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Abstract  

The present study was designed to synthesize some innovative multifunctional 

polymeric excipients for improved efficacy and site-specific delivery of anti-

Leishmanial drugs. Therefore, mannose anchored thiolated chitosan-grafted-

polyethyleneimine (M-(CS-g-PEI)-TGA) polymeric excipient was synthesized and 

utilized for the development of first-line Meglumine Antimoniate (MA) anti-

Leishmanial drug nanoformulation to address the cellular bioavailability limitations. 

On the other hands, mannose anchored thiolated chitosan (M-CS-TGA) polymeric 

excipient was manufactured for the production of second-line Amphotericin B (AmB) 

anti-Leishmanial drug nanoformulation to reduce off-target adverse events by specific 

pathological organs reservoirs delivery. The newly synthesized M-(CS-g-PEI)-TGA 

polymeric excipient graft was evaluated for Trypanothione Reductase (TR) enzyme 

inhibition as a potential target. The observed hydrodynamic size of M-(CS-g-PEI)-TGA 

based MA nanoformulation and M-CS-TGA based AmB nanoformulation was found 

to be 287 ± 20 and 482 ± 17 respectively, with positive zeta-potential and low PDI. M-

(CS-g-PEI)-TGA based MA nanoformulation showed the maximum macrophage 

internalization uptake of 61.47 ± 0.25 µg/106 cells. The flow cytometry analysis against 

Leishmania donovani infected macrophage model demonstrated 7.9- and 23-folds 

enhanced efficacy of M-(CS-g-PEI)-TGA based MA nanoformulation and M-CS-TGA 

based AmB nanoformulation as compared to MA and AmB, respectively. The results 

of in-vivo BALB/c mice visceral Leishmaniasis model for M-(CS-g-PEI)-TGA based 

MA nanoformulation displayed 5.22-fold decreased parasitic burden (p < 0.0001) 

compared to that of MA. For maximum selective targeting of the pathological organ 

while minimizing exposure to the organs prone to toxic effects, in vivo tissue 

distribution study, was conducted. M-CS-TGA based AmB nanoformulation showed a 

higher concentration of AmB (101 mg) in the liver as compared to the native AmB drug 

(43 mg). But in the case of the kidney, the M-CS-TGA based AmB nanoformulation 

revealed less concentration of AmB with respect to native AmB drug. Inorder to 

establish the safety profile of the AmB nanoformulation, the acute oral toxicity in 

female Swiss mice did not show any evident change in cellular morphology supporting 

the safety of M-CS-TGA due to renal clearance. The oral pharmacokinetic studies 

showed that M-(CS-g-PEI)-TGA based nanoformulation and M-CS-TGA based 

nanoformulation significantly enhanced bioavailability of MA and AmB respectively. 
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The observed enhanced pharmacokinetic profile might be due to permeation enhancing 

potential of synthesized polymeric excipients. Based on these findings, incorporation 

of new multifunctional polymeric excipients for the development of macrophage-

targeted nanoformulation seems to be a promising strategy to enhance the efficacy and 

safety of the anti-Leishmanial drug. 
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1. INTRODUCTION 

Leishmaniasis is a deadly parasitic ailment, caused by more than 17 species of genus 

Leishmania (Croft et al., 2006). WHO categorized Leishmaniasis as major tropical 

diseases, second to malaria in terms of mortality (Sangshetti et al., 2015). 

Leishmaniasis remains a serious public health problem with ever increasing cases 

worldwide (Postigo, 2010). The estimated worldwide prevalence of Leishmaniasis is 

12 million with 1.5-2 million new cases of cutaneous Leishmaniasis (CL) and 500,000 

of Visceral Leishmaniasis (VL) annually, causative of more than 500,000 deaths each 

year. About 350 million people living in the endemic areas are at the risk of developing 

the infection (Palatnik-De-Sousa and Day, 2011, Deribe et al., 2012, Gkolfinopoulou 

et al., 2013). In Saudia Arabia Syria, Peru, Algeria, Iran, Brazil, and Pakistan around 

90 % cases of cutaneous Leishmaniasis have been reported, while in case of VL about 

90 % of cases are reported in Brazil, India, Bangladesh Nepal, and Sudan (Alvar et al., 

2012). The ever increase in Leishmaniasis cases is due to the lack of effective 

diagnostics, treatments, limited therapeutic agents, development of resistance and 

toxicity. So, it is in dire need to develop an effective and cheap therapy to provide 

effective control over this deadly disease.  

1.1. The life cycle of Leishmania parasite 

Leishmania parasite possesses a dimorphic lifecycle toggled between promastigote and 

amastigote stages and schematic diagram is shown in Fig.1.1 (Gossage et al., 2003). 

Promastigotes reside in the sand-fly vector while amastigotes reside in the mammalian 

host. Female sand flies of genus Phlebotomus in the old world and genus Lutzomyia in 

the new world can carry the Leishmania parasite in their mid-gut (Sacks, 2001). 

Promastigotes are flagellated, elongated motile cells and 8-10 µm long. Within a period 

of 7 days, a developmentally regulated process occurs where pro-cyclic promastigotes 

are converted into metacyclic promastigotes. During the process, the surface molecular 

chemistry of the parasite is changed, like the appearance of lipophosphoglycan, 

increased expression of major surface proteins (GP63), resulting in resistance to the 

complement-mediated lysis and increased parasitic infectivity (Bates, 2007).  

During the blood meal from the mammalian host, the female sand fly injects a wide 

range (10-10,000) of metacyclic promastigotes in the subcutaneous tissue along with 

saliva via a single bite (Kimblin et al., 2008). The salivary proteins are very 
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immunogenic and immediately after injecting, the promastigotes are taken up by the 

cells of a polymorphous phagocytic system like macrophages, neutrophils and dendritic 

cells (DCs) (Peters et al., 2008, Gomes and Oliveira, 2012). Leishmania parasite is 

obligate intracellular in nature and resides inside the macrophages. Inside the 

phagolysosomes of the macrophages transformation from promastigotes to amastigotes 

occurs, triggered by the elevated temperature of 37oC and decreased pH 5.5 (Barak et 

al., 2005). Amastigotes are elliptical, an a-flagellated non-motile entity having the 

ability to survive the oxidative burst, the killing mechanism of macrophages, owing to 

the unique redox biology of Leishmania and propagates inside phagosomes (Sarwar et 

al., 2017a). Eventually, the macrophages are ruptured and release the amastigotes 

which are taken up by the other macrophages and thus macrophages act as a source of 

propagation of infection. The amastigotes can be taken up by the sand-fly during the 

blood meal from the infected mammalian host where they are converted back to pro-

cyclic promastigotes.  

 

Figure 1.1: Life cycle of Leishmania parasite 1) Sandfly takes blood meal and ingests 

amastigotes infected macrophages 2)Amastigotes transform into promastigotes in the 

sand fly gut 3) Promastigotes multiply and transform into foregut 4) Sandfly injects 

promastigotes during blood 5) Neutrophils are recruited at to the bite area and 

promastigotes are phagocytosed 6) The parasites are released by the neutrophils and are 

taken up by macrophages 7) In macrophages promastigotes are converted to 

amastigotes 8) amastigotes are released to infect other cells. 
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1.2. Leishmaniasis: Spectrum of disease 

Leishmaniasis is a disease complex and different clinical manifestations are dependent 

upon different species of infecting Leishmania parasite. Among various causative 

organism, viz, L. tropica. L. donovani, L. mexicana, L. infantum, L. brazilienses, L. 

amazonesis, L. venezulensis that affect a wide population some are significantly 

associated with morbidity. Generally, the Leishmaniasis manifests as CL, VL and 

Mucocutaneous Leishmaniasis (MCL) but the most fetal manifestation is VL.  

1.2.1. Cutaneous Leishmaniasis 

Cutaneous Leishmaniasis (CL) is mainly caused by the L. tropica and L. major in the 

old world and by L. amazonesis and L. mexicana in the new world. The CL is 

characterized by the erythema at the site of bite that progressed into ulceration of the 

skin followed by the lesion with 2-6 weeks of infection. The CL is usually self-healing 

within 2-9 months depending upon the host immunity and the infecting species. 

However, self-healed lesions leave behind the cutaneous scars and results in social 

stigma. A very rare manifestation of CL is diffused cutaneous Leishmaniasis (DCL) in 

which the lesion can cover the entire body by disseminating through the skin. DCL is 

not self-healing and is very difficult to treat. The reason behind the differential 

manifestation in unclear yet (David and Craft, 2009).  

1.2.2. Mucocutaneous Leishmaniasis  

MCL is caused by the infection with L. panamensis and L. braziliensis and is developed 

years after the cutaneous infection caused by the metastasis of the parasite to the facial 

mucosal tissue (David and Craft, 2009). The ulceration of the mouth and nose followed 

by the nasal perforation and damage to nasal cartilage are the clinical symptoms, 

resulting in severe facial disfigurement (Ives et al., 2011).  

1.2.3. Visceral Leishmaniasis  

Visceral Leishmaniasis (VL) is the most severe form of Leishmaniasis that affects the 

reticuloendothelial system. VL is caused by the L. infantum and L. donovani depending 

upon the geographical distribution. The incubation period varies from 3 to 8 months 

and disseminates to the visceral organs causing inflammation of the liver and spleen 

and other visceral organs. Symptoms include weight loss, fever, hepatosplenomegaly, 

hypergammaglobulinemia, and pancytopenia. Usually, VL is chronic and is fatal if left 

untreated because of immunosuppression and susceptibility to secondary bacterial 
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infections. Another clinical manifestation of VL is posted Kala-Azar Dermal 

Leishmaniasis (PKDL) that occurs in the patient of VL following the resolution of VL. 

PKDL occurs in a small percentage of India and Africa. The skin lesions are maculo-

popular and nodular and spread from peroral areas to other parts of the body (Chappuis 

et al., 2007, Fauci, 2008).  

1.3. Treatment of Leishmania 

Leishmaniasis comes under the most neglected tropical diseases and is considered as 

an orphan because it received little attention from the pharmaceutical sector and 

government. To date, no vaccine is available against Leishmaniasis especially the VL 

and the medical management relies on the chemotherapy. However, the lack of interest 

in drug development left with the limited choice of drugs against the Leishmaniasis. 

The available drugs being used against VL failed to demonstrate the full therapeutic 

potential due to development of resistance and severe toxicity. The most commonly 

used drugs against the VL are as follows; 

1.3.1. Antimonial compounds  

Urea stibamine was the first antimonial compound used for the effective eradication of 

L. donovani by Prof. Brahmachari from India in 1912 and nominated for the noble prize 

in 1929 (Haldar et al., 2011). Although the drug saved the lives of many poor Indians, 

urea stibamine showed some serious side effects due to the presence of antimony in its 

trivalent form (Sb-III). In pursuit of developing a less toxic antimonial compound, Prof. 

Brahmachari synthesized antimony gluconate in 1937 and sodium stibogluconate in 

1945 in which the antimony was in its pentavalent form (Sb-V) (Kikuth and Schmidt, 

1937, Goodwin, 1995). Since then, the pentavalent antimonial compounds are being 

used as the first line drugs for the therapy of Leishmaniasis. Nowadays, the most 

commonly used antimonial compounds are meglumine antimoniate (MA) and sodium 

stibogluconate (SSG). The chemical structure of MA and SSG are presented in Fig. 1.2 

1.3.1.1. Mechanism of action 

Pentavalent antimonial compounds remain the standard therapeutic modalities against 

Leishmaniasis in the last six decades. However, the mechanism by which they exert 

anti-Leishmanial activity is yet nearly understood (Sundar and Goyal, 2007). It is 

widely accepted that the pentavalent antimonial compounds (Sb-V) act as a pro-drug 

and the anti-Leishmanial activity requires its conversion to biologically more active 
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trivalent form (Sb-III) (Ephros et al., 1999, Shaked-Mishan et al., 2001). Thiol groups 

from the mammalian host and the parasite actively involved in the conversion of Sb-III 

from Sb-V. The main thiols of the mammalian source include cysteinyl-Glycine (Cys- 

Gly), Cysteine (Cys) and glutathione (GSH) while the main thiols of parasitic origin 

include trypanothione T[SH]2 (Mego, 1985, Dos Santos Ferreira et al., 2003, Yan et 

al., 2003). Cys-Gly and Cys are predominant thiols of the lysosomes while GSH is 

abundant in the cytosol of the mammalian host. The converted Sb-III then potentially 

targets a metabolic enzyme of Leishmania, Trypanothione reductase (TR) and zinc 

finger proteins (Cunningham and Fairlamb, 1995, Demicheli et al., 2008). 

Trypanothione T[SH]2 / trypanothione reductase (TR) system in Leishmania acts as a 

counterpart to the Glutathione/ glutathione reductase system and protects the parasite 

against the oxidative stress imposed by macrophage, toxic heavy metals and provide 

reducing equivalents for DNA synthesis (Krauth-Siegel and Comini, 2008). 

 

 

Figure 1.2: Chemical structure of A) Sodium Stibogluconate B) Meglumine 

Antimoniate C) Amphotericin B  
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The reducing potential mainly depends upon a glutathione conjugate, N1, N8-bis(L-γ-

glutamyl-L-hemicystinylglycyl) spermidine, also known as trypanothione T[SH]2 

which acts as a major thiol of the cell (Krauth-Siegel and Comini, 2008). T[SH]2 acts 

as reducing agents and is converted to T[S]2 which is reduced back to T[SH]2 by the 

activity of NADPH dependent TR. Thus T[SH]2/(TR) system is an essential component 

for the survival of the parasite. Sb-III exerts its therapeutic potential by inhibiting the 

T[SH]2/(TR) system as it binds with the thiol groups of T[SH]2 and -SH group of 

cysteine subunit present in the active site of TR (Wyllie et al., 2004, Zhou et al., 2004).  

Sb-III is thiophilic metal and its binding with Cys subunits is thermodynamically 

favoured because the resultant metal complexes, Sb-III-T[SH] are thiolate anions with 

very weak nucleophilicity (Haldar et al., 2011). The inhibition of TR thus results in a 

decreased intracellular pool of T[SH]2 that deprives the ability of the parasite to combat 

the oxidative stress. Furthermore, Sb-III-T[SH]2 is rapidly effluxed out via the ABCB1 

efflux pumps resulting in a further decrease in the intracellular accumulation of T[SH]2 

(Mandal et al., 2007). Thus, treatment of Leishmania amastigotes with Sb-III results in 

apoptosis due to the induction of oxidative stress by inhibition of T[SH]2/(TR) system. 

1.3.2. Amphotericin B  

Amphotericin B (AmB) belongs to the class of polyene antibiotics. It is the 

orange/yellow natural product obtained from Streptomyces nodosus and its chemical 

structure is presented in Fig.1.2 (Nikodinovic et al., 2003). AmB is being used as a 

second-line drug since the 1960s. However, AmB has a cure rate of > 95% against 

Leishmaniasis and is the drug of choice in cases where antimonial compounds failed to 

produce satisfactory results (Sundar et al., 2010, Haldar et al., 2011). It is effective at 

the dose of 1 mg/kg at alternate days for a total of 30 days, however, another study 

reported 0.75 mg/kg for 15 days also provide a cure rate of 96% (Freitas-Junior et al., 

2012).  

1.3.2.1. Mechanism of action 

Sterols are the integral component of the cell membranes required for the maintenance 

of membrane fluidity and functionality. Cholesterol is the major sterol in the 

mammalian cells whereas, in amoeba, fungi, and protozoa of genus Leishmania, it is 

ergosterol. AmB possesses much more affinity to bind with ergosterol than cholesterol 

(Brajtburg et al., 1990). AmB forms a complex with the sterol owing to their polyene 
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structure and causes pore formation in the cell membranes leading to increased 

permeability to monovalent anions, cations and small metabolites as shown in Fig.1.3. 

The increased permeability disturbs the osmotic balance causing cell death (Saha et al., 

1986, Purkait et al., 2012). However, the arrangement and integration of AmB in sterol-

free and sterol-containing phospholipid bilayers are debatable. The cytolytic 

mechanism of AmB was studied extensively by the Paquet et al., by utilizing artificial 

lipid bilayers and 2H spectroscopy (Paquet et al., 2002). They indicated that even the 

sterol-free lipid membranes of pure dipalmitoylphospahtidylcholine (DPP) can exhibit 

dose-dependent rearrangements. However, the addition of either ergosterol or 

cholesterol along with DPP results in different effects of AmB. An increased orientation 

behaviour of lipid acyl chains was observed in cholesterol contain DPP whereas the 

presence of ergosterol resulted in disordered arrangements of DPP side chains (Paquet 

et al., 2002). Baginski et al., (Baginski et al., 1997) studied the AmB interaction with 

sterols by utilizing theoretical calculations of dynamic molecular interaction and 

computer modeling and presented similar results. They suggested that a transmembrane 

pore of size 7-100 nm is formed by the interaction of cholesterol and seven to eight 

molecules of AmB. The polyene chains interact via Vander Waal's forces and polar 

aminoglycosides orients towards the surface with the -OH groups forming the center of 

the channel.  The cellular integrity of the target organism is lost due to the pore 

formation (Baginski et al., 1997). Milhaud et. al., (Milhaud et al., 2002) shared a 

different point of view than penetration and aggregation of AmB in the sterol-free 

membranes. Absorption calculations and results of circular dichroism of AmB loaded 

DPP based unilamellar liposomes demonstrated AmB accumulation in the hydrophilic 

core of the bilayer. These results were further confirmed by the differential scanning 

calorimetry (DSC) that did not show the perturbations of the lipid bilayer. The AmB 

aggregated occupied the surface in the absence of ergosterol, however, the AmB 

aggregates were observed to be embedded in the lipid bilayer in the presence of 

ergosterol and became hollow-centered. These hollow-centered, sublayer embedded, 

AmB aggregates are responsible for the pore formation in the cell membranes of the 

target organisms (Milhaud et al., 2002).  

1.4. Limitations of the current Leishmaniasis therapy 

 Over the past 60 years of extensive research in anti-Leishmanial drug development, 
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Figure 1.3: Mechanism of Action of Amphotericin B  

 

the successful therapy of these diseases cannot be achieved at full potential. Various 

biological and physiochemical barriers are encountered by the chemotherapeutic agents 

during the course of therapy. These barriers are directly or indirectly involved in the 

decreased intracellular accumulation, toxicity, and subtherapeutic output thus limiting 

the optimal effectiveness of current chemotherapy.  The Leishmania parasite utilizes 

these barriers in its favour to resist the Leishmanicidal activity and thus successfully 

disseminates the infection. Various barriers and limitations of Leishmaniasis therapy 

are as follows; 

1.4.1. Intramacrophage location of Leishmania 

Mononuclear phagocytes (MP; monocytes, macrophages, and dendritic cells) along 

with eosinophils and neutrophils constitute the first line of defense against the invading 

pathogens and are involved in detection and elimination of the foreign bodies (Unanue 

and Allen, 1987). When the sand fly takes the blood meal it inoculates the promastigotes 

of Leishmania along with saliva. The saliva contains immunogenic proteins that trigger 

the immune response. The promastigotes are immediately taken up by the MP cells like 

macrophages following a receptor-mediated endocytic event. During initial 

recognition, the macrophage receptors play a vital role depending upon the Leishmania 
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species like scavenger receptors (SR), mannose receptors (MR) complement receptors 

(CR) and fibronectin receptors (FR). The binding of the parasite with specific receptors 

then determines the course of infection (Handman and Bullen, 2002). Upon the 

successful entrapment of Leishmania inside macrophages, complex cellular signals are 

produced like activation of lysosomal enzymes, production of nitric oxide (NO•) and 

initiation of oxidative burst (Rubbo et al., 1994, Smith et al., 1996). Oxidative burst is 

a potent anti-Leishmanial response produced by the reactive oxygen species (ROS) viz 

hydroxyl ion (OH-), hydrogen peroxide (H2O2), peroxynitrite (ONOO−) and 

hypochlorous acid (HOCI) and is presented in Fig.1.4. (Millar et al., 2002). Leishmania 

employs a various mechanism to counteract the ROS like activation of protein tyrosin 

phosphate (PTP) and Trypanothione reductase/ Trypanothione (TR/TSH) system 

(Trujillo et al., 2004, Forget et al., 2006). Thus, Leishmania parasite survives the 

oxidative stress induced by the macrophages owing to its unique redox biology where 

it replicates and utilizes macrophages as a source of propagation of infection. The 

macrophage cell membrane is not freely permeable to the anti-Leishmanial agents thus 

provides a barrier against the intracellular accumulation of chemotherapeutic agents at 

the concentrations required for optimum therapeutic effectiveness.  

1.4.2. Development of resistance 

The major drawback associated with anti-Leishmanial therapy is the development of 

resistance against the first- and second-line drugs. The wide-spread resistance is 

attributed to the activity of various enzymatic pathways and biological proteins that are 

directly involved in the decreased intracellular accumulation increased efflux and 

changes in the drug target (Yasinzai et al., 2013).  The most widely affected drugs are 

the antimonial compounds and the North Bihar region of India has been reported to be 

totally resistant against the antimonial compounds where AmB is being utilized as the 

first-line drug (Croft et al., 2006). 

1.4.2.1. Resistance against antimonial compounds 

Until 1970 the VL can be cured with a daily dose of 10 mg/kg; 600 mg daily for the 

short duration of 6 to 10 days and there is little evidence of the resistance. With the 

passage of time, the effectiveness was decreased, and significant cases of treatment 

failure were reported. In 1984 WHO revised the treatment guidelines and recommended 

that the antimonials should be used in the doses of 20 mg/kg; 850 mg daily for 20 days.  



__________________________________________________Chapter 1: Introduction 

10 
 

Four years later, it was reported that only 81% of patients can be cured with the said 

treatment regimen and with the extension of this regimen for 40 days can cure 97% of 

the patient indicating the development of resistance (Sundar, 2001).  

 

 

Figure 1.4: Mannose receptor-mediated endocytosis of Leishmania and survival 

against macrophage induced oxidative burst.   

 

1.4.2.1.1. Role of trypanothione reductase/ trypanothione system 

TR/TSH system has a central role in maintaining the reducing environment of the cells 

and protects the Leishmania parasite from the oxidative stress produced by the 

macrophages, oxidants and heavy metals like antimony (Baiocco et al., 2010). T[SH]2 

provides reducing equivalents and is oxidized to T[S]2 which is reduced back to T[SH]2 

by the activity of TR. As mentioned above the antimony exerts its therapeutic effects 

by producing the oxidative stress the activity of TR/TSH system becomes important in 

the development of resistance against antimony (Lecureur et al., 2002, Sudhandiran and 

Shaha, 2003). The antimony and arsenic resistant laboratory strains of Leishmania 
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expressed significantly higher levels of intracellular thiols like TSH, suggesting its role 

in the development of resistance (Mukhopadhyay et al., 1996). TSH is produced by its 

two precursors namely, Glutathione (GSH) and spermidine, the levels of which 

determine the intracellular concentrations of TSH. The genes responsible for the 

expressions of the enzymes responsible for the synthesis of these precursors have also 

been found to be amplified in the arsenic-resistant L. tarentolae (Grondin et al., 1997). 

Thus, it can be hypothesized that lowering of intracellular TSH levels may result in the 

attenuation of resistant phenotypes. This hypothesis was confirmed by the selective 

inhibition of γ-glutamylcysteine synthetase (γ-GCS) and ornithine decarboxylase 

(ODC), the enzymes for the productions of GSH and spermidine respectively, resulting 

in the sensitization of the resistant strains. However, the overexpression of the γ-GCS 

and ODC in the wild-type L. tarentolae transfectant produced the TSH levels almost 

equal to the resistant strains, but the transfectants do not exhibit arsenic resistance 

suggesting that higher levels of TSH alone are not sufficient to confer the metal 

resistance. These findings suggest the involvement of some other proteins along with 

TSH (Guimond et al., 2003, El Fadili et al., 2005).  

1.4.2.1.2. Role of efflux pumps  

The efflux of the drug or its derivatives is a very common mechanism adopted by the 

various microorganisms including bacteria, fungi and protozoa like Entamoeba 

histolytica, Plasmodium falciparum, Trypanosoma cruzi. The same mechanism may be 

adopted by the Leishmania as two types of efflux pumps have been reported in the 

Leishmania parasites belonging to the ABC binding cassettes responsible for multi drug 

resistance (MDR) (Mukherjee et al., 2007). These transporters include P-glycoprotein 

and multidrug resistance-protein (MRPA). In Leishmania two types of ABC transporter 

have been reported to be amplified in the laboratory strains when expose to different 

drugs: ABCB1 and multi-drug resistance-related protein (MRP) also known as ABCB1 

A. ABCB1 A is believed to be involved in the decreased intracellular accumulation of 

antimonial compounds, the first line therapy against Leishmania, resulting in the sub-

therapeutic response and emergence of resistance (Maltezou, 2009). The gene 

responsible for the ABCB1 A has been found to be amplified in the laboratory mutant 

strains of Leishmania that were resistant against the antimonial, compounds. However, 

this transporter is not involved in the efflux of antimonial drugs in the form of Sb-III or 

SB-V rather it confers resistance by sequestration of Sb-III conjugated with T[SH]2 in 
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the form of Sb-III- T[SH]2 adducts as presented in Fig.1.5 (Rosen, 2002).  T[SH]2 is 

the main thiol of the parasite that maintains the reducing environment of the cell and 

activity of TR keeps T[SH]2 in a reduced state. Pentavalent antimonials (Sb-V) are 

converted to its trivalent for (Sb-III) inside the cell and Sb-III has the ability to form a 

complex with the thiol groups of T[SH]2. This Sb-III- T[SH]2 conjugate is sequestrated 

by the ABCB1 A pumps. Thus, in Leishmania, the ABCB1 efflux pumps work in 

coordination with the activity of TR/ T[SH]2 system resulting in decreased intracellular 

accumulation of Sb-III. 

 

 

Figure 1. 5: Mechanism of resistance against standard antimonial compounds 

 

1.4.3. Lack of Oral bioavailability  

Oral administration is the most suitable method of delivering the drugs due to the 

convenience in dosing and non-invasive nature and high accepted at patient levels 

(Demicheli et al., 2004). The oral administration is successful only in the case where 
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the drugs have sufficient bioavailability. Many physiochemical and physiological factor 

determines the oral bioavailability of drugs like solubility, permeability, a mucus layer, 

partition co-officiant, stability, dissolution, pH, enzymatic degradation, and activity of 

ABCB1 efflux pumps (Veber et al., 2002). Unfortunately, most of the anti-Leishmanial 

drugs encounter the above-described barriers and exhibit limited oral bioavailability 

except for Miltefosine.  

In fact, solubility and permeability govern the oral bioavailability. For a drug to be 

diffused across intestinal cell via passive transport a set of certain properties is required 

like, the drug should be lipophilic in nature as the unionized form is better to diffuse 

across the phospholipid bilayer (Di et al., 2012). However, the drug molecules should 

not be lipophilic enough to remain soluble in the lipid bilayer suggesting a suitable log 

P value. To maximize the possibilities of passive diffusion the ideal log P value is 

considered to be around 2. The molecular weight of the drug also as a role in the passive 

diffusion of the drug and molecular mass less than 500 Da is considered to be 

favourable for the absorption across the small intestine (Lagarce and Roger, 2016). The 

effect of solubility, permeability and molecular weight is better explained in Lipinski’s 

rule. Lipinski’s rule of five is a very useful tool to predict the drug like characteristic of 

compounds and is especially applicable to assess whether a drug is orally active or not 

(Lipinski, 2000). According to the Lipinski's rule, for a drug to be absorbed orally, 

should not violate more than one of the following conditions,  

• No more than 5 hydrogen bond donors (the total number of nitrogen-hydrogen 

and oxygen-hydrogen bonds) 

• No more than 10 hydrogen bond acceptors (all nitrogen or oxygen atoms) 

• A molecular mass less than 500 Daltons 

• An octanol-water partition coefficient log P not greater than 5 

 Most of the anti-Leishmanial drugs neither follow the Lipinski’s rule of five and thus 

not orally absorbed. Amphotericin B is BCS class IV drug with an aqueous solubility 

of < 1 mg/ml at physiological pH, molecular weight 924 Da and log P of 0.95, 17 

hydrogen bond acceptors and 12 hydrogen bond donors and in this way does not follow 

the rule of 5. Similarly, sodium stibogluconate possesses a molecular weight of 910.10 

Da and log P of -0.34, 17 hydrogen bond acceptors and 5 hydrogen bond donors, thus, 

violate the rule of 5. The physiochemical properties of the anti-Leishmanial drugs are 

https://en.wikipedia.org/wiki/Hydrogen_bond
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Chemical_bond
https://en.wikipedia.org/wiki/Hydrogen_bond
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Molecular_mass
https://en.wikipedia.org/wiki/Atomic_mass_unit
https://en.wikipedia.org/wiki/Partition_coefficient
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presented in Table 1. Thus, the lack of oral bioavailability of most of the anti-

Leishmanial agents is the major limitation in the cost-effective and optimum therapy of 

Leishmaniasis. The oral absorption below the minimum effective concentration (MEC) 

necessitates the formulation of the anti-Leishmanial for the parenteral administration. 

The long-term parenteral administration has its own limitations like it requires the 

patient to be hospitalized, increased cost of the therapy and patient compliance.   

1.4.4. Toxicity 

One of the major limitations associated with anti-Leishmanial agents is the 

development of toxicity that hampers the effective control of Leishmaniasis. 

