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Amino acid containing amphiphilic hydrogelators with 
antibacterial and antiparasitic activity  

Biplab Mondal,a† Vivek Kumar Gupta,b† Biswanath Hansda,a Arpita Bhoumik,c Tanushree Mondal,a 

Hemanta K. Majumder,c   Charlotte J. C. Edwards-Gayle,d,e Ian W. Hamley,d Parasuraman 
Jaisankar*b and Arindam Banerjee*a  

Here we present a series of peptide amphiphiles which form hydrogels based on beta-sheet nanofibril networks, several of 

which have very promising anti-microbial and anti-parasitic activities, in particular against multiple strains of Leishmania 

including drug-resistant ones. Aromatic amino acid based amphiphilic supramolecular gelators C14-Phe-CONH-(CH2)n-NH2 

(n=6 for P1 and n=2 for P3) and C14-Trp-CONH-(CH2)n-NH2 (n=6 for P2 and n=2 for P4) have been synthesized, 

characterized, and their self-assembly and gelation behaviour has been investigated in the presence of ultrapure water 

(P1, P2, P4) or 2% DMSO(v/v) in ultrapure water (P3). The rheological, morphological and structural properties of the gels 

have been comprehensively examined. The amphiphilic gelators (P1 and P3) were found to be active against both Gram-

positive bacteria B. subtilis and Gram-negative bacteria E. coli and P. aeruginosa. Interestingly, amphiphiles P1 and P3 

containing L-phenyl alanine residue show both antibacterial and antiparasitic activity. Herein, we report that synthetic 

amphiphiles with an amino acid residue exhibit a potent anti-protozoan activity and are cytotoxic towards a wide array of 

protozoal parasites, which includes Indian varieties of Leishmania donovani and also kill resistant parasitic strains including 

BHU575, MILR and CAMR cells. These gelators are highly cytotoxic to promastigotes of Leishmania and trigger apoptotic-

like events inside the parasite. The mechanism of killing the parasite is shown and these gelators are non-cytotoxic to host 

macrophage cells indicating a potential use of these gels as therapeutic agents against multiple forms of leishmaniasis in 

the near future.    

Introduction  

In recent years, low molecular weight gelators have been 

increasingly researchered due to their interesting properties 

like self-association in a medium to form a linter-linked 

network structure for various applications.1-7 These gelators 

can be assembled using various non-covalent interactions 

including  hydrogen bonding, π-π stacking, van der Waals and 

other interactions to form gels under suitable conditions.8 The 

micro- and nano-network structure of hydrogels leads to a 

highly porous structure, so they can easily entrap numerous  

water molecules in the gel cavities.9 Natural amino acid-based 

hydrogels are attracting interest not only for the formation of 

hydrogels via non-covalent interactions but also for their uses 

in different fields of research work.10-14 They have wide variety 

of applications in tissue engineering,15 cell culture,16,17 

sustained release of drugs and biomolecules,18,19 drug 

delivery,20 vaccine development,21 wastewater 

treatment,14,22,23 wound healing,24 antimicrobial,25-32 and 

others22,23,33,34. Peptides and natural amino acid-based 

supramolecular hydrogels are desirable candidates to prepare 

biomaterials due to their biocompatibility and 

biodegradability.24 

In recent times, the increasing prevalence of bacterial strains 

with resistance to conventional antibiotics is emerging as a 

significant threat to modern society.27 Therefore new types of 

antibiotics are required to combat such bacteria. The 

biocompatibility of the natural amino acid-based hydrogels 

makes them suitable starting materials to develop new 

antibiotics or biologically active molecules.25,27 Polycationic 

peptides containing lysine or arginine moieties can act as 

antibacterial agents due to their ability to disrupt bacterial 

membranes.35-37 Peptides containing hydrophobic and/or 

cationic residues can be used as molecular building blocks to 

create antibacterial hydrogels as such peptides can mimic the 

structure of natural antibiotics.38,39 In this context, peptide-
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based amphiphiles are attractive materials for developing 

