assay 

There are many assays available to measure the DNA damage by oxidative stress but the 

powerful and sensitive method is comet assay or single cell gel electrophoresis (Moller et 

al., 2000; Nandhakumar et al., 2011). Currently, this method was used to measure the 

oxidative stress generated by the ROS especially singlet oxygen by the DSN on Leishmania 

cells in presence of sunlight. Leishmania cells were treated accordingly and were lysed in 

high salt concentration for unwinding and electrophoresis at alkaline pH and neutral pH for 

the detection of both single and double stranded breaks. In the presence of electric field, 

the DNA migrated to anode and cells were showing a comet like appearance indicating the 

DNA damage (Figure 6.4). The comets were only observed in the light treated cells in the 

presence of DSN (average DNA tail of 32.78% and tail moment of 5.94µm) while no 

comets were present in case of dark treated cells. This was because of the singlet oxygen, 

which were produced by DSN upon exposure to sunlight. Furthermore, the comet tail was 

unidirectional upon rotation of electric field, showing the attachment of DNA with the head 

(Klaude et al., 1996). Although, the UV-Vis spectroscopy have shown no interaction of 
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intact Leishmania DNA with DSN, thus the comets produced currently might be because 

of the entry of nanoparticles to the cytoplasm and thus upon activation with light, it 

produced the singlet oxygen which caused indirect damage to DNA (Sharma et al., 2009). 

However, ZnO nanoparticles have the capability to interact directly or indirectly with DNA 

causing DNA damage independent of the cell type (Demir et al., 2014). Moreover, our 

study is in accordance with the previous reports of oxidative stress produced by the ZnO in 

the intracellular environment (Kocbek et al., 2010) thus causing both DNA damage and 

lipid peroxidation, leading to cell membrane disruption and cell death (Huang et al., 2009).  

A       B 

  

Figure 6.4. Comet assay of Leishmania cells. Appearance of comets after different 

unwinding and electrophoresis conditions subsequently treating with DSN upon exposure 

in sunlight (A) Comets of axenic amastigotes (B) Comets of promastigotes.
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7.1 Conclusions 

 In conclusion, anti-leishmanial drugs are limited due to unavailability, cytotoxicity, 

resistance and side effects. Therefore, there is a need to develop a drug especially 

nanomedicines with promising anti-leishmanial activity and less cytotoxic 

behavior. Thus, the current study was focused on the photobiological properties of 

newly synthesized polychromatic daylight stimulated doped semiconductor 

nanoparticles of ZnO on the Leishmania tropica KWH23 strain.  

 The focus was on the development of PDT based daylight stimulated doped ZnO 

for the production of ROS, which were able to induce death of Leishmania tropica

KWH23.  

 Impurities were added in the form of dopants e.g. silver, copper and nitrogen that 

brought the excitation of ZnO from UV light to visible light.  

 Firstly, the synthesized silver doped ZnO (DSNs) possessed anti-leishmanial effects 

through examining their effects on various cellular parameters including 

morphology, proliferation, infectivity, and survival in host macrophage cells of 

promastigote and amastigote forms, when activated by daylight and also in dark 

conditions.  

 In the second phase, the synthesized copper and copper/nitrogen doped ZnO (CuZn) 

were found more potent than DSNs and also from traditional photosensitizers 

(based on IC50 values) as they were more effective at lower concentrations to 

Leishmania parasites. Also, the efficacy and delivery of CuZn in Leishmania 

tropica and their superior ROS production than the standard photosensitizer e.g. 

methylene blue, have made them better photosensitizers. 

 Pure ZnO or NDSN anti-leishmanial activity and ROS production were found 

weaker than all the doped nanoparticles. 

 Both the DSNs and CuZn particles were found biocompatible to normal human cells 

both in light and also in dark conditions.  

 However, it was found that increasing the concentration of dopant has also 

increased the singlet oxygen production. 

 But, it was also found that increasing the dopant concentration was also responsible 

for generating toxicity because of the leakage dopants as ions. 
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 Thus, it can be explicated that the optimization of dopant concentration in ZnO 

lattice has introduced the eminence of tuning quality of producing ROS especially 

singlet oxygen and hydroxyl radical, thus, the synthesized nanoparticles were able 

to produce measurable quantity of ROS upon exposure to daylight.  

 Furthermore there was no hyperthermia involved in the killing of Leishmania cells.  

 Moreover, cell death was proposed to occur via the disruption of cell membrane, 

changing its permeability, and leading to cell death.  

 However, the death caused either by apoptosis or necrosis was mainly because of 

the in-depth causes e.g. Lipid peroxidation (LP), protein oxidation (PO) and DNA 

damage. 

 LP was having the capability to affect the biophysical properties of membrane that 

changed the phase properties, affecting membrane fluidity and thus compromising 

the barrier capability of membrane, making it fragile and leaky.  

 Interestingly, during LP in Leishmania tropica KWH23, there was no 

hydroxynonenal production, which is one of the main LP product, else, direct end 

product formation occurred e.g. water, methane, etc. 

 It can also be elucidated that LP products were responsible for PO product 

formation like protein thiols degradation.  

 Moreover, LP hydroperoxides were produced two folds higher than protein 

hydroperoxides, which are of more LP than PO. 

 However, the elevated level of carbonyl was also a sign of protein dysfunction, 

which also preceded the cytoskeleton instability.  

 Furthermore, the synthesized PEGylated nanoparticles were incapable of reaching 

the nucleus but it was able to degrade DNA by indirect mechanism.  

 This was because of the singlet oxygen that degraded Leishmania DNA upon 

production in sunlight, because singlet oxygen scavenger has successfully 

prevented DNA degradation in Leishmania. 

 The UV-Vis spectroscopy showed that the nanoparticle was able to intercalate with 

the nitrogenous base of isolated leishmanial DNA but no interaction with intact 

Leishmania DNA. 

 Moreover, both the isolated and intact Leishmania DNA was not affected in dark 

however, exposure to light has successfully degraded DNA, confirming the 
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involvement of the major role of light inducing singlet oxygen production, 

confirmed by comet formation and gel electrophoresis.  

 In summary, the ability of DSN to degrade DNA and killing Leishmania makes it a 

suitable anti-leishmanial candidate.  

 It can further concluded that the results were in accordance with previous findings 

suggesting that the cell killing ability of the doped ZnO was facilitated through ROS 

generation and oxidative stress upon excitation in sunlight.   

 One of the important aspect is the synthesis of these nanoparticles, which is highly 

stable and repeatable.  

 Potent low concentrations, biocompatibility and more ROS production especially 

that of singlet oxygen and hydroxyl radicals have made these nanoparticles suitable 

anti-leishmanial candidates. 
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7.2 Future Prospects 

 The current study is first of its kind and the work should not be restricted only to 

ZnO rather further work should be carried out using other metals, their oxides and 

dopants. 

 Dopant leakage in the form of ions from nanoparticles has gained great interest 

recently so, the optimization of the current nanoparticles in using particular quantity 

of dopant in controlling the leakage and also, the optimization of the amount of 

ROS produced will aid in application of such studies with different other metal 

oxides and particular dopants. 

 Further, the currently synthesized nanoparticles should not be restricted only to 

leishmaniasis but should be tested on other infectious diseases especially the ones 

to which the available drugs are countering resistance. These resistance can be 

tackled by these kind of nanoparticles because of the high activity at lower 

concentrations, the biocompatibility and delivery of these nanoparticles to the cell. 

 It is elucidated that both the DSNs and CuZn nanoparticles are better 

photosensitizers than the traditional ones and also from other pure metal and their 

oxides; thus, they can be suitable anti-leishmanial candidates because of the better 

ROS production particularly the singlet oxygen upon exposure to light.  

 The CuZn nanoparticles having the capability to excite in NIR region is quite 

beneficial in using them in deeply infected skin including cutaneous leishmaniasis 

and also other kind of cutaneous and sub-cutaneous infections and diseases e.g. skin 

carcinomas because of the deep penetration of IR light into the skin and thus, the 

production of ROS in that region. 

 Furthermore, the use of these nanoparticles as therapeutic agent is also 

advantageous because human body has the ability to metabolize silver, copper and 

zinc since they are major micronutrients. 

 Further investigations are required to elucidate the biocompatibility and biosafety 

of such particles in-vivo. 

 A better approach will be to make an ointment of these nanoparticles for the topical 

treatment of leishmaniasis. 

 The light can be applied locally during PDT; thus, the lesions and tumor target 

treatments are also possible.  



Chapter 7 

110 

 

 The topical treatment for treating the cutaneous and sub-cutaneous Leishmania 

lesions may help in providing the localized treatment of the leishmaniasis, avoiding 

the major issues of acute and systemic toxicity, if any, with the other treatment 

modalities of such biocompatible but non-targeted nanoparticle assemblies. 

 Further investigations are required to study the effect of these nanoparticles on 

tissues mainly the tissue distribution study, pharmacokinetics, the biochemical 

analysis and removal of these nanoparticles. 

 The investigation should also be widened to the effect on immune cells response, 

especially the release of particular immune chemicals (cytokines and interleukins) 

upon exposure to these nanoparticles and also the elicitation of particular immune 

response. 

 Furthermore, the tuning efficiency of the synthesized nanoparticles to produce 

quantified ROS and also the production of a particular type of ROS moiety should 

be utilized for the removal of other kind of pathogens e.g. removal of microbes from 

waste water and other pathogens. 

Conclusively, the incapability of these PEGylated nanoparticles to reach nucleus but 

having the capacity to degrade DNA, causing lipid peroxidation and protein oxidation 

and thus, killing the Leishmania parasite and acting as a better therapeutic drug can be 

utilized in designing better and more active anti-leishmanial drug also, by chemically 

modifying these nanoparticles with particular carrier macromolecules and further 

taking them on trial basis and marketing the drug as a new commodity for this deadly 

disease. 
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Xia T, Kovochich M, Liong M, Mädler L, Gilbert B, Shi H, Yeh JI, Zink JI and Nel 

AE (2008). Comparison of the mechanism of toxicity of zinc oxide and cerium oxide 

nanoparticles based on dissolution and oxidative stress properties. ACS Nano; 2(10):2121-

2134. 

Xia Y, Xiong Y, Lim B and Skrabalak SE (2009). Shape‐controlled synthesis of metal 

nanocrystals: Simple chemistry meets complex physics? Angewandte Chemie International 

Edition; 48(1):60-103. 

Xiao L, Gu L, Howell SB and Sailor MJ (2011). Porous silicon nanoparticle 

photosensitizers for singlet oxygen and their phototoxicity against cancer cells. ACS Nano; 

5(5):3651-3659. 

Xing G, Xing G, Li M, Sie EJ, Wang D, Sulistio A, Ye Q-l, Huan CHA, Wu T and Sum 

TC (2011). Charge transfer dynamics in Cu-doped ZnO nanowires. Applied Physics 

Letters; 98(10):102105-102105-102103. 

Yadav U and Ramana KV (2013). Regulation of NF-B-induced inflammatory signaling 

by lipid peroxidation-derived aldehydes. Oxidative Medicine and Cellular Longevity; 2013. 

Yasinzai M, Iqbal J, Kakar J, Ali S, Ashraf S, Naz R, Nasimullah M, Nagi A, Mirza J 

and Salam A (1996). Leishmaniasis in Pakistan: re-visited. Journal of the College of 

Physicians and Surgeons Pakistan; 6(70-75. 

Yasinzai M, Khan M, Nadhman A and Shahnaz G (2013). Drug resistance in 

leishmaniasis: current drug-delivery systems and future perspectives. Future Medicinal 

Chemistry; 5(15):1877-1888. 

Yu H, Irie H and Hashimoto K (2010). Conduction band energy level control of titanium 

dioxide: toward an efficient visible-light-sensitive photocatalyst. Journal of the American 

Chemical Society; 132(20):6898-6899. 

Zeferino RS, Flores MB and Pal U (2011). Photoluminescence and Raman scattering in 

Ag-doped ZnO nanoparticles. Journal of Applied Physics; 109(1):014306-014308. 



References 

141 

 

Zhang B, Zhang X-T, Gong H-C, Wu Z-S, Zhou S-M and Du Z-L (2008). Ni-doped 

zinc oxide nanocombs and phonon spectra properties. Physics Letters A; 372(13):2300-

2303. 