1.4.4.1. Antimonial compounds 

Tartar emetic, a trivalent antimonial, was the first antimonial compound to be used 

against Leishmaniasis (Cook, 1993). Although this compound was highly efficacious 

 

Table 1.1: Physiochemical properties of anti-Leishmanial drugs  

Drug  Molecular 

weight  

Log P Hydrogen 

acceptor 

Hydrogen 

donor 

Rule of 

five  

Sodium stibogluconate 907.88 -3.4 17 5 No 

Amphotericin B  924.079 -0.66 17 12 No 

Paromomycine 615.62 -8.3 19 13 No 

Pentamidine 340.41 2.32 6 4 yes 

Miltefosine 407.57 2.25 2 0 yes 

Sitamaquine 343.50 4.16 4 1 yes 

  

its use was limited due owing to its severe toxicity. The injections led to severe vomiting 

and gastric disturbances, joint pain, pneumonia, kidney and lungs complications 

(Sundar and Chakravarty, 2010). In 1923 pentavalent antimonial compounds were 

introduced that were very much less toxic compared to the tartar emetic. However, the 

pentavalent antimonials do have some serious side effects like cardiotoxicity, 

pancreatitis, myalgia, arthralgia, and elevation of hepatocellular enzymes. In more than 

50 % of patients receiving pentavalent antimonial compounds exhibited changes in 
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ECG marked by the decreased height of T-interval. About 9 % of the cases were 

reported with serious toxicity leading to death (Herwaldt and Berman, 1992). Sodium 

antimony gluconate mediated cardiotoxicity was indicated by the was prolonged QTc, 

followed by multiple ventricular ectopics, then ventricular tachycardia, torsade de 

pointes, ventricular fibrillation, and potentially death. The antimonial drugs prolong the 

action potential of ventricular myocytes mediated by increased calcium currents at the 

therapeutic concentration used for Leishmaniasis. The calcium-regulated the plateau 

phase of the cardiac action potential and increased amplitude results in delayed 

repolarization explaining the elongation of the QT phase and thus life-threatening 

arrhythmias.  The exact mechanism of association of antimony with increased calcium 

currents is not known however it is believed that the affinity of trivalent antimony with 

sulfhydryl groups oxidizes cysteine residues of the calcium channels resulting in 

increased calcium currents (Rijal et al., 2003, Kuryshev et al., 2006).  

1.4.4.2. Amphotericin B  

Amphotericin B lacks the oral absorption and in its pure form is water insoluble. For 

the intravenous delivery of AmB, it is formulated with sodium deoxycholate 

(fungizone) and is known as conventional AmB. The conventional Amp B is well 

known for its serious side effects and associated toxicity due to which the therapy is 

discontinued even in the life-threatening fungal infections (Johnson and Einstein, 

2007). The toxic effects of AmB are categorized into followings: 

1.4.4.2.1. Acute Toxicity 

The principal acute toxicity of conventional AmB includes fever, vomiting, rigours, 

hypotension/hypertension, hypoxia, and infusion-related toxicities. The infusion-

related toxicities occur due to the proinflammatory response from the immune cells 

attributed to the fact that AmB is a microbial product and it stimulates the immune 

response via toll-like receptors of the mammalian cells (Sau et al., 2003). In a study 

involving 400 patients indicated at least one infusion-related adverse effect in more 

than half of the patients (Goodwin et al., 1995). Another multicenter study reported that 

acute adverse reactions occurred alone or in combination within one of three symptoms 

complexes: (1) chest pain, dyspnea, and hypoxia, (2) severe abdomen, flank and leg 

pain, (3) flushing and urticaria. About 86 % of the adverse events occurred within the 

first five minutes of the infusion and symptoms were rapidly resolved by IV 
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administration of diphenhydramine (Roden et al., 2003). A more dangerous and fetal 

side effect is associated with rapid IV administration that results in severe cardiac 

arrhythmias due to changes in the intracellular potassium levels producing 

hyperkalemia (Groot et al., 2008). Significant cardiac toxicity with bradycardia and 

ventricular arrhythmias has been reported in children with an overdose of AmB and in 

adults with preexisting cardiac abnormalities even at the therapeutic dose (Burke et al., 

2006). Reports of cardiac arrhythmias in patients with normal magnesium and 

potassium levels are given IV AmB proves the point that AmB is directly related to the 

adverse cardiac events (Googe and Walterspiel, 1988). Neurotoxicity is another well 

documented toxic effects of AmB characterized by hypotension, hyperthermia, 

confusion, depression, delirium, convulsions, tremors, loss of hearing and degeneration 

of myelin in brachial peluxes (Walker and Rosenblum, 1992).  

1.4.4.2.2. Chronic toxicities  

Nephrotoxicity is the most pronounced chronic toxic effect associated with AmB.  

Renal injury occurs due to a variety of mechanisms. There is a significant increase in 

the creatinine early in the therapy due to renal vasoconstriction in the afferent arteriole. 

Deoxycholate moiety may be associated with nephrotoxic effects that account for 

differential nephrotoxicity compared with lipid formulations of AmB. Other 

mechanism suggested direct toxic effects of AmB on the tubules and afferent arteriole 

and direct systemic and renal vasoconstriction (Anderson, 1995). The production of 

urine is reduced secondary to the decreased renal blood flow in minutes after the start 

of IV infusion, despite controlling the systemic blood pressure. The poor renal 

perfusion is responsible for the poor vasculature of renal medulla leading to the failure 

of nephron functioning. The patients treated with high doses of AmB for a long period 

of time ultimately requires the hemodialysis (Berdichevski et al., 2006).  Clinical 

manifestation of AmB induced nephrotoxicity includes hypokalemia, urinary 

insufficiency, hypomagnesemia, metabolic academia attributed to distal tubular 

acidosis and polyuria due to nephrogenic diabetic insipidus (Deray, 2002). As many as 

80 % of the patients on the full course of AmB indicated increased serum creatinine 

and blood urea nitrogen (BUN) (Anderson, 1995). About 40-60% of patients have at 

least twice as an increase in serum creatinine as the start of therapy after the full course 

(Deray, 2002). Azotemia occurred due to AmB is generally considered to be reversible; 

however, the permanent damage has been indicated to be associated with the high 
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doses. Chronic renal failure was reported in more than 44% of patients administered 

more than 4 g of AmB, whereas, only 17% of patients had persistent azotemia receiving 

less than 4 g of AmB.  

Anaemia is another side effect in 75% of the patients treated with AmB sometimes with 

thrombocytopenia. It occurs due to the suppression of erythropoiesis and is associated 

with the direct interaction of AmB. The occurrence of hyperbilirubinemia, 

hyperphosphatemia, hypomagnesemia cardiac myopathy has also been reported with 

the long-term use of AmB (Hoeprich, 1992).  

1.5. Emerging trends in the Leishmaniasis therapy  

The effective vaccination against Leishmaniasis is not yet developed and current 

therapeutic strategies present its own limitations and challenges compromising the 

therapeutic potential. Therefore, it is in dire need to put serious efforts by the scientific 

community to develop some novel strategies that can enhance the therapeutic efficacy 

of the existing drugs. Several organizations like Bill and Melinda Gates Foundation, 

Drugs for Neglected Diseases Initiative (DNDi), and Institute of One World Health 

(IOWH), contributed positively towards the drug development for tropical diseases 

(Chawla and Madhubala, 2010). This has enabled technological advances in the field 

leading to the emergence of some novel approaches in anti-Leishmanial drug 

development. 

1.5.1. Identification of drug target 

One of the recent trends in drug development is the identification of drug target in a 

biological pathway which in most cases is an enzyme performing a key role in parasitic 

survival. Nowadays, the target-based drug discovery is being promoted rather randomly 

screening the compounds resulting in the more specific output. However, to find a 

suitable drug target in a pathogen, it is extremely important that putative target should 

be substantially different from the host homolog or it should be absent in the host. In 

fact, the cell organization of Trypanosomatides is significantly different from the 

eukaryotes as phylogenetically, they branch out quite early from the mammalian cells. 

In view of this, it is quite possible to find different enzymes as a drug target that is 

absolutely necessary for the survival of these pathogens. Another crucial aspect in the 

identification of drug target is that it should have a small binding pocket for the 

molecules so that specific binding molecules can be designed. However, if the drug 
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target is an enzyme then its inhibition should result in the loss of enzymatic activity and 

ultimately cell viability (Pink et al., 2005).  

1.5.1.1. Trypanothione pathway as drug target 

Trypanothione (bis-(glutathionyl) spermidine) is a key molecule against oxidative 

stress in Leishmania. Apart from its uniqueness in the Leishmania parasite, it is also 

curial to maintain the cellular redox environment of the parasite. The synthesis of 

trypanothione is catalyzed by two metabolic enzymes of trypanosomatids 

trypanothione synthetase (TS) and trypanothione reductase (TR). TS is involved in the 

synthesis of trypanothione while TR is responsible to keep trypanothione in a reduced 

state (T[SH]2) (Fairlamb et al., 1985). This reduced trypanothione then provides 

reducing equivalents to tryperidoxine reduction cycle catalyzed by tryperidoxine 

peroxidase. As the trypanothione is the only pathway that is crucial to the survival of 

parasite by the reduction of oxidizing species, it is the main focus to be used ad drug 

target. Null mutants of TR show attenuated infectivity and decreased capacity to survive 

within intracellular macrophages (Dumas et al., 1997). TR share similarities in structure 

to its human counterpart, glutathione reductase (GR) but the five non-conservative 

changes in the active site of TR imparts a net negative charge to the active site. Due to 

its negative charge, the TR active site can accommodate the trypanothione disulfide, 

T(S)2 (oxidized form of trypanothione) and converts into a reduced form of 

trypanothione, T(SH)2 (Zhang et al., 1996). Due to a change in the binding specify of 

the active site compared to that of GR, TR can be used as an effective drug target. 

Several lead compounds with TR inhibition potential have been reported including, 

tricyclics, polyamine derivatives and aminodiphenyl sulfides (Werbovetz, 2000). Thus, 

targeting the trypanothione pathway seems to be a suitable approach to be used as a 

drug target.  

1.5.1.2. ABCB1 efflux pumps as a drug target 

Among the various mechanism of resistance against chemotherapeutic agents in 

Leishmania species, the most prominent are those involved in the transport across the 

membranes (Leandro and Campino, 2003). They confer resistance by decreasing the 

intracellular accumulation of the drugs at a sub-therapeutic level.  The proteins of ABC 

superfamily of transporters provide the basis of drug resistance in mammalian cancer 

cells, parasites, bacteria and pathogenic yeasts (Légaré et al., 1994). The first report 
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about the identification of ABC transporter in Leishmania was associated with the 

development of resistance, indicating these transporter proteins may play a similar role 

in drug resistance as in other organisms (Ouellette et al., 1990). Three different classes 

of ABC transporters have been described in Leishmania parasites viz ABCA, ABCB, 

and ABCC. The most prominent class with respect to the development of resistance is 

ABCC. ABCC family includes multidrug resistance protein A (MRPA) generally 

known as ABCB1 A and ABCC3 involved in the development of resistance against the 

antimonial and arsenic compounds (El Fadili et al., 2005) (Leprohon et al., 2009).  The 

sub family ABCC7 is associated with the development of resistance against 

pentamidine in Leishmania major that were also cross-resistance to antimonial 

compounds (Coelho et al., 2007). Similarly, other Sub families of ABC transporters 

like ABCG4 and ABCG6 has also been reported to be involved in the development of 

resistance against Miltefosine, Edelfosine, and Primaquine (Castanys-Muñoz et al., 

2008).  

Since the ABC transporters are directly involved in the development of resistance they 

can be a suitable drug target that can inhibit their activity providing increased 

intracellular accumulation and reversal of resistance. In this regard, the activity of 

ABCB1 efflux pumps is of considerable importance as they are directly correlated with 

the emergence of resistance against the first line anti-Leishmanial drugs, the antimonial 

compounds. Several compounds have been studied for their role in the reversal of 

resistance by inhibiting the ABC transporters. These include calcium channel blockers, 

protein kinase inhibitors, calmodulins antagonists, flavonoids, hormone derivatives and 

certain antibiotics (Stein, 2002). However, all these modulators have their own 

therapeutic effects and association of side effects and toxicity at the dose required for 

inhibition limit their practical use in this regard. 

1.6. Nanomedicine based drug Targeting  

Paul Ehrlich in 1891 was the first to theorize the concept of “magic bullets” providing 

the first description of drug targeting paradigm. The aim of drug targeting is delivering 

the drug at the right concentration at the right time and at the right place. The evolution 

of this “magic bullet” concept revolutionized the drug delivery systems and provided a 

vast platform, known as nanomedicine, to achieve the very specific and highly desirable 

therapeutic outcomes that are otherwise impossible to achieve with conventional drug 

delivery systems (Strebhardt and Ullrich, 2008). Their small size at nanoscale dictates 
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very unique properties like the interaction with the biological entities, penetration 

across the membrane, intracellular trafficking, accumulation at the target area, 

improved blood circulation and biodistribution (Zhang et al., 2008). Nanomedicine 

provides an attractive opportunity to resolve the drug delivery problems associated with 

the therapy of Leishmaniasis by crossing the above-described barriers encountered by 

the anti-Leishmanial drugs. The niche in which Leishmania parasite live presents 

challenges to drug delivery and depending upon the species and the area affected the 

drug has to achieve antiparasitic levels at multiple sites. For example, in case of VL, 

the major organs representing the parasitic burden are liver spleen and bone marrow 

and the drug has to target the parasite inside the macrophage in these organs (Nahar et 

al., 2010). In CL the drug must reach the parasite inside the macrophages at the inner 

layers of skin by crossing the skin barrier, SC. Furthermore, the anti-Leishmanial drug 

has to cross the multiple membranes before they act on the parasite. Once at the 

infection site, the drug must permeate the macrophage membrane before diffusing the 

membrane of PV and finally to the cell membrane of the parasite. A drug loaded 

nanocarrier can be taken up by the macrophages via phagocytosis and resultant vesicles 

can fuse with PV thus delivering the drug to the parasite within the macrophages.  

Various type of nanocarriers has been explored for their potential against the 

Leishmaniasis like liposomes, polymeric nanoformulations, metal oxide 

nanoformulations, carbon nanotubes, solid lipid nanoformulations and nanoemulsions 

etc (Yasinzai et al., 2013). To achieve the maximum therapeutic output the nanocarriers 

requires a suitable strategy to be delivered to the desired site. In view of this various 

nanomedicinal targeting have been explored for the therapy of Leishmaniasis like 

macrophage targeting, organ targeting 

1.6.1. Macrophage targeting for Leishmaniasis 

Resistance against standard medical management of Leishmaniasis requires the 

development of advanced strategies to inhibit intracellular parasites. The niche in which 

Leishmania parasite live presents challenges to drug delivery and depending upon the 

species and the area affected the drug must achieve antiparasitic levels at multiple sites. 

Furthermore, the anti-Leishmanial drug must cross the multiple membranes before they 

act on the parasite. Nanoparticle-mediated drug delivery system to overcome the cell 

membrane barriers, release the drug inside the cells and specifically target Leishmania-

infected macrophages, is emerged as a promising strategy to overcome resistance 
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(Sarwar et al., 2017). The macrophage-targeted nanocarriers for the therapy of 

Leishmaniasis are Presented in Table 1.2. Various phagocytic receptors are expressed 

on the surface of Leishmania like mannose receptors (MR) (Jiang et al., 2008), 

scavenger receptors (SR) (Tempone et al., 2004), complement receptors (CR) and 

fibronectin receptors (Mukhopadhyay et al., 1989). These receptors bind with the 

specific ligand on the surface of Leishmania parasite and internalize the parasite. MR 

is highly expressed especially on the Leishmania-infected macrophages.  

1.6.1.1. Mannose receptor-mediated macrophage targeting 

 MR recognize and bind with mannose and fructose glycoproteins followed by rapid 

endocytosis of the parasite. The mannose-binding protein belongs to the lectin-like 

carbohydrate-binding groups and the cytoplasmic group that is involved in the 

remodeling of the cytoskeleton during endocytosis (Stahl and Ezekowitz, 1998). 

Targeting the macrophages via these receptors with surface decorated nanocarriers 

leads to the accumulation of appreciable amounts of drug at the same niche where the 

parasite resides inside the macrophages. Recently our research group utilized the 

mannose receptors for macrophage-targeted delivery of mannose anchored thiolated 

nanocarriers loaded with AmB (Shahnaz et al., 2017). The uptake studies by using the 

J744.1 macrophages indicated that macrophage-targeted nanocarriers provided AmB 

concentration of 28.6 ± 1.4 μg/106 cells as compared to 0.4 ± 0.01 μg/106 cells of the 

free AmB. These results provided the evidence that macrophage-targeted nanocarriers 

were 71 folds more efficient than the no targeted ones. Also, the macrophage-targeted 

nanocarriers were having superior anti-Leishmanial activities against L. donovani 

infected macrophage model with 13-fold reduced IC50 values compared to the non-

targeted ones. In-vivo efficacy studies against L. donovani infected BALB/c mice model 

at the dose of 1mg/kg indicated that mannose bearing thiolated chitosan (M-CS-TGA) 

nanocarriers were significantly more effective in reducing the parasitic burden (89% ± 

7%) against the free AmB (17% ± 4%) (Shahnaz et al., 2017). In another study, 

Chaubey and Mishra et al., (Chaubey and Mishra, 2014) also targeted the macrophages 

via mannose decorated chitosan for the delivery of rifampicin against VL. Ex-vivo 

cellular uptake studies indicated 16 folds increased uptake in case of mannosylated 

chitosan nanoformulations (m-CNP's). The pharmacokinetic studies revealed that 

mCNPs exhibited Cmax of 5.40 ± 1.64 μg/ml with MRT of 58.48 ± 9.1 h compared to 
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Cmax of 279.0 ± 17.71 μg/ml and MRT of 1.82 ± 0.2 h for free rifampicin indicating 

the long circulating time of the mCNPs (Chaubey and Mishra, 2014).  

1.6.2. Organ targeting via the oral route  

One of the limitations associated with conventional anti-Leishmanial therapy is the free 

systemic circulation of the drug and distribution into different body organs including 

pathological and non-pathological. The exposure of non-pathological organs. to the 

drugs is associated with the severe toxicity of the anti-Leishmanial drugs thus limiting 

its therapeutic potential (Croft and Coombs, 2003). In this regard, the specific organ 

targeting is a promising strategy that reduces the toxic effects by minimizing the 

exposure to non-desired organs and improves therapeutic efficacy by increasing the 

drug accumulation at the desired organs. One such example is the nanoliposomal 

formulation of AmB (Ambiosome) for VL, when administered is taken up by MP cells 

and transported to the liver and spleen via passive targeting (Davidson et al., 1994, 

Adler-Moore and Proffitt, 2002). Although this strategy greatly improves the toxicity 

of AmB, the macrophage-targeted nanocarriers described above can be of more 

potential in this regard. The surface modification with the ligands actively target the 

infected macrophages because of the high expression of endocytic receptors like 

mannose receptors. However, one factor, the parenteral delivery of this system, limits 

their wide application and acceptance at the patient level due to the hazards and high 

cost associated with and needs to be addressed yet. In pursuit of solution to this 

limitation Serrano et al., (Serrano et al., 2015) provided the concept of organ targeting 

via oral route and introduced nanomedicine in which nanoformulations were taken up 

by the intestinal epithelia and are transported to liver, spleen, and lungs thus enhancing 

the bioavailability at these pathological organs of VL and bypassing the organs of 

potential toxicity. This technique makes use of specifically engineered polymeric 

excipients with the potential to interact with specific proteins in the intestinal 

epithelium thus enhancing the permeation and absorption of the constituted 

nanocarriers (Serrano et al., 2015). They illustrated this concept by utilizing N-

palmitoyl-N-methyl N, N-dimethyl-N, N, N-trimethyl-6-O-glycol Chitosan (GCPQ) 

nanoformulations loaded with AmB, a nephrotoxic drug, for therapy of VL. The above-

mentioned modification of chitosan will provide the mucoadhesive character to the 

nanocarriers. As the mucus is a negatively charged glycoprotein, the positively charged 
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Table 1.2: Macrophage targeted nanocarriers against Leishmaniasis  

 

Type of NPs Active moiety Ligand 

attached 

Receptor-

targeted 

Strain 

tested 

Model  

Thiolated 

chitosan NPs 

Amphotericin 

B 

D-mannose Mannose 

receptor 

L. 

donovani 

J774.1 

macrophages/ 

BALB/c mice 

Chitosan NPs Rifampicin D- Mannose Mannose 

receptor 

-  

nanocapsules Doxorubicine Phosphatidyls

erine 

Scavanger 

receptors 

 Wistar rats 

Gelatin  NPs Amphotericin 

B 

1,2-diacyl-sn-

glycero-3-

phospho-l-

serine 

Scavanger 

receptors 

L. 

donovani 

J774.1 

macrophages/ 

Hamster 

Liposomes Antimony Phosphatidyls

erine 

Scavenger 

receptors 

L.chagas

i 

Peritoneal 

macrophages 

Chitosan NPs Curcumin D- Mannose Mannose 

receptor 

-  

Gelatin  NPs Amphotericin 

B 

D- Mannose Mannose 

receptor 

- J774.1 

macrophages 

Chitosan NPs Amphotericin 

B 

D- Mannose Mannose 

receptor 

L. 

donovani 

J774.1 

macrophages/ 

hamster 

PLGA NPs Amphotericin 

B 

Lectoferrin Mannose 

receptor 

L. 

donovani 

Syrian golden  

male hamsters/ 

J774.1 

macrophages 

Liposomes Andrographoli

de 

paminophenyl

-a-D-

mannoside 

Mannose 

receptor 

L. 

donovani 

golden  

male hamsters 
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the polymer will provide increased electrostatic interaction and binding with proteins 

thus better chances to be taken up by the enterocytes. Single dose oral pharmacokinetic 

studies in CD-1 mice were carried out by utilizing AmB-GCPQ, Amb-sodium 

deoxycholate (Amb-d), and AmB in dextrose solution at the dose of 5 mg/kg. The nano-

particulate formulations, AmB-GCPQ and Amb-d exhibited higher plasma drug levels 

compared to the AmB in dextrose. These results indicate that the particulate 

formulations were able to cross the intestinal membrane. Furthermore, significantly 

higher levels of AmB-GCPQ were found in target organs i.e. liver, and spleen as 

compared to the AmB-d. The target organ to kidney ratio was also determined and 

provided very encouraging results. These findings were also supported by the low 

urinary excretion of AmB-GCPQ while AmB in dextrose delivered most of the drug to 

the kidney, a fact that contributes to the nephrotoxicity associated with AmB and 

reduced drug levels in target organs. Also, the oral particle location to major organs 

was studied by coherent anti-stokes Raman spectroscopy. The results located the GCPQ 

nanocarriers within the hepatocytes in the liver, intracellular spaces in the hepatocytes. 

The reason for their location in the hepatocytes and lungs is their uptake by the intestinal 

villi from where they are transported to the liver via the hepatic portal vein. GCPQ 

nanocarriers were also taken up the M-cells of Peyer's patches from they are carried to 

the systemic circulation via the lymphatic system. The in-vivo efficacy studies were 

carried out in VL murine model. The data indicated oral GCPQ nanocarriers were equal 

in efficacy to the parenterally administered AmB (Serrano et al., 2015).  

1.6.3. Polymeric nanocarriers  

Polymeric nanoformulations are very valuable in the treatment of infectious disease like 

Leishmaniasis owing to small size and abilities to enhance the cellular uptake, cross the 

biological barriers and deliver drugs at the site of infection (Lockman et al., 2002, 

Couvreur and Vauthier, 2006). The use of polymer for the development of nanocarriers 

provides us the opportunity of modification of the functional groups with various 

chemical methods to incorporate the desired ligands for better penetration and enhanced 

endocytosis by the active or passive targeting. The ability of polymeric nanocarriers to 

bear the physiological strains and tunable surface properties provide an edge over 

liposomes and niosomes. While utilizing the polymeric nanoformulations for 

Leishmaniasis the category of polymers is of considerable importance as the 
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hydrophobicity of the polymer will persuade the internalization by macrophages, the 

core target in Leishmaniasis. 

      

 

Figure 1.6: Uptake of nanoformulations via oral route and accumulation in liver, 

spleen, and lungs 

 

For Leishmaniasis the category of the polymer is of considerable importance as the 

hydrophobicity of the polymer will persuade the internalization by macrophages, the 

core target in Leishmaniasis. For example, poly methylmethacrylate based 

nanoparticles indicated a superior macrophage uptake compared to the poly 

cyanoacrylate (Gaspar et al., 1992). Various studies reported the potential of polymeric 

nanocarriers in Leishmaniasis. Primaquine loaded polymeric nanoformulations were 

found to be 21-fold more efficient compared to the free primaquine (Rodrigues et al., 

1994). β–aescnloade polylactide-co-glycolide nanoformulations showed two-fold 

increase efficacy against J744.1 macrophage infected L. donovani model (Van De Ven 
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et al., 2012). In a recent study PEGylated polylactic acid nanoformulations loaded with 

bisnaphtal imidopropyl derivatives have been tested against human macrophage and 

THP-1 murine J744 macrophage model of Leishmaniasis (Basu and Lala, 2004).  

1.6.4. Multifunctional polymeric excipients 

The potential of nanotechnology-based drug delivery system has been greatly 

influenced by the multifunctional polymeric excipients that provide the base of nano 

drug delivery systems. Depending upon the therapeutic needs, the polymeric excipients 

can be used to enhance the oral bioavailability, biocompatibility, drug stability and 

controlled/sustained release properties. Furthermore, the functional groups on the 

polymeric backbone can be used to tailor some specific properties by the incorporation 

of some specific functional moieties.  The resultant tailored polymeric excipients have 

the ability to not only deliver the drug but also interact with biological proteins and 

enzymes (Liechty et al., 2010). The nanocarriers developed from these type of 

polymeric excipients plays a dual role, in one way they deliver the active therapeutic 

agent to the desired site and second, they modulate the biological function such as 

enzyme inhibition or induction, interaction with cellular components and proteins 

which results in the increased efficacy of the drug.  

1.6.4.1. Chitosan  

Chitosan is naturally occurring, semi-crystalline, biocompatible, biodegradable and 

nontoxic polysaccharide having randomly distributed N-acetyl glucosamine units 

throughout its backbone. Chitosan is derived from chitin, a second most abundant 

polysaccharide after cellulose, present in the exoskeleton of insects, Crustacean shells, 

cell walls of mushrooms and fungi. Chemically it is produced by the de-acetylation of 

N-acetyl glucosamine with different degree of de-acetylation give rise to different 

properties. Within the past 20 years, an appreciable amount of work has been carried 

out on chitosan and its potential applications in drug delivery (Hu et al., 2013). Among 

all other polysaccharides in the pharmacopeia monographs, chitosan is the only one 

having a cationic nature due to its primary amino group. These primary amino groups 

impart the unique properties in chitosan like pH sensitivity, mucoadhesion, efflux pump 

inhibition, permeation enhancement and in situ gelling (Bernkop-Schnürch and 

Dünnhaupt, 2012). However, chitosan is not rich in term of amino groups as only one 
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amino group is present per repeating unit, due to which the above-mentioned properties 

are very weak.  

1.6.4.2. Polyethyleneimine 

Polyethyleneimine (PEI) is a synthetic, weakly basic, aliphatic and cationic polymer 

and emerged as most widely explored polymers for drug delivery application especially 

for the non-viral cell transfection (Lungwitz et al., 2005). It is available in branched (b-

PEI) and linear (l-PEI) topology. The l-PEI is synthesized by cationic ring-opening 

polymerization of 2-substituted 2-oxazoline followed by acid-catalyzed hydrolysis and 

b-PEI by acid catalyzed ring-opening polymerization of aziridine. Due to its cationic 

charge and excellent buffering capacities, it has been utilized for complexation with 

DNA and proton sponge effects (Akinc et al., 2005). However, it presents serious 

concerns for clinical use due to its intolerable toxicity owing to very strong cationic 

charge density. By chemically modified derivatives of PEI, significant improvements 

have been achieved regarding the safe and efficacious drug delivery (Petersen et al., 

2010).  

1.6.4.3. Chitosan-g-Polyethyleneimine 

Chitosan-g-Polyethyleneimine is one of the most widely explored graft polymer for 

drug delivery due to the unique properties it offers. By conjugation of PEI with chitosan, 

on one hand, the toxicity associated with PEI can be minimized while on another hand 

it provides amine group rich polymer as compared to the chitosan due to which the 

inherit properties of chitosan that arises due to amino groups are greatly improved 

(Saranya et al., 2011). Also, this graft polymer is very efficacious in proton sponge 

effects as compared to chitosan alone (Wong et al., 2006). The amino group rich 

chemistry of the graft allows further modifications to tailor the properties according to 

the therapeutic objectives (Jiang et al., 2009). For example, for the targeted drug 

delivery to the macrophages the mannose groups are covalently attached to the 

polymeric backbone, so that mannose decorated nanocarriers can be taken up by the 

macrophages via mannose receptor-mediated endocytosis. The mannose modification 

requires the presence of amino groups in the polymer backbone. Similarly, thiol 

modification of the polymers via TGA also require the presence of amino groups (Kast 

and Bernkop-Schnürch, 2001).  Thus Chitosan-g- PEI is a very suitable choice in the 
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case where further modifications of the polymer are required for the targeted drug 

delivery and to achieve specific drug delivery outcomes.  

1.6.4.4. Thiomers 

Thiolated polymers, the so-called thiomers are the class of polymers containing 

sulfhydryl or thiol (-SH) groups immobilized on their backbone. The conjugation of 

thiol groups impart unique properties of great impact from drug delivery perspective. 

These properties are based on the ability of thiol groups to develop disulfide bonds (-

S-S-) via disulfide exchange reaction (Bonengel and Bernkop-Schnürch, 2014). 

Consequently, thiomers can interact with various biological proteins and enzymes 

containing cysteine subunits because cysteine also contains –SH bonds that can make 

a covalent bond with –SH group of thiolated polymers via disulfide exchange reaction 

(Bernkop-Schnürch et al., 2004b). Due to the ability of thiomers to interact with 

proteins, they are being widely explored for their excellent properties of therapeutic 

relevance particularly for the development of highly efficient nano drug delivery 

systems.  From the nano drug delivery and targeting perspective against Leishmaniasis 

the properties like enzyme inhibition mucoadhesion, permeation enhancing, in situ 

gelling and ABCB1 inhibition are of great interest. 