peptide therapeutics as they can be synthesized easily at an 

affordable cost.40 

Leishmaniasis holds the second largest position among all 

parasitic infections after malaria. Recent reports in 2016 by the 

World Health Organisation suggest that 200,000-400,000 new 

cases occur every year by visceral leishmaniasis (VL) in 65 

countries. Also, visceral leishmaniasis or kala-azar has been 

found to be endemic, having a 95% of mortality rate if kept 

untreated.41 Among the new cases, 90% of the cases have 

been found in India, Brazil, Somalia, Sudan, South Sudan, and 

Ethiopia.42 Specifically, the spread of VL is highly alarming in 

India and Brazil. In India, annually 100,000 new cases have 

been occurring, among which, 90% of the cases are found in 

Bihar. On the other hand, VL has been observed in 21 states 

out of 27 in Brazil. Unfortunately, until now, chemotherapy is 

the only choice to combat this disease. Visceral leishmaniasis is 

characterized by irregular bouts of fever, weight loss, 

enlargement of spleen and liver and anaemia. VL is endemic in 

more than 80 countries.43 If left untreated it is fatal in more 

than 95% of cases within 2 years after the onset of the disease. 

Until today, there is no effective vaccine against any form of 

human leishmaniasis. The problem is even more difficult 

because of the cases of HIV co-infection.44 Solutions to 

overcome these problems include improved chemotherapy 

and the development of novel drugs specific to these resistant 

as well as pathogenic strains. Some drugs such as amphotericin 

B45 and its lipid formulations, pentavalent antimonials46 

pentamidine, miltefosine, paramomycin, sitamaquine47 have 

been used to treat patients. However, the toxicity, side effects, 

and high cost restrict the use of these drugs. A plausible 

solution to these issues is the use of chemotherapy48 and 

concurrently probing for novel targets showing specificity 

towards the parasites. 

There are reports that amino acid containing peptides and 

amphiphiles exhibit biologically important applicationsin 

antibacterials,25-31 cell culture,16, 17 and drug release18, 19, 49. 

Many of these molecules contain aromatic amino acid residues 

like L-phenylalanine27 and L-tryptophan.12 However, the 

development of aromatic amino acid containing amphiphilic 

gelators with antiparasitic activity is unprecedented to the 

best of our knowledge. The previous reports also suggest that 

organic heterocyclic compounds such as oxindoles, can be 

excellent material against parasites L. donovani. Thus, we 

chose L-tryptophan (and for reference L-phenylalanine) as 

components of our gelator amphiphiles. We have synthesized 

four amphiphiles containing proteinaceous aromatic amino 

acids L-phenylalanine and L-tryptophan with varying chain 

length of the cationic −NH2 containing polar head group, and 

with a fatty acyl chain of fourteen carbon atoms at the C-

terminus. At first, gelator amphiphiles P1, P2, P3 and P4 

containing L-phenylalanine or L-tryptophan (Fig. 1a) were 

synthesised and studied for antiparasitic and antibacterial 

activity. However, it was observed that only P1 and P3 are 

active towards parasite L. donovani and also against Gram-

positive and -negative bacteria. Thus, L-phenylalanine has a 

role in antiparasitic and antibacterial activity. Our results also 

show that methylene units (CH2) attached to the terminal 

amino groups do not have any role in either antiparasitic or 

antibacterial property. From the comprehensive experimental 

data, it was evident that both molecules P2 and P4 containing 

L-tryptophan are unable to kill both protozoan parasite 

Leishmania donovani or Gram positive and Gram negative 

bacteria.  
 