Zhang H, Chen B, Jiang H, Wang C, Wang H and Wang X (2011). A strategy for ZnO 

nanorod mediated multi-mode cancer treatment. Biomaterials; 32(7):1906-1914. 

Zhang X, Rosenstein BS, Wang Y, Lebwohl M and Wei H (1997). Identification of 

possible reactive oxygen species involved in ultraviolet radiation-induced oxidative DNA 

damage. Free Radical Biology and Medicine; 23(7):980-985. 

Zhang Y, Aslan K, Previte MJ and Geddes CD (2008). Plasmonic engineering of singlet 

oxygen generation. Proceedings of the National Academy of Sciences; 105(6):1798-1802. 

Zharov VP, Mercer KE, Galitovskaya EN and Smeltzer MS (2006). Photothermal 

nanotherapeutics and nanodiagnostics for selective killing of bacteria targeted with gold 

nanoparticles. Biophysical journal; 90(2):619-627. 

Zijlstra E and El-Hassan A (2001). Leishmaniasis in Sudan. Visceral leishmaniasis. 

Transactions of the Royal Society of Tropical Medicine and Hygiene; 95(1):59-76. 

Zijlstra E, Musa A, Khalil E, El Hassan I and El-Hassan A (2003). Post-kala-azar 

dermal leishmaniasis. The Lancet Infectious Diseases; 3(2):87-98. 

Zufferey R and Mamoun CB (2005). The initial step of glycerolipid metabolism in 

Leishmania major promastigotes involves a single glycerol-3-phosphate acyltransferase 

enzyme important for the synthesis of triacylglycerol but not essential for virulence. 

Molecular Microbiology; 56(3):800-810. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX



Appendix 

143 

 

Appendix 1 

Trade name Composition/nanotech 

component 

Applications Status 

Ontak Protein Nanoparticles T-cell Lymphoma Approved 

Doxil/Caelyx PEGylated 

Liposome/Doxorubicin 

Hydrochloride 

Ovarian cancer Approved  

Myocet Non-PEGylated 

Liposomal Doxorubicin 

Nanomedicines 

Metastatic breast 

cancer 

Approved  

DaunoXome Lipid Encapsulation of 

Daunorubicin 

First-line treatment 

for patients with 

advanced HIV-

associated Kaposi’s 

Sarcoma 

Approved  

ThermoDox Heat-activated Liposomal 

Encapsulation of 

Doxorubicin 

Breast cancer, 

primary liver cancer 

Approved 

Abraxane Nanoparticulate 

Albumin/Paclitaxel 

Various cancers Approved 

Rexin-G Targeting protein tagged 

Phospholipid/MicroRNA-

122 

Sarcome, 

Osteosarcoma, 

Pancreatic Cancer, 

and other solid tumor 

Approved  

Oncaspar PEGylated Asparaginase Acute Lymphoblastic 

Leukemia 

Approved 

Resovist Iron Oxide Nanoparticles 

coated with 

Carboxydextran 

Liver/Spleen Lesion 

imaging 

Approved 

Endoderm Iron Oxide Nanoparticles 

coated with Dextran 

Liver/Spleen Lesion 

imaging 

Approved 

Abelcet Amphotericin B/ Lipid 

Complex 

Fungal Infections Approved 

Amphotec Amphotericin B/ Lipid 

Colloidal Dispersion 

Fungal Infections Approved 

Ambisome Liposomal Amphotericin 

B 

Fungal Infections Approved 

Depocyt Liposomal Cytarabine Cancer Approved 

Epaxal Berna Virosomal Hepatitis 

Vaccine 

Hepatitis A Approved 
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Trade name Composition/nanotech 

component 

Applications Status 

Inflexal V Berna Virosomal Influenza 

Vaccine 

Influenza Approved 

Visudyne Liposomal Verteporfin Age-related macular 

degeneration 

Approved 

Estrasorb Estradiol in Micellar 

Nanoparticles 

Menopausal therapy Approved 

Adagen PEG- Adenosine 

Deaminase 

Immunodeficiency 

Diseases 

Approved 

Neulasta PEG-G-CSF Fibrile Neutropenia Approved 

Pegasys PEG- α- interferon 2a Hepatitis C Approved 

PEG-Intron PEG – α-interferon 2b Hepatitis C Approved 

Macugen PEGylated Anti-VEGF 

Aptamer 

Age related Macular 

Degeneration 

Approved 

Somavert PEG-HGH Acromegaly Approved 

Copaxone Copolymer of Alanine, 

Lysine, Glutamic acid and 

Tyrosine. 

Multiple Sclerosis Approved 

Renagel Crosslinked Poly 

(Allylamine) Resin. 

Chronic Kidney 

Disease 

Approved 

Emend Nanocrystalline 

Aprepitant 

Antiemetic Approved 

MegaceESсᶜ Nanocrystalline 

Megasterole acetate 

Eating disorders Approved 

Rapamune Nanocrystalline Sirolimus Immunosuppresent Approved 

Tricorᶜ Nanocrystalline 

Fenofibrate 

Lipid Regulation Approved 

Triglideᶜ Nanocrystalline 

Fenofibrate 

Lipid Regulation Approved 

Gastromark/Lumir

em 

Iron Nanoparticles Imaging of 

Abdominal structures 

Approved 

Lateral flow tests Colloidal Gold Pregnancy, 

Ovulation, HIV, 

among others 

Approved 

Clinical cell 

separation 

Magnetic Nanoparticles Immunodiagnostics Approved 

Mondial Nanoparticle-containing 

Dental Prosthesis 

Dental restoration Approved 

Tetric EvoCeram Nanoparticle Composite Dental repair Approved 
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Trade name Composition/nanotech 

component 

Applications Status 

Perossal Nanohydroxy apatite Bone defects 

 

Approved 

Vitoss 100-nm Calcium-

Phosphate Nanocrystals 

Bone substitute Approved 

Ostim 20-nm Hydroxapatite 

Nanocrystals 

Synthetic Bone Graft Approved 

OsSatura Hydroxyapatite 

Nanocrystals 

Bone substitute Approved 

NanOss Hydroxyapatite 

Nanocrystals 

Bone substitute Approved 

Alpha-BSM, Beta-

BSM, Gamma-

BSM 

Hydroxyapatite 

Nanocrystals 

Bone substitute Approved 

EquivaBone, 

Carrigen 

Nanocrystalline Calcium 

Phosphate 

Bone void filler Approved 

Ceram X Duo Ceramic Nanoparticles Dental Composite Approved 

Filtek Silica and Zirconium 

Nanoparticles 

Dental Composite Approved 

Premise Nanoparticles Dental Composite Approved 

Nano-Bond Nanoparticles Dental Composite Approved 

ON-Q 

SilverSoaker / 

SilvaGard™ 

Antimicrobial Nanosilver 

 

Device coating Approved 

EnSeal 

Laparoscopic 

Vessel Fusion 

Nanoparticle-coated 

Electrode 

Tissue sealing and 

hemostasis 

Approved 

NanoTite Implant Calcium Phosphate 

Nanocrystal coating 

Bone implant Approved 

CellTracks® Magnetic Nanoparticles 

 

In-vitro assay Approved 

NicAlert Colloidal Gold 

 

Diagnostics 

Immunochromatograp

hic Assay 

Approved 

Stratus CS Dendrimers Quantitative Cardiac 

Assays 

Approved 

Verigene Colloidal Gold Diagnostics Approved 
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Trade name Composition/nanotech 

component 

Applications Status 

Infectious pathogens 

and drug resistance 

markers 

MyCare™ Assays Nanoparticles Diagnostics Approved 

Acticoat® Antimicrobial Nanosilver Medical dressing Approved 

Fresenius 

Polysulfone® 

Helixone® 

Nanoporous Membrane 

 

Dialysis filter Approved 

TiMESH 30-nm Titanium coating Tissue scaffold Approved 

Cellsearch® 

Epithelial cell 

Kit 

Iron Oxide Nanoparticles Magnetic separation 

In vitro cell 

separation 

Approved 

Feridex Iron Oxide Nanoparticles Enhanced MRI 

contrast 

In vivo imaging 

Approved  

Endorem, 

Lumirem, 

 

Iron Oxide Nanoparticles Enhanced MRI 

contrast 

Approved / 

investigation

al 

Nanotherm 

 

Iron Oxide Nanoparticles AC magnetic heating 

Solid tumor 

Hyperthermia 

Approved 

Qdots, Evitags, 

Semiconductor 

Nanocrystals 

Quantum dot Fluorescent contrast, 

in-vitro Diagnostics 

Tumors, cells, tissues 

and molecular sensing 

structures 

Research 

use only 

 

Feraspin Iron Oxide Nanoparticles Enhanced MRI 

contrast 

Research 

use only 

Clariscan Iron Oxide Nanoparticles Enhanced MRI 

contrast 

Phase 3 

Nanodots Quantum dot Fluorescent emission Research 

use only 

TriLite™ 

Nanocrystals 

Quantum dot Fluorescent emission 

 

Research 

use only 

eFluor 

Nanocrystals 

 

Quantum dot Fluorescent emission 

 

Research 

use only 
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Trade name Composition/nanotech 

component 

Applications Status 

NanoHC Quantum dot Fluorescent emission Research 

only) 

NanoDX Iron Oxide Nanoparticles Magnetic separation Research 

use only 

Auritol (CYT-

21001) 

 

PEGylated Colloidal Gold 

Nanoparticle 

Solid tumors Preclinical 

SapC-DOPS Liposome Solid tumors Preclinical 

Targeted 

Emulsions 

Emulsion In vivo imaging Preclinical 

Targeted Nano-

therapeutics 

Iron Oxide Nanoparticles AC magnetic heating Pre-clinical 

 

MBP-Y003, MBP-

Y004, 

MBP-Y005 

Liposome Lymphoma Preclinical 

Baxter Nanoedge 

 

Undisclosed Antiinfectives, 

Oncologics, Cardiac 

drugs and others 

Preclinical 

to phase 2 

Nanocrystal Undisclosed Variety of indications Preclinical 

and clinical 

phases 

Genexol- PMM Micelle Cancer therapy 

Various forms 

Phase 4  

 

Paliperidone 

palmitate 

Paliperidone 

Palmitate/Nanocrystal 

Schizophrenia Phase 3 

Propofol IDD-D Propofol/IDD Technology Anesthetic Phase 3 

Opaxio Polymeric Nanoparticles Solid tumors Phase 3 

Combidex 

 

Iron Oxide Nanoparticles MRI contrast 

Lymph nodes 

Phase 3 

 

NPI 32101 Silver Nanoparticles Atopic Dermatitis Phase 2 

Panzem NCD 2-

Methoxyestradiol/Nanocr

ystal 

Glioblastoma Phase 2 

Aurimune (CYT-

6091) 

Colloid Gold Solid tumors Phase 2 

CRLX101 Cyclodextrin 

nanoparticles 

/Camptothecin 

Various Cancers Phase 2 
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Trade name Composition/nanotech 

component 

Applications Status 

S-CKD602 PEGylated Liposomal 

CKD602 (Topoisomerase 

inhibitor) 

Various Cancers Phase 2 

CPX-1 Liposomal Irinotecan Colorectal Cancer Phase 2 

Aurimmune Gold Nanoparticles Cancer therapy 

Various forms 

Phase 2  

CALAA-01 Polymer Cancer therapy 

Various forms 

Phase 2 

 

VivaGel Dendrimer Microbicide 

Cervicovagina 

Phase 2 

MBP-426 Liposome Solid tumors Phase 2 

PEG-PGA and 

DON 

PEG-Glutaminase 

combined with Glutamine 

Antimetabolite 6-diazo-5-

oxo-1-norleucine (DON) 