1.6.4.4.1. Permeation enhancement 

 Permeation enhancement is one of the promising strategies being explored for the 

enhanced oral bioavailability of the drugs. In this regard medium chain, fatty acids have 

proved their potential as the gold standard for the enhanced permeation of orally 

administered drugs. However, thiomers have an advantage over medium chain fatty 

acids as they produced more pronounced permeation when used in the same 

concentration (Rahmat et al., 2013). The mechanism behind the thiomer mediated 

permeation enhancement is the interaction with protein tyrosin phosphatase (PTP), thus 

inhibiting their activity. PTP is responsible for the dephosphorylation of occluding, an 

integral protein of tight junction. The dephosphorylation of occluding results in the 

closure of tight junction. Thus inhibition of PTP will result in a decreased concentration 

of dephosphorylated PTP leading to the opening of tight junctions and enhancement of 

permeation (Bonengel and Bernkop-Schnürch, 2014).  
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1.6.4.4.2. ABCB1 inhibition  

Efflux pumps in the apical side of the enterocytes like MRP and ABCB1 are the limiting 

factors for the oral bioavailability of various drugs. These transporter proteins function 

as a protective shield against the xenobiotics and a wide range of compounds like 

calcium channel blockers, anticancer drugs and immunosuppressive drugs are actively 

transported from the inner side of the membrane to the outer side (Werle, 2008). These 

efflux pumps are also expressed on the macrophages cell membranes and in Leishmania 

parasite where they take part in the development of resistance against the anti-

Leishmanial drugs (Singh, 2006). Therefore, the inhibition of the activity of these 

proteins is of great therapeutic value. Thiomers have been recognized for their excellent 

ABCB1 inhibition properties attributed to their ability to react with cysteine sub-units 

in transmembrane regions of ABCB1. Owing to the development of disulfide linkages, 

the  thiomers might block the transport. Recently, (Sakloetsakun et al., 2011, 

DüNnhaupt et al., 2012, Trapani et al., 2014).  

1.6.4.4.3. Mucoadhesion 

Mucoadhesion is one of the successful approaches adopted for the enhanced oral 

bioavailability and permeation.  By using the mucoadhesive polymers the residence 

time of the drug-loaded nanocarriers can be significantly increased. This provides 

prolonged drug release at the desired site thus maintaining a concentration gradient that 

ultimately drives the enhanced permeability and absorption across the mucosal tissue. 

Generally, the mucoadhesive properties of the polymers lie in their ability to make non-

covalent bonds with mucus like ionic interactions, Van der Waal’s forces, hydrogen 

bonding and physical interpenetrations (Andrews et al., 2009). In contrast to these weak 

forces, thiomers attach to mucus with covalent bonds via disulfide bond formation 

between –SH group of thiols and cysteine-rich sub-units. Due to their much penetrative 

nature thiomers can also develop disulfide bonds in the deeper layer of mucus thus 

providing a very strong mucoadhesive effect (Leitner et al., 2003).  

1.6.4.4.4. Enzyme inhibition properties 

Thiomers, due to enzyme inhibition properties are being utilized for the oral delivery 

of proteins and peptides. A large proportion of protein degrading enzymes, peptidases, 

especially those that are found at intestinal brush borders are metallopeptidases 

requiring divalent metal ions for their activity (Bernkop-Schnürch et al., 2001).  Due to 
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thiophilic nature of these divalent ions like Zn2+, thiomers can develop interactions with 

the metal ions and thus inhibiting the enzyme activity (Bernkop-Schnürch et al., 2001). 

Recently the thiomers have also been reported to inhibit the cytochrome P450 activity. 

CYP450 enzymes are a family of heme-thiolate proteins with the identity of the fifth 

ligand to the heme formed by a cysteine residue. It is obvious that any enzyme that 

contains cysteine sub units in their active site or utilizes metal ions for their activity can 

be inhibited by the thiomers (Iqbal et al., 2011a, Iqbal et al., 2011b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



__________________________________________________Chapter 1: Introduction 

31 
 

1.7. Aim and Objectives 

Over the past several years of widespread research in anti-Leishmanial drug 

development, the successful therapy of Leishmaniasis cannot be reached at full 

potential. The classical therapeutic modalities for Leishmaniasis failed to provide 

satisfactory control over the progression of disease due to the involvement of certain 

biological barriers. The biological barriers include intra macrophage location of the 

parasite, reduced intracellular uptake, restricted permeability across the intestinal 

tissue, and active efflux of the classical first-line antimonial therapeutic modalities. 

Although, classical second-line amphotericin B (AmB) is highly efficacious anti-

Leishmanial modalities with 97% cure rate. But, in clinical practice prescription of 

AmB is limited because of the dose-dependent nephrotoxicity associated with the 

parenteral formulations, nonspecific distribution and the high cost of manufacturing. 

Moreover, renal toxicity following AmB parenteral formulation is partially associated 

with excipients demanded in an injectable formulation. In contrast to typical parenteral 

administration and associated biological barriers, an effective and safe oral formulation 

for classical therapeutic modalities could greatly reduce medical costs, decrease the side 

effects, and improve the therapeutic profile. In this regard, oral nanoformulations of 

classical drugs based on multifunctional polymeric excipients can provide a real 

breakthrough over conventional formulations. 

Hence, the overall goal of the present research was to enhance the oral therapeutic 

effectiveness and to minimize the associated toxicity by site-specific delivery of 

classical anti-Leishmanial drugs. For this purpose, mannose anchored thiolated 

chitosan-grafted-polyethyleneimine (M-(CS-g-PEI)-TGA) polymeric excipient was 

manufactured to develop nanoformulation of Meglumine Antimoniate (MA). The 

newly synthesized M-(CS-g-PEI)-TGA polymeric excipient was explored to inhibit 

trypanothione reductase (TR) enzyme. So, the macrophage targeting along with the 

inhibition of TR activity and ABCB1 efflux pumps can be a promising strategy that can 

provide increased accumulation of the M-(CS-g-PEI)-TGA based MA nanoformulation 

leading to enhanced therapeutic effectiveness and reduction in the dose and duration of 

treatment. M-(CS-g-PEI)-TGA polymeric excipient was specifically designed and 

utilized to inhibit TR enzyme because of its structural resemblance with Trypanothione 

original substrate for TR enzyme. Whereas, mannose anchored thiolated chitosan (M-

CS-TGA) polymeric excipient was synthesized for the fabrication of Amphotericin B 
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(AmB) nanoformulation to diminish off-target adverse events by specific pathological 

organ reservoirs delivery. The M-CS-TGA based AmB nanoformulation was 

investigated for their macrophage targeting, permeation enhancing, improved relative 

bioavailability, safety and efficacy in visceral Leishmaniasis (VL).  

The overall goal is supported by the following objectives 

• Design, synthesis, and characterization of mannose anchored thiolated 

chitosan-grafted-polyethyleneimine (M-(CS-g-PEI)-TGA) and mannose 

anchored thiolated chitosan (M-CS-TGA) polymeric excipient. 

• Evaluation of the trypanothione reductase (TR) enzyme inhibition potential of 

M-(CS-g-PEI)-TGA.  

• Development and characterization of M-(CS-g-PEI)-TGA based MA 

nanoformulation and M-CS-TGA based AmB nanoformulation.  

• Assessment of in vivo safety and efficacy of M-(CS-g-PEI)-TGA based MA 

nanoformulation against L. donovani infected of BALB/c mice model.  

• To investigate the M-(CS-g-PEI)-TGA based MA nanoformulation for 

enhanced macrophage uptake, ABCB1 inhibition, relative bioavailability and 

pharmacokinetic profile.  

• To explore the M-CS-TGA based AmB nanoformulation for enhanced anti-

Leishmanial activity, pathological organ distribution, acute oral cytotoxicity 

and bioavailability. 
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2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Chemicals 

1. Chitosan (Low molecular weight, degree of deacetylation 75-85%) 

2. Polyethyleneimine (Linear,) 

3. Thioglycolic Acid (99 %) (TGA) 

4. D-Mannose 

5. Hydroxylamine 

6. 1-Ethyle-3-(3-dimethylaminopropyl)carbodiimide) (EDAC) 

7. 3,3′-Dithiodipropionic acid 

8. N-Hydroxysuccinimide (NHS) 

9. Sodium Tripolyphosphate (TPP) 

10. Sodium Cyanoborohydride 

11. Sodium Borohydride 

12. Sodium Hydroxide 

13. Sodium Chloride 

14. Potassium Chloride 

15. Potassium Dihydrogen Phosphate 

16.  Trehalose 

17. Mannitol 

18.  Fetal Bovine Serum (FBS) 

19. Dimethyl Sulfoxide 

20. 3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) 

21. Glacial Acetic Acid 

22. 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES buffer) 

23. Penicillin 

24. Streptomycin 

25. Dialysis membrane (cutoff value 12KD) 

26. MilliQ water 

27. Rosewell Park Memorial Institute (RPMI) 

28. Ficoll 

29. Gastograffin 

30. Glucantime ® (used as equivalents of Meglumine Antimoniate)  
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2.1.2. Methods  

The overall goal of the study was the development of macrophage-targeted thiolated 

nanocarriers for the enhanced efficacy of anti-leishmanial drugs. For this purpose, 

suitable and appropriate experiments were carried out. First, mannose anchored 

thiolated polymeric excipients were synthesized and then utilized for the development 

of two types of nanoformulations containing different anti-leishmanial drugs, 

Meglumine antimoniate (MA) and Amphotericin B (AmB). Therefore, the whole 

methodology is divided into two main sections as follows: 

• Development and evaluation of mannose anchored thiolated chitosan-grafted-

polyethyleneimine nanocarriers for the enhanced efficacy of antimonial drugs in 

Visceral Leishmaniasis. 

• Design of mannosylated oral Amphotericin B nanoformulation: Efficacy and 

safety in Visceral Leishmaniasis 

The synthesis of polymeric graft and development of nanoformulations and their 

pharmaceutical evaluations were carried out at Quad-i-Azam University. The 

physiochemical characterization was performed at the Lahore University of 

Management Science (LUMS). The in-vivo studies were carried out at The Department 

of Pathology, Waxner Medical Center, The Ohio State University, USA.  

2.1.3. Development and evaluation of mannosylated thiolated polyethyleneimine 

nanocarriers for the enhanced efficacy of antimonial drugs in Visceral 

Leishmaniasis 

2.1.3.1. Synthesis of Chitosan-Polyethyleneimine graft (CS-g-PEI) 

Firstly, 0.526 g of dithiopropionic acid was dissolved in 15 ml of DMSO followed by 

the addition of 0.479 g of EDAC in 5 ml distilled water. To this mixture, chitosan 

solution (0.2 g/10 mL in 1% acetic acid) was added dropwise and the stirring was 

continued for 12 hrs. The resultant solution was then dialyzed against distilled water 

using dialysis membrane (MW Cut-off = 3500 D) for three days. Afterward, lyophilized 

and stored in the refrigerator. In the second step PEI (0.246 g), EDAC (0.059 g) and 

NHS (0.035 g) were dissolved in 20 mL of distilled water and the pH of this solution 

was adjusted to 6.5 with 0.1 M HCl. The solution of activated CH-SS-COOH was added 

dropwise with continuous stirring for 12 hrs. The resultant mixture was then dialyzed 

against distilled water at room temperature for three days to obtain purified chitosan-
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polyethyleneimine graft (CS-g-PEI), freeze-dried and stored in a refrigerator (Li et al., 

2010).  

2.1.3.2. Thiolation of the polymeric excipients 

Thiolation of chitosan (CS) and prepared chitosan-polyethyleneimine graft (CS-g-PEI) 

was carried out by the covalent conjugation of thioglycolic acid (TGA) with amino 

groups as described previously (Kast et al., 2003). Briefly, 1% (w/v) CS and CS-g-PEI 

solutions were prepared separately in 1% (v/v) acetic acid solution and pH was adjusted 

to 5.8 by the dropwise addition of NaOH (1M). To these solutions, EDAC (50 mM) 

and hydroxylamine were added with continuous stirring. After a few minutes, 500 mg 

thioglycolic acid (TGA) was added dropwise to the solution and incubated in dark at 

room temperature for three hrs. The resultant mixture was first dialyzed by using a 

dialysis membrane (MW cut-off 12-14 KD) for 3 days to remove the un-reacted 

moieties from the polymer solution. First, the thiolated polymers were dialyzed against 

5 mM HCl and then twice by using the same media but with 1% (w/v) NaCl. Afterward, 

the polymer solutions were dialyzed exhaustively twice against 1 mM HCl to adjust the 

pH of the polymer solution to 4.0. After dialysis, the polymer solutions of thiolated 

chitosan (CS-TGA) and thiolated chitosan-grafted-polyethyleneimine (CS-g-PEI)-

TGA were freeze-dried and stored at 4˚C for further use. 

2.1.3.3. Mannosylation of polymeric excipients 

Mannosylation of the thiolated polymers was carried out by following the method 

reported previously. Briefly, 2% (w/v) solution of thiolated polymers was prepared in 

1 % acetic acid solution. To this solution, 0.12 M sodium cyanoborohydride and 0.33 

mg D-Mannose were added, and the mixture was stirred continuously on the magnetic 

stirrer for 4 hrs. After that solution was dialyzed by using a dialysis membrane (MW 

cut-off 13 KD) against the 1mM acetic acid solution for two days to purify the prepared 

polymers i.e. mannose anchored thiolated chitosan (M-CS-TGA) and mannose 

anchored thiolated chitosan-grafted-polyethyleneimine M-(CS-g-PEI)-TGA. The 

polymers were then freeze-dried and stored at 4˚C for further use (Shahnaz et al., 2017). 

2.1.3.4. Characterization of polymeric excipients 

The successful synthesis of polymeric grafts and immobilization of thioglycolic acid 

and mannose was confirmed by FTIR. The newly synthesized grafts were characterized 

with Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TA) 
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to evaluate the thermal behaviour and effect of thiolation and mannosylation on 

polymers. The differential was performed at a temperature ranging from 25 to 350ºC at 

a heating rate of 10ºC per min with continuous purging of air at the rate of 10 mL/min 

using Differential Scanning Calorimeter Instruments, SD Q600, USA). 

2.1.3.5. Determination of immobilized thiol groups 

The number of thiol groups covalently attached to the polymer backbone was 

determined by Ellman’s reagent as described by Gul Shahnaz et al (Shahnaz et al., 

2012). Briefly, 4mg of conjugated polymers was hydrated in 2 ml of distilled water and 

250 µL of this solution was added into 250 µL of 0.5 M phosphate buffer (pH 8.0). To 

this solution, 500 µL of Ellman’s reagent (4 mg Ellman’s reagent in 10 mL of 0.5 M 

phosphate buffer of pH 8.0) was added and the resultant mixture was incubated for 3 

hrs at room temperature. After that, the reaction mixture was centrifuged at 13,500 rpm 

for 5 mints to precipitate the polymer and 300 µL of the supernatant was transferred 

into a microwell plate and absorbance was measured at 450 nm by a microtiter plate 

reader. A TGA standard curve was established by using the different concentration of 

TGA in a similar manner.  

2.1.3.6. Determination of disulfide bonds 

Disulfide bonds are formed by the oxidation of thiol groups and are measured by the 

reduction with Sodium Borohydride (NaBH4) and subsequent addition of Ellman’s 

Reagent. 2 mg of the thiolated chitosan was hydrated in 2 mL of demineralized water. 

350 µL of this solution was added into 650 µl of 0.05 M phosphate buffer (pH 6.8) and 

allowed to swell for 30 min. After that 1 mL of 4% freshly prepared NaBH4 was added 

to the polymer suspension and resultant mixture was incubated in oscillating water at 

37oC of the bath for 1 hr. Thereafter, to destroy the remaining NaBH4 200 µL of 5M 

HCl was added and agitated for 10 min. The solution was neutralized by the addition 

of 1 mL of 0.5 M phosphate buffer (pH 8.5) and immediately after neutralization 100 

µl of Ellman’s reagent was added and incubated for 1 hr at room temperature in dark. 

250 µL of the solutions were transferred to the microtiter plate and the absorbance was 

measured at 450 nm by using microtiter plate reader. The amount of total bound TGA 

groups was calculated by the standard cure that was established by the increasing 

known concentration of TGA. Then disulfide contents were measured by subtracting 
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the number of free thiol groups from the total thiol moieties present on the polymer 

backbone (Rahmat et al., 2013). 

2.1.3.7. Determination of immobilized mannose groups 

The number of immobilized mannose groups on the thiolated mannosylated polymers 

was determined by the resorcinol method reported previously. Briefly, 4 mg of thiolated 

mannosylated polymers was hydrated in 2 mL of distilled water. 20 µL from this 

solution was transferred to the 96 micro-well plates in triplicate. To each well, 20 µL 

of resorcinol (6 mg/mL), 100 µL of 75% sulfuric acid and 50 µL of pristine was added. 

The microplate was kept on the vortex shaker to homogenously mix the solutions. After 

that, the plate was heated at 90℃ for 30 min in the oven and kept at room temperature 

in the dark for 30 min. The optical density was measured by using the microwell plate 

reader at 430 nm. The standard curve of the mannose was obtained by treating the 

known concentrations of the mannose in the same way (Chu et al., 2015). 

2.1.3.8.  Trypanothione reductase inhibition assay 

The potential involvement of thiolated polymers in inhibition of TR was evaluated on 

the Leishmania parasite lysate by following the method described by Hamilton et al., 

(Hamilton et al., 2003). First, the crude enzyme (TR) was prepared by incubating the 

promastigotes with lysis buffer consisting of HEPES (40 mM), EDTA (1 mM), Triton 

X-100 (2 % V/V) and Tris (50 mM. pH 7.5) and Phenylmethanesulfonyl fluoride (1 

mM) was added as a protease inhibitor. 75 µL of lysate was added to each well of 96-

well plate followed by the addition of 25 µL of NADPH (200 µM) and 25 µL (100 µM) 

of Ellman’s reagent and different concentration of MA and formulations. The whole 

reaction mixture was kept in dark at room temperature for 3 hrs. After that, the 

absorbance was measured by using microwell plate reader at 405 nm. For each sample, 

a control was set having all the reacting species except T[S]2. The TR activity was 

calculated by subtracting the optical density (OD) of control form the OD of the sample, 

Kinetics of TR inhibition was studied by analyzing the enzyme activity using graph pad 

prism software (Hamilton et al., 2003).  

2.1.3.9. Preparation of nanoformulations 

2.1.3.9.1. Formulation optimization   

The optimization of nanoformulations was carried out to obtain the suitable ratio of 

ingredients i.e. Polymers, chitosan (CS), Chitosan-grafted polyethyleneimine (CS-g-
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PEI), thiolated chitosan (CS-TGA), thiolated chitosan grafted polyethyleneimine (CS-

g-PEI)-TGA, mannose anchored thiolated chitosan (M-CS-TGA), and mannose 

anchored thiolated chitosan grafted polyethyleneimine [M-(CS-g-PEI)-TGA], 

Tripolyphosphate and Meglumine Antimoniate (MA) (Glucantime®, the marketed 

product of MA was utilized as equivalents of MA). using Design Expert® software via 

Central Composite Design (CCD) and Response Surface Methodology. The 

formulations were optimized for particle size, zeta potential, encapsulation efficiency 

and polydispersity index (PDI), as dependent variables. Response surface analysis was 

carried out and data with p < 0.05 were considered significant and selected for the 

model. (Sohail et al., 2016). 

2.1.3.9.2. Fabrication of nanoformulations 

Nanoformulations were prepared by the ionic gelation method by following the method 

reported by Bernkop-Schnürch et al., (Bernkop-Schnürch et al., 2006). 0.2% w/v 

solutions of polymers chitosan (CS), Chitosan-grafted polyethyleneimine (CS-g-PEI), 

thiolated chitosan (CS-TGA), thiolated chitosan grafted polyethyleneimine (CS-g-

PEI)-TGA, mannose anchored thiolated chitosan (M-CS-TGA), and mannose anchored 

thiolated chitosan grafted polyethyleneimine [M-(CS-g-PEI)-TGA], were prepared 

separately by dissolving the polymers in acetic acid (1%, w/v) and TPP in water (0.2%, 

w/v). The specified quantities of Glucantime® (as equivalents of MA) were added to 

the polymer solution and TPP was added dropwise under continuous stirring to produce 

drug-loaded nanoformulations. The nanoformulations were separated by centrifugation 

at 13,500 rpm at 4oC for 15 min. The obtained pellet was washed with distilled water 

and redistributed in 3% trehalose solution, lyophilized and stored for further use 

(Bernkop-Schnürch et al., 2006). 

2.1.3.10. Characterization of nanoformulations 

Drug-loaded nanoformulations and blank nanoformulations were analyzed for particle 

size, zeta potential and polydispersity index (PDI) using Nanozeta sizer (Malvern, UK). 

The samples were diluted 10 times so that the electrophoretic mobility of 

nanoformulations should not be compromised by the aggregation. The surface 

morphology and presence of Meglumine Antimonite (MA) inside the nanoformulations 

were analyzed using scanning electron microscopy (FEI Nova NanoSEM 450, USA) 

equipped with transmission electron detector operated at 17.5 KV and energy dispersive 
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X-ray spectroscopy (EDX) using Nova Sem. Samples for STEM images were carefully 

prepared by slow evaporation of a single diluted drop of nanoformulation on the copper 

grid (carbon coated) and blotting by 1% ammonium molybdate solution. Sputter coater 

was then used for further coating of the samples to coat them with gold to obtain the 

images with better contrast. Stability of nanoformulations was analyzed for change in 

particle size and encapsulation efficiency over a period of 3 months while keeping them 

at varying stress conditions of -20ºC, 4ºC and 37ºC. 

2.1.3.11. Entrapment efficacy 

Entrapment efficacy (EE) was measured by the indirect method reported previously 

(Saremi et al., 2011). The nanoparticle solution formulations were prepared as 

described above and the supernatant was collected by the centrifugation at 13500 rpm 

for 15 minutes. The supernatant was analyzed by the validated atomic absorption 

spectroscopy (AAS) method for the amount of MA in the supernatant. The % EE was 

calculated by using the following formula  

 

                   EE (%) = 
Amount of drug added−Amount of drug in supernatant

Amount of drug added
 × 100 

 

Antimony was determined by analyzing collected supernatants via electrothermal 

Atomic absorption spectroscopy (ET-AAS) using Perkin-Elmer, Perkin-Elmer AA600 

graphite furnace atomic absorption spectrometer. The analytical method showed a 

suitable level of precision with a coefficient of variance (CV) <5% and accuracy of 

95% to 105% according to analyte recovery. The linear range of analyte recovery was 

10 µg/mL to 200 µg/ml with a regression coefficient (R2) of 0.9984.  

2.1.3.12. Drug release studies 

The amount of drug released was checked by using dialysis tube and beaker by using 

phosphate buffer of pH 7.4 and 5.5 as dissolution medium maintained at 37℃. The 

prepared nanoformulations based on CS, CS-PEI, CS-TGA, CS-PEI-TGA, M-CS-TGA 

and M-CS-PEI-TGA equivalent to 10 mg of MA were weighed and put into a dialysis 

membrane (MW cut-off =12-14 KD). The membrane was filled with dissolution 

medium and suspended in a beaker containing 500 mL dissolution medium with 

continuous magnetic stirring. After the specified time (1, 2, 4, 8, 12, 24, 48, 72 hrs) 1 
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ml sample was withdrawn and replaced with fresh dissolution medium already 

maintained at 37℃. The withdrawn samples were subjected to Atomic Absorption 

Spectrophotometric (AAS) analysis for the quantification and percentage of drug 

release was calculated and plotted against time. 

2.1.3.13. Mucoadhesion studies 

For the mucoadhesive studies rheological synergism was carried out and for thatg of 

mucin (bovine stomach) was dissolved in 0.1M phosphate buffer (50ml, pH 7.4) and 

the final pH was adjusted to pH 6.8. The lyophilized nanoformulation CS, CS-PEI, CS-

TGA, CS-PEI-TGA, M-CS-TGA and M-CS-PEI-TGA were hydrated in deionized 

water (5% m/v). Unmodified thiomer nanoformulations served as control. These 

nanoformulations were mixed with an equal amount of prepared solution of mucin 

followed by pH adjustment to pH 7.5. The mixtures were incubated for 20 min at room 

temperature and 1 ml of each of the mixture was then transferred to the cone-plate 

viscometer and equilibrated for 3 min at 37oC. The storage modulus (Gʹ) and loss 

modulus (Gʹʹ) along with apparent viscosity were observed. The rheological synergism 

parameters were calculated at 50 S-1 shear rate as under. 

Δɳ=ɳmix– (ɳF+ɳmuc) 

Where ɳmix is the apparent viscosity of polymer-mucin mixture (Pas), ɳF is the 

apparent viscosity of a formulation solution (Pas) and ɳmuc is the apparent viscosity of 

mucin dispersion (Pas) (Iqbal et al., 2012a). 

2.1.3.14. Water absorbing capacity 

The water absorption and swelling capacity of the synthesized nanocarriers were 

evaluated by using the method described by Gul Shahnaz et al., (Shahnaz et al., 2012) 

Briefly, 25 mg of each of the nanocarriers CS, CS-PEI, CS-TGA, CS-PEI-TGA, M-CS-

TGA and M-CS-PEI-TGA were compressed by using a single punch machine into a thin 

tablet of 5 mm diameter. A needle was gently fixed into the tablet. The tablets were 

weighed and were immersed in phosphate buffer (0.1 M, pH 7.4) at 37oC. After definite 

intervals of time the tablets were taken out, excess water was wiped out with a tissue 

paper and the tablets were weighed again. The amount of water absorbed was calculated 

by using the formula. 
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𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
𝑊𝑓 − 𝑊𝑜

𝑊𝑜
 𝑋 100 

Where W0 is the initial weight Wf is the final weight of the tablet at the given interval 

of time (Shahnaz et al., 2010).  

 

2.1.3.15. Animals, Parasites, Cell cultures 

BALB/c and C57BL/6 mice were obtained from Harlan Laboratories (Indianapolis, IN, 

USA). The mice were kept at the animal facility at The Ohio State University 

(Columbus, OH, USA) in compliance with U.S. National Institutes of Health and 

Institutional guidelines. Pharmacokinetics studies evaluation by using BALB/c mice 

was carried out according to the protocol approved by the Ohio State University, USA. 

L. donovani LV82 were genetically modified to express firefly luciferase and red 

fluorescent protein named Dsred2-L. donovani (Terrazas et al., 2015). Parasites were 

retained by the amastigotes isolated from the spleen of previously infected BALB/c 

mice. L. tropica were retained by the serial dilution of amastigotes obtained from the 

aspirate from the lesions of an infected patient.  

Bone marrow-derived macrophages (BMDMs) were acquired according to a previously 

published protocol (Weischenfeldt and Porse, 2008). Briefly, tibia and femur bones of 

BALB/c mice were separated, and bone marrow was obtained by using PBS with help 

of syringe  When recovering all bone marrow of all bones, centrifuge tubes containing 

the cells at 1500 rpm, for 7 min at 4°C. Cells were recovered and plated at 1 × 106/ml 

(RPMI 1640 medium containing 10% (v/v) L199 cell supernatant, 10% FBS, 2 mM L-

glutamine, 50 μM 2-mercaptoethanol, and 1× penicillin/streptomycin) in 75 cm3 flasks. 

After six days of plating, non-adherent cells were discarded, and adherent macrophages 

were scraped from the flasks and plated at 0.5 × 106/mL in 24 well plates. 

Human macrophages freshly separated from the human blood by the consent of 

volunteers and approval from the ethical committee of Quaid-i-Azam University, 

Islamabad, Pakistan by following the method described by (Nadhman et al., 2014). The 

isolation was carried out by Ficoll-gastrografin gradient (density=1.070 g/mL) method. 

The desired density was achieved by dissolving 5.7 g of ficoll in 95 mL of deionized 

water and dropwise addition of 5 mL of gastrografin (sodium diatrizoate). 5 ml of blood 

was diluted three times with Hank’s buffer salt solution (HBSS) and layered over 15 
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ml of Ficoll-gastrografin. The blood solution was centrifuged at 400 G for 30 min and 

macrophage layer was separated. The purification of separated cells was carried out by 

percoll (density =1.064 g/mL). After purification, the cells were suspended in RPMI 

medium with 15% fetal bovine serum, penicillin (100 U/mL), HEPES (25 mM) and 

streptomycin (0.1 mg/mL) with 5% CO2 at 37oC. 

The human epithelial cell line Caco-2 has been extensively employed as a model of the 

intestinal epithelial barrier was obtained from the American Type Culture Collection 

(ACS-TGAC® HTB-37™). Cells were fed with minimum essential medium (MEM) 

containing 20% fetal bovine serum, 1% penicillin-streptomycin for 21 days.  

2.1.3.16. Permeation enhancement  

Permeation of the prepared nanoformulations based on CS, CS-PEI, CS-TGA, CS-PEI-

TGA, M-CS-TGA and M-CS-PEI-TGA and Glucantime® (equivalent of MA) was 

estimated by following the method described earlier (Bernkop-Schnürch et al., 2004a). 

CaCo-2 cells were seeded onto 12 well transwell polyester plates with a pore size of 

0.4 µM and 13.85 diameters in DMEM with 15% (v/v) Fetal Bovine Serum (FBS) in a 

CO2 incubator with 5% CO2 at 37°C. The cells were grown and differentiated for 15 

days with the change of media after every 48 hrs. Before the experiments, each 

monolayer was washed with 1mL of PBS. To the apical chamber (AP) 1 mL of transport 

medium and to the basal side 2 mL of the medium was added. Nanoformulations were 

suspended in DMEM without phenol red to give a final concentration of 1% m/v. The 

whole assembly was kept at 5% CO2 for 30 min for the equilibrium. The media of the 

donor chamber (AP) was substituted with 0.5 mL of MEM without phenol and 0.5 mL 

of 1% mv MA loaded nanocarriers. From the acceptor chamber Aliquots of 100 µL 

were withdrawn from the acceptor chamber (BL) 100 µL samples were taken out after 

every 30 min for 3 hrs and replaced immediately with an equal volume of transport 

medium. The apparent permeability coefficient (Papp) for MA was calculated as 

reported previously (Bernkop-Schnürch et al., 2004a).  

2.1.3.17. Intracellular accumulation  

Macrophage uptake of the nanoformulations and ABCB1 inhibition studies were 

carried out to evaluate the potential of the prepared nanocarriers to be internalized into 

the macrophages via endocytosis and increased accumulation of MA by the inhibition 

of efflux pumps. The ABCB1 efflux pumps are highly expressed in case of macrophage 
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infection with the resistant strains. For this purpose, the resistance was provoked in the 

L. tropica by an incremental increase in the MA until the parasites were able to grow 

at the MA concentration of 2 mg/ml (Grögl et al., 1989). Resistant and sensitive strains 

of the parasites (1-2×106 cell/mL) were grown at 25oC in RPMI medium with 15% fetal 

bovine serum, penicillin (100 U/mL), HEPES (25mM) and streptomycin (0.1mg/ml). 