Experimental section  
Materials and methods 

Chemicals 
L-Phenylalanine (Phe), myristic acid (C14), HOBt (1-
hydroxybenzotriazole), DCC (N, N'-dicyclohexylcarbodiimide), 
di-tert-butyldicarbonate (BOC Anhydride, DiBOC), silica gel 
(100−200 mesh), and aluminium oxide (basic) were purchased 
from SRL, India. N, N'-dimethylformamide (DMF), 
trifluoroacetic acid (TFA), hexamethylenediamine, sodium 
dihydrogen phosphate, and disodium hydrogen phosphate 
were purchased from Merck. Millipore Mili-Q grade water was 
used for all experiments. Dimethyl sulfoxide (DMSO), 
camptothecin and penicillin-streptomycin solution were 
purchased from Sigma Chemicals (St. Louis, MO, USA). 3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide 
(MTT) was purchased from Invitrogen Life Technologies 
(Carlsbad, CA, USA).  All drugs were dissolved in 100% DMSO at 
a concentration of 25 mM and stored at -20°C. MitoSOX red 
(M36008), MitoTracker green (M7514), TMRM (T668), CM-
H2DCFDA (C6827), FITC Annexin V/Dead Cell Apoptosis kit 
(V13242) were obtained from Molecular Probes. 

Synthesis and Characterisation 

The amino acid containing gelator amphiphiles were 

synthesized by conventional solution phase coupling methods 

using a racemization-free fragment condensation strategy. The 

characterisation of the synthesis products was done using 

mass spectrometry, 1H NMR spectroscopy and 13C NMR 

spectroscopy. All NMR studies were carried out using a Bruker 

DPX 400 MHz or Bruker DPX 500 MHz spectrometer at 300 K. 

Concentrations were in the range 5−10 mM in CDCl3 or DMSO-

d6. Mass spectra were recorded on a Q-Tof micro (Waters 

Corporation) mass spectrometer by positive mode 

electrospray ionization process. 

Preparation of gels 

15 mg of P1, 10 mg of P2, and 10 mg of  P4 gelator 

amphiphiles have been weighed into three different sets of 5 

mL screw-capped glass vials with the addition of 1 mL of 

ultrapure water (Mili-Q) in each one. Then the glass vials were 

heated on a hot plate till the gelator molecules were dissolved 

completely. After that, the heated glass vials were cooled in a 

water bath for 5 min. Later  these solutions were kept at room 

temperature 28 ⁰C for a few minutes to a few hours, 

depending on the gelator molecules, to form  stable gels.  

For gelator amphiphile P3, 10 mg of amphiphile has been 

added to 980 µL of mili-Q water and heated on a hot plate 

until the solute gelator amphiphile was dissolved. Then 20 µL 

of DMSO was added to the heated solution before cooling it in 

a water bath as well as room temperature (at 28 ⁰C). The 

formation of stable co-solvent-induced gelation was observed 

within one hour. 
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Loading of Hydrogel onto Rheometer 

Firstly, hydrogels were removed from the 5 mL glass vial using 

a scoopula. These hydrogels were further loaded onto the 

Peltier plate without any air or bubbles into the hydrogels. 

Then these hydrogels were placed at the centre of the Peltier 

plate. After that, a  program was used to set the height of the 

cone to the 27 μm height gap. When the gap height is reached, 

trim the edges of the hydrogel with a pipet tip so that the 

hydrogel correctly fills the geometry. Then the solvent trap 

was  placed over the geometry and onto the Peltier plate and 

it surrounded  the outer edges of the solvent trap  with water 

to keep the hydrogel hydrated during the data acquisition.  

General procedure for antibacterial study 

A well-established agar well cut-diffusion method was 

employed to analyze the antibacterial activity of amphiphilic 

gelators against four pathogenic strains of Gram-positive (S. 

aureus and B. subtilis) and Gram-negative (E. coli and P. 

aeruginosa) bacteria. A measurable quantity of HiMedia agar 

(HA) was liquefied in ultra-pure deionized water and stirred 

vigorously to obtain a homogenous mixture. The 

homogeneous solution was autoclaved for about 30 min, after 

which 20 mL of the autoclaved mixture was trickled in each of 

the sterilized Petri plates and allowed to form gel for 30 min. 