Various Cancers Phase 2 

PEG-IFN-α-2a PEG-asys Melanoma, Chromic 

Myeloid Leukemia, 

and Renal-cell 

Carcinoma 

Phase 2 

PEG-IFN-α- 2b PEG-Interferon Melanoma, Multiple 

Myeloid, and Renal-

cell Carcinoma 

Phase 2 

AS15 Liposome Metastatic breast 

cancer 

Phase 2 

LE-SN38 Liposomal SN-38 Colorectal Cancer Phase 2 

NK-105 Polymeric Nanoparticle 

(PEG-Polyaspartaate) 

formulation of Paclitaxel 

Various Cancers Phase 2 

NK-911 Polymeric Nanoparticle 

(PEG -polyaspartate) 

formulation of 

Doxorubicin 

Various Cancers Phase 2 

NK-012 Polymeric Micelle of SN-

38 

Various Cancers Phase 2 

SP1049C Glycoprotein of 

Doxorubicin 

Various Cancers Phase 2 

SP1-077 PEGylated Liposomal 

Cisplatin 

Head/neck and lung 

Cancer 

Phase 2 

OSI-7904l Liposomal Lurtotecan Various Cancers Phase 2 
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Trade name Composition/nanotech 

component 

Applications Status 

OSI-211 Iron Oxide Nanoparticles Various Cancers Phase 2 

Aurimune Liposome Tf 

Antibody/p53 gene 

Solid tumors Phase 2 

MCC-465 Liposome Stomach Cancer Phase 1 

Actinium-225-

HuM195 

Nanoparticle Leukemia Phase 1 

 

PK2 Polymeric Nanoparticle Liver Cancer Phase 1 

DM-CHOC-PEN Emulsion Brain Neoplasms Phase 1 

Auroshell Gold Nanoshell IR laser heating Phase 1 

Nanoxray Proprietary nanoparticles X-ray-induced 

Electron emission 

Solid tumor 

Treatment 

Phase 1 

 

 

ADI-PEG20 PEG-Arginine Deiminase Hepatocellular 

Carcinoma 

Phase 1 

Cyclosert Cyclodextrin 

Nanoparticles 

(Cyclodextrin 

Nanoparticles/siRNA) 

Solid tumors Phase 1 

INGN-401 Liposomal/FUSI Lung Cancer Phase 1 

NC-6004 Polymeric Nanoparticle 

(PEG-Polyaspartate) 

formulation of Cisplatin 

Various Cancers Phase 1 

ALN-VSP Lipid Nanoparticle 

formulation of siRNA 

Liver Cancer Phase 1 

SGT-53 PLGA/PLA 

Nanoparticles/Docetaxel 

Solid tumors Phase 1 

AuroLase Targeting Protein tagged 

Phospholipid/MicroRNA-

122 

Head and Neck 

Cancer 

Phase 1 

BIND-014 Polymeric Nanoparticle 

formulation of Decetaxel 

Various Cancers Phase 1 

SGT53-01 Transferrin targeted 

Liposome with p53 gene 

Solid tumors Phase 1 

CPX-351 Liposomal Cytarabine and 

Daunorubicin 

Acute Myeloid 

Leukemia 

Phase 1 

Al-850 Paclitaxel Nanoparticles Solid tumors Phase 1 
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Trade name Composition/nanotech 

component 

Applications Status 

BioVant Calcium Phosphate 

Nanoparticles 

Vaccine adjuvant Phase 1 
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a b s t r a c t

We describe daylight responsive silver (Ag) doped semiconductor nanoparticles of zinc oxide (DSNs) for
photodynamic therapy (PDT) against Leishmania. The developed materials were characterized by X-ray
diffraction analysis (XRD), Rutherford backscattering (RBS), diffused reflectance spectroscopy (DRS), and
band-gap analysis. The Ag doped semiconductor nanoparticles of zinc oxide were PEGylated to enhance
their biocompatibility. The DSNs demonstrated effective daylight response in the PDT of Leishmania
protozoans, through the generation of reactive oxygen species (ROS) with a quantum yield of 0.13 by
nondoped zinc oxide nanoparticles (NDSN) whereas 0.28 by DSNs. None of the nanoparticles have
shown any antileishmanial activity in dark, confirming that only ROS produced in the daylight were
involved in the killing of leishmanial cells. Furthermore, the synthesized nanoparticles were found
biocompatible. Using reactive oxygen species scavengers, cell death was attributable mainly to 77–83%
singlet oxygen and 18–27% hydroxyl radical. The nanoparticles caused permeability of the cell
membrane, leading to the death of parasites. Further, the uptake of nanoparticles by Leishmania cells
was confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). We believe that
these DSNs are widely applicable for the PDT of leishmaniasis, cancers, and other infections due to
daylight response.

& 2014 Elsevier Inc. All rights reserved.

Introduction

Infectious agents can bring alterations in the biological system in
the form of diseases. Some of these alterations can be life threaten-
ing and many others can cause disfiguring, disabling, and frequently
stigmatizing disorders [1]. Leishmaniasis is one such disease that can
either be fatal (visceral leishmaniasis) or may cause disfiguring of
skin (cutaneous leishmaniasis) or face (mucocutaneous leishmania-
sis). The World Health Organization has ranked this disease as the
sixth most important infectious disease. Worldwide, new cases and
deaths from leishmaniasis are 1.5–2 million and 70,000, respectively,

and an estimated 0.35 billion people are at risk for this disease and
infection [2]. The most common between these manifestations
is cutaneous leishmaniasis, which is caused by many species of
Leishmania including Leishmania tropica and Leishmania major. The
patient’s skin develops single or multiple ulcers at the biting place,
by sandflies [3]. The mucocutaneous form is the most severe and
causes disfiguring of the face. Many of the drugs available for the
treatment of leishmaniasis are toxic and Leishmania species are also
becoming resistant to drugs [2].

Chemotherapy and chromotherapy are the only treatments used
for the cure of leishmaniasis. But these therapies are expensive such
as carbon dioxide laser therapy and the Leishmania parasite is
developing resistance to some drugs while other causes nephro-
toxicity. Some of the drugs (glucantime and antimonial) are not
approved by the Food and Drug Administration (FDA) and there is
no acceptable vaccine for this disease [4,5]. Leishmaniasis is con-
sidered mainly a disease of the underdeveloped world and therefore
commercial interest of pharmaceutical industries is to develop
effective but cheaper antileishmanial agents. In this study we aim
to develop novel but cheaper antileishmanial photoactive agents
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which might be helpful for a low-cost regimen for principally the
cutaneous, subcutaneous, and mucocutaneous leishmaniasis. During
leishmanial infection, the macrophage phagocytizes the parasites
and releases ROS such as hydroxyl radicals/ions, superoxides, and
hydrogen peroxide [6]. Leishmania parasites are sensitive to these
ROS and can be easily killed [7]. To cope with these ROS, Leishmania
contain enzymes such as peroxiredoxins and acid phosphatase as
well as lipophosphoglycan, which are responsible for the scaven-
ging of ROS produced by the macrophages. Helping the immune
system by producing more ROS from the outside environment may
therefore present a potential solution [8]. This increase in ROS
production will easily kill the Leishmania parasite but it may also
have an effect on the human cells. There is a need therefore to
develop a system for controlled ROS production with a reasonable
toxicity to Leishmania protozoans while being relatively safe to
humans. Our approach was similar to photodynamic therapy (PDT),
including light, oxygen, and a photoreactive material as the princi-
pal units. The polyethylene glycol (PEG)-functionalized Ag doped
semiconductor nanoparticles of ZnO absorb light energy, particular
to the physical aspects of Ag/ZnO, and ultimately transfer it to
molecular oxygen and water molecules in the biological environ-
ment, leading to the production of ROS. Cutaneous and subcuta-
neous leishmanial lesions are well exposed and are easily accessible
for the light exposure. Surface functionalization of DSNs may
overcome the biological barriers resulting in an effective delivery
of a therapeutic dose to the diseased area.

Materials and methods

Reagents

Zinc acetate, silver nitrate, PEG, ethanol, Triton X-100, ficoll,
percoll, trypan blue, sea salt, sodium azide, mannitol, and penicillin
were purchased from Sigma (USA), Medium 199, RPMI, SYTOX
green, diphenylisobenzofuran (DPBF) from Invitrogen (USA), fetal
bovine serum from PAA (Austria), streptomycin from Bio Basic Inc.,
methylene blue, HCl, from Merck, Hepes from Roth Germany, and
shrimp (nauplii) from Ocean Star International.

DSNs synthesis

Initially, we synthesized the ZnO-based DSNs with varying
concentrations of Ag (0.5, 1, 3, 5, 7, and 9 mol%) as a dopant with
some alterations to the earlier reports [9]. Briefly, 5% v/v Triton
X-100 was dissolved in the required amount of ethanol (solution
A). Zinc acetate dihydrate and the desired amount of Ag nitrate
(0.5, 1, 3, 5, 7, and 9 mol% of the Zn precursor) were dissolved in an
equal amount of ethanol under the same set of conditions in the
second vessel to achieve a final concentration of 50 mM precursors
in the resulting solution (solution B). Solution B was added to A
with continuous stirring. The final solution was titrated against
100 mM sodium hydroxide. Resulting materials were subjected to
an argon atmosphere in a tube furnace at a rate of 30 sccm, with a
heating rate of 4 1C/min and then maintained at 100 1C for 4 h. The
same procedure was carried out to synthesize pure ZnO without
the addition of Ag nitrate. The nanoparticles (NPs) were afterward
capped with the PEG-400 molecules to stabilize the NP surface
and for avoiding the undesirable interactions of the OH group of
ZnO with the biological environment.

Characterization of DSNs

The DSNs were characterized by XRD, RBS, and DRS analysis.
The XRD analysis of all synthesized samples was performed on an
X-ray spectrophotometer (Shimadzo 6000) by using radiation of

Cu-Kά, λ¼1.54 Å, at a voltage of 40 kV and operating current of
30 mA. The optical properties of prepared samples were studied
by DRS Perkin Elmer UV/VIS/NIR spectrometer-lambda 950. Band-
gap energies of all synthesized samples were calculated by the
Kubelka-Munk function following the procedure by Zeferino et al.
[10]. Table 1 shows the depth profile data of unmodified ZnO and
Ag-modified ZnO NPs in atomic percentage.

L. tropica cultures

The L. tropica KWH23 cultures were maintained in Medium 199
(M199) (Gibco, Invitrogen, USA) supplemented with 10% heat-
inactivated fetal bovine serum (PAA, Austria), 100 U/ml penicillin
(Sigma, USA), and 100 mg/ml streptomycin (Bio Basic Inc.).

In vitro antileishmanial activity of DSNs under different conditions

Stock solutions of 1 mg/ml of the different DSNs and NDSN were
dissolved in deionized distilled water. L. tropica KWH23 were grown
in M199 for 7 days at 24 1C. The cells (2�106 cells/ml) were
suspended in 96-well microtiter plates and then treated with serial
concentrations of DSNs, NDSN, and Amphotericin B (0.1 ng/ml to
100 mg/ml). The experiments were carried out in five parallel
groups. Three of the groups were exposed for 15 min to (1) sunlight
(168W/m2 of sun intensity) [11], (2) tungsten light with IR filter,
(3) sunlight with IR filter, and (4) complete dark conditions. The last
group containing only L. tropica KWH23 was exposed to sunlight
and tungsten light without any DSNs or NDSN to check the killing
effect of these light sources. All five groups were incubated at 24 1C
for 24 h in dark. The experiments were carried out from mid-
September to the end of October, February, and March, when the
external temperature was from 23 to 27 1C, favorable for the growth
of Leishmania. The relative intensities of both sunlight and tungsten
light were measured by a CCD spectrometer (Ocean Optics, Model
HR4000) and were kept the same in all experiments. The viable
cells were counted on a Neubauer chamber by their motility and
also using trypan blue. Their IC50 values were calculated by
Graphpad Prism 5 and confirmed by SPSS 19.

In vitro cytotoxicity studies of semiconductor nanoparticles on brine
shrimps

Shrimp larvae were grown in filtered 0.3% sea salt at 25 1C. DSNs
and NDSN were added at concentrations 500, 250, and 100 μg/ml
to a 5 ml vial containing 20 shrimps per vial at 25 1C for 24 h. The
surviving shrimps were counted with the aid of a 3� magnifying
glass. Data were analyzed by a Biostat 2009 with probit analysis to
determine LD50, LD90, and LD100 values and 95% confidence
intervals.

Table 1
Depth profile data of unmodified ZnO and Ag modified ZnO NPs in atomic
percentage.