For macrophage uptake studies, the human macrophages isolated via above method 

were cultured in 24 well tissue culture plates with microscopic slides at a cell density 

of 1 × 106 cells per well in RPMI-1640 culture medium without serum. These cells were 

treated with MA and drug-loaded nanoformulations at the concentrations equivalent to 

100 µM of MA. The cells were incubated at 37oC in CO2 for 24 hrs. The attached cells 

were washed with PBS, scraped off and the cell suspension was centrifuged to obtain 

the pellet and re-suspended, sonicated and again centrifuged. The samples were then 

subjected to atomic absorption analysis for the determination of the amount of MA 

(Shahnaz et al., 2017).  

2.1.3.18. ABCB1 inhibition  and retention studies 

To evaluate the ABCB1 inhibition potential of nanocarriers, the macrophages infected 

with L. tropica were treated with 5µM Verapamil (an established ABC transporter 

inhibitor) before the addition of nanoformulations. Verapamil was added into the cells 

infected with sensitive and resistant strains and without any infection. After 2 hrs of the 

treatment with verapamil, the cells were washed with buffer (pH = 7.2) and treated with 

the Glucantime® and nanoformulations. After 24 hrs, the cells were processed for the 

atomic absorption analysis of drug. For the determination of retention of drugs inside 

the macrophages the macrophages were treated with nano-formulation at the 

concentration equivalent to 100 µM MA and incubated for 24 hrs. After that, the cells 

were washed with PBS and fresh medium without nanoformulations was added. The 

cells were then cultured for a further 10 days with half medium change on every day. 

After days 2, 4, 6, 8 and 10 the cells were scraped off and processed for the atomic 

absorption analysis for the quantification of MA (Shahnaz et al., 2017). 

2.1.3.19. Biocompatibility studies against human macrophages 

For the biocompatibility studies of nanoformulations were carried out on human 

macrophages viable cells with a density of 1×105 cells per well were seeded in a 48-

well plate. These cells were incubated with four different concentrations of pure drug 
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MA and drug-loaded nanoformulations. After 24 hrs incubation in the CO2 incubator, 

the supernatant was replaced with culture medium containing MTT (500 µg/mL) and 

further incubated for 4 hrs. After that 250 µL of DMSO was added to each well, to 

dissolve the formazan crystals produced by viable cells and absorbance was measured 

at 450 nm by using a multi-plate reader (Perkin Elmer) (Nadhman et al., 2014).  

2.1.3.20. Biocompatibility against BMDM’s 

The prepared nanoformulations were evaluated for their biocompatibility against 

BMDM’s obtained from C57BL/6 mice. After purification, the cells were suspended in 

RPMI medium with 15% fetal bovine serum, penicillin (100U/ml), HEPES (25mM) 

and streptomycin (0.1mg/ml) with 5% CO2 at 37oC. Viable cells with a density of 1×105 

cells per well were seeded in a 24-well plate. These cells were incubated with six 

different concentrations of Glucantime® (MA) and drug-loaded nanoformulations. 

After 72 hrs’ incubation, the supernatant was replaced with culture medium containing 

MTT (500 µg/mL) and further incubated for 4 hrs. After that, the supernatant was 

removed and 250 µl of crystal dissolving solution was added and the plates were placed 

on a rocker for 20 min. the absorbance was measured at 450 nm by using a multi-plate 

reader (Ortega et al., 2015).   

2.1.3.21. Evaluation of nanoparticles uptake by flow cytometry 

Fluorescein Isothiocyanate (FITC) labelled nanoformulations were prepared by using 

the method reported previously. Raw macrophages with a density of 1×105 cells per 

well were seeded in a 24-well plate. in RPMI medium with 15% fetal bovine serum, 

penicillin (100U/ml), HEPES (25mM) and streptomycin (0.1 mg/mL) with 5 % CO2 at 

37oC. The cells were incubated with FITC labelled nanoformulations FITC-CS, FITC-

M-CS-TGA and FITC-M-(CS-g-PEI)-TGA at the concentration of 25 µg/mL for 12 

hrs. After that, the cells were washed thrice with warm Hank’s balanced salt solution 

(HBSS) to remove any un-phagocytosed nanoparticles. The cells were then scraped off 

and resuspended in 400 µL FACS-buffer and analyzed by a flow cytometer (FACS-

Calibur II with CellQuest® Pro software) for the percentage of macrophages showing 

exhibiting typical fluorescence of FITC at FL-1H channel. Acquisition velocity was 

fixed to low speed and the highest resolution, a programmed condition provided in a 

flow cytometer. Data were analyzed in FlowJo® software Macrophages without 

nanoformulations and FITC-labelled nanoparticles without macrophages served as 

controls. 
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2.1.3.22. Evaluation of nanoparticles uptake by fluorescent microscopy 

Raw macrophages with a density of 1×105 cells per well were seeded in a 24-well plate 

with coverslips. in RPMI medium with 15 % fetal bovine serum, penicillin (100 U/mL), 

HEPES (25 mM) and streptomycin (0.1 mg/mL) with 5 % CO2 at 37 oC. The cells were 

incubated with FITC labeled nanoformulations FITC-CS, FITC-M-CS-TGA and FITC-

M(CS-g-PEI)-TGA at the concentration of 25 µg/mL for 12 hrs. After that, the cells 

were washed thrice with warm Hank’s balanced salt solution (HBSS) to remove any 

un-phagocytosed nanoparticles. The cells were fixed with ice-cold methanol and slides 

were prepared and evaluated under fluorescent microscopy for the phagocytosis of 

nanoparticles.  

2.1.3.23.  In-vitro anti-Leishmanial activities 

2.1.3.23.1. In-vitro anti-Leishmanial activity against L. tropica KWH23 

An intramacrophage amastigote model was used to evaluate the anti-Leishmanial 

activity of nanoformulations as compared to pure drug. The macrophages, previously 

isolated, were seeded into 24-well tissue culture plates with microscopic slides at a cell 

density of 1×104 cells per well and incubated at 37°C in CO2 incubator allowing to 

adhere the chamber slides. The cells were then washed twice with serum-free medium 

and the monolayers of attached cells were infected with log phase of L. tropica KWH23 

promastigotes at the range of 10:1 (promastigote: macrophages) and incubated for 24 

hrs at 37°C in a CO2 incubator. The cells were then washed with serum-free media to 

remove the unphagocytosed promastigotes and the infected cells were then incubated 

with the serial dilutions of Glucantime®, and nanoformulations CS, CS-PEI, CS-TGA, 

CS-PEI-TGA, M-CS-TGA and M-CS-PEI-TGA. After 24 hrs slides were stained with 

10% Giemsa solution and visualized under a light microscope. One hundred 

macrophages per well were counted for computing the percentage of infected 

macrophages or amastigotes per 200 macrophages. Inhibition percentage was computed 

according to the following equation (Nadhman et al., 2015).  

Inhibition (%) =
No. of cells in control well − No. of cells in treated well

No. of cells in control well
X 100 

 

2.1.3.23.2. In-vitro anti-Leishmanial activity against L. donovani LV82 

Bone marrow-derived macrophages (BMDMs) (5×105) were grown in a 24-well tissue 
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culture plate. The macrophages were infected with 2.5 × 106 stationary phase L. 

donovani promastigotes (ratio 1:10). The non-phagocytosed parasites were removed by 

washing three times with RPMI medium. Glucantime® and MA loaded 

nanoformulations CS, CS-PEI, CS-TGA, CS-PEI-TGA, M-CS-TGA and M-CS-PEI-

TGA were added to wells and allowed to incubate for 72 hrs. The cells were stained 

with Giemsa stain and the percentage of infection inhibition was calculated by the 

method described above. 

2.1.3.23.3. Flow cytometry for parasitic loads evaluation 

The differentiated BMDMs cells were plated in the 24-well plate at the density of 3.5 

× 106/well. After 24 hrs, the infection was established by the promastigotes of L. 

donovani DsRed2 at the ratio 1:10 (macrophage:promastigote), and unphagocytosed 

parasites were washed extensively with warm RPMI media. Infected BMDMs were 

incubated with nanoformulations of CS, CS-PEI, CS-TGA, CS-PEI-TGA, M-CS-TGA 

and M-CS-PEI-TGA distributed in DMEM medium supplemented with 1% of LCCM 

(L.929 cell condition medium), at 37°C in a 5% CO2 incubator for 72 hrs. No drug 

treatment served as the control group. After 72 hrs, infected BMDMs were scraped off 

and pellet was obtained by centrifugation, resuspended in 0.5 mL of PBS, and the 

parasitic load was evaluated by the flow cytometry to obtain the proportion of dead/live 

parasites measured by the loss of fluorescence. Untreated or control BMDMs infected 

with DsRed2-L. donovani were served as live cell control. About 1000–5000 cells were 

gained. Channel 2 was used to gain DsRed2. Data were analyzed in FlowJo® software 

after compensation of single colour control samples employing a compensation matrix 

(Terrazas et al., 2015).  

2.1.3.24. Oral Pharmacokinetic studies 

BALB/c mice were orally inoculated, with oral gavage needle, 0.2ml of an aqueous 

solution of Glucantime® and suspension of nanoformulations CS, M-CS-TGA, and M-

CS-PEI-TGA containing MA equivalent to 70 mg/kg of Sb. Mice from each group  

were sacrificed at the following times: 0.5, 1, 3, 6, 12 and 24 hrs (4 mice/time) after 

administration of treatment. Blood samples were collected from the brachial peluxes, 

serum was recovered by centrifugation and stored at -20oC until further use. The liver 

and spleen from each mouse were also recovered, homogenized and digested with nitric 

acid in a dry block. Levels of Sb were determined in diluted serum and digested tissue 
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samples via a validated ICP-OES method. For this purpose, Inductively coupled 

plasma-optical emission spectrometer (ICP-OES) (iCAP 6500 Duo, Thermo Scientific, 

UK) equipped with a charge injection device (CID) detector was used in the 

determination Sb trace concentrations. The samples were introduced with concentric 

nebulizer and cyclone spray injector. The linear range for Sb was 0.09 to 250 µg/L with 

correlation co-officiant (r2) of 0.9989. Limit of detection (LOD) and limit of 

quantification (LOQ) were 2.4 ng/L and 8.2 ng/L respectively. Repeatability and 

reproduceability were found to be in the range of 2.1% to 2.5% and 3.1% to 3.8 % 

respectively. Pharmacokinetic parameters were evaluated by using excel add-in, PK 

solver (Fernandes et al., 2013).  

2.1.3.25. In-vivo anti-Leishmanial assay  

For the in-vivo anti-Leishmanial assay against L. donovani infected BALB/c mice 

model, the most active formulation M-CS-PEI-TGA (as per invitro anti-Leishmanial 

assay) was selected while the nanoformulation CS was selected for the comparison with 

targeted nanoformulations. 25 BALB/c mice were injected intravenously with 1×107 L. 

donovani (Ldv82) amastigotes via tail vein recovered from the spleen of an infected 

Syrian hamster. After 14 days the infection was confirmed in 4 randomly selected mice 

by Giemsa staining of liver and splenic tissue. The infected mice were divided into 6 

groups of 3 mice each and Glucantime® (group- I), CS (group-II) and M-CS-PEI-TGA 

(Group-III) were administered orally via oral gavage needle at the dose equivalent to 

70 mg/kg of Sb for 10 days. Group-IV were administered with blank-CS nanocarriers 

and group-V were administered blank-M-CS-PEI-TGA. Group-VI was administered 

with single IV-injection at the dose of 70mg/kg of Sb via tail vein as a positive control. 

28 days post infection mice were euthanized using a CO2 chamber. Parasitic loads were 

evaluated as L. donovani units (LDU) by counting the number of parasites per 1000 cell 

nuclei in Giemsa-stained smears (Sigma-Aldrich, St. Louis, MO, USA). The resulting 

number was then multiplied by the tissue weight as reported previously and compared 

with untreated infected control (Gupta et al., 2015). 

2.1.4. Design of Mannosylated Oral Amphotericin B Nanoformulation: Efficacy 

and Safety in Visceral Leishmaniasis 

2.1.4.1. Synthesis of Amphotericin B loaded nanocarriers 
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Amphotericin B (AmB) loaded nanoformulations by the using polymers chitosan (CS), 

thiolated chitosan (CS-TGA) and mannose anchored thiolated chitosan (M-CS-TGA) 

were adopted from our previous study (Shahnaz et al., 2017). Briefly, AmB was 

dissolved in 2.5% (v/v) aqueous acetic acid solution and tween 80 and polymers were 

added to the above mixture at the final concentration of 3.5% (w/v) and the reaction is 

allowed to proceed for 2 hrs. To stabilize the nanocarriers the specified amount of 

aqueous solution of TPP was added dropwise. The partial oxidation of prepared 

nanocarriers was obtained by incubating the nanocarriers with 0.5% (v/v) H2O2 solution 

for 1 hr under continuous stirring at room temperature. 3% trehalose solution was added 

to the resultant opalescent suspension and nanocarriers were separated by 

centrifugation at 1350 rpm for 10 min at 4oC. The pellet was separated, washed twice 

with distilled water and redistributed into 0.1% (v/v) aqueous acetic acid solution (2 

mL) and stored at 4oC for subsequent use.  

2.1.4.2. Characterization of AmB loaded nanocarriers 

The prepared AmB loaded nanocarriers were characterized in terms of size, zeta 

potential, PDI and morphology by using the same experimental protocols as carried out 

with MA loaded nanocarriers mentioned in section no 2.2.1.10. 

2.1.4.3. Flow cytometry for parasitic loads evaluation 

The parasitic burden was evaluated by using flow cytometry technique by the utilizing 

L. donovani DsRed2 infected BMDM model as described above in section no 

2.2.1.23.3.  

2.1.4.4. Evaluation of cell membrane integrity 

L. donovani LV82 promastigotes aliquot up to 1 x 106 cells/100 μL were incubated with 

nanoformulations CS, CS-TGA, M-CS-TGA, AmBisome® and AmB in M-199 medium 

supplemented with 10% of FCS, at 28°C for 72 h. After incubation, parasites were 

transferred into FACS tubes and washed 2 times with PBS by centrifugation and  pellet 

was resuspended in 100 µL of Flow Cytometry Staining Buffer and incubated with 50 

μL of propidium iodide (PI–Sigma–Aldrich®) 2 mg/mL at 25°C, for 5 min. Membrane 

rupture permits the uptake of PI and its binding to cell DNA. Cell membrane integrity 

was evaluated conferring PI fluorescence, on BD FACS-Calibur flow cytometer, in 

which 10,000 events were acquired by CellQuest Pro software. Digitonin saponin 40 
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μM (Sigma–Aldrich®) was employed as a positive control and the fluorescence 

intensity was compared with negative control non-stained fluorescence sample. 

2.1.4.5. Cytokine ELISA 

Immunomodulatory activity of mannose anchored thiolated chitosan-based 

amphotericin B loaded nanocarriers in BMDMs isolated from C57BL/6 mice was 

determined using ELISA kit (Biolegend Inc.) according to standard procedures 

provided by the manufacturer. Cells were treated with AmB (native drug) and 

nanoformulations of CS, CS-TGA, M-CS-TGA and AmBisome® equivalent to their 

IC50 concentration, and untreated cells were considered as control. After 72 hrs of 

incubation, the supernatants were collected evaluated for the concentration of cytokines 

(IL-6, TNF-α, and IL-12,) by ELISA plate reader at 405nm (Costa-Silva et al., 2015).  

2.1.4.6. Quantification of Nitric Oxide 

Griess assay was carried out to measure the cellular Nitric Oxide contents were 

estimated by quantification of nitrite (end product) concentration in the supernatants 

from BMDMs incubated with nanoformulations, AmBiosome® and AmB for 72 hrs. 

After 10 min incubation, absorbance was evaluated using the ELISA plate reader at 

540 nm. Results achieved were extrapolated from a standard curve plotted with NaNO2 

at different concentrations (0 to 400 μM) (Costa-Silva et al., 2015).  

2.1.4.7. Mucoadhesion and swelling behaviour  

Mucoadhesion based on rheological synergism parameters for developed 

nanoformulations were evaluated by using cone-plate viscometer and swelling capacity 

of AmB loaded nanoformulations were carried out as described above in section no 

2.2.1.13 and 2.2.1.14 respectively. 

2.1.4.8. Permeation enhancing  

The same protocol was utilized to evaluate the permeation enhancing properties of 

AmB loaded nanocarriers as utilized above section no. 2.2.1.16. 

2.1.4.9. In vivo bioavailability studies 

Improvement in relative bioavailability and pharmacokinetics of AmB was evaluated 

in rabbits. The studies involving animals were performed by following the guidelines 

approved by the bioethics committee of Quad-i-Azam University, Islamabad. Healthy 

rabbits (36 in number) weighing 2000 ± 150g were kept at the animal facility with free 
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access to water and food. The animals were seggregated into 6 groups of 5 animals each 

Group 1 was treated with pure AmB, group 2, 3, 4, 5 were administered with 

AmBisome, CS, CS-TGA, and M-CS-TGA nanocarriers respectively, via oral gavage 

needle. Group 6 served as control and was given NS. From the ear marginal vein of 

each rabbit, the blood samples were withdrawn at predefined time intervals (0.5, 1, 2, 

4, 6, 8, 12, 24, 36 and 48 hrs) with a sterile syringe. The samples were transferred to 

1.5 mL Eppendorf containing anticoagulant (100 µL). The plasma was separated from 

the collected samples by centrifugation at 4000 rpm for 15 min and stored at -20°C until 

further use. AmB was extracted from the plasma and quantified by using a validated 

HPLC method (Radwan et al., 2017).  

2.1.4.10. In vitro hemolysis assay 

In vitro hemolysis assay was performed on red blood cells obtained from fresh human 

blood collected with volunteer’s consent by using the protocol as reported previously 

(Nadhman et al., 2015). The fresh blood was centrifuged at 150 g and RBCs pellet 

obtained was washed three times by using Dulbecco phosphate buffersaline (DPBS). 

RBCs pellet obtained was further diluted 9 times with sterile PBS. In a 96-well plate, 

in each well RBC suspension was added at the concentration of 100µl and incubated 

with different concentrations of AmB, CS, CS-TGA, and M-CS-TGA. Blank 

nanocarriers served as a negative control while triton-X (100%) as a positive control. 

After 3 hrs incubation, the absorbance was measured at 570 nm using a multi-plate 

reader (Perkin-Elmer, USA). Percentage of hemolysis was evaluated by the following 

formula, 

 

ℎ𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 % =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

2.1.4.11. Acute oral toxicity 

Single dose acute oral toxicity studty, following OECD guidelines, was carried out for 

AmB, CS, CS-TGA, and M-CS-TGA-Blank nanocarriers in Swiss albino mice, of age 8-

10 weeks having the weights of 30 ± 5 g. Mice were segregated into 7 groups of six 

mice each, provided with recommended food in environmentally controlled facility. 

The Group 1 was administered with AmB, group 2 with AmBisome, group 3 with CS 
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group 4 with CS-TGA, group 5, M-CS-TGA, group 6 with M-CS-TGA-blank and group 

7 served as control and given NS. The mice were given an oral dose of 10 mg/kg and 

kept under observation for 24 hrs to monitor the signs of apparent toxicity. After 14 

days, the mice were sacrificed for biochemistry, haematology and tissue histology 

studies.  

 

2.1.4.12. Serum biochemistry analysis 

To assess the induced toxicity by the AmB and various formulations, the serum 

biochemistry analysis was performed after 14 days. The blood was collected from mice 

via cardiac puncture and plasma was separated by centrifugation at 1200G for 10 min. 

The clear supernatant was carefully removed and stored at -20°C. Renal functions tests 

(RFTs) including (Urea and creatinine), Liver function tests (LFT’s) including (ALP, 

SGPT, SGOT and bilirubin), serum electrolytes (Na, Mg, Ca and P), glucose, total 

protein were evaluated through the collected serum. 

2.1.4.13. Organ to body ratio 

Change in the organ to body ratio was calculated for the evaluation of toxicity. The 

weight of the vital organs (Heart, liver and kidneys) immediately after sacrificing the 

animals and washing with saline. The weights of treated and control group was used to 

calculate body mass index using formula (Venkatasubbu et al., 2015). 

𝑂𝑟𝑔𝑎𝑛 𝑡𝑜 𝑏𝑜𝑑𝑦 𝑖𝑛𝑑𝑒𝑥 (%) =
𝑂𝑟𝑔𝑎𝑛 𝑊𝑒𝑖𝑔ℎ𝑡

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
𝑋 100 

2.1.4.14. Histopathology of vital organs 

The removed organs were examined for any lesions or abnormalities against a control 

group. The rotary microtome was used to prepare organ slides followed by staining with 

hematoxylin and eosin. The sections were microscopically examined for any toxic 

effect produced by treatments (Gautam and Goel, 2014). 

2.1.4.15.   Tissue distribution analysis 

Tissue distribution of AmB in major organs (liver kidneys and heart) was analyzed 

using tissue homogenate. Briefly, the organs were chopped and weighed to extract drug 

through solid-liquid extraction using HPLC mobile phase and further sonicated for 15 
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min and centrifuged at 5000 G for 15 min.  HPLC analysis was carried out with the 

supernatant by using a validated method established previously. (Espada et al., 2008).  

2.1.4.16. Statistical Analysis 

The results were subjected to statistical analysis using Analysis of Variance (ANOVA) 

followed by Tukey’s post-hoc test and student’s t-test A p < 0.05 was considered 

significant. The data are presented as the mean ± standard deviation (S.D). of 3 

experiment
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3. RESULTS  

The grafting of polyethyleneimine onto the chitosan backbone to synthesize 

polyethyleneimine-grafted-chitosan polymer with subsequent introduction of thiol and 

mannose groups in grafted polymer and chitosan were carried out to achieve some 

specific properties of high therapeutic significance in Leishmaniasis therapy. These 

properties include Trypanothione reductase (TR) inhibition, macrophage targeting, 

permeation enhancing and inhibition of ABCB1 efflux pumps. Thus, mannose 

anchored thiolated chitosan-grafted-polyethyleneimine based nanoformulation M-(CS-

g-PEI)-TGA and mannose anchored thiolated chitosan-based nanoformulation M-CS-

TGA were expected to target the macrophages after permeating through the intestinal 

mucosa and accumulate in the organs of the reticuloendothelial system (Liver and 

spleen), the major pathological organs of Visceral Leishmaniasis (VL). Hence, 

mannose anchored thiolated nanocarriers can be a promising approach to enhance the 

therapeutic efficacy of anti-leishmanial drugs. In view of these several studies were 

carried out by using carefully selected experimental protocols to support the aims and 

objectives of this study.  

3.1. Development and evaluation of mannose anchored thiolated chitosan-grafted-

polyethyleneimine nanocarriers for the enhanced efficacy of antimonial drugs in 

Visceral Leishmaniasis   

3.1.1. Polymer Synthesis 

3.1.1.1. Synthesis and characterization of polyethyleneimine-grafted-chitosan 

PEI was successfully grafted onto the chitosan backbone via carbodiimide mediated 

condensation reaction between carboxylic group (-COOH) and amino group (-NH2) of 

reacting species as shown in the Fig. 3.1. The process for this grafting procedure was 

very simple and reproducible where 3,3-dithiodipropionic acid was used as a linker 

between the conjugating polymers. In fact, the grafting is completed in two steps: 1) 

the condensation reaction between –NH2 of chitosan and carboxylic group of 3,3-

dithiodipropionic acid yielding CS-SS-COOH intermediate 2) condensation reaction 

between –COOH of CS-SS-COOH and –NH2 group of PEI leading to the conjugation 

of PEI onto the chitosan. The grafted polymer appeared as off-white to yellowish flakes 

in appearance with excellent water solubility.  
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3.1.1.2. Thiolation of polymeric excipients 

Thiol modification of chitosan CS-g-PEI was successfully carried out via carbodimide 

mediated condensation reaction leading to the formation of an amide bond between               

–COOH group of TGA and –NH2 group of chitosan and CS-g-PEI as shown in Fig 3.1. 

The lyophilized polymers appeared as white fibrous flakes with excellent water 

solubility. The immobilized thiol groups and the amount of disulfide bonds were 

determined by Ellman’s test. The immobilized thiol groups in thiolated 

polyethyleneimine-grafted-chitosan polymer [(CS-g-PEI)-TGA] were 731 ± 57 µM/g 

compared to 476 ± 62 µM/g of thiolated chitosan polymer (CS-TGA) indicating 

significantly enhanced thiolation (P<0.05) owing to increased number of amino groups 

due to grafted PEI. The number of immobilized mannose groups was found to be 562 

± 36 and 273 ± 41 for mannose anchored thiolated polyethyleneimine-grafted-chitosan 

polymer [M-(CS-g-PEI)-TGA] and mannose anchored thiolated chitosan polymer (M-

CS-TGA) respectively. Disulfide bonds formation occurs due to oxidation of thiol 

groups during the synthesis and amount of disulfide bonds were found to be 56 ± 17 

µM for CS-TGA and 68 ± 9 µM for CS-PEI-TGA. The decreased number of disulfide 

bonds compared to the thiol groups represents the efficiency of the thiolation process.  

3.1.1.3. Mannosylation of polymeric excipients 

Lyophilized thiolated chitosan (CS-TGA) and thiolated polyethyleneimine-grafted-

chitosan (CS-g-PEI-TGA) were further modified with mannose group to synthesize 

mannose anchored thiolated chitosan polymer (M-CS-TGA) and mannose anchored 

thiolated polyethyleneimine-grafted-chitosan polymer [M-(CS-g-PEI)-TGA]. The 

mannose modification was successful because the covalent attachment of mannose was 

carried out via reductive amination mediated by sodium cyanoborohydride that requires 

the presence of amino group on the polymeric backbone. The number of immobilized 

mannose groups was quantified to be 562 ± 36 µM. and 273 ± 41 µM for M-(CS-g-

PEI)-TGA and M-CS-TGA respectively. The number of thiol groups and disulfide 

bonds was also quantified and found to be 485 ± 42 µM and 52 ± 9 µM respectively in 

case of M-CS-TGA. In the case of M-(CS-g-PEI)-TGA the number of thiol groups and 

disulfide bonds were 744 ± 25 µM and 61 ± 13 µM respectively.  
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Figure 3.1: Synthetic pathway of polyethyleneimine-grafted-chitosan (CS-g-PEI) with 

subsequent thiolation via EDAC coupling and mannose anchoring via reductive 

amination to synthesize mannose anchored thiolated polyethyleneimine-grafted-

chitosan [M-(CS-g-PEI)-TGA]    
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3.1.2. Characterization of polymeric excipients 

For the characterization of synthesized polymeric excipients, the FTIR analysis was 

carried out to confirm the proposed modifications in the newly grafted polymers as 

shown in Fig 3.2. The characteristic band at 3290 cm-1, 2667 cm-1, 1024 cm-1and 1374 

cm-1 represents the stretching vibrations of –OH and –NH2 of glucosamine and are 

present in all the spectra. The appearance of new peaks at 1262 cm-1 and 814 cm-1 and 

increased in the intensity and a diffused band of –NH2 at 2667 cm-1in the spectra of CS-

g-PEI represents the successful grafting of PEI onto the chitosan backbone via amide 

bond formation. Thiolation of the CS and CS-g-PEI was successfully carried out by the 

formation of amide bonds between the amino group of chitosan and carboxylic group 

of TGA. The small peak at 2375 cm-1 in case of thiolated and mannosylated chitosan 

represents the thiol groups and decreased intensity at 1375 cm-1 of thiolated CS-g-PEI 

represents the modifications of –NH2 groups with thiol groups. The peaks appeared at 

1632 cm-1 in thiolated and mannosylated chitosan are characteristics of amide bond 

formation thus the conjugation of thiol and mannose groups are confirmed. The effect 

of various modifications on thermal behaviour of the polymer was evaluated using DSC 

and TGA. The results in Fig 3.3(A) presents the thermogram of CS, CS-TGA and M-

CS-TGA showing strong exothermic peaks while in case of CS-g-PEI and M-(CS-g-

PEI)-TGA a depression in such sharp peak was observed which may be explained on 

the basis that the grafting of PEI onto the CS backbone makes the grafted polymer 

amorphous due to non-crystalline nature of PEI. The TGA graph in Fig. 3.3(B) showed 

more than 80 % stability for all polymers above around 200°C, except for the CS-g-PEI 

which showed 80 % stability around 100°C. Interestingly, grafting of thiolation 

increased the stability of polymer and remained 80% stable around 250°C, However, 

mannosylation slightly decreased the stability to a lower temperature range. The 

analysis suggested the higher stability of grafted polymer with thiol and mannose group 

due to the development of stable bonds with available primary amino groups.  

3.1.3. Trypanothione reductase (TR) inhibition assay 

The TR inhibitory effect of CS-TGA and (CS-g-PEI)-TGA polymers were evaluated at 

different concentrations starting from 100 µg/ml to 0.391 µg/ml against the 1µM 

concentration of T[S]2. The activity of TR was evaluated by the quantification of TNB2 
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Figure 3.2: FTIR spectra of A) Chitosan (CS) B) polyethyleneimine-grafted chitosan 

(CS-g-PEI)  C) Thiolated chitosan (CS-TGA), D) Thiolated polyethyleneimine-grafted 

chitosan [(CS-g-PEI)-TGA]E) Mannose anchored thiolated Chitosan (M-CS-TGA F)  

Mannose anchored thiolated polyethyleneimine-grafted chitosan [M-(CS-g-PEI)-

TGA].  The Presence of Hydroxyl groups, amide bonds and carbonyl groups confirmed 

the successful modification of the chitosan backbone with thiol and mannose 

 



                                                                                                            Chapter 3: Results 

56 
 

 

 

Figure 3.3: Differential Scanning Calorimetery (DSC) analysis on unmodified chitosan 

and modified chitosan conjugates (A) Thermogravimetric Analysis (TA) on 

unmodified chitosan and modified chitosan conjugates (B).  

 

generated via free thiols including T[SH]2, produced by the TR. The activity measured 

in terms of activity units were plotted against the log concentrations of the thiomers and 

the resultant plot is shown in Fig 3.4. A significantly low (P < 0.05) IC50 of 3.367 

µg/mL for (CS-g-PEI)-TGA was observed as compared to 6.629 µg/ml for CS-TGA. 