The gel plates were placed in an incubator for 12 h at 37 °C to 

identify the presence of any adventitious bacteria. After that, 

four known bacteria were spread on the fresh agar gel 

medium one by one. The gel well was cut to introduce the gel 

samples. The gel samples of P1 to P4 were placed at that 

position to identify the antibacterial properties of the gelator 

amphiphiles. The sample-charged plates were gently 

positioned for incubation at 37 °C temperature for 24 h to 

enhance the complete diffusion of the gelator amphiphiles. 

The inhibition zones of each plate were measured and 

recorded in millimeter (mm) units. 

Parasite maintenance and culture 

Four strains of Leishmania donovani were used: (i) the sodium 

antimony gluconate (SAG)-sensitive (SAGS) 

MHOM/IN/1983/AG83, (ii) multidrug resistant field isolate 

MHOM/IN/2009/BHU575/0 (BHU 575),50 (iii) laboratory grown 

miltefosine-resistant (MILR) strains, (iv) camptothecin resistant 

(CPTR) strain, also (v) Leishmania major was used in the study. 

Amastigotes obtained from the spleens of infected hamsters 

were cultured at 22 ⁰C to obtain promastigotes.51 The 

promastigotes were cultured in M199 medium containing 20 % 

(v/v) heat-inactivated fetal bovine serum (FBS-Gibco Life 

Technologies, Carlsbad, California, USA) supplemented with 

100 IU/mL of penicillin and 100 mg/mL of streptomycin 

solution at 22 ⁰C. Promastigotes were further grown in 10% 

(v/v) heat-inactivated FBS for 5-6 days at 22 ⁰C before use. To 

observe the ultrastructure alterations of the parasites, 1×106 

cells were treated with different concentrations of amphiphilic 

gelators for 8 and 12 h and observed under microscope. DMSO 

was used as a vehicle control. 

Leishmania promastigotes cell viability measurement 

The L. donovani AG83 wild type strain, multidrug resistant 

(BHU 575), laboratory grown MILR cells, CPTR cells and L. major 

strain were individually incubated with different 

concentrations of amphiphilic gelators for 24 h, following 

which the viability was assessedusing a MTT assay.52 Yellow 

MTT (3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-

tetrazolium bromide) is reduced to purple formazan in the 

mitochondria of the living cells. The formazan is then 

solubilised, by adding isopropanol and 6(N) HCl and the 

concentration determined by taking OD at 595 nm. Living cells 

actively convert MTT to formazan, thereby generating a 

quantitative measure of viability and cytotoxicity. All IC50 and 

IC90 values were calculated using a variable slope model to find 

EC50 using prism (version 5.0, GraphPad software, San Diego, 

CA; USA). We further investigated the effect of drugs on 

survivability of Leishmania promastigotes using light 

microscope by direct microscopic counting in a 

haemocytometer. The cells of the exponential phase of the 

growth curve were used in the study. Briefly, cells were 

collected and transferred onto a 24-well tissue culture plate (2 

× 106 cells/well). Cells were then left to incubate at various 

concentrations of amphiphilic gelators (1.0, 2.5, 5.0, 10.0 and 

20.0 µM) for 12 h at 22 ⁰C. After incubation the cells were 

collected and centrifuged and the pellet was washed with 1x 

PBS twice and finally resuspended in 1x PBS. Aliquots 50 µL 

were mixed with 0.4% solution of trypan blue and incubated 

for 3 min at 22 ⁰C. About 5-7 µL of mixture was carefully 

transferred to haemocytometer and the blue (dead) and clear 

(live) cells were counted. The total number of viable cells in 

mixture was measured by multiplying the total number of 

viable cells by 2 (the dilution factor for trypan blue). 