Catalyst Zn (%) O (%) Ag (%)

NDSN 33 66 0
DSN1 34 65 0.1
DSN2 29 69 0.3
DSN3 30 68 0.7
DSN4 34 63 2
DSN5 33 59 7
DSN6 35 55 9
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Biocompatibility assay of semiconductor nanoparticles on human
macrophages

Human macrophages were isolated from human blood (by the
consent of volunteers) by a modified method of Almeida et al. [12].
The isolation was carried out by ficoll-gastrografin (sodium dia-
trozoate) gradient (density¼1.070 g/ml). The density of this solu-
tion was achieved by dissolving 5.7 g of ficoll in 95 ml deionized
water with 5 ml of gastrografin. Blood was diluted three times
with Hank’s buffer salt solution (HBSS) and was layered over the
ficoll-gastrografin and centrifuged at 400g for 30 min and the
macrophage layer was isolated. Afterward purification was carried
with percoll gradient (density¼1.064 g/ml). Percoll densities were
adjusted to 1.064 g/ml with 10X HBSS and deionized water. Cells
were suspended in RPMI medium at 37 1C with 5% CO2 supple-
mented with 15% fetal bovine serum, 25 mM Hepes, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. Viable cells were seeded in
48-well plates with a density of 1�105 cells per well. Cells were
incubated with different concentrations of DSNs and NDSN. One
group was incubated for 15 min in sunlight and then kept for 24 h
in the dark at 37 1C with 5% CO2. The other group was kept in total
dark for 24 h at 37 1C with 5% CO2, without exposure to any light.
Their viability was then checked by SYTOX green and trypan blue
[13,14]. The numbers of viable cells were counted and the LD50 and
LD90 were calculated by Biostat 2009 software.

Antileishmanial activity against intracellular amastigotes

Macrophages were isolated by the above method and cultured
in 24-well chamber culture plates with microscopic slides to a cell
density of 1�104 cells per well. Cells were incubated for 24 h to
adhere with chamber slides. The monolayers were infected with
log-phase promastigotes at a range of 10:1 (parasite/macrophage)
and were incubated at 37 1C in 5% CO2 for 7 days. The cells were then
washed until removal of nonphagocytosed promastigotes. Afterward,
the semiconductor nanoparticles were added at a concentration of
1 and 0.1 mg/ml. At each tested nanoparticle concentration, one group
was exposed to sunlight for 15 min, while the other group was kept
under fully dark conditions. After 24 h 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 were counted) and the percent inhibition
were calculated.

Temperature measurements of DSNs and NDSN undergoing
irradiation

Different concentrations of DSNs and NDSN were added (10, 100,
and 1000 mg/ml) to deionized water, RPMI, and M199 media supple-
mented with 10% FBS. No Leishmania cells were added to the media.
They were exposed to sunlight and sunlight with IR filter for 15 min
with a temperature probe and the increase in temperature was
recorded with a Eutech temperature probe at intervals of 1 min. The
external temperature was 24 1C. The control was also exposed to
sunlight for 15 min without any DSNs or NDSN.

Main ROS moieties

The L. tropica KWH23 promastigotes were treated in five groups.
Three groups were treated with both NDSN and DSNs and exposed to
sunlight for 15 min as above. Of these three groups, 0.1 mM sodium
azide (NaN3) was added to the first group, 1 mM mannitol to the
second, and a combination of both NaN3 (0.1 mM) and mannitol
(1 mM) to the third group. In the fourth group, cells were exposed to
0.1, 1, and 10 mM of both NaN3 and mannitol without any DSNs for
any inhibitory effect of these scavengers. In the last group, Leishmania

cells were treated with nanoparticles without any scavenger and
incubated as above, i.e., exposure to sunlight for 15 min and incuba-
tion at 24 1C for 24 h in dark. Viable cells were counted by both
trypan blue and motility of Leishmania cells on a Neubauer chamber.

Cell internalization studies (ICP-AES)

Leishmania cells (2�108 cells/ml) were incubated for 24 h with
DSNs and NDSN at a concentration of 100 mg/ml. Cells were washed
four times with phosphate buffer to remove any nanoparticles at the
protozoan surface and then suspended in deionized water. After
that, the cells were lysed by incubating them in 1.5 M HCl. Analyses
of DSNs and NDSN uptake by the cell were quantified by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).

Detection of ROS by chemical trapping

ROS quantification was carried out by a modified method of Xiao
et al. [15]. DPBF solution was prepared by dissolving 0.15 mM DPBF in
ethanol. NDSN and DSNs were dissolved in a concentration of 10 μg/
ml in 2 ml of DPBF solution, taken in a sealed quartz cuvette, and
exposed to sunlight with an IR filter (400–800 nm). After each 30 s,
the absorbance was measured at 410 nm for up to 300 s by a UV 3000
spectrophotometer, ORI Germany. The decrease of the absorbance
caused by photobleaching of DPBF was measured and corrected in all
experiments. The natural logarithm values of absorption of DPBF at
410 nm were plotted against the irradiation time and fit by a first-
order linear least-squares model to obtain the decay rate of the
photosensitized process. Methylene blue was taken as a standard at
the same concentration as the nanoparticles and absorbance was
measured at 410 nm. Absorbance was measured and corrected for the
degradation of DPBF.

Cell permeability study by SYTOX green

The L. tropica KWH23 promastigotes were treated with 10 ng/
ml of DSN6 and NDSN and were kept in sunlight for 15 min. After
incubating for 24 h in dark, the cells were washed with HBSS
buffer, not by phosphate buffer as SYTOX reacts with phosphate.
The cells were stained with 1 μM SYTOX green dye for 15 min in
dark and were examined under a fluorescent microscope. Triton
X-100 (0.1%) was used as a control.

Statistical analysis

All the experiments were performed in triplicates and were
repeated three times. Statistical analysis was done by using SPSS 19
and confirmation with Graphpad Prism 5. Data were presented as
mean, standard deviation. Student’s t test was used for statistical
difference of mean value, and Po0.05 was considered to be statis-
tically significant.

Results and discussion

Characterization of DSNs

All the synthesized particles were rounded in shape and were
20–50 nm in size, with an average size of 23 nm. The XRD graphs
of developed DSNs confirmed the presence of Ag in crystalline
materials when incorporated at relatively higher concentrations
(7 and 9% in DSN5 and DSN6) (Fig. 1). The dominant peaks of ZnO
at 2θ¼31.41, 34.21, 35.91, 47.21, and 56.31 (marked with o) were
found in all the DSNs and NDSN, and were indexed to wurzite ZnO
(hexagonal) structure, whereas Ag peaks (marked with *) were
found in the form of Ag and AgO in the DSN5 and DSN6. DSN6
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contained both Ag and AgO at 2θ¼38.11 (for Ag), and at 26.61 (for
AgO). AgO peak at 2θ¼30.91 was found merged with the ZnO peak
at 31.41 in DSN5. The XRD results pointed out that metallic Ag and
Ag oxide both existed in the ZnO semiconductor in different ratios.
The samples with the lower values of incorporated Ag (DSN1–
DSN4 with 0.5, 1, 3, and 5% Ag) did not show the peaks of Ag or
AgO phases, indicating that lower amounts of Ag are successfully
doped into the ZnO lattice and Ag was not present at the surface.
Fig. 2 shows the band-gap energies of NDSN and DSNs while
Fig. 3a and b show the Rutherford backscattering of both NDSN
and DSN before PEGylation.

In vitro antileishmanial activity of synthesized nanoparticles under
different conditions

Both NDSN and DSNs were checked for their activity and
possible mode of action on Leishmania parasites [16] at different
concentrations, i.e., from (0.01 ng/ml to 100 mg/ml). The IC50 of
DSNs was in the range of 0.009 mg/ml (70.0012) to 0.02 mg/ml
(70.0023) while that of NDSN was 0.1 mg/ml (70.016). The DSNs
were 10 times more active than the NDSN (shown in Table 2).
Further, both the NDSN and the DSNs were found more active than
the standard drug Amphotericin B (0.34 mg/ml 70.08). The overall
band gap of DSNs promoted the generation of the visible excitation
response of Ag/ZnO hybrids. Thus, the higher activity at low
concentrations has made these nanoparticles more advantageous
compared to other photosensitizers used against Leishmania para-
sites including TiO2@Ag nanoparticles [17], Ag nanoparticles [8],
aluminum and zinc phthalocyanines [18], phenothiazine derivatives
[19], and aluminum phthalocyanine chloride [20]. Another advan-
tage was the use of sunlight for the excitation of both DSNs and
NDSN. Sunlight is the biggest source of energy with the major part
being the visible light (45%), and a small portion of UV light (7%)
[21]. The DSNs and NDSN were tested for their photocatalytic

Fig. 2. Band-gap energies of NDSN and DSNs through the Kubelka-Munk function
by treating their diffuse reflectance spectra.
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activity under different conditions such as in direct sunlight, in
tungsten light with IR filter, and in sunlight with IR filter. The 15 min
exposure was enough to activate the nanoparticles to produce a large
number of lethal ROS. When compared to a previous report [18], no
toxic effects under dark conditions were observed for our synthe-
sized nanoparticles. Furthermore, there was no inhibitory effect on
Leishmania cells exposed directly to both sunlight and tungsten light,
which proved that only the NDSN and DSNs were involved in the
killing of Leishmania cells. Moreover, the photodynamic effect in the
sunlight with IR filter was better than tungsten light.

In vitro cytotoxicity and biocompatibility assay of semiconductor
nanoparticles on human macrophages

The cytotoxicity was calculated by using shrimp [22,23] and
biocompatibility on human macrophages. Brine shrimp toxicity is
an economical, fast, and dependable assay for the determination of
toxicity of pure compounds [24]. The DNA-dependent RNA poly-
merases of shrimp larvae respond similarly to the mammalian
system [25]; thus, this assay was used as an initial evidence for
the toxicity of these nanoparticles. Fig. 4A shows the toxicity of
nanoparticles against shrimp larvae. Human macrophages were
selected for biocompatibility as the Leishmania cells attacks these
cells. Macrophages were isolated from human blood by ficoll-
hypaque gradient. Macrophage concentration was almost 90–95%
by this method. Gastrografin is used for radiographic examination
of segments of the gastrointestinal tract and as an adjunct to
contrast enhancement in computed tomography of the torso.
Gastrografin is a diatrizoate and was used for the density adjust-
ment of ficoll.

There was a big difference in the cytotoxicity of both human cells
and brine shrimps (Fig. 4). DSNs were more toxic to shrimps rather
than humans. Human cells especially macrophages have a system of
producing ROS as a defense mechanism. These ROS are basically
involved in the killing of foreign pathogens and microbes. The
immune cells have the capability of coping with these ROS if they
are introduced from the outside. Thus, the toxicity depended on the
concentration of ROS produced. The immune cells, especially the
macrophages, had easily tackled with the lower amounts of ROS,
indicating no toxicity of DSNs and NDSN to the macrophages at
lower concentrations. Also, the transition metal doped semiconduc-
tors are nontoxic at room temperature [26]. Furthermore, the better
qualities of the current nanoparticles were their nontoxic effect in
dark and their cost effectiveness. Moreover, other photosensitizers
such as porphyrin and chlorin have shown cytotoxic effects against
human cells [27]. However, at higher concentration, DSNs and NDSN
were found toxic to macrophages, principally due to the greater ROS
yield as well as the greater amount of ZnO [28].

Antileishmanial activity against intracellular amastigotes

Microparticle forms have lower surface area and are opaque while
the nanoparticles are small enough to cross the biological barriers
and are highly reactive and also their transparency increases with
visible light. This quality increased the cellular uptake and the
delivery efficiency of nanoparticles especially ZnO [29]. It has been
reported that such nanoparticles have significant cell killing effects
in vitro by photocatalytic processes [29–31]. In the current study, the
semiconductor nanoparticles were checked for their antileishmanial
activity against intracellular amastigotes. These infected macrophages
cells were incubated with both NDSN and DSNs and were exposed to

Table 2
Table showing the IC50 values of NDSN and DSN carried out under five different conditions.