For the determination of the possible mechanism of inhibition, the TR activity was 

measured at three different concentrations of thiomers against four different 

concentration of T[S]2. Different models were applied by built-in analysis in Graph Pad 

Prism software and the resultant R2 values against each model were subjected to the 

sum of square F-test analysis for the best fit values as shown in Table 3.1. The results 

indicated that the thiomers inhibited TR by competitive mixed model inhibition with 

Ki of 2.021 and 3.511 for (CS-g-PEI)-TGA and CS-TGA respectively as presented in 

Fig 3.4 
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Table 3.1: Assumed TR inhibition kinetics of mannose anchored thiolated chitosan 

polymer (CS-TGA) and mannose anchored thiolated polyethyleneimine-grafted-

chitosan (M-(CS-g-PEI)-TGA) polymer. Results are expressed as mean ± SD of at least 

three experiments 

Assumed inhibitor type 

Polymers Competitive 

inhibition  

Non 

competitive 

inhibition  

Mixed model  

inhibition*  

Uncompetitive  

inhibition 

 Ki 

[µg] 

R2 Ki 

[µg] 

R2 Ki 

[µg] 

alph

a 

R2 alph

aKi 

[µg] 

R2 

CS- TGA 2.55 0.9951 14.50 0.9855 3.511        15.39 0.9967 10.82 0.9701 

(CS-g-PEI)-TGA 1.650 0.9951 9.742 0.9771 2.021 28.78 0.9960 1.198 0.9526 

*The analysis by the sum of square F-test indicated the mixed model inhibition for both the polymers 

 

3.1.4. Synthesis and characterization of nanoformulations 

Synthesis of various nanoparticle was optimized theoretically in terms of particle size, 

zeta potential, PDI and entrapment efficacy by using central composite design (CCD) 

via simulated RSM plots (Fig. 3.5) using design expert software according to the 

different ratios of ingredients as presented in Table 2. Numerical optimization was 

carried out using design expert that produced various formulations with different ratio 

of polymer, drug and TPP. The prediction was confirmed by selecting and reproducing 

the first three formulations. Based on the outcome of particle size, PDI and EE one 

point at the optimal area was selected at which the particle size was minimum with the 

maximum EE and suitable PDI (< 0.5). Predicted and the nanoformulations were 

successfully prepared through ionic gelation method using the optimized ratios of 

various ingredients obtained. The nanoparticles were formed at the polymer to 

crosslinker ratio of 4:1 with chitosan and 3.33:1, 2.5:1 with thiolated chitosan and 

mannosylated chitosan due to less number of ionizable –NH2 groups left after the 

thiolation and to obtain an aggregation at the nano size more amount of TPP is required. 

While in case of CS-g-PEI the particles of desired size and PDI were obtained at the 

polymer to crosslinker ratio of 5:1due to the increased number of ionizable groups for 

CS nanoformulations. This is because the CS nanoformulations were having the 
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unmodified –NH2 groups and highest particle size of 448 ± 17 which is due to the 

increased viscosity of the unmodified chitosan compared to the modified polymers. The 

synthesis showed uniformity in synthesis with PDI less than 0.5. The TEM analysis 

confirmed the spherical shape and nanoscale dimension of the nanocarriers as shown 

in Fig.3.6. EDX analysis carried out and MA loaded M-(CS-g-PEI)-TGA nanocarriers 

confirmed the entrapment of the drug in the crosslinked polymer matrix as indicated by 

the appearance of antimony peaks as shown in Fig. 3.6 

 

Figure 3.4: Lineweaver-Burk plot and global nonlinear fitting of mixed model 

inhibition for A) mannose anchored thiolated polyethyleneimine-grafted-chitosan (M-

CS-g-PEI)-TGA) B) mannose anchored thiolated chitosan (M-CS-TGA) C) Inhibition 

of activity of TR at different log concentrations of prepared polymers showing the 

respective IC50 values  
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Figure 3. 5: RSM plots of prepared Meglumine Antimoniate (MA) nanoformulations 

based on mannose anchored thiolated polyethyleneimine-grafted-chitosan (M-(CS-g-

PEI)-TGA) showing the effect of independent factors on the Size, Zeta potential, EE 

and PDI. 
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Table 3. 2: Outcome of independent factors and dependent responses for optimization 

of mannose anchored thiolated polyethyleneimine-grafted-chitosan [M-(CS-g-PEI)-

TGA] nanoformultion synthesis obtained from CCD using design expert software.  

 

 

 

 

 

 

 

 

 

Figure 3.6: TEM image of mannose anchored thiolated polyethyleneimine-grafted-

chitosan [M-(CS-g-PEI)-TGA] based MA nanoformulations at 24000X magnification. 

The image confirms the round shape of the M-(CS-g-PEI)-TGA nanoformulations at 

the nano-dimensions. EDX spectra of A) MA B) mannose anchored thiolated 

polyethyleneimine-grafted-chitosan [M-(CS-g-PEI)-TGA] based MA 

nanoformulations. The appearance of peak sat the 3.6 Kev confirms the entrapment of 

drug in nanocarriers. 

Std Run Factor1 

A:Poly

mer 

solution 

(ml) 

Factor 2 

B: TPP 

Solution 

(ml) 

Factor 3 

C:Drug 

(mg) 

Response

1 

Particle 

size 

(nm) 

Response 

2 

Zeta 

Potential 

(meV) 

 

Response 

3 

EE  

(%) 

 

Respons

e      

    4 

PDI  

(%) 

 

8 1 4 2 4 510.3 26.1 67.4 0.53 

3 2 3 2 6 545.6 25.8 68.5 0.55 

9 3 4 1.5 2 357.4 22.7 62.5 0.37 

4 4 3 1 2 330.9 22.4 62.3 0.36 

2 5 5 1 6 223.6 19.6 56.7 0.31 

6 6 5 1.5 4 287 22.2 59.2 0.36 

5 7 3 1.5 4 512.6 26.3 66.7 0.51 

7 8 4 1 4 231.7 21.5 57.3 0.36 

10 9 4 1.5 6 369.1 23.9 66.7 0.35 

1 10 5 2 2 345.2 22.6 64.2 0.54 

11 11 4 1.5 4 365.2 23.2 63.5 0.37 
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3.1.5. Drug release studies 

Drug dissolution studies of the prepared nanoformulations were carried out at 

physiological pH 7.4 and lysosomal pH 5.5 (Fig.3.7). The CS and CS-g-PEI 

nanoformulations showed a higher rate of drug release compared to the thiolated 

formulation. CS released more than 95% of the drug in 48 hrs and CS-g-PEI in 24 hrs 

while thiolated formulations CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-

PEI)-TGA showed a sustained drug release, more than 80% in 72 hrs. The results of 

kinetic modelling are presented in Table 3.4. The release followed a first-order drug 

release behaviour with the Fickian diffusion in case of CS-TGA, (CS-g-PEI)-TGA, M-

CS-TGA and M-(CS-g-PEI)-TGA as indicated by the N < 0.45. The nanoformulations 

CS and CS-g-PEI showed non-fickian (N > 0.45 < 0.89) drug release behavior because 

in these formulations, the increased swelling compared to the thiolated formulations. 

 

 

 

Figure 3. 7: Drug release profiles of MA nanoformulations based on CS, CS-g-PE, CS-

TGA, (CS-g-PEI)-TGA, M-(CS-g-PEI)-TGA. Dissolution studies were carried out at 

phagolysosomal pH 5.5. Results are expressed as mean ± SD of at least three 

experiments 
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Table 3. 3: Characterization of nanoformulations in terms of thiol contents, mannose groups, disulfide bonds, particle size, zeta 

potential PDI and entrapment efficacy. Results are expressed as mean ± SD of at least three experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chitosan (CS), thiolated chitosan (CS-TGA), mannose anchored thiolated chitosan (M-CS-TGA), polyethyleneimine-grafted-chitosan (CS-g-PEI),thiolated 

polyethyleneimine-grafted-chitosan [(CS-g-PEI)-TGA], mannose anchored polyethyleneimine-grafted-chitosan [M-(CS-g-PEI)-TGA]. 

 

Formulaions Thiol groups  

(uM/g) 

Mannose 

groups 

(uM/g) 

Disulfide 

bonds 

(uM/g) 

Particle size 

(nm) 

Zeta Potential 

(mV) 

PDI EE 

(%) 

CS - - - 448 ±17 34±2 0.65±0.09 58.41±2 

CS-TGA 476±62 - 56±17 231±15 21.2±3 0.39±0.05 59.6± 3.5 

M-CS-TGA 485±42 273±41 52±9 295.3 ±13 22.7±2 0.56±0.04 63.4±2.7 

CS-g-PEI - - - 255±16 21.8±4 0.421±0.09 57.6±7.3 

(CS-g-PEI)-TGA 731±57 - 68±9 287.6±12 22.18±5 0.42±0.10 60.2±6.6 

M-(CS-g-PEI)-TGA 744±25 562±36 61±13 287±20 22.2±3 0.36±0.06 59.2±7.8 
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Table 3.4: Drug release kinetic modeling of in-vitro drug release profile of MA 

nanoformulations to determine the possible drug release mechanism. Results are 

expressed as mean ± SD of at least three experiments. 

 

 Zero order First order Korsmeyer-

peppas 

Higuchi 

Formulation R2 K0 R2 K1 R2 *N 

 

R2 KH 

CS 0.6537 2.556 0.9799 0.820 0.9822 0.463* 0.9792 15.036 

CS-g-PEI), 0.0131 2.080 0.9965 0.152 0.9525 0.515* 0.7500 15.868 

CS-TGA 0.4327 1.616 0.9109 0.052 0.9702 0.391** 0.9354 11.871 

(CS-g-PEI)-TGA 0.6020 1.435 0.9096 0.034 0.9843 0.440** 0.9756 10.364 

M-CS-TGA 0.5281 1.508 0.8994 0.039 0.9831 0.415** 0.9637 10.971 

M-(CS-g-PEI)-

TGA 

0.6219 1.337 0.8821 0.028 0.9903 0.443** 0.9824 9.627 

* N >0.45 indicating the non-fickian type of drug release patterns  

**N<0.45 indicating the fickian type of drug release patterns 

 

 

3.1.6. Permeation enhancement studies 

Results of permeation enhancement studies are presented in Fig.3.8 and Papp values 

with permeation enhancement ratios are presented in Table 3.5. Our results exhibited 

that Glucantime alone showed negligible permeation across the Caco-2 cells and even 

in the presence of Verapamil the improvement was not significant thus ruling out the 

possibility of involvement of ABCB1 efflux pumps in the minimal permeation of 

Glucantime. However, the thiolated nanoformulations showed significant improvement 

(P<0.5) as compared to the Glucantime. The thiolated formulation M-(CS-g-PEI)-TGA, 

M-CS-TGA CS-TGA, (CS-g-PEI)-TGA exhibited 7.37, 6.45, 4.42- and 4.67-folds 

enhanced permeation respectively. Non-thiolated nano-formulation CS and CS-TGA 

also indicated 1.60- and 1.37-folds enhanced permeation. The improved permeation of 

thiolated formulations across the Caco-cells is due to the thiomer mediated opening of 

tight junctions and increased passage of nanoformulations across the cells.  



                                                                                                           Chapter 3: Results 

64 
 

 

Figure 3. 8: Permeation of nano-formulation CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-

TGA, M-CS-TGA and M-(CS-g-PEI)-TGA Glucantime across the monolayer of Caco-

2 cell lines. Results are expressed as mean ± SD of at least three experiments. 
 

 

3.1.7. Swelling studies 

The water absorbing capacity of the prepared nanoformulations CS, CS-g-PEI, CS-

TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA was evaluated in terms 

of the swelling index and presented in Fig 3.9. For this purpose, 25 mg of each nano-

formulation was compressed into a tablet and immersed into phosphate buffer (pH 7.4) 

for three hrs. The nano-formulation CS-g-PEI exhibited the maximum capacity to 

absorb the followed by CS due to the availability of -NH2 groups that ionized to produce 

-NH3
+. The electrostatic force of repulsion between similar charges provided increased 

swelling of the polymer chains thus enhanced water uptake. In case of thiolated 

nanoformulations CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA, 

the swelling index was low as compared to the non-thiolated ones because -NH2 were 

modified to thiol groups resulting in a smaller number of -NH3
+. Furthermore, in 

thiolated formulations, the development of disulfide bonds between the thiol groups 

provided the cross-linking between the polymeric chains thus providing less swelling 

and water uptake capacity. 
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Table 3. 5: Results showing ex-vivo permeation enhancement in terms of concentration 

transported across the intestine and apparent permeability along with improvement 

ratios of Glucantime in the presence of verapamil and synthesized nanoformulations 

CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA. 

Results are expressed as mean ± SD of at least three experiments. 

 

Formulations Apparent Permeability 

Coefficient  

(Papp×106 (cm/s)) 

Enhancement ratio 

GLU 7.9   

GLU with Verapamil 8.7 1.1 

CS 12.8 1.60 

CS-TGA 37.2 4.71 

M-CS-TGA 34.96 4.42 

CS-g-PEI 10.9 1.37 

(CS-g-PEI)-TGA 51.03 6.45 

M-(CS-g-PEI)-TGA 58.27 7.37 

 

 

3.1.8. Mucoadhesion 

Mucoadhesion plays an important role in the uptake and permeation of 

nanoformulations across the intestinal membranes. Thiomers, due to its ability to 

develop disulfide bonds with the cysteine subunits of mucus, provide a strong 

mucoadhesion. The mucoadhesion properties of the prepared nanoformulations were 

evaluated in terms of rheological synergism and presented in Table 3.6. Thiolated 

nanoformulations showed increased mucoadhesion compared to the un-modified CS. 

The nanoformulations (CS-g-PEI)-TGA and M-(CS-g-PEI)-TGA exhibited Gʹ value of 

53.21 ± 4.54 and 62.32 ± 2.56 respectively compared to the 7.36 ± 1.33 of CS resulting an 

increased in mucoadhesion of 7.2-fold and 8.4-fold compared to the CS. The formulations 

(CS-g-PEI)-TGA and M-(CS-g-PEI)-TGA even more mucoadhesion as compared to 

the formulations CS-TGA and M-CS-TGA due to the increased number of thiol groups. 
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Table 3.6: Results of viscoelastic parameters i.e. storage modulus (Gʹ) and loss modulus (Gʹʹ) and apparent viscosity of nanoformulations CS, CS-

g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA, with and without mucin. Results are expressed as mean ± SD of at least 

three experiments 

Time 

 1 hr   6 hr 12 hr 

 Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) 

CS 4.24 ±0.19 3.59 ±0.25 0.09 ±0.14 25.74 ±4.65 23.54 ±3.44 1.18 ±2.12 41.62 ±4.36 33.14 ±5.74 3.23 ±1.59 

CS with mucin 7.36 ±1.33 5.82 ±2.33 0.22 ±2.66 39.13 ±6.11 28.36 ±4.32 3.10 ±0.96 58.61 ±6.82 51.22 ±5.63 6.84 ±1.47 

CS-TGA 15.82 ±2.35 10.45 ±3.36 0.14 ±0.36 49.52 ±6.23 40.45 ±5.41 1.86 ± 1.05 99.34 ±9.31 83.64 ±7.63 2.23 ±1.21 

CS-TGA with mucin 25.45 ±2.32 16.24 ±1.68 0.37±0.22 68.32 ±5.24 53.56± 4.57 3.44± 3.27 114.32 ±3.65 81.75 ±6.81 6.31 ±1.16 

M-CS-TGA 16.31 ±3.16 10.07 ±2.36 0.13±1.34 66.24 ±6.82 42.57 ±5.96 3.52 ±1.42 112.42 ±4.51 85.37 ±6.44 2.14 ± 1.89 

M-CS-TGAwith mucin  26.17 ±3.61 15.35 ±4.66 0.42±0.14 69.27 ±5.32 51.72±4.36 3.36 ±1.21 109.34 ±7.11 76.63 ±5.69 6.18±1.73 

CS-g-PEI 3.14 ±0.93 2.86 ±0.72 0.08±0.02 21.54 ±3.73 17.13 ±1.74 1.12±0.32 37.54 ±3.66 29.53   ±4.32 2.98 ±1.11 

CS-g-PEI with mucin 6.88±1.54 5.14±1.23  0.18±0.08 35.46 ±3.65 24.52±3.31 2.76 ±1.4 52.36 ±4.21 43.41 ±5.22 5.44 ±1.04 

(CS-g-PEI)-TGA 32.41 ±3.21 26.33±2.51 0.31 ±0.10  45.25 ±6.55 38.56±3.12 2.31 ±0.98 57.41 ±2.30 48.71 ±4.81 3.86 ±1.41 

(CS-g-PEI)-TGA with 

mucin 

53.21 ±4.54 42.36 ±2.55 0.63±0.20 76.49 ±7.66 62.23   ±5.21 3.86±1.11 117.82 ±11.23 90.28 ±8.12 7.63±2.73 

M-(CS-g-PEI)-TGA 50.87 ±3.34 41.69 ±2.58 0.61±0.10 72.85 ±6.51 66.57±4.72 3.63 ±0.98 114.51 ±8.65 92.67 ±6.55 6.92±1.83 

M-(CS-g-PEI)-TGA with 

Mucin 

62.32 ±2.56 52.38±13.52 0.93 ±0.18 83.65 ±8.66 71.73 ±6.57 4.79 ±1.02 124.55 ±14.65 96.21 ±8.76 7.77±1.22 
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3.1.9. ABCB1 inhibition and intracellular accumulation 

We sought to prepare the macrophage-targeted nanocarriers with ABCB1 inhibition 

potential for the enhanced endocytosis and retention showing improved anti-

Leishmanial activity. The macrophage uptake of targeted nanoformulations, M-CS-

TGA 

 

 

 

Figure 3. 9: Swelling index of nanoformulations CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-

TGA, M-CS-TGA and M-(CS-g-PEI)-TGA. The analysis was carried out for 3 hrs in 

phosphate buffer (pH 7.4). Results are expressed as mean ± SD of at least three 

experiments 

 

and M-(CS-g-PEI)-TGA), thiolated nanocarriers (Cs-TGA), (CS-g-PEI)-TGA), 

unmodified chitosan (CS) and meglumine antimoniate (MA) was evaluated in sensitive 

and resistance strain infected and uninfected cells and the results are presented in Table 

3.7. Human macrophages were incubated with the prepared nanoformulations and 

Glucantime equivalent to 100 µM of meglumine antimoniate (MA). The Glucantime 

showed reduced uptake in the resistant strain infected macrophages. To study the effect 

of ABCB1 efflux pumps in the uptake of Glucantime in the infected and uninfected 
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macrophages were treated with Verapamil (a known ABCB1 inhibitor) prior to addition 

of Glucantime and non-thiolated nanocarriers. Increased uptake of 3.6, 1.97 and 1.81 

folds of MA with Glucantime, CS and CS-g-PEI respectively, was observed in case of 

resistant strain infected macrophages pretreated  

 

Table 3. 7: Comparison of uptake of MA for targeted (M-(CS-g-PEI)-TGA, M-CS-

TGA) thiolated (CS-TGA, (CS-g-PEI)-TGA) non-thiolated (CS, CS-g-PEI) 

nanoformulations and Glucantime in uninfected and infected macrophages. Both 

sensitive and resistant strains of L.tropica KHW23 were used to infect the macrophages. 

The results are expressed as mean ± SD of three independent experiments.  

 

Uptake studies (µg MA/106 cells) 

 

Formulations Uninfected 

macrophages 

Sensitive strains 

infected 

macrophages 

Resistant strains 

infected 

macrophages 

P value 

Glucantime 1.82   ± 0.02 1.68 ± 0.07 0.246 ± 0.01 0.073x, 0.0006y 

0.0001z 

CS 7.433 ± 0.20 7.66 ± 0.20 2.59 ± 0.07 0.2417x, 0.0001y 

0.0001z 

CS-g-PEI 9 .41± 0.07 9 .72± 0.36 3.43 ± 0.25 0.2372x, 0.0001y 

0.0001z 

CS-TGA 15.35± 0.30 14.94 ± 0.06 14.99 ± 0.28 0.083x, 0.1019y 

0.2095z 

(CS-g-PEI)-TGA  25.63± 0.25  24.67 ± 0.66 25.01 ± 0.45 0.0783x, 0.4638y 

0.1060z 

M-CS-TGA 34.43 ± 0.30 34.57 ± 0.35 34.77 ± 0.61 0.6458x, 0.6235y 

0.6448z 

M-(CS-g-PEI)-

TGA 

61.47 ± 0.25 61.76 ± 0.12 61.61 ± 0.21 0.1394x, 0.3484y 

0.4984z 

Pretreatment with verapamil 

Glucantime 1.84± 0.11 1.75 ± 0.08 0.90 ± 0.07 0.3347x, 0.0002y 

0.0002z 

CS 7.46 ± 0.28 7.36 ± 0.24 5.12 ± 0.25 0.6520x, 0.0004y 

0.0004z 

CS-g-PEI 9.36 ± 0.20 9.86 ± 0.35 6.23 ±  0.11  0.1026x, 0.0001y 

0.0001z 

x=probability MA uptake in uninfected macrophages and sensitive strain infected macrophages,y= 

uninfected macrophages and resistant strain infected macrophages z= sensitive strain infected 

macrophages and resistant strain infected macrophages. 

.
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with Verapamil. There was no significant difference in the uptake of uninfected and 

sensitive strain infected macrophages. The results of ABCB1 inhibition are presented 

in Table 3. These results clearly indicate the involvement of ABCB1 efflux pumps in 

the decreased uptake of Glucantime. M-(CS-g-PEI)-TGA showed maximum cell 

internalization of Glucantime that is 61.47 ± 0.25µg/106 followed by M-CS-TGA with 

the uptake 34.43 ± 0.32 µg/106 cells. The thiolated formulations (CS-g-PEI)-TGA and 

CS-TGA showed the uptake of 25.63 ± 0.30 µg/106 and 15.35 ± 0.25 µg/106 cells 

respectively. There was no significant difference observed in the uptake of Glucantime 

for the uninfected and infected cell. We found that M-(CS-g-PEI)-TGA showed 33.77 

and 8.27-folds increased uptake compared to the Glucantime and unmodified chitosan 

in case of sensitive strain-infected cells (p < 0.001). The ABCB1 inhibition also 

provides the enhanced retention of the meglumine antimoniate in the macrophages as 

shown in Fig3.10. After day two the M-(CS-g-PEI)-TGA showed the maximum 

retention that is 38.6 µg of MA/106 cells compared to the 0.8 µg of MA/106 cells in 

case of Glucantime. The retention of M-CS-TGA, (CS-g-PEI)-TGA, CS-TGA, CS-g-

PEI and CS were 32.1 µg of MA/106 cells, 25.7 µg of MA/106 cells,18.3 µg of MA/106 

cells,11.4 µg of MA/106 cells, and 10.2 µg of MA/106 cells respectively.   

 

 

                             

Figure 3.10: Retention of MA after treatment with equimolar concentrations of 

nanoformulations. Results are expressed as mean ± SD of at least three experiments. 
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3.1.10. Biocompatibility of nanoformulations 

The ideal drug carrier must be biocompatible and biodegradable to remain non-

immunogenic inside the body. Therefore, the biocompatibility of the developed 

polymeric graft nanoformulations was evaluated in vitro using fresh human 

macrophage and BMDS isolated from BALB/c Mice. The biocompatibility was 

assessed by using four different concentrations (25, 50, 75 and 100 µg/ml equivalent of 

MA) of nanoformulations and Glucantime with isolated human macrophages and is 

presented in Fig 3.11 and with BMDMS is presented in Fig 3.12.  The cell viability for 

Glucantime, CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-

PEI)-TGA were found to be 34 ± 5%, 69 ± 10%, 73 ± 4%, 84 ± 10%, 78 ± 5%, 93 ± 

6% and 87 ± 3% respectively. The negative control and positive control showed cell 

viability of 2 % ± 1 % and 98 % ± 7% respectively. For BMDMS the cell viability for 

Glucantime, CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-

PEI)-TGA were found to be 72.58 ± 5.21%, 86.65 ± 8.32%, 75.82 ± 4.71%, 88.41 ± 

9.63%, 87.22 ± 5.68%, 92.57 ± 5.84% and 84.56 ± 3.21% respectively. The results 

indicated significantly improved the biocompatibility of drug in nanoformulations as 

compared to Glucantime ®. 

3.1.11. Evaluation of nanoparticle uptake by macrophages 

3.1.11.1. Evaluation of macrophage uptake by flow cytometry 

The flow cytometric analysis was also carried out to evaluate the phagocytosis of 

macrophage-targeted nanocarriers and results are shown in fig. the cytogram Fig 

3.13(A) represents the homogenous populations of macrophages showing fluorescence 

less than 102. The cytogram in Fig 3.13(B) represents the FITC-labelled 

nanoformulations only showing fluorescence greater than 102. The cytogram Fig 

3.13(C) represents the fluorescence exhibited by the macrophages after 12 hrs 

incubation with FITC-CS (nanoformulation based on FITC-labelled chitosan polymer) 

showing about 55.1% of macrophages has taken up the FITC-CS nanoformulations. 

The macrophage-targeted nanocarriers FITC-M-CS-TGA (nanoformulation based on 

FITC-labelled mannose anchored thiolated chitosan polymer) and FITC-M-(CS-g-PEI) 

TGA (nanoformulation based on FICS-TGA-labelled mannose anchored thiolated 

polyethyleneimine-grafted-chitosan polymer) [Fig 3.13(D) and Fig 3.13(E)] exhibited 

significantly enhanced (p < 0.05) phagocytosis 
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Figure 3. 11: Biocompatibility of Glucantime and nanoformulations against laboratory 

isolated Human macrophages after 24 hrs of incubation. The concentration of different 

nanoformulations and Glucantime were maintained at 100 µg/ml equivalent of MA and 

serially diluted. Results are expressed as mean ± SD of at least three experiments. 

 

Figure 3. 12: Biocompatibility of Glucantime and nanoformulations against BMDM’s 

after 72 hrs. The concentration of different nanoformulations and Glucantime were 

maintained at 100 µg/ml of Sb and serially diluted. 
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 by macrophages (67.4% and 87.6% respectively) compared to the non-targeted 

formulations FITC-CS (55.1%). The phagocytosis of formulation FITC-M-(CS-g-PEI)-

TGA was also significantly enhanced compared to the FITC-M-CS-TGA due to the 

increased number of mannose groups obtained due to the grafting of -NH2 rich PEI 

chains onto the chitosan backbone. 

 

Figure 3. 13: Evaluation of phagocytosis of macrophage-targeted nanoformulations. 

A) Raw macrophages, B) FITC-labeled nanoformulations, C) phagocytosis of FITC-

CS, D) phagocytosis of FITC-M-CS-TGA, E) phagocytosis of FITC-M-(CS-g-PEI)-

TGA 
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3.1.11.2. Evaluation of macrophage uptake via fluorescent microscopy 

FITC was successfully conjugated to the CS, M-CS-TGA and M-(CS-g-PEI)-TGA 

followed by the development of nanocarriers via ionic gelation to produce FITC-

labelled nanocarriers FITC-CS, FITC-M-CS-TGA and FITC-M-(CS-g-PEI)-TGA. The 

nanoformulations were incubated with BMDMs for 12 hrs, slides were fixed and 

analysed via fluorescent microscope. The resultant images are presented in Fig. 3.14. 

The phagocytosis of nanoformulations is represented by the green fluorescence 

exhibited by macrophages.  

 

 

Figure 3.14: Fluorescent microscopic images of A) FITC-labelled nanoformulations 

and macrophages incubated with B) FITC-CS, C) FITC-M-CS-TGA and D) FITC-M-

(CS-g-PEI)-TGA. 

 

3.1.12. Invitro anti-Leishmanial activity 

3.1.12.1. Anti-Leishmanial activity against L. tropica KHW23 

The anti-Leishmanial activities of the prepared nanoformulations against the 

amastigote infected macrophage model were evaluated by the infection of isolated 

macrophages with L. tropica KHW23. Different concentrations of various polymeric 

nanoformulations incubated with the infected macrophages for the period of 24 hrs. The 

percentage inhibition of L. tropica KHW23 amastigotes at different concentrations is 

shown in Fig 3.15. At all concentrations, the nanoformulations showed a significantly 
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higher percentage inhibition compared to the Glucantime. The IC50 values of M-(CS-g-

PEI)-TGA, M-CS-TGA, (CS-g-PEI)-TGA, CS-TGA, CS-g-PEI, CS and GLU were 

found to be 0.402 ± 0.09 µg/mL, 0.778 ± 0.1µg/mL, 1.521 ± 0.15 µg/mL and 1.92 ± 

0.07µg/mL, 2.96 ± 0.16 µg/mL, 4.12 ± 0.12 µg/mL and 5.823±0.17 µg/mL 

respectively. The IC50 of the mannose targeted nanoformulations (M-(CS-g-PEI)-TGA 

and M-CS-TGA) was found to be 14.41 and 7.4-folds lower than the Glucantime 

respectively (Table 3.8). Compared to the non-targeted formulation (CS), the IC50 of 

targeted nanoformulations M-(CS-g-PEI)-TGA and M-CS-TGA 10.2 and 5.29 folds 

lower respectively. Thiolated nanoformulations (CS-g-PEI)-TGA and CS-TGA also 

showed a significantly decreased IC50 compared to the Glucantime and CS.  

 

 

 Figure 3. 15: Evaluation of the Anti-Leishmanial activities. Percentage inhibition of 

L. tropica KWH23 amastigotes at different concentrations of nanoformulations were 

utilized at the concentration biocompatible with the macrophages.  Results are 

expressed as mean ± SD of at least three experiments 

 

3.1.12.2. Anti-Leishmanial activity against L. donovani  

A similar pattern of reduction in parasitic burden was obtained by treating the BMDMs 

infected with L. donovani with prepared nanoformulations as shown in Fig. 3.16. At 

the highest concentration the nanoformulations M-(CS-g-PEI)-TGA, M-CS-TGA, (CS-

g-PEI)-TGA, CS-TGA, CS-g-PEI, CS indicated 92.15±7.25 %, 80.23±6.57%, 

88.36±8.74%, 86.34±8.89%, 76.33±5.68% and 74.25±6.57% inhibition of intracellular 
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amastigotes, respectively. Whereas, at the highest concentrations Glucantime showed 

65.21±6.57 % of inhibition only. The IC50 Values of M-(CS-g-PEI)-TGA, M-CS-TGA, 

(CS-g-PEI)-TGA, CS-TGA, CS-g-PEI, CS and Glucantime were found to be 4.216 ± 

1.31, 8.15 ± 0.88, 11.52 ± 1.89, 13.07 ± 3.40, 21.87 ± 2.11, 25.9 ± 2.54 and 46.81 ± 

3.65 respectively (Table 3.8). The IC50 of macrophage-targeted nanoformulations M-

(CS-g-PEI)-TGA and M-CS-TGA were 11.11- and 5.74-fold reduced compared to that 

of Glucantime. 