Percentages of viable cells were calculated using the formula:  

Percentage viability =  (
Live cell count

Total cell count
) × 100 

Measurement of ROS 

The level of intracellular reactive oxygen species (ROS) were 

measured using cell-permeable, non-polar probe H2DCFDA 

(molecular probes, Eugene, USA). For measurement of ROS in 

treated and untreated parasites, 2 × 106 cells were treated 

with amphiphilic gelators (0.5, 1.0, 2.5 and 5.0 µM) for 12 h. 

Promastigotes treated with 0.2% DMSO served as controls. 

After incubation, parasites were washed with phosphate 

buffer saline and resuspended in 500 µL of PBS (without 

phenol red) and stained with the cell-permeant dye H2DCFDA 

for 15-20 min.53 In another set of reaction the parasites were 

incubated with N-acetyl cysteine (NAC) prior to treatment with 

amphiphilic gelators. The green fluorescence of 2´, 7´-

dichlorofluorescene (DCF) was measured at 530 nm using a 

flow cytometer. All the fluorometric measurements were 

performed in triplicate, and the results were expressed as the 

mean fluorescence intensity per 106 cells. 

Measurement of mitochondrial membrane potential (Ψm)  

Mitochondrial membrane potential was investigated using 

tetramethylrhodamine, methyl ester (TMRM). Healthy 

mitochondrion membranes maintain an electrical potential 

between the interior and exterior of the organelle, referred to 

as a membrane potential. TMRM is a cell-permeant dye that 

accumulates in active mitochondria with intact membrane 

potentials. If the cells are healthy and have functional 
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mitochondria, the signal is bright. Upon the loss of 

mitochondrial membrane potential, TMRM accumulation 

ceases and the signal disappears. In brief, after different 

treatments with amphiphilic gelators (0.5, 1.0, 2.5 and 5.0 

µM), Leishmania cells were harvested and washed with 1x PBS. 

Cells were then incubated at 37 ⁰C for 30 min with a final 

concentration of TMRM dye at 0.2 µM.54 In another sets of 

reactions the parasites were treated with 1.0 µM respiratory 

uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) 

added as positive control 1 h before treatment with 

amphiphilic gelators P1 and P3. To check the effect of ROS 

quenching, cells were pre-treated with 10 mM N-acetyl 

cysteine (NAC) an anti-oxidant for 2 h before amphiphilic 

gelator treatment, and FACs analysis were performed. TMRM 

signal can be detected with flow cytometry using 488 nm laser 

for excitation and 570 ± 10 nm emission filters. The 

spectrofluorometric data presented here are representative of 

three independent experiments. 

Determination of mitochondrial Superoxide levels 

After oxidative phosphorylation, mitochondrial superoxide is 

generated as a by-product. Approximately 2-4% of 

mitochondrial oxygen consumed is incompletely reduced in a 

tightly coupled electron transport chain and leads to ROS 

production.55-57 The levels of mitochondrial superoxide were 

measured by MitoSOX Red, which is a mitochondrial 

superoxide indicator (M36008, Invitrogen). MitoSOX is a 

fluorogenic dye, specific for mitochondrial superoxide, which is 

cleaved after interacting with O2¯ produced by the 

mitochondria, and after binding with DNA emits red 

fluorescence. The experiment was performed according to 

manufacturer’s protocol. Briefly, 1 × 106 cells were treated 

with different concentrations of amphiphilic gelators P1 and 

P3 and incubated for 12 h at 22 ⁰C. After incubation cells were 

washed with 1x PBS at 300 g for 1 min. The supernatant was 

discarded and 100 µL of 1x PBS was added to the sample. Cells 

were stained with MitoSOX Red at 200 nM concentration for 

30 min at 37 ⁰C in the dark and were analyzed by flow 

cytometry (BD FACS).     
Double staining with annexinV and PI 

Apoptotic events i.e. progression of cell through different 

stages of cell death is measured by staining with annexinV and 

propidium iodide (PI). Cells were treated with amphiphilic 

gelators (0.5, 1.0, 2.5 and 5.0 µM) and apoptosis was 

measured by using an annexinV dead cell apoptosis kit 

(Invitrogen Life Technologies, Carlsbad, California, USA). 