Semiconductor nanoparticles Direct sunlight Tungsten light Sunlight with IR filter

NDSN 0.08770.011 0.1570.033 0.10270.025
DSN1 0.01870.0098 0.09970.011 0.060170.01
DSN2 0.01270.0078 0.09870.013 0.038470.006
DSN3 0.01770.0092 0.09770.01 0.035770.0055
DSN4 0.008770.0021 0.08770.029 0.016470.0091
DSN5 0.009870.0024 0.09170.022 0.014670.008
DSN6 0.009470.002 0.08770.018 0.01370.006
Nanoparticles in dark 0
Light only (no nanoparticles) 0
Amphotericin B 0.3470.0914

IC50s of NDSN and DSNs with exposure to direct sunlight, sunlight with IR-filter, and tungsten light with IR filter. The fourth group shows the effect of NDSN and DSNs under
full dark conditions and the last group showing the Leishmania cells exposed to light, without any nanoparticles. Amphotericin B was used as a control drug.
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sunlight for 15 min. It was found that at 0.1 mg/ml concentration of
the DSNs, the intracellular amastigotes killing was 89, 81, 76, 76, 67,
and 60% by DSN6, DSN5, DSN4, DSN3, DSN2, and DSN1, respectively
(Fig. 5). NDSN, on the other hand, showed 38% of Leishmania killing on
exposure to sunlight. However at 1 mg/ml, all nanoparticles showed
100% killing of intracellular amastigotes (Fig. 5). This concentration is
far less than the cytotoxic range of these nanoparticles as shown in
Fig. 4. The amastigotes were killed by the production of ROS by the
semiconductor nanoparticles as there was no killing of these parasites
in dark. Other photosensitizers such as methylene blue and ace-
naphthoporphyrins have low penetration capability and low ROS
production [32–34]. Moreover, the light source also has an impact
on cell killing similar to previously used Ag nanoparticles that showed
good antileishmanial activity, but these nanoparticles were activated
by UV light [8]. The band structure of semiconductor tuned with some
suitable dopant decreased the band-gap energy, which shifted the
nanoparticles activation to the visible region and resulted in an
increased efficiency of designed material [21]. Furthermore, the
variance in concentration of these dopants improved the physical
and optical properties of such nanomaterials [35].

Temperature measurements of DSNs and NDSN undergoing
irradiation

In order to elucidate the effect of IR-induced hyperthermia,
control experiments were performed on Leishmania cells with no
DSNs or NDSN. In the first experiment, the Leishmania cells were
kept in direct sunlight for 15 min and then incubated according to
standard conditions and were found viable. Another group of
experiments was carried out to check whether the NDSN and DSNs
were involved in the hyperthermia of protozoan cells. The nano-
particles were added in a concentration of 10, 100, and1000 mg/ml
to 1 ml deionized water, RPMI, and M199 media supplemented
with 10% FBS without having any Leishmania cells [15]. Media and
water without nanoparticles were taken as control. They were
kept in sunlight for 15 min with a temperature probe and the
increase of temperature was noted in an ambient environment.
The temperature of each solution was recorded at an interval of
1 min. Maximum increase in temperature was 0.6 1C (70.2) in
deionized water, RPMI, and M199 media at 100 mg/ml of nanopar-
ticles concentration. This concentration was much higher than the
IC50 for Leishmania. Further, there was no increase in temperature at
a concentration of 10 mg/ml. The temperature increase was up to
2.8–3 1C (70.44), when the DSNs were used at a concentration of
1000 mg/ml. In another experiment, the media containing DSNs
were kept in sunlight with IR filter. It was found that there was only
0.1 1C increase in temperature. Xiao et al. [15] and Rozhkova et al.
[36] have found almost 1 1C increase in temperature using porous
silicon nanoparticles and nanobioconjugate nanoparticles. In the

current experiment, the increase in temperature was minor enough
to eliminate the possibility of thermal killing by IR and proving that
only the ROS were involved in the killing of Leishmania parasites.

Main ROS moieties

The contributions of these various ROS types to the biochemical
and morphological changes after PDT are often inferred by the
inclusion of ROS type-specific scavengers [37]. The photodynamic
effect of DSNs and NDSN was evaluated through the quantification
of ROS produced after light exposure [38]. We used 0.1 mM NaN3

for singlet oxygen (1O2) scavenging and 1 mM mannitol for
hydroxyl radical (OHd) scavenging. The oxidative damage of 1O2

can be decreased by using NaN3, which is considered as a specific
1O2 scavenger [37,39]. NaN3 used at a concentration of 1 mM
caused almost 37% (74.67) Leishmania killing; thus, 0.1 mM NaN3

was used, since there was no killing at this concentration. The
DSNs after exposure to sunlight produced a large amount of 1O2

and OHd. Higher quantities of 1O2 were produced by DSNs, killing
79% (78.3) to 82.38% (75.98) of Leishmania promastigotes
(Fig. 6). This was mainly confirmed by checking the percentage
survival of Leishmania promastigotes in the presence of NaN3 as a
1O2 quencher. In case of NDSN, the 1O2 quenching or Leishmania
promastigotes survival was 70.36% (711.4).

The second highest quantity of ROS produced was OHd confirmed
by quenching with mannitol. NDSN produced 30.81% (74.33) of OHd

while the DSNs produced 22% (73.81) to 32% (73.17) of OHd. 1O2

can give rise to several other types of ROS including superoxide anion,
(unlikely since very small yield) hydrogen peroxide, and OHd [37].
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Fig. 5. Effects of different concentrations of semiconductor nanoparticles on the
infection index of Leishmania tropica amastigotes.

Fig. 6. Scavenging of ROS by 0.1 mM NaN3 and 1 mM mannitol produced by the
NDSN and DSNs. NaN3 scavenged almost 80% of ROS produced and mannitol
scavenged 20 to 32%. The combination of both NaN3 and mannitol scavenged 97 to
98% of ROS produced, which indicated that the major ROS produced by the NDSN
and DSNs were 1O2 and OHd (497%).
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When both NaN3 and mannitol were used in combination, the
situation became clearer as 97% (79.54) to 98% (713.11) of
Leishmania cells survived.

Cell internalization studies (ICP-AES)

The DSN uptake was checked by ICP-AES. This was important for
checking the DSNs and NDSN entry to the cell. The Leishmania cells
were treated with 100 mg/ml of both NDSN and DSNs for 24 h. A
higher concentration of cells was required as they were diluted up
to 25 ml for ICP-AES, as a standard protocol. ICP-AES results showed
that zinc was entering into the cell at a concentration range
from 1.84 mg/ml (70.09) to 4.24 mg/ml (70.58), whereas in the
untreated cells zinc concentration was 0.055 mg/ml (70.01). The Ag
concentration was from 0.008 mg/ml (70.0007) to 0.035 mg/ml
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Fig. 7. Fig. shows the quantum yield of NDSN and DSNs.

Fig. 8. Fluorescent microscopy of leishmanial cells showing the insertion of vital SYTOX green fluorescent dye used for membrane permeability. (A) Showing the membrane
permeability caused by DSN6 (B) by NDSN and (C) by Triton X-100 (control).
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(70.006), while there was no Ag in the untreated cells. This lower
concentration of Ag was due to the small mole percentage as a dopant
in DSNs. Increasing concentrations of dopant (Ag) in the DSNs
increased its concentration in the protozoan cells; as in case of
DSN1 (0.5%Ag), the Ag uptake was 0.008 70.0007 mg/ml while for
DSN6 (9% Ag), the uptake was 0.035 70.006 mg/ml. Another finding
was the increase in concentration of dopant that enhanced zinc’s
entry into the cell; in the case of NDSN, the zinc concentration was
1.28 mg/ml whereas that of DSN6 was 4.24 mg/ml. It is not known
exactly how the dopant increased the zinc uptake. Possibly, DSNs
have higher IC50 than the NDSN as there is more entry of nanopar-
ticles, thus producing more ROS to kill the cell.

Detection of ROS by chemical trapping

DPBF was used as singlet oxygen and hydroxyl radical trapping
reagent, as DPBF can scavenge both 1O2 and OHd [40]. In the first
experiment, DPBF solution was kept in direct sunlight and it was
found that DPBF was fully degraded when exposed to sunlight
without any filter after 45 s. To eliminate this problem, an IR filter
was used which had a negligible effect on DPBF degradation [15].
NDSN and DSNs were added to DPBF solution and were kept in
sunlight with IR filter for 300 s. Absorbance was measured after each
30 s at 410 nm. Methylene blue was used as a standard. Quantum
yield is defined as the number of ROS produced per absorbed photon
[41]. On excitation with light, the NDSN and DSNs were photo-
enhanced into a singlet energy state and went through the inter-
system, crossing to the triplet state, and this energy was transferred
to the triplet oxygen state and was converted to 1O2 [15]. These
released ROS reacted with the DPBF and started its degradation. The
numbers of ROS produced were quantified by

ΦΔSN¼ΦΔstandard kSN=kstandard
� � ð1Þ

These lethal ROS production depended on the photosensitizer used.
By taking methylene blue as standard, the ROS quantum yields of
DSNs were quantified as a function of doping of nanoparticles.
NDSN produced 0.13 (70.067) of ROS while doping enhanced the
production of ROS to 0.28 (70.055). Ag acted as an acceptor in
the doping mechanism as ZnO donated two electrons, which caused
the release of ROS. ΦΔSN is the quantum yield of semiconductor
nanoparticles (SNs);ΦΔstandard is the quantum yield of methylene
blue (quantum yield of 0.52) [41]. Fig. 7 displays the ROS quantum
yield from DSNs.

Cell permeability study by SYTOX green

To gain a better understanding of the mechanism of DSNs, the
treated Leishmania promastigotes were checked for membrane
permeability by using a vital SYTOX green fluorescent dye. Full
permeability (100%) was considered as that achieved after addition
of 0.1% Triton X-100. Sytox green is a passive dye and cannot
penetrate the intact cell membrane but can penetrate the permea-
bilized cell membrane. 1O2 were produced for a short time, i.e., 3 ms
lifetime, in water but they were highly reactive, causing the
peroxidation of lipids and also of proteins [42]. The SYTOX green
entered into the cell and fluorescence was observed due to the
attachment of SYTOX green with the nucleic acids, on entry to the
cell. The fluorescence progressed as the permeability increased with
the addition of DSN6 (Fig. 8A).

Conclusions

We have studied the photobiology properties of our synthe-
sized DSNs on the L. tropica KWH23 strain. The Leishmania cells
were easily killed by the DSNs, when activated by daylight. Our

focus was on the development of polychromatic daylight stimu-
lated doped semiconductor nanoparticles (DSNs) of ZnO for the
production of ROS, which were able to induce death of L. tropica
KWH23. Furthermore there was no hyperthermia involved in the
killing of Leishmania cells. Potent low concentrations of DSNs,
biocompatibility, and more ROS production especially that of 1O2

and OHd have made these nanoparticles suitable antileishmanial
candidates. Further, cell death was proposed to occur via the
disruption of cell membrane, changing its permeability and lead-
ing to cell death.

It can be concluded that to our knowledge, there is no study
available on doped zinc oxide used for the treatment of Leishma-
niasis. This was the first study of its kind using daylight. Our
results were consistent with previous studies suggesting that the
cell killing ability of DSNs was facilitated through ROS generation
and oxidative stress [43,44]. Moreover, topical treatment for
treating the cutaneous and subcutaneous Leishmania lesions may
help in providing the localized treatment of the leishmaniasis,
avoiding the major issues of acute and systemic toxicity, if any,
with the other treatment modalities of such biocompatible but
nontargeted DSNs assemblies.

Acknowledgments

This work was financially supported by Higher Education
Commission (HEC) of Pakistan and Pakistan Science Foundation
(PSF) and their support is gratefully acknowledged. The authors
thankfully acknowledge the kind support of the late Dr. Tajammul
Hussain (Nanosciences and Catalysis Division, National Centre for
Physics, Islamabad) and Dr. Ashraf Gondal (King Fahad University
of Petroleum and Minerals, KFUPM, Saudi-Arabia) for their help
and guidance in starting this project. The authors are thankful to
Prof. Dr. Akram Shah, University of Peshawar, Pakistan, for
L. tropica KWH23 as a gift. The authors are also thankful to Dr.
Turab Ali Abbas (Experimental Physics Lab, National Centre for
Physics, Islamabad) for providing the RBS analysis facility, Dr. Safia
Ahmad and Dr. Fariha Hasan (Microbiology Lab, Quaid-i-Azam
University, Islamabad) for fluorescent microscope facility, and Dr.
Zabta Khan Shinwari (Molecular Systematics and Ethnobotany Lab,
Quaid-i-Azam University, Islamabad) for providing some of the lab
facilities. The authors are also thankful to Prof. Sandy MacRobert
(Research Department of General Surgery, UCL School of Life and
Medical Sciences, University College London) and Momin Khan for
reading and corrections in the manuscript. The authors declare
that they have no conflict of interest.