 

 

 

Figure 3. 16: Evaluation of the Anti-Leishmanial activities.  Percentage inhibition of 

L. donovani amastigotes at different concentrations of nanoformulations were utilized 

at the concentration biocompatible with the macrophages. Results are expressed as 

mean ± SD of at least three experiments 

 

3.1.12.3. Evaluation of parasitic burden by flow cytometry 

Flow cytometry analyses of prepared nanoformulations were performed with bone 

marrow-derived macrophage containing L. donovani DsRed2. The cytogram in Fig 

3.17(A) was acquired with noninfected macrophages; it displayed a homogeneous 
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Table 3. 8: IC50 values of nanoformulations CS, CS-g-PEI, CS-TGA, (CS-g-PEI)-

TGA, M-CS-TGA and M-(CS-g-PEI)-TGA against intracellular amastigotes of L. 

donovani and L. tropica KWH23. Results are expressed as mean ± SD of at least three 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

population identified by a typical FL2-H red fluorescence lower than 101 units. The 

cytogram in Fig 3.17(B) was acquired with L. donovani DsRed2 parasites identified by 

a typical FL2-H red fluorescence greater than 103 representing the homogenous 

parasitic population. The cytogram in Fig 3.17(C) represents the FL2-H red 

fluorescence of infected macrophages and it revealed two well-defined populations 

evident rendering to their comparative fluorescence. Noninfected macrophages 

exhibited a less fluorescence (lower than 101 units), while the relative fluorescence 

identified for donovani DsRed2-containing macrophages was higher than 102 units. The 

infected macrophages were treated with six different concentrations of Glucantime and 

nanoformulations starting with 100 μg of Sb/mL. The percentage of infected 

macrophages at the highest concentrations of nano-formulation CS, CS-g-PEI, CS-

TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-g-PEI)-TGA was 38.2%, 32.9%, 

26.5%, 21.5%, 15.6 % and 4.69 % respectively. The percentage of infected macrophage 

at the same dose was 45.5%. The results indicated that the macrophage-targeted 

thiolated nanoformulations M-CS-TGA and M-(CS-g-PEI)-TGA exhibited 2.9- and 

7.9-fold enhanced efficacy in clearing the parasitic burden. The superior anti-

Formulation                   IC50 Value (µg of Sb/mL) 

L. donovani L. tropica KWH23 

Glu 46.81 ± 3.65 5.823±0.17 

Cs 25.9 ± 2.54 4.12±0.12 

CS-g-PEI 21.87 ± 2.11 2.96±0.18 

CS-TGA 13.07 ± 3.40 1.92±0.096 

(CS-g-PEI)-TGA 11.52 ±1.89 1.521±0.15 

M-CS-TGA 8.15 ±0.88 0.778±0.12 

M-(CS-g-PEI)-TGA 4.216 ± 1.31 0.402±0.09 
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Leishmanial efficacy of these nanoformulations is attributed to their macrophage 

targeting capability, thus providing the enhanced intracellular accumulation of Sb 

compared to the non-targeted nanoformulations.  

 

Figure 3. 17: Evaluation of parasitic loads using flow cytometry of bone marrow-

derived macrophages (BMDMs) infected with Transgenic L. donovani parasites 

expressing the red fluorescent protein DsRed2. A) BMDMS, B) L.donovani DsRed2, 

C) BMDMs infected with L.donovani DsRed2, D) treatment with Glucantime, E) 

treatment with CS, F) treatment with CS-TGA, G) treatment with (CS-g-PEI)-TGA, 

H) treatment with M-CS-TGA I) treatment with M-(CS-g-PEI)-TGA.  
 

 

3.1.13. Relative bioavailability and pharmacokinetics 

Plasma and liver drug concentration at different time points after the oral administration 

of Glucantime and nanoformulations CS, CS-TGA and M-(CS-g-PEI)-TGA are shown 
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in the Fig 3.18 and Fig 3.19and pharmacokinetic parameters are presented in Table 

3.9. In case of serum pharmacokinetics, it was observed that after oral administration 

the Glucantime reached the Cmax of 2.32 mg/L in 0.5 hrs while the nanoformulation 

CS, M-CS-TGA and M-(CS-g-PEI)-TGA exhibited the Cmax of 2.89 mg/L, 4.02 mg/L 

and 5.01 mg/L respectively.  Half-life (t1/2) of M-(CS-g-PEI)-TGA was 10.82 hrs which 

is 4.6-folds higher than that of Glucantime. Similarly, the AUC0-t of Sb in case of M-

(CS-g-PEI)-TGA was 6.20-folds higher compared to that of Gucantime. Similar trends 

were observed in case of liver pharmacokinetics where the macrophage-targeted nano-

formulation M-(CS-g-PEI)-TGA exhibited 6.03-fold higher Cmax and 23.75-fold 

higher value of AUC0-t of Sb compared to that of Glucantime. 

 

     

Figure 3. 18: Plasma concentration of Sb after oral administration of Glucantime, CS, 

M-CS-TGA and M-(CS-g-PEI)-TGA (Oral dose=70mg of Sb/kg). Blood samples were 

taken at a predefined time till 24 h and analyzed through ICP-OES for Sb quantification. 

Results are expressed as mean ± SD of at least three experiments 
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Figure 3. 19: Liver concentration of Sb after oral administration of Glucantime, CS, 

CS-TGA and M-(CS-g-PEI)-TGA (Oral dose=70mg of Sb/kg). Samples were taken at 

a specified time for 24 h and analyzed through ICP-OES for Sb quantification.  

Results are expressed as mean ± SD of at least three experiments 

 

3.1.14. In-vivo anti-Leishmanial activity  

The results of invivo anti-Leishmanial activity were performed on the BALB/c mice 

infected with L. donovani LV39 and are presented in Fig 3.20. The parasitic burden is 

expressed in term of Leishmania donovani units (LDU) in both liver and spleen. The 

macrophage-targeted nano-formulation M-(CS-g-PEI)-TGA showed a significant 

decrease in the parasitic burden (p < 0.0001) compared to that of PBS control and 

Glucantime administered orally (p < 0.001). M-(CS-g-PEI)-TGA exhibited 5.22-fold 

decreased LDU compared to that of Glucantime.  

Similar trends of anti-Leishmanial activity were observed in the case of splenic 

parasitic burden where M-(CS-g-PEI)-TGA showed significantly reduced LDU 

compared to that of Glucantime (p < 0.01) (Fig 3.21). in both the cases the M-(CS-g-

PEI)-TGA was even more effective in reducing the parasitic burden compared to that 

of Glucantime administered intraperitoneally. The blank nanocarriers M-(CS-g-PEI)-

TGA-blank also exhibited some efficacy in reducing the LDU in both liver and spleen. 

This activity is due to the fact that M-(CS-g-PEI)-TGA polymer can inhibit the TR thus 

jeopardizing the reducing potential of Leishmania parasite, making it more susceptible 

against the macrophage induces oxidative stress. 
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Figure 3. 20: liver parasitic burden in terms of LDU. After oral administration of 

Glucantime, CS, M-(CS-g-PEI)-TGA at the dose of 70 mg of Sb/kg for 10 days as a 

single oral dose. The results are expressed as mean ± SD. * *(p<0.01), *** (p<0.001), 

****(p<0.0001).  
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Figure 3. 21: liver parasitic burden in terms of LDU.  After oral administration of 

Glucantime, CS, M-(CS-g-PEI)-TGA at the dose of 70mg of Sb/kg for 10 days as a 

single oral dose. The results are expressed as mean ± SD. **(p<0.01), *** (p<0.001), 

****(p<0.0001).  
CS= chitosan, CS-TGA= thiolated chitosan, M-CS-TGA= mannose anchored thiolated chitosan, M-(CS-

g-PEI)-TGA= mannose anchored polyethyleneimine-grafted-chitosan
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Table 3. 9: Pharmacokinetic parameters after oral administration of Glucantime, CS, M-CS-TGA and M-(CS-g-PEI)-TGA at a dose equivalent to 

70mg of Sb/kg. Results are expressed as mean ± SD of at least three experiments 

 

 

                                                     

Formulation 

             Serum Pharmacokinetics Liver Pharmacokinetics 

Cmax 

(mg/

L) 

Tmax 

(hr) 

t1/2 

(hr) 

AUC0-t 

(mg.hr/L) 

AUMC 

(mg.hr/L) 

MRT 

(hr) 

Cmax 

(mg/L) 

Tmax 

(hr) 

t1/2 

(hr) 

AUC0-t  

(mg.hr/L) 

AUMC 

(mg.hr/L) 

MRT 

(hr) 

GLU 2.32 0.5 2.04 9.8885 40.3615 4.081

6 

0.121 0.5 6.7 0.3863 2.2513 5.8235 

CS 2.89 1 4.81 20.3312 115.9642 5.704

0 

0.214 1.5 8.19 2.1625 17.2653 7.9832 

CS-TGA 4.02 3 6.50 38.2656 270.7875 7.076

6 

0.475 1.5 15.21 5.5497 52.3772 9.4377 

M-(CS-g-PEI)-TGA 5.01 3 10.82 61.3025 553.795 7.685

2 

0.730 1.5 12.76 9.1702 85.5622 9.9663 
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3.1.15. Stability studies 

The physical stability of the M-CS-TGA and M-(CS-g-PEI-TGA was evaluated over 

the period of three months at three different temperatures: -20 oC, 4 oC and 37 oC and 

is presented in Table 10. At -20℃ and 4℃f no significant changes in size, zeta potential 

and drug contents were observed during the first 2 months. A slight change in the said 

parameters was observed after 3 months. At 37oC significant changes (about 1.3 folds) 

were observed after 3 months.  
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Table 3. 10: Stability studies in terms of particle size, PDI and encapsulation efficiency, of MA loaded, M-CS-TGA and M(CS-g-PEI)-TGA 

nanocarriers at different storage conditions. Results are expressed as mean ± SD of at least three experiments 

 

 

Formulation Temp 

(°C) 

Particle size 

(nm) 

Polydispersity Index  

(PDI) 

Encapsulation Efficiency 

 (%) 

1 month 2 months 3 months 1 month 2 months 3 months 1 month 2 months 3 months 

M-CS-TGA 

-20 

299.5 ±0.66 317.82 ± 0.89 341.52 ± 0.69 0.57± 0.09 0.59 ± 0.63 0.61 ± 0.12 63.1± 1.23 62.26 ± 3.42 59.26 ± 4.31 

M(CS-g-PEI)-

TGA 

292± 1.2 308.16 ± 0.56 332.48 ± 0.83 0.37± 0.04 0.38 ± 0.25 0.42 ± 0.15 58.6± 2.62 57.12 ± 5.63 53.49 ± 5.13 

CS-TGA 

4 

305.52 ± 0.71 322.63 ± 1.2 359.24 ± 0.62 0.59 ± 0.13 0. 60 ± 0.086 0.63 ± 0.17 62.41 ± 2.84 60.52 ± 3.65 58.32± 5.62 

M(CS-g-PEI)-

TGA 

298.73 ± 1.32 317.74 ± 1.76 367.47 ± 1.63 0.38 ± 0.09 0.39 ± 0.15 0.43 ± 0.06 58.30 ± 4.52 56.21 ± 3.62 56.39 ± 8.57 

CS-TGA 

37 

310.63 ± 0.32 332.87 ± 2.3 392.32 ± 1.7 0.59 ± 0.53 0.62 ± 0.05 0.67 ± 0.063 61.32± 4.24 59.43 ± 6.54 52.67 ± 6.76 

M(CS-g-PEI)-

TGA 

307.42 ± 1.36 322 ± 2.4 388.80 ± 3.2 0.37 ± 0.12 0.39 ± 0.09 0.45 ± 0.27 58.47 ± 6.35 56.33 ± 1.87 53.61 ± 3.26 
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3.2. Design of Mannosylated Oral Amphotericin B Nanoformulation: Efficacy 

and Safety in Visceral Leishmaniasis 

3.2.1. Particle synthesis and characterization 

Thiolated chitosan nanoformulations (CS-TGA) and mannose anchored thiolated 

chitosan (M-CS-TGA) nanoformulations loaded with AmB were successfully 

synthesized and characterized for different physicochemical parameters. The results for 

the particle size, zeta potential, polydispersity and AmB payload are shown in Table 

3.11. The results indicated the successful synthesis of CS-TGA and M-CS-TGA 

nanoformulations with AmB payload above 70% with positive zeta potential.  

Table 3. 11: Physicochemical characterization of CS-TGA (thiolated chitosan) and M-

CS-TGA (mannose anchored thiolated chitosan) nanocarriers loaded with AmB. 

Results are expressed as mean ± SD of at least three experiments 

 

3.2.2. Evaluation of parasitic load and cell membrane integration by flow 

cytometry 

Flow cytometry analyses of AmB formulations (CS, CS-TGA, M-CS-TGA and 

AmBisome) at six different drug concentrations (1–0.004 μg/mL AmB) were 

performed with bone marrow-derived macrophage containing L. donovani DsRed2. 

The cytogram in Fig.3.22 (A) was acquired with noninfected macrophages; it displayed 

a homogeneous population identified by a typical FL2-H red fluorescence lower than 

101 units. The cytogram in Fig. 3.22(B) was acquired with infected macrophages; it 

revealed two well-defined populations evident rendering to their comparative 

fluorescences. Noninfected macrophages exhibited a less fluorescence (lower than 101 

units), while the relative fluorescence identified for donovani DsRed2-containing 

macrophages was higher than 101 units. Our results indicated that 31.9% of the BMDMs 

Formulation Particle Size PDI Zeta potential Pay load 

CS-TGA 430±23 0.23±0.03 22±6 78% 

M-CS-TGA  482±14 0.18±0.04 20±4 84% 

M-CS-TGA -

Blank 

455±17 0.26±0.04 19±4 - 



                                                                                                           Chapter 3: Results 

85 
 

were infected in untreated controls, only 0.15% of them remained infected after 

treatment with 1 μg/mL M-CS-TGA and 3.17%, 8.96%, 20.3% and 23.9% of them 

contained parasites after treatment with CS-TGA, CS, AmBisome and AmB, 

respectively. The relative numbers of FL2-H red fluorescence events were measure and 

compared with the lower right quadrant gated percentage of red fluorescence. The 

intensity was decreased from 29.5% (untreated L. donovani DsRed2-containing 

macrophages; Fig. 3.22(B), lower right quadrants) to 15.7%, 12.2%, 7.70%, 1.90% and 

0.13% for AmB, AmBisome, CS, CS-TGA, and M-CS-TGA, respectively. As the 

decrease in flourescence intensity is directly related to the reduction of parasites inside 

the macrophages, indicating the higher efficacy of developed M-CS-TGA 

nanoformulation than AmB.  

 

 

Figure 3. 22: Evaluation of parasitic loads using flow cytometry of bone marrow-

derived macrophages (BMDMs) infected with Transgenic L. donovani parasites 

expressing the red fluorescent protein DsRed2. Treatment was conducted at a 

concentration of 1 μg/mL for 72 hrs with AmB (C), Ambisome (D) and 

nanoformulation based on unmodified chitosan (CS) (E), Thiolated chitosan (CS-TGA) 

(F) and Mannose anchored thiolated chitosan (M-CS-TGA) (G). For non-infected 

BMDMs (A) fluorescence intensity (FL2-H) was less than 101 units and flourescence 

intensity (FL2-H) was higher than 101 units against infected BMDMs (B). 
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Figure 3. 23: Contour plots of flow cytometry analysis of propidium iodide labelled L. 

donovani LV82 promastigotes. Untreated promastigotes: negative control (A) and 25 

μM digitonin as a positive control (B). Treatment was conducted at their inhibitory 

concentration (IC50) for 72 hrs with AmB (C), Ambisome (D) and nanoformulation 

based on unmodified chitosan (CS) (E), Thiolated chitosan (CS-TGA) (F) and Mannose 

anchored thiolated chitosan (M-CS-TGA) (G). 

 

3.2.3. Nitric Oxide production 

Griess assay was conducted (Fig 3.24) to measure the nitrite, the product of cellular 

nitric oxide, produced after treatment with chitosan coated nanoformulations (CS, CS-

TGA, M-CS-TGA) and uncoated AmBisome, AmB. M-CS-TGA, CS-TGA and CS 

exhibited nitrite levels of Supernatant of BMDMs treated with chitosan-coated 

nanoformulations M-CS-TGA, CS-TGA and CS showed a considerably higher amount 

of nitrite production indicating 75 ± 3.2 μM, 65 ± 7.6 μM and 59±8.63 μM of nitrite. 

The supernatant of BMDMs treated with uncoated AmBisome and AmB produced 16 

± 4.1 μM and 17 ± 5.6 μM respectively. In contrast to normal cells (untreated), nitrite 

production was 9.57-fold (p < 0.05) and 1.95-fold (p < 0.05) higher when cells were 
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treated with chitosan coated nanoformulations and uncoated formulations (AmBisome 

and AmB). 

                    

Figure 3. 24: Nitric oxide production by bone marrow-derived macrophages (BMDMs) 

infected with L. donovani parasites after 72 h treatment with nanoformulations. Infected 

macrophages without treatment served as control. Results are expressed as mean ± SD 

of at least three experiments 
 

3.2.4. Immunomodulatory Evaluation 

Immunomodulatory activity of chitosan coated nanoformulations was evaluated in 

terms of cytokines IL-12, IL-6, IL-10 and TNF-α and presented in Fig 3.25. Chitosan 

coated nanoformulations M-CS-TGA, CS-TGA and CS indicated TNF-α concentration 

of 587±13.65 pg/mL 500±10.23 pg/mL and 470 ± 8.63 pg/mL respectively and IL-12 

concentration of 630 ± 13.54 pg/mL, 580 ± 15.69 pg/mL and 500 ± 9.96 pg/mL 

respectively. These levels TNF-α are significantly higher (p < 0.05) as compared to that 

of uncoated nanoformulations (Ambiosome and AmB) and untreated control. 

Evaluation of IL-6 and IL-10 levels indicated no significant differences (p < 0.05) 

between chitosan coated nanoformulation M-CS-TGA, CS-TGA and CS, uncoated 

formulations and untreated control.  
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Figure 3. 25: Cytokines levels after treatment of L. donovani infected bone marrow-

derived macrophages (BMDMs) with nanoformulations by ELISA after 72 hrs. Results 

are expressed as mean ± SD of at least three experiments. 
.  

 

3.2.5. Permeation enhancing studies 

Thiomers are reported for their potential involvement in opening the paracellular route. 

Therefore, it was essential to evaluate the impact of thiomer based nanocarriers in 

improved permeation of AmB. The effect of verapamil (ABCB1 inhibitor) on the 

absorption profile of AmB was also evaluated. Results of permeation studies with AmB 

on Caco 2 cells are represented in Fig. 3.26 and Papp values with enhancement ratios 

are summarized in Table 2. Our results demonstrated that the presence of ABCB1 

inhibitor, verapamil (100 μg/mL), transport of AmB was slightly increased indicating 

AmB is a non-substrate for ABCB1 as compared to the buffer control. M-CS-TGA and 

CS-TGA indicated apparent permeability (Papp) of 3.72 (cm/s) x 106 and 2.82 (cm/s)x 

106 compared to 1.11 (cm/s) x 106 and 1.49 (cm/s) x 106 of AmB and AmB with 

Verapamil respectively. M-CS-TGA and CS-TGA indicated an improvement ratio of 

3.122 and 2.36 respectively compared to that of AmB.  
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Figure 3. 26: Permeation enhancement of Amp B from Amp B suspension, Amp B in 

the presence of verapamil, thiolated chitosan (CS-TGA) and mannose anchored 

thiolated chitosan (M-CS-TGA) across Caco 2 cell line through ex-vivo studies. Amp 

B transport expressed as cumulative transport. Results are expressed as mean ± SD of 

at least three experiments 

 

Table 3. 12: Ex-vivo permeation enhancement in terms of apparent permeability along 

of AmB in the presence of verapamil and nanoformulations of thiolated chitosan (CS-

TGA) and mannose anchored thiolated chitosan (M-CS-TGA). Results are expressed 

as mean ± SD of at least three experiments 

 

3.2.6. Mucoadhesive studies 

The mucoadhesive character of the prepared CS-TGA and M-CS-TGA 

nanoformulations was assessed by the rheological synergism. The thiol groups are 

likely to interact with the mucin by the disulfide bond formation, chain interlocking, 
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electrostatic interactions and produce conformational changes. In this regard, the 

viscoelastic behaviour of the completely hydrated CS, CS-TGA and M-CS-TGA and 

mucin represent the mucoadhesion. Rheological synergism is an indicator of 

mucoadhesion. Thus, higher the rheological synergism, the stronger the interactions 

with the mucus predicting better gastric absorption of the nanoformulations. The 

viscoelastic parameters were measured and presented in Table 3.13 For CS-TGA and 

M-CS-TGA the Gʹ and Gʹʹ values are higher for the mucin formulation mixture 

compared to the CS mucin formulations indicating a 10-fold higher storage modulus 

values within 2 hrs. 

3.2.7. Swelling studies 

The swelling of the unmodified chitosan (CS), CS-TGA and M-CS-TGA were 

performed and the results of the swelling studies are presented in Fig. 3.27. Thiolated 

nanoparticle showed a slow and gradual increase in swelling that is desired for the 

optimal mucoadhesion while the CS exhibited a rapid and excessive swelling character 

which may negatively affect the mucoadhesion and stability and abrupt drug release 

behaviour. On the other hand, M-CS-TGA decreased swelling which may be attributed 

to the presence of surface mannose groups which might result in decreased water uptake 

resulting in the low swelling index as compared to CS-TGA.  

 

Figure 3. 27: Swelling studies of unmodified chitosan (CS), Thiolated chitosan (CS-

TGA) and Mannose anchored thiolated chitosan (M-CS-TGA). Results are expressed 

as mean ± SD of at least three experiments. 
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Table 3. 13: viscoelastic parameters i,e. storage modulus (Gʹ), loss modulus (Gʹʹ) and apparent viscosity of AmB loaded nanoformulations of 

chitosan,CS, thiolated chitosan (CS-TGA), and mannose anchored thiolated chitosan (M-CS-

Time 

          1 hr 6 hr 12 hr 

 Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) Gʹ(Pa) Gʹʹ(Pa) V(Pa.S) 

CS 4.47 3.67 0.08 ± 2.14 28.63 22.35 1.14 ± 1.38 45.32 36.24 3.53 ± 1.21 

CS with mucin 6.74 4.85 0.18 ± 2.45 34.21 26.51 3.33 ± 1.67 62.46 59.22 7.44 ± 1.43 

CS-TGA 17.91 11.87 0.04± 2.36 54.62 40.58 0.09 ± 1.45 109.21 74.51 2.23 ± 1.21 

CS-TGA with mucin 27.37 18.45 0.35 ± 3.34 71.23 52.69 3.12 ± 1.57 118.53 78.65 5.83 ± 1.46 

M-CS-TGA  15.23 11.04 0.02 ± 1.62 50.74 38.69 0.06 ± 1.13 98.63 71.54 0.94 ± 1.26 

M-CS-TGA with mucin  24.61 15.47 0.06 ± 1.44 68.32 48.52 0.15 ± 1.19 105.87 75.27 1.28 ± 1.15 
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3.2.8. In-vivo bioavailability and pharmacokinetic studies 

The in vivo relative bioavailability was performed on rat and plasma drug concentration, 

quantified via HPLC was plotted against time interval to achieve the plasma level time 

graph which is shown in Fig. 3.28. Plasma drug concentrations of orally administered 

CS-TGA, M-CS-TGA, AmB and AmBisome are shown and various pharmacokinetic 

parameters calculated are summarized in Table 3.14. The nanoformulations M-CS-

TGA and CS-TGA indicated Cmax of 414.73 μg/mL and 324.06 μg/ml which is 

significantly higher than 275.65 μg/mL and 97.80 μg/mL. Similarly, M-CS-TGA 

exhibited significantly higher (p < 0.05) t1/2 (28.23 hrs), AUC0-inf (13872 μg/mL*h) and 

MRT (41.12 hrs) compared to that of AmB indicating t1/2 (8.82 hrs), AUC0-inf (1172 

μg/mL*h) and MRT (14.17 hrs). An increase in the MRT and decreased clearance of 

M-CS-TGA and significantly improved relative bioavailability of AmB compared to 

other formulations. 

 

Table 3. 14: Pharmacokinetic parameters after oral administration of AmB solution and 

AmB loaded nanoformulations of thiolated chitosan (CS-TGA) and mannose anchored 

thiolated chitosan(M-CS-TGA). Results are expressed as mean ± SD of at least three 

experiments 

 

Parameter unit Amp B AmBisome CS-TGA M-CS-TGA  

t1/2 H 8.82 13.29 18.17 28.23 

Tmax H 5 5 4 4 

Cmax μg/mL 97.80 275.65 324.06 414.73 

AUC 0-t μg/mL*h 937.97 4033.86 3829.83 6056.18 

AUC 0-inf μg/mL*h 1172.83 5925.81 6517.35 13872.56 

AUMC 0-inf μg/mL*h^2 16630.44 121034.3 173318.8 570514.4 

MRT 0-inf h 14.17 20.42 26.59 41.12 

Cl/F_obs (mg)/(μg/mL)/h 0.017 0.003 0.0030 0.0014 
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Figure 3. 28: Plasma concentration of Amp B after oral administration of Amp B 

suspension, and AmB loaded nanoformulations of chitosan (CS), thiolated chitosan 

(CS-TGA), and mannose anchored thiolated chitosan (M-CS-TGA) AmBiosome (Oral 

dose=20 mg/kg). Blood samples were taken at a predefined time till 24 hrs and analyzed 

through HPLC for AmB quantification. Results are expressed as mean ± SD of at least 

three experiments 

 

3.2.9. In vitro hemolysis assay  

In vitro hemolysis assay was performed to evaluate the compatibility of CS-TGA and 

M-CS-TGA against the blood that is one of the prime considerations in the nano-based 

drug delivery systems. Fresh human blood RBCs were used for this purpose and the 

hemolytic effect was assessed by using different concentrations of AmB, AmBisome 

CS-TGA and M-CS-TGA. M-CS-TGA -blank serve as a control. The results are 

presented in Fig. 29 indicated the toxic effects of AmB even at the lowest 

concentrations while AmBisome showed 45% viability at 20 mg concentration. The 

toxicity was well controlled with CS-TGA and M-CS-TGA which showed better 

compatibility over a large range. M-CS-TGA control showed the least toxicity 

indicating the safety of carrier. 

 

 

0

100

200

300

400

0 5 10 15 20 25

A
m

B
C

o
n

c.
 (

n
g
/m

l)

Time (h)

M-CS_TGA CS-TGA AmBisome AmB CS



                                                                                                           Chapter 3: Results 

94 
 

 

Figure 3. 29: In vitro hemolysis assay performed on fresh human red blood cells with 

Amp B suspension, and AmB loaded nanoformulations of chitosan (CS), thiolated 

chitosan (CS-TGA), and mannose anchored thiolated chitosan (M-CS-TGA) 

AmBiosome. Results are expressed as mean ± SD of at least three experiments 

 

3.2.10. Acute oral toxicity  

The acute oral toxicity induced by CS-TGA and M-CS-TGA was evaluated in female 

Swiss mice and compared to AmB and M-CS-TGA Blank in order to establish the 

safety profile of the nanocarriers and ingredients. A high concentration of AmB, CS-

TGA and M-CS-TGA equivalent to 50 mg/kg of AmB were administered orally. The 

mice did not show any changes in skin tone, behaviour and digestion changes during 

the first 24 hrs of administration. No mortality was observed during the course of study. 

After 14 days the blood was collected in sterilized vials for the biochemical analysis. 

The mice were then euthanized to collect the different organs for further studies.  

3.2.11. Tissue distribution analysis 

The AmB was quantified in the vital organs via HPLC and presented in Fig 3.30. the 

results indicated a greater amount of AmB in the liver with M-CS-TGA compared to 

the AmB and other formulation.  
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Figure 3. 30: Tissue distribution calculated in terms of organ drug concentration via 

HPLC analysis of tissue homogenate with Amp B suspension, and AmB loaded 

nanoformulations of chitosan (CS), thiolated chitosan (CS-TGA), and mannose 

anchored thiolated chitosan (M-CS-TGA) AmBiosome. Results are expressed as mean 

± SD of at least three experiments 

 

3.2.12. Organ to body index   

Organ-body index was evaluated by carefully removing the vital organs including liver, 

kidneys and heart from the euthanized mice and washed immediately with normal 

saline. The organ to body ration of different organs was then compared with control. 

The results in Fig. 3.31 liver weight was slightly decreased in the case of AmB showing 

the toxic effects while for the CS-TGA, M-CS-TGA and M-CS-TGA -blank, they 

showed very little effect on the liver. The kidneys were also affected by the toxic effects 

of the Am Bas the organ to body ratio of kidneys was decreased compared to the other 

nanocarriers. No significant effects were observed on the heart due to AmB and 

prepared various formulations. 
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Figure 3. 31: Organ to body ratio of different treatment evaluated on liver, kidneys and 

heart. with AmB suspension, and AmB loaded nanoformulations of chitosan (CS), 

thiolated chitosan (CS-TGA), mannose anchored thiolated chitosan (M-CS-TGA) 

AmBiosome and blank mannose anchored thiolated chitosan (M-CS-TGA-Blank). 