Experiments were carried out for untreated and treated 

promastigotes. The FL-1 and FL-2 channels denote the mean 

intensity of FITC-annexinV and mean intensity of PI so 

appropriate gating was done. The experiments were 

performed three times and an average of three experimental 

spectrofluorometric data were expressed as mean ± SD. 

Isolation of gDNA 

To check the size of DNA fragments formed during cell death, 

total genomic DNA were isolated according to manufacturer’s 

protocol (QIAGEN genomic DNA isolation kit) and analyzed by 

agarose gel electrophoresis. Briefly, 1 × 107 cells/mL of L. 

donovani promastigotes was treated with amphiphilic gelators 

(2.5 and 5.0 µM) for 12 h respectively. Then, the pellets were 

washed with 500 µL PBS buffer. The pellets were re-suspended 

in 200 µL PBS. Twenty µL proteinase K and 4 µL RNase A were 

added and kept for 30 min at 37 ⁰C. Then, 200 µL buffer AL 

were added to the solution and mixed by vortexing for 15-20 

sec. The above solution was heated for 10-15 min at 56 ⁰C and 

ultracentrifugation was performed at 3000 rpm for 10-15 s to 

remove the drops from the lid. Then 200 µL of 100% ethanol 

were added and mixed by vortexing for 10-15 sec. The above 

samples were carefully applied to the column and centrifuged 

at 6000 g for 1 min. Then 500 µL of buffer AW1 were added to 

the column and the samples were centrifuged at 6000 g for 

another 1 min. QIAamp mini-columns were placed into 

another 2 mL collection tube and 500 µL of buffer AW2 was 

added, mixed and centrifuged at 20000g for 3 min. The column 

was again placed on a new 2 mL centrifuge tube and the above 

samples were re-centrifuged for another 1 min to complete 

the removal of the wash buffer. Final elution was done by 

adding 200 µL AE buffer. The total cellular genomic DNA from 

all the samples was subjected for fragmentation analysis by 1% 

agarose gel electrophoresis analysis. 

DNA fragmentation assay 

Genomic DNAs were isolated with an apoptotic DNA ladder kit 

(Roche Applied Science, Penzberg, Upper Bavaria, Germany) 

from exponentially growing AG83 strain of Leishmania 

donovani promastigotes (2 × 107 cells/mL) with or without any 

prior treatments with amphiphilic gelators for 4 h. DNA were 

electrophoresed in 1.5% agarose gel at 75 V, stained with 

ethidium bromide and photographed under UV illumination.59 

An estimate of the extent of DNA fragmentation after drug 

treatments was detected using cell death detection ELISA kit 

(Roche Diagnostics). Promastigote samples (5 ×106 cells/mL) 

were collected after 0, 4, 6 and 8 h. Post-treatments with 

these amphiphilic gelators and the cytoplasmic-histone-

associated DNA fragments (mononucleosome and 

oligonucleosome) were detected using the manufacturer’s 

protocol. DNA fragmentation was detected by 

spectrophotometric measurement of microtiter plates in a 

thermo MULTISCAN Ex plate reader at 405 nm. Relative 

percentage was plotted as units of time. 

Atomic force microscopy 

The AFM studies were performed to observe any 

morphological changes in the Leishmania donovani 

promastigotes after treatment with the amphiphilic gelators 

P1 and P3. An Agilent Technologies 5500 ILM Pico plus AFM 

system with a piezo scanner maximum range of 100 μm was 

used for this experiment. All the images were obtained in 

contact mode by using micro-fabricated silicon cantilevers of 

450 μm length with a nominal spring force constant of 0.02–

0.77 N/m from Nano sensors (Neuchatel, Switzerland). The 

cantilever oscillation frequency was tuned to resonance 

frequency, 6–21 kHz. The Leishmania donovani promastigotes 

(1 × 106 cells/mL) were incubated with medium M199 

containing 1.25 µM of amphiphilic gelators (IC50 value of both 

the amphiphilic gelators) for 12 h. Then the cells were again 

washed (1100 g for 15 min at room temperature) and fixed in 

4% (w/v) paraformaldehyde. The fixed cells were then diluted 
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1:10 with milli Q water. Aliquots 10 μL of diluted sample were 