References

[1] Matlashewski, G.; Arana, B.; Kroeger, A.; Battacharya, S.; Sundar, S.; Das, P.;
Sinha, P. K.; Rijal, S.; Mondal, D.; Zilberstein, D. Visceral leishmaniasis:
elimination with existing interventions. Lancet Infect. Dis. 11:322–325; 2011.

[2] WHO Leishmaniasis; 2014.
[3] Molyneux, D.; Killick-Kendrick, R.; Peters, W. Morphology, ultrastructure and

life cycles. The leishmaniases in biology and medicine, volume I. Biology and
epidemiology. London: Academic Press; 1987; 121–176; .

[4] Santos, D. O.; Coutinho, C. E.; Madeira, M. F.; Bottino, C. G.; Vieira, R. T.; Nascimento,
S. B.; Bernardino, A.; Bourguignon, S. C.; Corte-Real, S.; Pinho, R. T.; Rodrigues, C. R.;
Castro, H. C. Leishmaniasis treatment—a challenge that remains: a review. Parasitol.
Res. 103:1–10; 2008.

[5] van Griensven, J.; Balasegaram, M.; Meheus, F.; Alvar, J.; Lynen, L.; Boelaert, M.
Combination therapy for visceral leishmaniasis. Lancet Infect. Dis. 10:184–194;
2010.

[6] Babior, B. M.; Kipnes, R. S.; Curnutte, J. T. Biological defense mechanisms. The
production by leukocytes of superoxide, a potential bactericidal agent. J. Clin.
Invest. 52:741; 1973.

[7] Murray, H. W. Susceptibility of Leishmania to oxygen intermediates and killing
by normal macrophages. J. Exp. Med. 153:1302–1315; 1981.

[8] Allahverdiyev, A. M.; Abamor, E. S.; Bagirova, M.; Ustundag, C. B.; Kaya, C.;
Kaya, F.; Rafailovich, M. Antileishmanial effect of silver nanoparticles and their

A. Nadhman et al. / Free Radical Biology and Medicine 77 (2014) 230–238 237

http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref1
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref1
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref1
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref2
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref2
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref2
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref3
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref3
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref3
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref3
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref4
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref4
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref4
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref5
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref5
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref5
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref6
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref6
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref7
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref7


enhanced antiparasitic activity under ultraviolet light. Int. J. Nanomed.
6:2705–2714; 2011.

[9] Singhal, S.; Kaur, J.; Namgyal, T.; Sharma, R. Cu-doped ZnO nanoparticles:
synthesis, structural and electrical properties. Phys. B: Condens. Matter
407:1223–1226; 2012.

[10] Zeferino, R. S.; Flores, M. B.; Pal, U. Photoluminescence and Raman scattering
in Ag-doped ZnO nanoparticles. J. Appl. Phys. 109; 2011. (014308-014308-
014306).

[11] Fu, Q. Radiation (solar). Amsterdam: Academic Press; 2003.
[12] Almeida, M. C. d.; Silva, A. C.; Barral, A.; Barral Netto, M. A simple method

for human peripheral blood monocyte isolation. Mem. Inst. Oswaldo Cruz
95:221–223; 2000.

[13] Keefe, D.; Shi, L.; Feske, S.; Massol, R.; Navarro, F.; Kirchhausen, T.; Lieberman,
J. Perforin triggers a plasma membrane-repair response that facilitates CTL
induction of apoptosis. Immunity 23:249–262; 2005.

[14] Walev, I.; Hombach, M.; Bobkiewicz, W.; Fenske, D.; Bhakdi, S.; Husmann, M.
Resealing of large transmembrane pores produced by streptolysin O in
nucleated cells is accompanied by NF-κB activation and downstream events.
FASEB J. 16:237–239; 2002.

[15] Xiao, L.; Gu, L.; Howell, S. B. Sailor, M. J. Porous silicon nanoparticle
photosensitizers for singlet oxygen and their phototoxicity against cancer
cells. ACS Nano 5:3651–3659; 2011.

[16] Talari, M. K.; Majeed, A. B. A.; Tripathi, D. K.; Tripathy, M. Synthesis,
Characterization and antimicrobial investigation of mechanochemically pro-
cessed silver doped ZnO nanoparticles. Chem. Pharm. Bull. 60:818–824; 2012.

[17] Allahverdiyev, A. M.; Abamor, E. S.; Bagirova, M.; Baydar, S. Y.; Ates, S. C.; Kaya,
F.; Kaya, C.; Rafailovich, M. Investigation of antileishmanial activities of Tio2@
Ag nanoparticles on biological properties of L. tropica and L. infantum
parasites, in vitro. Exp. Parasitol. 135:55–63; 2013.

[18] Escobar, P.; Hernandez, I. P.; Rueda, C. M.; Martinez, F.; Paez, E. Photodynamic
activity of aluminium (III) and zinc (II) phthalocyanines in Leishmania
promastigotes. Biomedica 26:49–56; 2006.

[19] Barbosa, A. F.; Sangiorgi, B. B.; Galdino, S. L.; Barral‐Netto, M.; Pitta, I. R.;
Pinheiro, A. L. Photodynamic antimicrobial chemotherapy (PACT) using
phenothiazine derivatives as photosensitizers against Leishmania braziliensis.
Lasers Surg. Med. 44:850–855; 2012.

[20] Dutta, S.; Ray, D.; Kolli, B. K.; Chang, K. -P. Photodynamic sensitization of
Leishmania amazonensis in both extracellular and intracellular stages with
aluminum phthalocyanine chloride for photolysis in vitro. Antimicrob. Agents
Chemother. 49:4474–4484; 2005.

[21] Peng, F.; Wang, H.; Yu, H.; Chen, S. Preparation of aluminum foil-supported
nano-sized ZnO thin films and its photocatalytic degradation to phenol under
visible light irradiation. Mater. Res. Bull. 41:2123–2129; 2006.

[22] Solis, P. N.; Wright, C. W.; Anderson, M. M.; Gupta, M. P.; Phillipson, J. D. A
microwell cytotoxicity assay using Artemia salina (brine shrimp). Planta Med.
59:250–252; 1993.

[23] Carballo, J. L.; Hernandez-Inda, Z. L.; Perez, P.; Garcia-Gravalos, M. D. A
comparison between two brine shrimp assays to detect in vitro cytotoxicity
in marine natural products. BMC Biotechnol. 2:17; 2002.

[24] Shah, N. A.; Khan, M. R.; Nadhman, A. Antileishmanial, toxicity, and phyto-
chemical evaluation of medicinal plants collected from Pakistan. BioMed Res.
Int. 2014; 2014.

[25] El-Gohary, N. S.; Shaaban, M. I. Synthesis, antimicrobial, antiquorum-sensing,
antitumor and cytotoxic activities of new series of fused [1,3,4]thiadiazoles.
Eur. J. Med. Chem. 63:185–195; 2013.

[26] Herng, T.; Lau, S.; Yu, S.; Yang, H.; Wang, L.; Tanemura, M.; Chen, J. Magnetic
anisotropy in the ferromagnetic Cu-doped ZnO nanoneedles. Appl. Phys. Lett.
90; 2007. (032509-032509-032503).

[27] Banfi, S.; Caruso, E.; Caprioli, S.; Mazzagatti, L.; Canti, G.; Ravizza, R.; Gariboldi,
M.; Monti, E. Photodynamic effects of porphyrin and chlorin photosensitizers
in human colon adenocarcinoma cells. Biorg. Med. Chem. 12:4853–4860; 2004.

[28] Prach, M.; Stone, V.; Proudfoot, L. Zinc oxide nanoparticles and monocytes:
impact of size, charge and solubility on activation status. Toxicol. Appl.
Pharmacol.; 2012.

[29] Zhang, B.; Zhang, X. -T.; Gong, H. -C.; Wu, Z. -S.; Zhou, S. -M.; Du, Z. -L.
Ni-doped zinc oxide nanocombs and phonon spectra properties. Phys. Lett. A
372:2300–2303; 2008.

[30] Ostrovsky, S.; Kazimirsky, G.; Gedanken, A.; Brodie, C. Selective cytotoxic
effect of ZnO nanoparticles on glioma cells. Nano Res 2:882–890; 2009.

[31] Guo, G.; Xiong, B.; Gong, W.; Mei, G. Disruption of bacterial cells by
photocatalysis of montmorillonite supported titanium dioxide. J. Wuhan Univ.
Technol.-Mater. Sci. Ed 24:557–561; 2009.

[32] Baptista, M.; Wainwright, M. Photodynamic antimicrobial chemotherapy
(PACT) for the treatment of malaria, leishmaniasis and trypanosomiasis. Braz.
J. Med. Biol. Res. 44:1–10; 2011.

[33] Gardner, D. M.; Taylor, V. M.; Cedeno, D. L.; Padhee, S.; Robledo, S. M.;
Jones, M. A.; Lash, T. D.; Vélez, I. D. Association of acenaphthoporphyrins with
liposomes for the photodynamic treatment of leishmaniasis. Photochem.
Photobiol. 86:645–652; 2010.

[34] Moreno, E.; Schwartz, J.; Fernández, C.; Sanmartín, C.; Nguewa, P.; Irache, J. M.;
Espuelas, S. Nanoparticles as multifunctional devices for the topical treatment
of cutaneous leishmaniasis. Expert Opin. Drug Deliv. 11:579–597; 2014.

[35] Sima, M.; Enculescu, I.; Sima, M.; Enache, M.; Vasile, E.; Ansermet, J. P. ZnO:
Mn: Cu nanowires prepared by template method. Phys. Status Solidi (b)
244:1522–1527; 2007.

[36] Rozhkova, E. A.; Ulasov, I.; Lai, B.; Dimitrijevic, N. M.; Lesniak, M. S.; Rajh, T. A
high-performance nanobio photocatalyst for targeted brain cancer therapy.
Nano Lett. 9:3337–3342; 2009.

[37] Price, M.; Reiners, J. J.; Santiago, A. M.; Kessel, D. Monitoring singlet oxygen
and hydroxyl radical formation with fluorescent probes during photodynamic
therapy. Photochem. Photobiol. 85:1177–1181; 2009.

[38] Gomes, A.; Fernandes, E.; Lima, J. L. Fluorescence probes used for detection of
reactive oxygen species. J. Biochem. Biophys. Methods 65:45–80; 2005.

[39] Zhang, X.; Rosenstein, B. S.; Wang, Y.; Lebwohl, M.; Wei, H. Identification of
possible reactive oxygen species involved in ultraviolet radiation-induced
oxidative DNA damage. Free Radic. Biol. Med. 23:980–985; 1997.

[40] Okada, Y.; Okajima, H. [Scavenging activity of furan derivatives against
hydroxyl radical generated by Fenton system]. Yakugaku Zasshi 118:226; 1998.

[41] Huarac, J. C. B.; Tomar, M.; Singh, S.; Perales-Perez, O.; Rivera, L.; Pena, S.
Multifunctional Fe3O4/ZnO core-shell nanoparticles for photodynamic ther-
apy. NSTI-Nanotech :405–408; 2010.

[42] Hatz, S.; Lambert, J. D.; Ogilby, P. R. Measuring the lifetime of singlet oxygen in
a single cell: addressing the issue of cell viability. Photochem. Photobiol. Sci.
6:1106–1116; 2007.

[43] Ahamed, M.; Akhtar, M. J.; Raja, M.; Ahmad, I.; Siddiqui, M. K. J.; AlSalhi, M. S.;
Alrokayan, S. A. ZnO nanorod-induced apoptosis in human alveolar adeno-
carcinoma cells via p53, survivin and bax/bcl-2 pathways: role of oxidative
stress. Nanomed. Nanotechnol. Biol. Med 7:904–913; 2011.

[44] Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel.
Science 311:622–627; 2006.