Results are expressed as mean ± SD of at least three experiments 

 

3.2.13. Renal and liver function test 

Renal and liver function tests were carried out to assess the toxic effects of CS-TGA 

M-CS-TGA, M-CS-TGA-blank and AmB on liver and kidneys. The results of LFTs are 

shown in Fig. 3.32 that revealed slight changes in the values of LFTs as compared to 

the control. An increased level of SGPT was observed with AmB and AmB loaded 

nanocarriers as compared to control yet remained within the acceptable limits. 

However, it was lest affected by M-CS-TGA control. ALP level was slightly increased 

with all treatments suggesting some obstruction in the bile duct. M-CS-TGA decreased 

ALP level as compared to control. Bilirubin level did not change significantly. The 

effect on kidney was assessed through RFTs. The results in Fig. 3.33 showed no 

significant deviation from the reference values of RFTs. Creatinine level remained 

unaffected with all treatments. However, BUN was increased with M-CS-TGA s as 

compared to control which remained within the reference ranges.  
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Figure 3. 32: Liver Function Tests and performed of mice serum after 14 days acute 

oral toxicity evaluation. with Amp B suspension, and AmB loaded nanoformulations 

of chitosan (CS), thiolated chitosan (CS-TGA), mannose anchored thiolated chitosan 

(M-CS-TGA) AmBiosome and blank mannose anchored thiolated chitosan (M-CS-

TGA-Blank). Results are expressed as mean ± SD of at least three experiments 

 

 

Figure 3. 33: Renal Function Tests and performed of mice serum after 14 days acute 

oral toxicity evaluation. with AmB suspension, and AmB loaded nanoformulations of 

chitosan (CS), thiolated chitosan (CS-TGA), mannose anchored thiolated chitosan (M-

CS-TGA) AmBiosome and blank mannose anchored thiolated chitosan (M-CS-TGA-

Blank) 
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3.2.14. Tissue Histology  

The histological slides of liver heart and tissue were carefully prepared through 

microtome and stained slides were examined for structural changes and lesions in the 

tissue. The images in Fig 3.34 represent the histology comparison of kidney tissue (A1, 

A2, A3), heart tissue (B1, B2, B3) and liver tissue (C1, C2,C3). AmB exhibited toxic 

effects on kidney indicated by the disruption of glomerulus while no toxic effects were 

indicated by M-CS-TGA. Similar results were also obtained in case of liver and heart.  

 

 

 

Figure 3. 34 Microscopic evaluation of tissue histology of vital organ to observe 

changes in treated and control groups.  A1) kidney tissue of control; A2) treated with 

AmB, A3) treated with mannose anchored thiolated chitosan (M-CS-TGA) ; B1) heart 

tissue of control, B2) treated with AmB, B3) treated with mannose anchored thiolated 

chitosan (M-CS-TGA) ; C1) Liver tissue of control, C2) treated with AmB, C3) treated 

with mannose anchored thiolated chitosan (M-CS-TGA) . 
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4. DISCUSSION  

The lack of vaccination presents chemotherapy as a major platform for the treatment of 

Leishmaniasis. The current chemotherapeutic options devoid the ability to confine the 

anti-Leishmanial drugs at the intracellular niches, where Leishmania parasite resides, 

thus influencing the optimum therapeutic efficacy and encouraging the toxic adverse 

effects.  Nanomedicine revolutionized the Leishmaniasis therapy by using specifically 

engineered nanocarriers to tackle the existing limitations of the traditional 

chemotherapy which comprise of decreased efficacy and development of resistance, 

non-specific bio-distribution, lack of oral bioavailability and toxicity. Nanocarriers 

developed from specifically engineered polymeric excipients can target the biological 

pathways, proteins enzymes and receptors to achieve the desired therapeutic outcomes 

like enhanced intracellular accumulation, increased therapeutic efficacy and decreased 

toxic effects.  

The opportunity to develop a specific ligand decorated polymeric excipients with the 

ability to target the specific cells and biological pathways makes it a versatile drug 

delivery system. Thiomers, are well-established polymers having -SH ligands, proved 

their effective role in drug delivery systems due to their ability to interact with various 

proteins and enzymes thus providing enhanced permeation, ABCB1 efflux pumps 

inhibition, mucoadhesion and enzyme inhibition potential (Ijaz and Bernkop-Schnürch, 

2015). Mannose decorated polymers based nanocarriers represent mannose receptor 

targeted drug delivery systems where they efficiently bind with the mannose receptor 

leading to the receptor-mediated endocytosis of the nanocarriers. The mannose 

receptors are highly expressed in Leishmania-infected macrophages and most widely 

explored receptor for the targeted drug delivery in case of infectious diseases (Akilov 

et al., 2007).  

To achieve the main objective of the study i.e. the development mannose anchored 

thiolated chitosan (M-CS-TGA) and mannose anchored thiolated polyethyleneimine-

grafted chitosan [M-(CS-g-PEI)-TGA] polymer and their subsequent utilization in the 

synthesis of macrophage-targeted thiolated nanocarriers for the enhanced efficacy of 

anti-Leishmanial drugs, was carried out in three steps. In first step polyethyleneimine 

(PEI) was successfully grafted with chitosan via a disulfide linkage provided by 3,3-

dithiopropionic acid. Initially the chitosan was activated to form a CS-SS-COOH 
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intermediate by reacting the excess of 3,3-dithiopropionic acid with the amino group of 

chitosan. Then the target product CS-g-PEI was obtained by the carbodiimide mediated 

amide bond formation between –COOH group of CS-SS-COOH and –NH2 group of 

PEI. The FTIR analysis was done to confirm the proposed modifications in the newly 

grafted polymers as shown in Fig 3.2. The characteristic band at 3290 cm-1, 2667 cm-1, 

1024 cm-1and 1374 cm-1 represents the stretching vibrations of –OH and –NH2 of 

glucosamine and are present in all the spectra. The appearance of new peaks at 1262 

cm-1 and 814 cm-1 and increased in the intensity and a diffused band of –NH2 at 2667 

cm-1 in the spectra of CS-g-PEI represents the successful grafting of PEI onto the 

chitosan backbone via amide bond formation (Li et al., 2010). However, it is worth 

noting that the crosslinking may occur as PEI and CS are both multivalent polymers. 

To avoid crosslinking, excess of PEI was utilized and the solution of CS-SS-COOH 

was added dropwise because activated CS-SS-COOH may react rapidly with –NH2 

group of PEI. In the next step thiolation of CS and prepared CS-g-PEI was carried out 

by conjugation of thioglycolic acid (TGA) onto the CS and CS-g-PEI backbone to 

obtain thiolated chitosan (CS-TGA) and thiolated polyethyleneimine-grafted-chitosan 

(CS-g-PEI-TGA) respectively. The typical thiolation reaction involves carbodiimide 

mediated amide bond formation between –NH2 group of CS and CS-g-PEI and –COOH 

group of TGA resulting in the covalent attachment of TGA on the polymeric backbone. 

In the third step, the mannose groups were covalently attached to the CS-TGA and CS-

g-PEI-TGA via ring opening and subsequent reductive amination by using Sodium 

Cyanoborohydride to obtain mannose anchored thiolated chitosan (M-CS-TGA) and 

mannose anchored thiolated polyethyleneimine-grafted-chitosan [M-(CS-g-PEI)-

TGA]. The small peak at 2375 cm-1 in case of thiolated and mannosylated chitosan 

represents the thiol groups and decreased intensity at 1375 cm-1 of thiolated CS-g-PEI 

represents the modifications of –NH2 groups with thiol groups. The peaks appeared at 

1632 cm-1 in thiolated and mannosylated chitosan are characteristics of amide bond 

formation thus the conjugation of thiol and mannose groups are confirmed (Mahmood 

et al., 2017). The synthesized M-CS-TGA and M-(CS-g-PEI)-TGA were assessed for 

their TR inhibition potential to be used as a potential drug target for the enhanced anti-

Leishmanial efficacy of antimonial drugs.  

Trypanothione (TR)/ trypanothione [T(SH)2] reductase system, in the trypanosomatids, 

is responsible for maintaining the reducing environment of the parasite by keeping 
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trypanothione [T(SH)2] levels in reduced form. Thus, this enzyme system protects the 

trypanosomatids from oxidative stress, toxic heavy metals and provides reducing 

equivalents for DNA synthesis. Although it shows structural and mechanistic 

similarities with glutathione/ glutathione reductase system of the mammals, the 

differences in the disulfide binding site between the TR and glutathione reductase (GR) 

draw the interests of the scientists for the selective inhibition of the TR for the increased 

susceptibility of the parasite against the antimonial compounds (Pandey et al., 2015). 

Mucopadhayay et al., (Mukhopadhyay et al., 1989) reported that the activity of TR is 

responsible for the development of resistance against the antimonials which clearly 

indicates the involvement of TR and ABCB1 efflux pumps in the decreased 

intracellular accumulation of antimony (Mukhopadhyay et al., 1996). Thus, inhibition 

of the TR and ABCB1 efflux pumps can enhance the effectiveness of the antimonial 

compounds against the Leishmaniasis. Recently, Iqbal et al., (Iqbal et al., 2011a) 

reported the potential of thiomers to inhibit the enzymes having cysteine subunits in 

their active sites by making disulfide bonds with the –SH groups of the cysteine.  The 

inhibition of TR may be attributed to the binding of the thiomer to the active site of the 

enzyme via disulfide exchange reaction between –SH group of thiomer and –SH of 

cysteine residues in the enzyme(Iqbal et al., 2011a). Cationic charge on the thiolated 

polymers also facilitates the binding to the negatively charged active sites of TR. This 

negatively charged active site make the thiomers to specifically target the TR instead 

of GR (the mammalian counter part of TR) because GR active site possesses positive 

charge (Venkatesan and Dubey, 2012). Therefore, we sought to use CS-g-PEI based 

thiomer as a cationic polymer that will provide increased binding with the active site of 

TR due to the increased number of thiol groups and enhanced cationic nature. 

Furthermore, the substrate of the TR contains multiple amino groups in its structure, 

So, the use of a polymer with linear carbon chain and multiple amino groups, like linear 

PEI can mimic the structure of the substrate and compete for binding with an active site 

with more affinity than the thiolated chitosan. The IC50 and Ki values for the TR 

inhibition for (CS-g-PEI)-TGA were two folds lower than CS-TGA as shown in Fig. 

3.4. A possible explanation for the increased inhibition potential of (CS-g-PEI)-TGA is 

that the multiple amino groups and thiols groups mimic the original substrate of the TR 

suggesting its increased affinity and binding to the active site. The evaluation of the 

possible mechanism of TR inhibition exhibited mixed model inhibition (Table 3.1) 

providing the indication that the thiomer not only interacted with the active site but the 
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can also inhibit the original substrate, [TS]2 to bind with TR. As [TS]2 contains a 

disulfide bond in its structure it provides the opportunity for thiomer to bind via 

disulfide exchange reaction. Thus, the binding with the active site as well as with the 

substrate resulted in mixed model competitive inhibition. 

Meglumine Antimoniate loaded nanoformulations of chitosan (CS), 

polyethyleneimine-grafted-chitosan  (CS-g-PEI), thiolated chitosan (CS-

TGA),thiolated polyethyleneimine-grafted-chitosan (CS-g-PEI)-TGA, mannose 

anchored thiolated chitosan (M-CS-TGA) and mannose anchored thiolated 

polyethyleneimine-grafted-chitosan M-(CS-g-PEI)-TGA were optimized theoretically 

by using Design Expert Software for optimal ratio of components (Fig3.5). For the 

optimization of nanoformulations, Central Composite design (CCD) was utilized 

followed by ANOVA and predictive analysis. The software produced various 

formulations with different ratio of ingredients (Table 3.2). First three formulations 

were reproduced and analyzed for to confirm the prediction. Based on the desired 

properties a single point was selected at the optimal area and formulations were 

developed and characterized as presented in Table 3.3 (Cheng et al., 2014).  

For in vivo application it is highly desirable that the designed nanocarriers should ensure 

the sustained release of the therapeutic moieties and stability during the systemic 

circulation to minimize the rapid clearance from the body. Thiomer based nanocarriers 

are widely used for drug delivery owing to their better stability, biocompatibility, 

efficient drug release profiles and cellular internalization owing to their unique 

properties. The drug release studies were carried out at endosomal pH 5.5 as shown in 

Fig 3.7. There was a significant difference in drug release between the thiolated 

nanoformulations and non-thiolated ones as former exhibited more sustained drug 

release behaviour over the period of 72 hrs while later releases more than 80 % of drug 

within 48 hrs. The faster drug release of CS and CS-g-PEI can be explained on the basis 

that lack of modification with thiol and mannose groups leave the polymer chains with 

an increased number of ionizable –NH2 groups. Due to ionization, the similar cationic 

charges repel each other causing the increased swelling and drug release. Thiolated 

nanoformulations developed disulfide bonds and an increase in the crosslinking of the 

matrix, a prolonged drug release behaviour was observed (Bhise et al., 2007). 

Nanoformulations have demonstrated great potential for the effective oral delivery of 

the drugs having limited oral bioavailability. However, the orally administered 
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nanoformulations can be absorbed through the intestinal epithelial cells only if they can 

permeate through the tight junctions and the mucus, a glycoprotein that covers the 

epithelial layer (Ensign et al., 2012). Mucus is viscous, adhesive and continuously 

replenishing layer that hinders that effectively hinders the absorption of the nanocarriers 

across the intestinal epithelial effectively via steric hindrance and dynamic barriers. 

Modification of the nanoformulations surface for the increased penetration in the mucus 

to ultimately reach the epithelial layer and permeation across the tight junction is a 

promising approach to efficiently enhance the relative bioavailability of the drugs (Lai 

et al., 2009). Thiomer based mucoadhesive nanoformulations are well known for their 

increased contact time and penetration in the mucus because of their ability to develop 

disulfide bonds with the cysteine-rich subunits of the mucus. Furthermore, the mucus 

is negatively charged and cationic thiomers can also bind more tightly to the mucus due 

to covalent disulfide bonding as well as electrostatic interaction (Prüfert et al., 2017). 

Therefore, the associative interaction of non-thiolated nanoformulations CS, CS-g-PEI, 

and thiolated nanoformulations CS-TGA, (CS-g-PEI)-TGA, M-CS-TGA and M-(CS-

g-PEI)-TGA with mucin-like covalent bond formation, electrostatic interaction and 

mechanical chain interlocking results in change in viscoelastic parameters... 

Rheological synergism has been suggested as an invitro parameter to measure the 

mucoadhesion of the polymeric formulations: the higher the rheological synergism, the 

greater the mucoadhesion. The nanoformulations M-CS-TGA and M-(CS-g-PEI)-TGA 

exhibited 15.5-fold and 11.99-fold increased mucoadhesion compared to CS (Table 

3.6). This increase is presumably not due to the addition of mucin but due to the physio-

chemical interaction, development of disulfide bridges between mucin and thiol groups 

of thiomers and electrostatic interaction between positively charged -NH2 of polymers 

and negatively charged hydroxyl groups of the mucus. However, no significant increase 

in the viscoelastic parameters was observed in case of a mixture of CS with mucin. 

These finding clearly demonstrate the potential of developed nanoformulations for their 

potential to cross the mucosal barrier to provide enhanced relative bioavailability.  

Permeation across the intestinal tissue is a critical factor in oral administration of 

targeted nanocarriers as they are supposed to be permeated across the intestine in intact 

form and accumulated at the target site. However, the presence of tight junctions 

between the intestinal epithelial cells acts as barriers to the passage of nanocarriers. 

Therefore, development of specific functional group modified polymer-based 
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nanocarriers that can interact with the tight junction is a suitable strategy to enhance the 

permeation across the intestine. The ability of thiomers to reversibly open the tight 

junctions is well documented and has been reported previously by measuring the 

transepithelial electrical resistance (TEER) (Martien et al., 2008).  The significantly 

enhanced permeation across the Caco-2 cell monolayer in case of thiolated 

nanoformulations (Fig 3.8 and Table 3.5) is due to the ability of thiomers to interact 

with protein tyrosin phosphatase (PTP). It was reported that inhibition of PTP is due to 

the ability of thiomers to develop disulfide bonds (S-S) between the surface thiol groups 

of thiolated polymer and cysteine-rich subunits of PTP (Iqbal et al., 2012b). 

Consequently, a higher degree of tyrosine phosphorylation of membrane proteins leads 

to the opening of tight junctions resulting in increased permeation of nanoformulations 

across the intestinal cells. The anti-Leishmanial drugs MA exhibit negligible oral 

bioavailability, the incorporation of this drug into the thiolated nanocarriers is a 

promising strategy to enhance its oral absorption. 

Swelling index or water absorbing capacity of the nanocarriers play a significant role 

in the controlled release of drugs, mucoadhesion and permeation (Brazel and Peppas, 

2000). Mucoadhesion require the polymeric functional groups to be in ionized form so 

that they can interact with mucus via electrostatic and physio-chemical interaction and 

permeation requires the nanocarriers to be in intact form so that they can be 

accumulated at the target organ. In this perspective the water absorbing capacity of the 

nanocarriers must be optimum as the hydration below required level will not provide 

enough mucoadhesion while excessive hydration can lead to the disruption of the 

nanocarriers especially in case of those developed through ionic crosslinking (Roldo et 

al., 2004). The low swelling index of thiolated nanoformulations CS-TGA, (CS-g-PEI)-

TGA, M-CS-TGA and M-(CS-g-PEI)-TGA (Fig.3.9) as compared to the non-thiolated 

nanoformulations CS and CS-g-PEI are due to the fact that thiomers can develop 

disulfide bonds between polymeric chains that provide extra crosslinking and more 

tightly bound matrix. CS and CS-g-PEI exhibited an increased capacity to absorb water 

because of the unmodified -NH2 groups that provide electrostatic repulsion between 

similar charges and led to the increased swelling of polymeric chains. ` 

The Leishmania infected macrophages are highly expressed with ABCB1 efflux pumps 

especially in case of infection with the resistant strains. ABCB1 efflux pumps belong 

to multi drug resistant (MDR) proteins and are known for the development of resistance 
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against the drugs which acts as a substrate of ABCB1 efflux pumps, by decreasing the 

intracellular accumulation. The development of the resistance against the antimonial 

compounds is attributed to the activity of ABCB1 efflux pumps in combination with 

TR/T[S]2 systems because TR maintains the intracellular levels of T[SH2] which then 

make complex with SB-III and is expelled out via ABCB1 efflux pumps (Croft et al., 

2006). In order to enhance the intracellular accumulation of antimonial compounds, we 

used a triple approach by inhibiting the TR/T[S]2 system and ABCB1 efflux pumps 

using thiomer and targeting the macrophages via covalent attachment of mannose to 

the prepared thiolated polymer. The pretreatment of the resistant and sensitive strain 

infected macrophages with Verapamil before the addition of Glucantime and non-

thiolated nanoformulation exhibited no significant change in the uptake of meglumine 

antimoniate suggesting the role of ABCB1 efflux pumps in the decreased uptake of 

drug (Table 3.7). The significantly enhanced accumulation of MA in case of M-CS-

TGA and M-(CS-g-PEI)-TGA nanoformulations is attributed to the macrophage 

targeting, TR and ABCB1 inhibition potential of thiomers that resulted in the increased 

intracellular accumulation of MA.  Compared to the CS-TGA and M-CS-TGA the 

nanoformulations (CS-g-PEI)-TGA and M-(CS-g-PEI)-TGA exhibited increased 

accumulation of drugs due to the increased number of thiol and mannose groups 

attached to the CS-g-PEI. Similarly, the increased retention of thiolated 

nanoformulations (CS-TGA and CS-g-PEI-TGA) compared to the non-thiolated one 

(CS and CS-g-PEI) is attributed to the ABCB1 efflux pump inhibition of the 

macrophages that leads to the slow escape of the drug from the macrophages (Fig 3.10). 

The mannosylated nanocarriers showed maximum retention due to the increased initial 

accumulation of the drug mediated by the mannose receptor-mediated endocytosis and 

slower rates of drug escape are due to the ABCB1 inhibition.  

Owing to their extremely small size and distinct physio-chemical properties the 

nanoformulations have the ability to interact with surface molecules of cell membranes, 

therefore, nanoformulations must be biocompatible and non-toxic. So, biocompatibility 

of nanoformulations must be evaluated before working with the cell lines. The 

biocompatibility of prepared nanoformulations was assessed against human 

macrophages and bone marrow derived macrophages (BMDMs) (Fig 3.11 and Fig 

3.12). The nanoformulations were more biocompatible compared to the Glucantime. 

Generally, the antimony in its active form of Sb-III is toxic to the body that is why the 
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antimonial preparation comes in the form of Sb-V by the complexation with meglumine 

(Glucantime) or in the form of sodium stibogluconate (Pentostem) that are converted 

to Sb-III once inside the macrophages. Therefore, the entrapment of Sb-V inside the 

polymer matrix minimized the exposure of free Sb-III to the normal cell. Also, the 

increased biocompatibility of CS-TGA, M-CS-TGA, (CS-g-PEI)-TGA and M-(CS-g-

PEI)-TGA compared to CS and CS-g-PEI was due to the fact that the modification with 

thiol and mannose groups resulted in decreased number of ionizable amino groups. 

These charged amino groups have the ability to bind with proteins present on the surface 

of the cell membrane and exert toxic effects.  

Leishmania survives the oxidative burst mediated mechanism of macrophages and 

resides inside the phagolysosomes. The conventional anti-Leishmanial therapies 

include the injection of the anti-Leishmanial agents direct into the blood stream and to 

reach the target site the drug molecule must pass through the macrophage cell 

membrane that and is not freely permeable and acts as a barrier. The macrophage cell 

membrane is enriched with many endocytic receptors that recognize the specific ligands 

onto the foreign body and initiate the endocytic process. Mannose receptor (MRs) are 

highly expressed in the Leishmania infected macrophages and are widely explored for 

the macrophage-targeted delivery of anti-Leishmanial drugs (Sarwar et al., 2017b). We 

prepared mannose anchored polymers specifically to target the macrophage so that the 

barrier of cell membrane permeability can be crossed to achieve the optimum 

intracellular accumulation of drugs. Flow cytometric analysis revealed a significantly 

higher uptake of FITC tagged mannose-anchored nanoformulations [FITC-M-(CS-g-

PEI)-TGA] where 92.4 % of macrophages showing typical FITC fluorescence at FL1-

H channel compared to that of FITC tagged unmodified chitosan nanoformulations 

(FITC-CS) where only 55.1 % of macrophages were showing the fluorescence (Fig 

3.13). These results were also supported by the fluorescent microscopic images of 

macrophages incubated with FICS-TGA tagged nanocarriers. The increased florescent 

intensity in case of FITC-M-(CS-g-PEI)-TGA compared to that of FITC-CS (Fig 3.14) 

augmented the concept that mannose anchoring leads to enhanced endocytic uptake of 

nanocarriers by macrophages and is a suitable strategy for Leishmaniasis therapy.  

The target-specific anti-Leishmanial potential of mannose anchored thiolated 

nanocarriers was investigated against intracellular amastigotes of two different strains 

of Leishmania parasite, Leishmania tropica KWH23 and Leishmania donovani LV89 
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via macrophage infected model. M-(CS-g-PEI)-TGA nano-carriers were most effective 

among all the formulation in clearing the intracellular parasitic burden. A 14.4-fold 

enhanced efficacy of M-(CS-g-PEI)-TGA against Leishmania tropica KWH23 and 

11.11-fold against Leishmania donovani LV89 as compared to that of Glu (Glucantime) 

(Table 3.8) is attributed to the combined effect of TR and ABCB1 inhibition potential 

of thiomers along with enhanced macrophage uptake of the nanoformulations. Further, 

the MR-mediated endocytosis of the nanocarriers provides the appreciable amount of 

Sb at the same niche where Leishmania parasite resides.  

Transgenic Leishmania donovani DsRed2 were engineered from Leishmania donovani 

LV82 that is capable of expressing firefly luciferase and a red fluorescent protein and 

its utilization in the flow cytometric based estimation of the intramacrophage parasitic 

burden is well established (Shahnaz et al., 2017). Similar patterns of anti-Leishmanial 

efficacy were observed with flow cytometric analysis to that of Giemsa staining method 

with M-(CS-g-PEI)-TGA being the most active formulation in clearing the parasitic 

burden followed by M-CS-TGA, (CS-g-PEI)-TGA, CS-TGA, CS and Glu respectively 

(Fig 3.17).  

The lack oral bioavailability of MA necessitates IV administration of the drug and one 

of the limitations associated with the conventional IV-therapy is the exposure of non-

pathological organs to the anti-Leishmanial drugs owing to the free circulation in the 

blood, thus, producing the severe toxic effects and jeopardize the therapeutic potential.  

In this regard, the specific organ targeting is a promising strategy that reduces the toxic 

effects by minimizing the exposure to non-desired organs and improves therapeutic 

efficacy by increasing the drug accumulation at the desired organs. Oral particle uptake 

and organ targeting is an emerging concept in nanomedicine where nanoformulations 

with mucoadhesive and permeation enhancing capabilities can be absorbed through the 

intestine and accumulated at the target organ (Serrano et al., 2015). The plasma drug 

level-time curve after oral administration of M-(CS-g-PEI)-TGA, M-CS-TGA, CS and 

Glu is shown in Fig. 3.18. The plasma drug level-time curve indicated that in case of 

macrophage-targeted nanoformulations M-(CS-g-PEI)-TGA, M-CS-TGA exhibited 

double peak that might be due to retention of the nanoformulations in the liver after oral 

absorption into the portal system with subsequent drug release. The plasma 

pharmacokinetic parameters (Table 3.9) revealed significant improvement in Cmax 

and AUC. A 4.6-fold increase in Half-life and 6.20-folds increase in the relative 
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bioavailability of Sb from M-(CS-g-PEI)-TGA as compared to the oral Glu might be 

due to the combined effects of mucoadhesion and enhanced paracellular transport 

attributed to the thiol groups. However, the improvement in the relative bioavailability 

was less (6.2-fold) than expected (7.37-fold, as per ex-vivo permeation across Caco-2 

cell). The presence of various physiological factor might have contributed towards this 

ex-vivo and in in-vivo variability, most likely the presence of mucus layer in the in-vivo 

condition which is not secreted by the Caco-2 cell. This mucus layer is known to act as 

barriers to the intestinal absorption of the drugs and drug carriers. Similar variation in 

the ex-vivo and in-vivo permeation was observed by Sajjad et al., (Sajjad et al., 2019). 

The high drug concentrations were found in the organs of reticuloendothelial systems 

(liver and spleen) with oral administration M-(CS-g-PEI)-TGA and it may be due to the 

receptor-mediated macrophage phagocytosis particles within lymphatic system and 

systemic circulation due to the presence mannose ligands onto the polymeric backbone. 

The liver pharmacokinetic parameters revealed 6.03-fold higher Cmax and 23.75-fold 

higher value of AUC0-t of Sb compared to that of Glu (Fig 3.19).  

The treatment of VL requires high concentrations of drugs in the liver and spleen, the 

key pathological organs in VL, for the longer duration. The observation that M-(CS-g-

PEI)-TGA nanocarriers led to the greater concentration of Sb in the liver led to the 

evaluation of invivo anti-Leishmanial efficacy of M-(CS-g-PEI)-TGA in L. donovani 

infected BALB/c mice as experimental VL model. The anti-Leishmanial efficacy was 

evaluated in term of L. donovani units (LDU) with the oral administration of Glu, CS, 

[M-(CS-g-PEI)-TGA], CS blank, [M-(CS-g-PEI)-TGA-blank] as shown in Fig 3.20 

and Fig 3.21. Glu IP was used as a positive control. M-(CS-g-PEI)-TGA exhibited 

significantly increased efficacy (P<0.001) in clearing the parasitic burden in both liver 

and spleen compared to Glu-oral and Glu-IP which might be due to the combined effect 

of TR inhibition, ABCB1 efflux pumps inhibition, and enhanced intracellular 

accumulation.  This effect is more evident by comparing the activity of CS 

nanoformulations as their anti-Leishmanial activity was not significant compared to 

that of Glu-oral and PBS control because they lack the mucoadhesion, permeation 

enhancing and macrophage targeting potential.  

Another aim of the study was to prepare Amphotericin B (AmB) loaded nanocarriers 

reported previously. The nanocarriers were prepared by using unmodified chitosan 

(CS), thiolated chitosan (CS-TGA) and mannose anchored thiolated chitosan (M-CS-
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TGA) and evaluated for their enhanced anti-Leishmanial efficacy and improved 

toxicity profile.  The nanocarriers were successfully reproduced with similar particle 

size, PDI, zeta potential and Entrapment efficacy as presented in Table 3.11  

We investigated the proficiencies of flow cytometry in the evaluation of parasitic loads 

and determined macrophage infectivity intensities after infection of macrophages with 

L. donovani parasites.  L. donovani DsRed2 was used as a tool to detect parasites by 

fluorescence which is expressed only in viable parasites that permits us to precisely 

distinguish between viable and dead parasites. Flow cytometry analyses of AmB 

formulations (CS, CS-TGA, MCT and AmBisome) at six different drug concentrations 

(1–0.004 μg/mL AmB) were performed with bone marrow-derived macrophage 

containing L. donovani DsRed2. The cytogram in Fig.3.22(A) was acquired with 

noninfected macrophages; it displayed a homogeneous population identified by a 

typical FL2-H red fluorescence lower than 101 units. The cytogram in Fig.3.22(B) was 

acquired with infected macrophages; it revealed two well-defined populations evident 

rendering to their comparative fluorescences. Noninfected macrophages exhibited a 

less fluorescence (lower than 101 units), while the relative fluorescence identified for 

donovani DsRed2-containing macrophages was higher than 101 units. Our results 

indicated that 31.9% of the BMDMs were infected in untreated controls, only 0.15% of 

them remained infected after treatment with 1 μg/mL M-CS-TGA and 3.17%, 8.96%, 

20.3% and 23.9% of them contained parasites after treatment with CS-TGA, CS, 

AmBisome and AmB, respectively. As shown in Fig.3.20, the relative numbers of FL2-

H red fluorescence events were measured and compared with the lower right quadrant 

gated percentage of red fluorescence. The intensity was decreased from 29.5% 

(untreated donovani DsRed2-containing macrophages; Fig.3.22(B), lower right 

quadrants)) to 15.7%, 12.2%, 7.70%, 1.90% and 0.13% for AmB, AmBisome, CS, CS-

TGA, and M-CS-TGA, respectively. As the decrease in fluorescence intensity is 

directly related to the reduction of parasites inside the macrophages, indicating the 

higher efficacy of developed M-CS-TGA nanoformulation than AmB. 