then deposited on a freshly cleaved muscovite Ruby mica 

sheet (ASTM V1 Grade Ruby Mica from MICAFAB, Chennai, 

India) and kept for 5–10 min for air drying. Mica sheets are 

negatively charged so samples bind strongly to the mica 

surface. After drying, the samples were gently washed with 0.5 

mL milli-Q water and again kept for drying. The images of the 

samples were captured at a scan rate of 0.5 lines/sec. Images 

were processed by using Pico view 1.12 version software 

(Agilent Technologies, Santa Clara, CA, USA). Image 

manipulation was done through Pico Image Advanced version 

software (Agilent Technologies). 

Culture of Leishmania donovani axenic amastigotes 

Promastigotes of Leishmania donovani were used for 

cultivation of axenic amastigotes. By varying medium 

constituents, pH, temperature and culture time axenic 

amastigotes were obtained. Conversion of promastigotes into 

amastigotes was achieved by growing promastigotes in 3 mL of 

low pH (5.5) axenic amastigotes media supplemented with 

10% fetal bovine serum at 37 ⁰C for 7-10 days. Axenic 

amastigotes were grown in ventilated flasks at 37 ⁰C with 5% 

CO2 supply. After growth, all parasites had a round 

morphology without emerging flagella. 

Measurement of dose-dependent cytotoxic effect of these 

amphiphilic gelators on cultured murine peritoneal 

macrophages by MTT assay 

Macrophages isolated from mice were seeded on a 96-well 

tissue culture plate (approximately 105 cells/mL) in RPMI 

complete media supplemented with 10% FBS and left to 

adhere for 48 h at 37 ⁰C under 5% CO2 supply. Macrophages 

were then treated with increasing concentrations of these 

amphiphilic gelators (10, 20, 50, and 100 µM) for 72 h. 

Percentage of viable promastigotes was measured by MTT 

assay by measuring OD at 570 nm in a spectrophotometer 

reader. 

Statistical analysis 

Data are provided as mean value ± SEM or mean value ± SD, of 

the number of independent experiments. Data were tested for 

significance by using the paired student t-test. Differences 

were considered statistically significant when p values were 

<0.05. Statistical analysis and graphical representation was 

performed with GraphPad prism.  

 
Results and discussions  
Gelation study  

The amphiphilic gelators consist of a natural aromatic amino 

acid residue such as L-phenylalanine or L-tryptophan, long 

fatty acyl hydrophobic chain, and a terminally placed polar 

head, containing –NH2 as a functional group. In this regard, 

four amphiphiles, P1, P2, P3, and P4, (Fig. 1a) were 

synthesized by introducing two different amino acids L-

phenylalanine or L-tryptophan with the variation of polar –NH2 

head containing a diamine derivative.  The Fig. 1a shows the 

chemical structures of these gelator molecules. The aromatic 

 

 

Fig. 

1 

(a) Chemical structures and the activity of amphiphilic gelators 

P1, P2, P3 and P4 used in antibacterial and antiprotozoal 

study, (b) hydrogels obtained from amphiphilic gelators (P1, P2 

and P4) in ultrapure water and in 2% DMSO (v/v) mixed in 

ultrapure water for P3 respectively, (c) viscous solution of P3 

in only ultrapure water. 