A. Nadhman et al. / Free Radical Biology and Medicine 77 (2014) 230–238238

http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref7
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref7
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref8
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref8
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref8
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref9
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref9
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref9
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref10
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref11
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref11
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref11
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref12
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref12
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref12
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref13
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref14
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref14
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref14
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref15
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref15
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref15
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref16
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref16
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref16
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref16
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref17
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref17
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref17
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref18
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref18
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref18
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref18
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref19
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref19
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref19
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref19
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref20
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref20
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref20
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref21
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref21
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref21
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref22
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref22
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref22
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref23
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref23
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref23
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref24
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref24
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref24
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref25
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref25
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref25
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref26
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref26
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref26
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref27
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref27
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref28
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref28
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref28
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref29
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref29
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref29
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref30
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref30
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref30
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref30
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref31
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref31
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref31
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref32
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref32
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref32
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref33
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref33
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref33
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref34
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref34
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref34
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref35
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref35
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref36
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref36
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref36
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref37
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref37
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref38
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref38
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref38
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref38
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref38
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref39
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref39
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref39
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref40
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref40
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref40
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref40
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref41
http://refhub.elsevier.com/S0891-5849(14)00424-9/sbref41


© 2015 Nadhman et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

International Journal of Nanomedicine 2015:10 6891–6903

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
6891

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S91666

Visible-light-responsive ZncuO nanoparticles: 
benign photodynamic killers of infectious 
protozoans

akhtar Nadhman1,2

samina Nazir2

Malik Ihsanullah Khan1

attiya ayub2,3

Bakhtiar Muhammad3

Momin Khan1

Dilawar Farhan shams4

Masoom Yasinzai1,5

1Department of Biotechnology, 
Quaid-i-azam University, Islamabad, 
Pakistan; 2Nanosciences and catalysis 
Division, National centre for Physics, 
Quaid-i-azam University campus, 
Islamabad, Pakistan; 3Department 
of chemistry, hazara University, 
Dhodial, Pakistan; 4Department of 
environmental sciences, abdul Wali 
Khan University Mardan, Mardan, 
Pakistan; 5center of Interdisciplinary 
research, International Islamic 
University, Islamabad, Pakistan

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.1,2 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,3 and cutaneous 

leishmaniasis.4 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.5 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.6 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.7 TiO
2
 and ZnO are considered 

potential photosensitizers for PDT due to their unique photo-

toxic effect upon irradiation.8,9 The lower cost, nontoxicity, 

high crystallinity, and being in a similar band to that of TiO
2
 

make ZnO a suitable and cheap alternative.10

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.11 Cu doping may help in enhancing the 

phototoxic activity through dual mode: addition of more elec-

tropositive Cu2+ 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.12

Leishmaniasis caused by Leishmania spp. is a digenetic 

(heteroxenous) parasitic protozoa of humans and animals.13 

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.14 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.13

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 dopant15 but it produced a lower 

ROS, and the half maximal inhibitory concentration (IC
50

) 

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 (PEG), 

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 HCl 

from Merck and Co.

synthesis
The ZnCuO nanoparticles were synthesized by a modi-

fied Masayuki method.16 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 1 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-Kα radiation 

of λ=1.54 Å 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 5UDH-2 Pelletron linear tandem accelerator 

facility using He2+ 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.15

hemolysis assay
Hemolysis assay was carried out by using a modified method 

of Nederberg et al.17 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 μL 

of red blood cell suspension in HBSS (4% in volume) was 

placed in 96-well plates and 20 μL 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
2
. The suspended cells were taken and centrifuged 

at 1,000× 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:

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 method15 

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 (1×106/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 μg/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
50

 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 μg/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 ( )
OD at 576 nm in the nanoparticle solution OD 

% =
− aat 576 nm in HBBS

OD at 576 nm in  Triton X- OD at 0 1 100. % − 5576 nm in HBBS
×100  (1)
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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 (2×108 cells/mL)  

and ZnCuO nanoparticles were added at a concentra-

tion of 10 μg/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 HCl. 

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 2×104 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
2
 for 5 days. 

Washing was done until the removal of non-phagocytosed 

promastigotes, and 0.1 μg/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 μg/mL) and other group 

with ethidium bromide (100 μg/mL) mixed with acridine 

orange (100 μg/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.18

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 μM 

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
50

) 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.19 Although, the therapeutic index 

was higher, it can be elucidated (Figure 1) that increasing 

the concentration of dopant increased toxicity; for example, 

the LC
50

 of non-doped ZnO (ndZnO) was 122±14.52 μg/mL 

while that of ZnCuO6 was 44±8.90 μg/mL. But according 

to George et al,20 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 μg/mL) to these 

macrophage cells.21

Furthermore, biocompatibility was also assessed on red 

blood cells. The cationic agents have major harmful side 

effects including hemolysis.17 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 μg/

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,22 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 μg/mL 

as metal oxides are toxic at higher concentrations.23

Figure 1 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. lc50 and lc90 were 
calculated by sPss 21.
Abbreviations: lc50, lethal concentration, 50%; lc90, 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 μg/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 μg/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
50

 in 

the μg 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 μg/mL. As for sunlight, the global luminous 

efficacies (white light proportion) are approximately 105 

lm/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.24 

Tungsten light is powerful, but a major portion of the emitted 

radiations from a tungsten source is in the IR region25 and is 

of little use for the PDT. Therefore, we used the IR filter to 

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 cells26 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
50

 values were in the order: 

ZnCuO3.ZnCuO6.ZnCuO5.ZnCuO4.ZnCuO2.

ZnCuO1. 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 ZnCuO5 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
DPBF is a fluorescent dye normally used for the quantification 

of ROS, especially the singlet oxygen and hydroxyl radicals.27 

This dye is sensitive to ROS and rapidly decolorizes. The dye 
Figure 2 Time-dependent activity of all the ZncuO nanoparticles against the 
promastigotes of Leishmania tropica (mean percent killing of ZncuO nanoparticles).

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 11 am and 12 noon, and afterward incubated in the dark for 
24 hours at 24°c.
Abbreviation: nd, non-doped.
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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:

 Φ∆ZnCuO
 = Φ

MB
 (k

ZnCuO
/k

standard
) (2)

where Φ∆ZnCuO is the quantum yield of semiconductor 

nanoparticles and Φ∆MB 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% 

Figure 4 statistical comparison of Ic50 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: Ic50, half maximal inhibitory concentration.

Figure 5 The inverse relation between reactive oxygen species (rOs) and Ic50 of ZncuO particles.
Note: The left side of scale shows the quantum yield of rOs, while the right side scale shows the Ic50 of ZncuO particles against Leishmania promastigotes.
Abbreviation: Ic50, 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
50

, which showed that ROS 

has an inverse relation with IC
50

 of nanoparticles (P,0.01), 

as the more is ROS the less is IC
50

. ZnO nanoparticles have 

the capability to produce a lesser amount of ROS28 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.29,30 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
50

 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.31 To 

minimize the recombination reaction, the charge carriers 

were trapped by the introduction of Cu.32 Thus, it enhanced 

the photocatalytic activity by producing more ROS due to the 

surface-to-volume ratio that resulted in more surface oxygen 

vacancies.33 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.31,34 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 μs);35 

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.30 For the hydroxyl radicals, it is 

Figure 6 Percentage production of reactive oxygen species (rOs) moieties by the ZncuO nanoparticles using 0.1 mM sodium azide and 1 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.28,36 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 

of the 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, 

ZnCuO2, ZnCuO5, ZnCuO4, and ZnCuO1, 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.37 The delivery of the 

nanoparticles was concentration dependent as an increase of 

dopant increased the entry of ZnCuO particles. In the case of 

ndZnO, the zinc concentration was 0.98±0.06 μg/mL while 

that of ZnCuO3 was 1.48±0.28 μg/mL whereas in the con-

trol, zinc concentration was 0.023±0.009 μg/mL and the Cu 

concentration ranged from 0.01 to 0.023 μg/mL while there 

was no Cu in the control cells (Figure 7). Dopant decreased 

the dissolution of Zn2+ and thus increased the uptake of 

Zn.20 Further, the dissolution of these nanoparticles depends 

on the acidic environment of the lysosomes and calveolar 

compartments of the cell.38 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.39 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 μg/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 

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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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.40 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.41 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.42 Microscopic visualiza-

tion of staining cells with suitable dye is a primary technique 

to study the biological mechanisms.43 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.44 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).45 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.46 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 μg/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.47 ZnCuO3-treated 

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).

Figure 9 apoptosis and necrosis of Leishmania cells after exposure to ZncuO3 particles for 1 and 3 hours.
Notes: (A) Bright field image; (B) cell exposure to ZncuO3 particles at 1 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 1 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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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 M199, 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
50

 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
50

 

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 T
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investigations are required to elucidate the biocompatibility 

and biosafety of such particles in vivo.
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Abstract: Recently, the authors reported newly synthesised polyethylene glycol (PEG)ylated silver (9%)-doped zinc oxide
nanoparticle (doped semiconductor nanoparticle (DSN)) which has high potency for killing Leishmania tropica by
producing reactive oxygen species on exposure to sunlight. The current report is focused on Leishmania DNA
interaction and damage caused by the DSN. Here, we showed that the damage to Leishmania DNA was indirect, as
the DSN was unable to interact with the DNA in intact Leishmania cell, indicating the incapability of PEGylated DSN to
cross the nucleus barrier. The DNA damage was the result of high production of singlet oxygen on exposure to
sunlight. The DNA damage was successfully prevented by singlet oxygen scavenger (sodium azide) confirming
involvement of the highly energetic singlet oxygen in the DNA degradation process.

1 Introduction

Continuous demand for anti-parasitic drugs has urged researchers to
explore metal nanoparticles for being less toxic and more capable to
exhibit anti-parasitic activity against parasitic diseases.
Nanoparticles have the ability to penetrate the cell membrane,
affecting the metabolic and genomic activities acting as a drug to
control or cure a disease. However, there is an indispensable need
of understanding the interactions of metal nanoparticles with
cellular molecules [1]. Previously, metal nanoparticles were used
for DNA interactions and degradation studies [2]. Metal
nanoparticles attack the DNA and possibly affect its synthesis,
replication and structural integrity thus impeding the DNA
function [3]. The large surface to volume ratio makes metal
nanoparticles suitable candidates to produce reactive oxygen
species (ROS) especially singlet oxygen in the immediate vicinity
[4]. The singlet oxygen basically causes degradation of DNA by
promoting DNA cleavage with base modification or direct strand
scission and leading to cell death [5].

Previously, gold, silver, platinum, copper and zinc oxide (ZnO)
nanoparticles have been tested against cancer and bacterial
DNA degradation [6–9]. However, work on ZnO nanoparticles for
DNA degradation toward parasitic organism especially Leishmania
has not been reported. Leishmania causes a severe clinical
manifestation called Leishmaniasis; a complex disease ranging
from skin lesions to chronic systemic infection in the liver and
spleen [10]. The current work was aimed to delineate the
interaction mechanism of silver-doped ZnO nanoparticles doped
semiconductor nanoparticle (DSN) with both the intact Leishmania
DNA and purified DNA using ultraviolet-visible (UV–vis)
absorption spectroscopy. Moreover, comet assay and gel
electrophoresis were performed to study the degradation of
Leishmania DNA by the singlet oxygen produced by the
illumination of DSN with sunlight. Overall, the current report
gives a prediction of the oxidative stress on the Leishmania DNA
produced by DSN and provides an insight into the potential of this
engineered nanoparticle as anti-leishmanial agents.

2 Material and methods

2.1 Nanoparticle and Leishmania culture

In the current paper, we used our previously synthesised ZnO
nanoparticle doped with 9% silver (DSN) by co-precipitation
method. Briefly, triton X-100 (5%) was dissolved in ethanol
(Sol A). Zinc acetate dihydrate and silver nitrate (9 mol% of
Zn precursor) were dissolved in ethanol (final concentration of
50 mM of precursors) (Sol B). After mixing Sol B with A, the
final solution was titrated against 100 mM sodium hydroxide
(NaOH). The resulting material was subjected to the argon
atmosphere in a tube furnace at 30 sccm, at 4°C/min and finally
maintaining at 100°C for 4 h. Later, the nanoparticle was capped
with polyethylene glycol (PEG)-400. The particle size was
measured by dynamic light scattering (DLS) (Brookhaven
Instruments, Inc., New York, USA), after dissolving 100 µg/ml
of DSN in de-ionised water and sonicating for 15 min (3 min on
and 1 min off) and performed on particle size analyser operating
at an angle of 90°, with a solid-state laser (15 mW, 659 nm) as
light source. Dust particles were removed through Millipore
Millex-HV filters with a pore size of 0.8 µm before DLS
measurements.