Due to the emergence of AmB resistant parasites, it would be of concern to explore the 

pertinent cell death mechanism in M-CS-TGA oral nanoformulation 

treated L. donovani, hence that these could be used as a tool to evaluate the altering 

susceptibility of these parasites to AmB. The information achieved from the 

mechanistic study of killing would permit the development of efficacious anti-
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Leishmanial interventions toward the parasites and those displaying a kind of resistance 

to AmB. In order to evaluate, whether the mechanism of antiparasitic potential triggered 

by AmB nanoformulations involves the necrotic death pathway, we determined plasma 

membrane integrity. Membrane integrity can also be determined through permeation of 

vigorous dyes such as propidium iodide. Permeation of PI in L. donovani LV82 

promastigotes treated with AmB formulations (CS, CS-TGA, M-CS-TGA and 

AmBisome) for 72 h was measured by flow cytometry. While parasites treated with 25 

µM digitonin showed a marked increase in the uptake of PI, revealing of membrane 

destruction, treatment with CS, CS-TGA, MCT and AmBisome did not persuade any 

significant changes in fluorescence intensity. Non-treated promastigotes (negative 

control) exhibited a less fluorescence (lower than 101 units) in Fig. 3.23(A), while the 

relative fluorescence identified for digitonin treated promastigotes (positive control) 

was higher than 101 units conferring permeabilization of the plasma membrane, PI 

diffuse and bind to nucleic acids.  

Currently, the efficacy of AmB nanoformulations (CS, CS-TGA, M-CS-TGA and 

AmBisome) toward the promastigotes, and amastigotes inside the macrophages, and 

the likely immunomodulatory efficacy of AmB nanoformulations in Leishmania-

infected macrophages were explored. The eradication of Leishmania can be related to 

the up-regulation of nitric oxide (NO) by BMDMs, trigged by chitosan (Wang et al., 

2018). In contrast to normal cells (untreated), nitrite production was 9.57-fold (p<0.05) 

and 1.95-fold (p<0.05) higher when cells were treated with chitosan coated 

nanoformulations and uncoated formulations (AmBisome and AmB) as shown in Fig. 

3.24. 

Macrophages are the main effector cells for the eradication of parasites, triggered by 

distinctive signals, leading to their expansion into functionally distinct subsets with 

diverse disease outcomes (Mosser and Edwards, 2008). Accordingly, appropriate 

stimulation of macrophages is essential for eradicating this intracellular pathogen 

(Mukbel et al., 2007). Cytokines such as IL-6 and IL-10 perform a serious role in 

regulating macrophage stimulation. Numerous clinical over and above experimental 

studies demonstrated that both IL-6 and IL-10 are involved in the pathogenesis of 

visceral Leishmaniasis (Kane and Mosser, 2001). It has also been described that 

patients with active VL have great serum levels of IL-10 and IL-6 and a greater 

percentage of IL-10 prior to therapy, representing their association with disease 
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persistence. Leishmania parasites escape from the production of deadly microbicidal 

nitric oxide by inhibiting the expression of nitric oxide synthase. Therefore, 

intracellular parasite killing would also be affected by the production of intracellular 

nitric oxide. Immunomodulatory studies revealed that chitosan coated 

nanoformulations (CS, CS-TGA, M-CS-TGA) stimulated macrophage via generation 

of Th1 type cytokines (IL-12 and TNF-α) along with downregulation of Th2 type 

cytokines (IL-6 and IL-10) as shown in Fig. 3.25. Moreover, treatment with chitosan 

coated nanoformulations showed improved production of nitric oxide. These 

perquisites are validating the improved leishmanicidal activity of chitosan coated 

nanoformulations in comparison to uncoated AmB and commercial formulations 

AmBisome. The immunomodulatory response revealed by CS, CS-TGA, and M-CS-

TGA is attributed to chitosan present on the surface of nanoformulations which is 

suggested to have macrophage initiation proficiency via upregulation of Th1 type 

signals and downregulation of Th2 signals. Hence, restoration of Th1 type macrophagic 

immune signals would support the Leishmaniasis therapy.  

One of the objectives of the study was to improve the relative bioavailability of the 

AmB by enhancing the permeation of the AmB loaded nanocarriers. The role efflux 

transporters, like P-glycoprotein (ABCB1) efflux pumps, is well established in the oral 

bioavailability of many drugs, (Fang et al., 2015). Besides ABCB1, the paracellular 

route is another pathway which can significantly improve the bioavailability of orally 

administered drugs and drug loaded nanocarriers. The paracellular route, the 

microscopic gap presents between adjacent enterocyte, guarded by proteins, which can 

be reversibly opened via various strategies to increase oral permeation. Thiomers are 

reported for their potential involvement in opening the paracellular route. Therefore, it 

was essential to evaluate the impact of thiomer based nanocarriers in improved relative 

bioavailability of AmB. These results of Papp indicated that the intestinal absorption of 

AmB was markedly improved up to 4-folds with M-CS-TGA (P<0.05) as compared to 

pure Amp B (Fig. 3.26 and Table 3.12). The results suggested that the prime 

mechanism of permeation improvement by CS-TGA and M-CS-TGA is opening of the 

paracellular route which facilitated the AmB transport along with the inhibition of 

protein tyrosine phosphatase (PTP). The opening of tight junction is attributed to the 

interaction of thiomers with desmosomes present at tight junctions via a disulfide 

linkage. Thus, reversibly opening them for drug transport. PTP can be inhibited by the 
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development of disulfide bonds (S-S) with the cysteine amino acid of the protein, thus, 

resulting in the increased tyrosine phosphorylation of occluding proteins, contributing 

to the opening of the tight junctions. Hence, a significantly improved permeation 

through tight junctions was examined. 

Mucoadhesion of the nanoformulations is of considerable importance for the oral 

delivery of the drugs. The mucoadhesive nanoformulations remain attached to the 

mucus for the longer period of time and provide increased contact time which in turn 

results in the better absorption of the nanoformulations. Also, increased contact time 

with the intestinal lining providing a continuous pool of the drug for an extended period 

of time for the better absorption of drugs. The mucoadhesive character of the prepared 

CS-TGA and M-CS-TGA nanoformulations was assessed by the rheological 

synergism. The thiol groups are likely to interact with the mucin by the disulfide bond 

formation, chain interlocking, electrostatic interactions and produce conformational 

changes. In this regard, the viscoelastic behaviour of the completely hydrated CS, CS-

TGA and M-CS-TGA and mucin may be considered as the reflection of the 

mucoadhesive strength. Higher the rheological synergism, the stronger the interactions 

with the mucus predicting better gastric absorption of the nanoformulations. The 

viscoelastic parameters were measured and presented in Table 3.13. For CS-TGA and 

M-CS-TGA, the Gʹ and Gʹʹ values are higher for the mucin formulation mixture 

compared to the UC mucin formulations indicating a 10-fold higher storage modulus 

values within 2 hrs. This increase is may be due to the interaction of thiol groups with 

the mucin by the formation of disulfide bonds. The mucin is rich with cysteine subunits 

having –SH groups. The –SH group of thiomers interacts via a disulfide exchange 

reaction forming (–S-S-) thus developing a covalent bond with the mucus and strong 

mucoadhesive strength. The lack of considerable increase in the viscoelastic parameters 

of the CS is due to the lack of thiol groups in the polymer backbone. These finding 

clearly demonstrate the advantages of using thiolated polymers for the purpose oral 

absorption of the nanoformulations 

The swelling behaviour of the nanoformulations significantly influences the 

mucoadhesion with skin or mucosa, drug release and stability. Once attached to mucus 

membrane the nanoformulations absorb water via capillary action form the underlying 

mucus membrane and swell up thus developing the mucoadhesion and initiating drug 

release. However, the swelling behaviour must be in optimal limits to control the release 
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over a sufficient time period. An immediate and abrupt swelling is likely to develop 

weak adhesion whereas too slow swelling may result in localized mucosa related issues 

and retard drug release. Therefore, the swelling of the unmodified chitosan (CS), CS-

TGA and M-CS-TGA were performed and the results of the swelling studies are 

presented in Fig. 3.27. Thiolated nanoparticle showed a slow and gradual increase in 

swelling that is desired for the optimal mucoadhesion while the CS exhibited a rapid 

and excessive swelling character which may negatively affect the mucoadhesion and 

stability and abrupt drug release behaviour. On the other hand, M-CS-TGA decreased 

swelling which may be attributed to the presence of surface mannose groups which 

might result in decreased water uptake resulting in the low swelling index as compared 

to CS-TGA.  

The particles of size 5-150 µm can be taken up the villus tips and intestinal macrophages 

capture the particles of size 1 µm while the particles of size 300-400 nm can be 

transported across the enterocytes via transcellular route (Javed et al., 2015). Thiolated 

nanocarriers (CS-TGA and M-CS-TGA) were mainly designed for the enhanced 

permeation and thus relative bioavailability of AmB. Thiomers can open the tight 

junction between the enterocytes and thus enhance the uptake of nanoformulations. 

Furthermore, the macrophage targeting nature of the M-CS-TGA efficiently targets the 

intestinal macrophages thus adding to the AmB transport across the enterocytes. All 

these can enhance the oral uptake of AmB which is otherwise minimally absorbed. The 

in vivo relative bioavailability was performed on rat and plasma drug concentration, 

quantified via HPLC was plotted against time interval to achieve the plasma level time 

graph which is shown in Fig. 3.28. Plasma drug concentrations of orally administered 

CS-TGA, M-CS-TGA M-CS-TGA, AmB and AmBisome are shown and various 

pharmacokinetic parameters calculated are summarized in Table 3.14. The AUC was 

significantly increased with M-CS-TGA M-CS-TGA as compared to AmB and 

AmBisome showing the success of nanocarrier in transporting drug into systemic 

circulation. Designed nanocarriers have the ability to retain the drug inside the 

macrophages for the longer period of time compared AmBisome and AmB. Ability to 

retain the drug may be attributed to the ABCB1 inhibition properties of thiomers that 

prevented the rapid efflux of the drug. Cmax was improved to 4.2 and 1.6 folds as 

compared to AmB and AmBisome respectively. Half-life (t1/2) was increased to 3.3 and 

2.1 folds as compared to AmB and AmBisome. An increase of 6.4 folds in 
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bioavailability was observed as compared to AmB. Hence, M-CS-TGA significantly 

improved relative bioavailability of AmB compared to other formulations. A delay in 

the Tmax of the AmB commercial formulation, Ambiosome® and native free AmB 

might be due to the permeation enhancing property of the thiomer based formulations, 

the effect that is not observed in case of Ambiosome® and intestinal absorption is 

governed by the particulate property of the Ambiosome® only. Also, presence of mucus 

layer acts as barriers to particulate absoprion of the conventional non-mucoadhesive 

carriers while thiomer based nanocarriers owing to their excellent mucoadhesive 

property adhere to the mucus by developing covalent bonds and permeate through the 

pores. Thus the absence of mucoadhesion and permeation of Ambiosome® might have 

contributed towards the delayed Tmax of Ambiosome®. 

To further evaluate the toxicity of prepared chitosan based nanoformulations, 

compatibility with the human blood is of prime importance because of their initial 

interaction with blood cells. The Red blood cells (RBCs) have no actin-myosin system 

or phagocytic receptors so they can be used to evaluate the internalization and toxic 

potential of nanocarriers. The results of in-vitro hemolysis assay resulted in the 

significantly decreased hemolysis and thus enhanced compatibility of M-CS-TGA and 

CS-TGA compared to that AmB (Fig 3.29).  

One of the drawback to available intravenous therapy of AmB (AmBisome) is the 

chronic nephrotoxicity. The macrophage targeting makes it possible for the 

nanocarriers to selectively target the visceral organs like liver and spleen which is the 

target site for the visceral Leishmaniasis. Thus, the designed nanocarriers minimized 

the exposure of amphotericin B to the organs likely to be affected by the AmB. The 

acute oral toxicity induced by CS-TGA and M-CS-TGA was evaluated in female Swiss 

mice and compared to AmB and M-CS-TGA Blank in order to establish the safety 

profile of the nanocarriers and ingredients. A high concentration of AmB, CS-TGA and 

M-CS-TGA equivalent to 50mg/kg of AmB were administered orally. The mice did not 

show any changes in skin tone, behaviour and digestion changes during the first 24 h 

of administration. No mortality was observed during the course of study. After 14 days 

the blood was collected in sterilized vials for the biochemical analysis. The mice were 

then euthanized to collect the different organs for further studies.  

In visceral Leishmaniasis, the causative parasite resides inside the macrophages and 

then these macrophages are entrapped by the liver and spleen. The Leishmania parasite 
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escapes the killing mechanism of macrophages owing to its unique redox biology and 

infects other macrophages thus causing the inflammation of liver and spleen (Sarwar et 

al., 2017b). Our approach was to target the cellular reservoirs that ultimately 

accumulate in the liver and spleen thus providing the selective targeting of pathological 

condition providing the increased AmB concentration at the target site. Therefore, we 

have evaluated the tissue distribution of AmB and found a significantly higher 

concentration of AmB in the liver in case of M-CS-TGA nanocarriers (101 µg) 

compared to the free AmB (43 µg). While in case of the kidney, the M-CS-TGA showed 

less concentration of AmB as compared free AmB. These results (Fig. 3.30) indicate 

that macrophage targeting was successful in providing the maximum exposure of drug 

at the desired site while minimizing the exposure to the organs prone to toxic effects.  

The organ to body index is an indication of any toxicity induced by the treatment in the 

animal body. Organ-body index was evaluated by carefully removing the vital organs 

including liver, kidneys and heart from the euthanized mice and washed immediately 

with normal saline. The organ to body ratio of different organs was then compared with 

control. The results in Fig. 3.31 liver weight was slightly decreased in the case of AmB 

showing the toxic effects while for the CS-TGA, M-CS-TGA and M-CS-TGA -blank, 

they showed very little effect on the liver. The kidneys were also affected by the toxic 

effects of the Am Bas the organ to body ratio of kidneys was decreased compared to 

the other nanocarriers. No significant effects were observed on the heart due to AmB 

and prepared various formulations 

Serum biochemistry was carried out to assess the toxic effects of the CS-TGA, M-CS-

TGA, M-CS-TGA blank and AmB on liver and kidneys. Liver and kidneys are most 

likely to be affected as former is involved in metabolism and later is involved in 

excretion of drug and its metabolites. The effect of all treatments on liver and kidney 

was assessed via liver function tests (LFTs) and renal function tests (RFTs). The results 

of LFTs are shown in Fig. 3.32 that revealed slight changes in the values of LFTs as 

compared to the control. Integrity of liver at cellular level is reflected by the changes in 

transaminases (SGPT) present in liver cells (Agbaje et al., 2009). Thus, changes in 

serum levels of SGPT represents liver necrosis. The treatment with AmB and AmB 

loaded nanoformulations resulted in slightly altered but within the acceptable range of 

SGPT while M-CS-TGA control was having least effect. ALP levels represent the 

integrity of bile duct, a characteristic of cholestatic liver. ALP level was slightly 
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increased with all treatments suggesting some obstruction in the bile duct. M-CS-TGA 

decreased ALP level as compared to control. Bilirubin level did not change 

significantly. The liver is the prime source of all serum proteins and any changes in 

total protein is an indicator of liver abnormality. The total protein content remained 

unaffected with CS-TGA and M-CS-TGA. The effect of CS-TGA and M-CS-TGA 

control on LFTs was insignificant (P<0.005) as compared to AmB, revealing 

compatibility of M-CS-TGA (Thapa and Walia, 2007, Ozer et al., 2008).  

The effect on kidney was assessed through RFTs. The results in Fig. 3.33 showed no 

significant deviation from the reference values of RFTs. Creatinine level remained 

unaffected with all treatments. However, BUN was increased with M-CS-TGA s as 

compared to control which remained within the reference ranges.  

The removed vital organs were macroscopically examined for any visible change in the 

structure of damage. These vital organs are metabolic targets of any toxic sign induced. 

The issue slides of these organs were carefully prepared through microtome and stained 

for microscopic evaluation for toxicity evidence. The prepared slides were observed for 

any change in cellular morphology or pathological changes in cell morphology via 

(Olympus BX51M). The liver cells in control were observed to be round and polygonal 

with the clear nucleus as shown in Fig. 3.34(C1). Slight changes in cellular morphology 

with the appearance of fatty globules were observed in liver slides (Fig. 3.34 C2, C3) 

treated with AmB and M-CS-TGA. No changes were observed in heart histology as 

compared to control as shown in Fig. 3.34, B1-B3. The histological examination of 

kidneys (Fig. 3.34, A1-A3) did not show any evident change in cellular morphology 

supporting the safety of M-CS-TGA due to renal clearance.  
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5. CONCLUSION 

The potential of nano-based drug delivery systems to cross the various biological 

barriers encountered by the anti-leishmanial drugs has opened new avenues for the 

successful therapy of Leishmaniasis. In this regard, the designing of polymeric 

excipients with specific functional groups having the ability to interact with enzymes, 

proteins and biological pathways has gained considerable appreciation. Chitosan is 

naturally occurring cationic polymer having amino groups which provide the 

opportunity of modification with different moieties, thus, resulting in polymeric grafts 

with improved properties. The present study successfully highlighted the potential of 

mannose anchored thiolated polyethyleneimine-grafted-chitosan [M-(CS-g-PEI)-TGA] 

and mannose anchored thiolated chitosan (M-CS-TGA) in terms of Trypanothione 

reductase (TR) inhibition, macrophage targeting, mucoadhesion and oral permeation 

enhancement.  

Mannose anchored thiolated polyethyleneimine-grafted-chitosan polymer [M-(CS-g-

PEI)-TGA] showed better TR inhibition potential than mannose anchored thiolated 

chitosan (M-CS-TGA). Therefore MA loaded nanoformulation of Mannose anchored 

thiolated polyethyleneimine-grafted-chitosan polymer [M-(CS-g-PEI)-TGA] exhibited 

great potential to target the macrophages via mannose receptors and provided 

significantly enhanced intracellular accumulation of MA and improved invitro anti-

leishmanial potential against L.tropica KHW23 and L.donovani LV 82. Moreover, the 

relative bioavailability and pharmacokinetics of MA were significantly improved 

compared to that of Glucantime. The in-vivo anti-leishmanial assay on L.donovani 

infected BALB/c mice with [M-(CS-g-PEI)-TGA] showed significantly reduced 

parasitic burden in both liver and spleen.  

In the other part of the study, the M-CS-TGA was explored for its potential to target the 

pathological organs and minimizing the exposure of non-pathological organs to 

Amphotericin B (AmB) with the aim to improve the toxicological profile of AmB. 

AmB loaded M-CS-TGA nanoformulation indicted superior invitro anti-leishmanial 

activity indicated by flow cytometric analysis. M-CS-TGA nanoformulation 

successfully increased relative bioavailability of AmB with improved pharmacokinetics 

and enhanced accumulation at the pathological organs. Invitro toxicology studies 

exhibited that M-CS-TGA nanoformulation was biocompatible and significantly less 
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toxic compared to AmB.  In rodent animal model, the vital organ of toxicity in case 

AmB, remained unaffected with M-CS-TGA nanoformulation. The assessment of 

biochemical indicators of liver and kidney toxicity indicated the significantly enhanced 

safety of M-CS-TGA nanoformulation. Thus, all studies parameters of both types of 

nanoformulation i.e. MA loaded M-(CS-g-PEI)-TGA nanoformulation and AmB 

loaded M-CS-TGA nanoformulation suggested that synthesized conjugated polymers 

could serve as safe and efficient polymeric excipients for the efficient delivery to anti-

leishmanial drugs at the target site by targeting the macrophages via mannose receptors. 

Also, the potential of the grafted polymers to inhibit the TR along with ABCB1 efflux 

pumps inhibition, and enhanced permeation make it the efficient drug delivery system 

to enhance the efficacy of anti-leishmanial drugs. 
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6. FUTURE PERSPECTIVES 

The findings of the thesis suggest the opportunities for the further application of M-

(CS-g-PEI)-TGA and M-CS-TGA polymers based nanoformulations as drug delivery 

systems. However, in future several studies can be designed and carried out to explore 

the detailed mechanism influenced by the M-(CS-g-PEI)-TGA and M-CS-TGA 

polymers to be used as the targeted drug delivery for the Leishmaniasis and other 

infectious diseases. 

• Various enzymatic pathways are involved in the development of resistance and 

decreased efficacy of chemotherapeutic agents, thus, M-(CS-g-PEI)-TGA and 

M-CS-TGA polymers could be explored for their enzyme inhibition properties 

to enhance the therapeutic effectiveness of the chemotherapeutic agents. 

• More than 40 % of drugs are hydrophobic with limited oral bioavailability so, 

M-(CS-g-PEI)-TGA and M-CS-TGA based nanocarriers can be used effectively 

to enhance the relative bioavailability of these drugs. 

• The prepared nanoformulations based on the M-(CS-g-PEI)-TGA and M-CS-

TGA polymers should not be limited to the enhanced drug delivery to the 

infectious diseases, they can also be explored for their effectiveness in the 

targeted delivery to the cancer tumors by decorating the polymer with folic acid. 

• Many thiophilic metals like Ag, Au, and Sb have proved their therapeutic 

potential,thus, M-(CS-g-PEI)-TGA and M-CS-TGA polymers because of thiol 

groups can stabilize these metal nanoparticles and can be delivered to the body 

for their accumulation at the selective pathological areas. 

• Further investigations are required for the detailed study of long term toxicity 

of these nanoformulations especially the release of immune chemicals like 

cytokines and interleukines and elicitation of a particular immune response.  
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APPENDIX A 

Values of independent factors and dependent responses for optimization of 

Chitosan (CS) nanoformultion synthesis obtained from CCD using design expert 

software 

Table A1: Values of independent factors and dependent responses for optimization of 

Chitosan (CS) nanoformultion synthesis obtained from CCD using design expert 

software.  

Std Run Factor 

1 

A:Pol

ymer 

solutio

n (ml) 

Factor 

2 

B: 

TPP 

Soluti

on(ml) 

Factor 

3 

C:Dru

g 

(mg) 

Response

1 

Particle 

size 

(nm) 

Response

2 

Zeta 

Potential 

(meV) 

 

Response

3 

EE (%) 

 

Response4 

PDI (%) 

 

8 1 4 2 4 865 45.3 65.51 0.69 

3 2 3 2 6 936 46.1 68.23 0.74 

9 3 4 1.5 2 772 42.1 62.31 0.675 

4 4 3 1 2 810 45.1 65.68 0.695 

2 5 5 1 6 488.3 34.1 58.17 0.625 

6 6 5 1.5 4 741 40.4 57.25 0.596 

5 7 3 1.5 4 684 36 54.36 0.42 

7 8 4 1 4 570 38 54.41 0.53 

10 9 4 1.5 6 791 41 59.51 0.62 

1 10 5 2 2 770 42.3 62.33 0.675 

11 11 4 1.5 4 735 40 56.57 0.54 



 

 
 

 

Table A2: values of independent factors and dependent responses for optimization of 

polyethyleneimine grafted chitosan (CS-g-PEI) nanoformultion synthesis obtained 

from CCD using design expert software.  

 

 

 

Std Run Factor 

1 

A:Poly

mer 

solutio

n (ml) 

Factor 

2 

B: TPP 

Solutio

n(ml) 

Factor 

3 

C:Drug 

(mg) 

Response1 

Particle 

size 

(nm) 

Response2 

Zeta 

Potential 

(meV) 

 

Response 

3 

EE (%) 

 

Response 

4 

PDI (%) 

 

8 1 4 2 4 425 25.1 65.2 0.48 

3 2 3 2 6 465.3 25.3 67.2 0.47 

9 3 4 1.5 2 322.1 22.4 60.3 0.35 

4 4 3 1 2 310.9 21.8 61.2 0.34 

2 5 5 1 6 210 20.1 55.3 0.28 

6 6 5 1.5 4 255.6 21.8 57.6 0.42 

5 7 3 1.5 4 463.1 25.6 65.3 0.41 

7 8 4 1 4 215.7 20.3 56.3 0.34 

10 9 4 1.5 6 336.9 21.4 65.2 0.36 

1 10 5 2 2 325.7 21.8 63.5 0.47 

11 11 4 1.5 4 336.2 22.3 62.8 0.35 



 

 
 

Table A3: Values of independent factors and dependent responses for optimization of 

thiolated chitosan (CS-TGA) nanoformultion synthesis obtained from CCD using 

design expert software.  

 

 

 

 

Std Run Factor 

1 

A:Poly

mer 

solutio

n (ml) 

Factor 

2 

B: TPP 

Solutio

n(ml) 

Factor 

3 

C:Drug 

(mg) 

Response1 

Particle 

size 

(nm) 

Response2 

Zeta 

Potential 

(meV) 

 

Response 

3 

EE (%) 

 

Response 

4 

PDI (%) 

 

8 1 4 2 4 1375 45.9 66.7 0.65 

3 2 3 2 6 1485 52.1 69.2 0.69 

9 3 4 1.5 2 326 23.4 63.5 0.42 

4 4 3 1 2 265 22.3 62 0.389 

2 5 5 1 6 180.4 19.4 56.3 0.353 

6 6 5 1.5 4 231 21.2 59.6 0.39 

5 7 3 1.5 4 1325 45.6 66.2 0.68 

7 8 4 1 4 210 20.1 58 0.385 

10 9 4 1.5 6 356 26.2 65.1 0.41 

1 10 5 2 2 1415 51.3 64.7 0.71 

11 11 4 1.5 4 317 24.5 63.1 0.4 



 

 
 

Table A4: values of independent factors and dependent responses for optimization of 

thiolated polyethyleneimine grafted chitosan (CS-g-PEI)-TGA nanoformultion 

synthesis obtained from CCD using design expert software.  

 

 

 

 

Std Run Factor 

1 

A:Poly

mer 

solutio

n (ml) 

Factor 

2 

B: TPP 

Solutio

n(ml) 

Factor 

3 

C:Drug 

(mg) 

Response1 

Particle 

size 

(nm) 

Response2 

Zeta 

Potential 

(meV) 

 

Response 

3 

EE (%) 

 

Response 

4 

PDI (%) 

 

8 1 4 2 4 475.3 26.2 66.3 0.48 

3 2 3 2 6 485.2 26.8 69.8 0.47 

9 3 4 1.5 2 364.5 22.7 65.2 0.35 

4 4 3 1 2 345.1 22.3 63.7 0.34 

2 5 5 1 6 225.1 20.4 57.3 0.28 

6 6 5 1.5 4 287.6 22.1 60.2 0.42 

5 7 3 1.5 4 521.4 26.8 66.7 0.41 

7 8 4 1 4 268.3 21.6 58.3 0.34 

10 9 4 1.5 6 396.2 22 57.1 0.36 

1 10 5 2 2 424.1 22.3 65.7 0.47 

11 11 4 1.5 4 365.8 22.7 64.2 0.35 



 

 
 

Table A5: values of independent factors and dependent responses for optimization of 

mannose anchored thiolated chitosan (M-CS-TGA) nanoformultion synthesis obtained 

from CCD using design expert software.  

 

 

 

 

 

Std Run Factor 

1 

A:Poly

mer 

solutio

n (ml) 

Factor 

2 

B: TPP 

Solutio

n(ml) 

Factor 

3 

C:Drug 

(mg) 

Response1 

Particle 

size 

(nm) 

Response2 

Zeta 

Potential 

(meV) 

 

Response 

3 

EE (%) 

 

Response 

4 

PDI (%) 

 

8 1 4 2 4 451.2 25.2 65.3 0.51 

3 2 3 2 6 478.9 25.4 68.7 0.54 

9 3 4 1.5 2 304.5 22.9 63.5 0.39 

4 4 3 1 2 290.3 22.8 62 0.37 

2 5 5 1 6 155.3 19.3 55.2 0.32 

6 6 5 1.5 4 223.1 21.7 57.3 0.38 

5 7 3 1.5 4 456.1 25.9 65.5 0.52 

7 8 4 1 4 180.6 20.4 56.4 0.36 

10 9 4 1.5 6 329 24.1 64.7 0.38 

1 10 5 2 2 295.3 22.7 63.4 0.56 

11 11 4 1.5 4 317 23.1 62.1 0.39 



 

 
 

 

 

 

 

 

 

 

Appendix B 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

APPENDIX B 

RSM plots of prepared nanoformulations showing the effect of independent 

factors on the Size, Zeta potential, EE and PDI. 

 

 

Figure B1: RSM plots of prepared nanoformulations from chitosan (CS) showing the 

effect of independent factors on the Size, Zeta potential, EE and PDI. 

 



 

 
 

 

 

  

Figure B2: RSM plots of prepared nanoformulations from polyethyleneimine grafted 

chitosan chitosan (CS-g-PEI) showing the effect of independent factors on the Size, 

Zeta potential, EE and PDI. 



 

 
 

 

 

 

 



 

 
 

Figure B3: RSM plots of prepared nanoformulations from thiolated chitosan (CS-

TGA) showing the effect of independent factors on the Size, Zeta potential, EE and 

PDI. 

 

 

 



 

 
 

Figure B4: RSM plots of prepared nanoformulations from thiolated polyethyleneimine 

grafted chitosan [(CS-g-PEI)-TGA] showing the effect of independent factors on the 

Size, Zeta potential, EE and PDI. 

 

 

Figure B5: RSM plots of prepared nanoformulations from mannose anchored thiolated  

chitosan M-CS-TGA showing the effect of independent factors on the Size, Zeta 

potential, EE and PDI. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Appendix C 

Drug release profile of nanoformulations  

 

Figure C1: Drug release profiles of nanoformulations based on CS, CS-g-PE, CS-

TGA, (CS-g-PEI)-TGA, M-(CS-g-PEI)-TGA. Dissolution studies were carried out at 

phagolysosomal pH 7.4.  

CS= chitosan, CS-TGA= thiolated chitosan, M-CS-TGA= mannose anchored thiolated chitosan, CS-g-

PEI= polyethylenimine-grafted-chitosan, (CS-g-PEI)-TGA= thiolated polyethylenimine-grafted-

chitosan, M-(CS-g-PEI)-TGA= mannose anchored polyethylenimine-grafted-chitosan  
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