Leishmania tropica KWH23 promastigotes were grown
in Medium 199 (M199) (pH 7.2) with 25 mM HEPES (4-(2-
hydroxyethyl)-l-piper-azi-neethanesulfonic acid), 10% foetal bovine
serum and antibiotics at 24°C. For axenic amastigotes, Leishmania
promastigotes were cultured in M199 at pH 5 and maintained at
33°C for 6 days [11]. The Leishmania cells were taken at a
concentration of 2 × 108 cells/ml in all experiments. The cells were
treated with 10 µg/ml of DSN. The experiments were carried out
in two conditions, that is, one in dark and other in sunlight for 15
min. After that they were incubated at 24°C in full dark condition
for 24 h. Full mortality (100% killing) was achieved after 24 h by
checking the motility of Leishmania under microscope on an
Neubauer chamber. The same protocol was repeated in all
experiments.
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2.2 DNA extraction

DNA was extracted from Leishmania (both treated and untreated)
by adding 100 µl of lysis buffer (0.3 M sucrose, 10 mM
Tris-hydrochloride (HCl) (pH 7.5), 2 mM ethylenediaminetetraacetic
acid (EDTA) (pH 8.0), 1% triton X-100, 10 mM sodium dodecyl
sulphate and 8.5 µl proteinase K solution (20 µl/ml) and then
incubated in a water bath at 60°C for 2 h. Equal quantity of phenol:
chloroform (1:1) was added to the above solution and centrifuged at
10,000 rpm for 10 min. After taking the aqueous layer with
the DNA, 1 mL of chilled isopropanol was added and centrifuged
again at 10,000 rpm for 10 min. After precipitation, DNA was
washed with 70% ethanol and suspended in Tris-EDTA (TE) buffer
(1 M Tris-HCl, 0.5 M EDTA).

2.3 DNA interaction by UV–vis spectroscopy

Leishmania DNA was dissolved by overnight stirring in double
de-ionised water (pH = 7.0) and kept at 4°C. De-ionised water was
used to prepare buffer (20 mM phosphate buffer (monosodium
phosphate (NaH2PO4)) (disodium phosphate (Na2HPO4)), pH =
7.2). The DNA concentration was determined via absorption
spectroscopy using the molar absorption coefficient of 6600 M−1

cm−1 (270 nm) for Leishmania DNA [12, 13] and it was found to
be 1.8 × 10−4 M. The DSN nanoparticle was dissolved in
de-ionised water. The UV absorption titrations were performed in
the absence and presence of DNA. Same concentration of DNA
was added both to the DSN and reference solutions to eliminate
the absorbance of DNA itself. DSN-DNA solutions were allowed
to incubate for 10 min at room temperature before measurements
were made. Absorption spectra were recorded using cuvettes of 1
cm path length at room temperature (25 ± 1°C).

2.4 Comet assay

The comet assay of promastigotes and amastigotes was carried out
according to Singh et al. [14] protocol with the following
modifications. A 10 µl of each fresh and DSN treated Leishmania
cell suspension (10,000 cells) were mixed with 100 µl of 0.7%
low-melting agarose in phosphate buffer at 24°C. Subsequently,
100 µl of this mixture was layered onto two slides (one for each
sample) already pre-coated with thin layer of 1% agarose and
afterwards covered with a cover-slip. After solidifying the agarose
at 4°C, the slides were immersed in freshly prepared lysing
solution consisted of 0.1 M EDTA, 10 mM Tris base, 2.5 M
sodium chloride, 1% of triton X-100 and 10% dimethyl sulfoxide
(DMSO) for 30 min. For unwinding, the slides were submerged in
alkaline electrophoresis buffer consisting of 10 N NaOH and 0.2
M EDTA (pH 13) for 1 h and then electrophoresed at 24 V for 20
min. Afterwards, slides were further immersed in neutralisation
buffer for 3–5 min and were stained with ethidium bromide (1 µg/
ml). The slides were observed under fluorescence microscope
(Nikon, Tokyo, Japan) provided with epi-flourescence and
equipped with a rhodamine filter (excitation wavelength, 546 nm
and barrier filter, 580 nm).

2.5 ROS scavenging and DNA degradation

To the treated Leishmania (dark and sunlight) and to isolated
Leishmania DNA (treated with 10 µg/ml of DSN), 0.1 mM of
sodium azide and 1 mM of mannitol were added as singlet oxygen
and hydroxyl radical scavengers. From the treated Leishmania,
DNA was isolated by the above method. All DNA samples were
electrophoresed on 1% agarose gel at 100 V. The DNA was
visualised by using 0.5 µg/ml of ethidium bromide.

In another group, Leishmania cells were exposed to serial
concentrations (0.01–10 mM) of sodium azide and mannitol
without any DSN for any inhibitory effect of these scavengers.
These cells were incubated at 24°C for 24 h. Viable cells were
counted by both trypan blue and motility of Leishmania cells on
Neubauer chamber.

3 Results and discussion

3.1 Particle size

The present paper revealed the effect of PEGylated silver-doped ZnO
nanoparticle on L. tropica DNA, that is, on the DNA of Leishmania
cell pre-treated with the nanoparticle and also on isolated
Leishmania DNA. First, the size of the synthesised nanoparticle
was measured on DLS and it was found that the mean
hydrodynamic diameter was 45 nm (Fig. 1). This size was not in
accordance with the scanning electron microscopy in our previous
findings, which showed an average size of 23 nm [15]. The results
of different size determination methods are based on the applied
principles, for example, DLS gives mean hydrodynamic diameter
of all the particles in solution. Moreover, the agglomeration of
particles playa an important role, and thus on polydispersity it
gives a weighted hydrodynamic diameter of collection of particles
with larger size [16].

3.2 DNA interaction by UV–vis spectroscopy

Electronic absorption spectrum was initially used to examine the
interaction between DSN and Leishmania DNA. Fig. 2 shows the
UV–vis spectrum of free Leishmania DNA, free DSN and DSN +
DNA. Fig. 3 shows the absorption peak of treated DNA (DNA

Fig. 1 DLS of the synthesised nanoparticle

Fig. 2 UV–vis of isolated Leishmania DNA without exposure to sunlight:
(i) free DNA, (ii) treated with DSN, and (iii) DSN alone
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extracted from Leishmania cell pre-treated with DSN). It was found
that in the presence of DNA, hypochromism (decrease in
absorbance) occurred. As shown in Fig. 3, there was no shift in
the original peak of the DNA on the addition of DSN. The
hypochromic shift for DSN +DNA peak was probably due to the
dilution effect of solvent. Any kind of interaction (either
intercalation or electrostatic interaction) between the DSN and
DNA results in a shift. For instance, if there was an intercalative
interaction than there must be hypochromic shift along with red
shift. As intercalative mode of interaction involves the π–π
stacking interaction in which energy for the said transition reduces,
which results in a red shift [17–19]. Interestingly, there was no
interaction of DSN with the Leishmania cell DNA. The results
were confirmed using both UV–vis spectrometry and gel
electrophoresis during dark exposure. This might have been
resulted due to the incompetence of PEGylated DSN delivery to
nucleus that is highly selective and is the most significant barrier
to efficient delivery systems [20].

3.3 Gel electrophoresis

In our previous paper, we found that DSN were capable of producing
a good quantum yield of ROS (0.27) with more than 80% of singlet
oxygen and remaining hydroxyl radical on exposure to sunlight for
15 min [15]. The intensity of light was adjusted to control the
singlet oxygen generation because more exposure to light causes
photosensitiser photobleaching and oxygen depletion [4]. In the
current paper, 0.1 mM sodium azide and 1 mM mannitol were
used to scavenge both singlet oxygen and hydroxyl radicals [17,
18]. Low concentrations of both the scavengers were used because
higher concentrations caused Leishmania cell death (Fig. 4).
Sodium azide scavenged singlet oxygen and completely inhibited
the DNA degradation in both Leishmania cell pre-treated with
DSN and also on isolated Leishmania DNA (Fig. 5). However,
mannitol was unable to prevent DNA degradation. Thus, this can
be elucidated that singlet oxygen was involved in the degradation
of Leishmania DNA. Furthermore, experiments in the dark showed
that no nuclease activity of the current nanoparticles was found.
However, the current results were in accordance with the
previously used ZnO and copper nanoparticles for the DNA
degradation by producing ROS especially singlet oxygen [6, 8, 18].

3.4 Comet assay

There are many assays available to measure the DNA damage by
oxidative stress but the powerful and sensitive method is comet
assay or single cell gel electrophoresis [19, 21]. Currently, this
method was used to measure the oxidative stress generated by the
ROS especially singlet oxygen by the DSN on Leishmania cells in

the presence of sunlight. Comet assay was performed on both
promastigotes and amastigotes because Leishmania exists in two
morphological forms, that is, extracellular form (promastigote) and
intracellular form (amastigote). Leishmania (promastigotes and
amastigotes) cells were treated accordingly and were lysed in high
salt concentrations for unwinding and electrophoresis at alkaline
pH and neutral pH for the detection of both single and double
stranded breaks. In the presence of electric field, the DNA
migrated to anode and both amastigotes and promastigote cells
were showing a comet like appearance indicating the DNA
damage (Fig. 6). Interestingly, there was no clear difference in the
comet formation by both amastigote and promastigote forms. It
was confirmed that the DSN was capable of causing DNA
degradation in both forms. The comets were only observed in the
light treated promastigote and amastigote cells in the presence of

Fig. 3 UV–vis of Leishmania DNA without exposure to sunlight, treated
with DSN and showing no interaction with intact cell DNA

Fig. 4 Dose-dependent response of sodium azide against L. tropica

Fig. 5 Gel electrophoresis of Leishmania DNA. Lane 1 represents the
untreated (control) Leishmania DNA, Lane 2 shows DSN treated
Leishmania in dark and its DNA, Lane 3 shows DNA isolated from treated
Leishmania with DSN on exposure to light in the presence of sodium azide
(singlet oxygen scavenger), Lane 4 shows DNA isolated from treated
Leishmania with DSN on exposure to light in the presence of mannitol and
DMSO (hydroxyl radical scavenger) and lane 5 shows DNA isolated from
Leishmania and later on treated with DSN and exposed to sunlight
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DSN (average DNA tail of 32.78% and tail moment of 5.94 µm),
whereas no comets were present in case of dark treated cells.
Furthermore, the comet tail was unidirectional on rotation of
electric field, showing the attachment of DNA with the head [22].
However, the UV–vis spectroscopy has shown no interaction of
Leishmania DNA pre-treated with DSN, thus the comets produced
currently might be because of the entry of nanoparticles to the
cytoplasm, and thus on activation with light it produced the singlet
oxygen which caused indirect damage to DNA [6]. However, ZnO
nanoparticles have the capability to interact directly or indirectly
with DNA causing DNA damage independent of the cell type
[23]. Moreover, our paper is in accordance with the previous
reports of oxidative stress produced by the ZnO in the intracellular
environment which leads to cell death [24].

4 Conclusion

It can be concluded that the results were in accordance with our
previous findings that silver (9%)-doped ZnO nanoparticle was
responsible for the killing of Leishmania by producing ROS
especially singlet oxygen on excitation in sunlight. Singlet oxygen
degraded Leishmania DNA on production in sunlight.
Furthermore, the UV–vis spectroscopy showed that the
nanoparticles in dark were not affecting the DNA confirming the
involvement of the major role of light inducing singlet oxygen
production which was further confirmed both by comet formation
and gel electrophoresis. However, this PEGylated DSN was
incapable of reaching the nucleus but it was able to degrade DNA
by indirect mechanism. In summary, the ability of DSN to degrade
DNA and killing Leishmania makes it a suitable anti-leishmanial
candidate. Furthermore, the use of this nanoparticle as a
therapeutic agent is advantageous because human body has the
capability to metabolise both silver and zinc since they are major
micronutrients. However, the incapability of the DSN to reach
nucleus can be utilised in designing better and more active
anti-leishmanial drug by chemically modifying the DSN with a
particular carrier macromolecule. Currently, our focus is on using
such nanoparticles and designing new kinds of carrier systems and
molecules, which can be helpful in delivering such nanoparticles
to the targeted site.
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