amino acid, L-phenylalanine, or L-tryptophan was selected to 

promote the π-π stacking interaction between the gelator 

molecules. The hydrophobic fatty acyl chains were introduced 

to promote van der Waals and hydrophobic interactions, and 

the terminally located polar amine (–NH2) group as a head 

group was used to increase the polarity of the gelator 

amphiphile. Moreover, the gelator molecules were designed in 

a way so that they can quickly form a stable hydrogel in the 

presence of a polar aqueous solvent. It was found that the 

gelators P1, P2, and P4 form stable hydrogels in the presence 

of ultrapure water (mili-Q)(pH 6.67) at a concentration of 0.65-

1.20% w/v of gelator molecule (Fig. 1). The gelator 

molecule P3 does not form a hydrogel in ultrapure water 

alone, but it exhibits a viscous aggregated solution. However, 

P3 forms a hydrogel in 2% v/v of DMSO mixed in water (Fig. 

1b,c). During the experimental analysis, the viscous solution of 

gelator P3 has been used for further experiments to keep the 

environment same for all these gelator amphiphiles. 

Thermal Stability of Gels 

Gel-to-sol transition temperatures (Tgel) of these hydrogels 

(P1, P2, and P4) were measured to determine the thermal 

stability of these hydrogels. The gel transition temperature 

(Tgel) was highest for P2 and lowest for P1, keeping the gelator 

concentration 31.68 mM fixed. As mentioned above, the 

amphiphile P3 does not form hydrogel in ultrapure water but 

forms a viscous solution. However P1 with a longer terminal 

diamine unit did forma hydrogel. The L-tryptophan-based 

amphiphilic gelators P2 and P4 show higher thermal stability 

than P1. The gel-to-sol transition temperature shows the 

following trends: P2>P4>P1 (Table S1). It is evident that the 

gelator P2 with the highest van der Waals interaction and 

strong π-π interaction shows the best-ordered packing 

structure compared to P1 and P4. The gelator P4 forms a more 

robust hydrogel than that of P1. This may be due to the fact 

that L-tryptophan residue shows better π-π interactions than 

that of the L-phenylalanine containing amphiphiles (P1 and P3) 
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as L-tryptophan has a greater π-electron containing surface 

area than L-phenylalanine. 

Rheological study 

The rheological experiments were carried out at the gelators' 

constant concentration of 31.68 mM. The frequency sweep 

experiment was performed at a fixed strain of 0.1% for all the 

amphiphile gelators. The two moduli, storage modulus (G') and 

loss modulus (G''), have been plotted against angular 

frequency (ω) ranging from 0.05 to 100 rad/s. The storage 

modulus (G') is always greater than that of loss modulus (G''), 

indicating a stable gel formation. Rheological studies have 

been performed for gelators P1, P2 and P4 at a fixed 

concentration of 31.68 mM for all cases (P3 does not form a 

hydrogel). As discussed above, the stability order of gels 

is P2>P4>P1 corroborated with Tgel values, which is also 

reflected in the moduli measured in the frequency sweep 

experiments. The storage moduli of P1, P2, and P4 are 0.28 × 

102 Pa, 2.34 ×104 Pa and 1.31 × 104 Pa respectively at a 

constant strain of 0.1% and at a fixed concentration 31.68 mM 

of the individual gelator (Fig. S1). The amplitude sweep 

experiments also show the gels' linear viscoelastic region (LVE) 

limits. The hydrogels formed by the gelator amphiphiles P1, 

P2, and P4 show a tolerance limit between 0.01% to 0.72%, 

0.01% to 0.98%, and 0.01% to 2.18% of shear strain (Fig. S2) 

respectively. Cross-over between Gʹ and Gʹʹ took place when 

20%, 3.48 %, and 7.85% of the shear strain were applied to the 

P1, P2, and P4 hydrogels, respectively. Thus the mechanical 

stability follows the thermal stability of these hydrogels in the 

order P2>P4>P1.  

Fig. 2 HR-TEM images of dried (a) hydrogel of amphiphile P1, 

(b) hydrogel of amphiphile P2, (c) viscous solution of 

amphiphile P3, and (d) hydrogel of amphiphile P4 in presence 

of ultrapure water. 

Morphological study 

High-resolution transmission electron microscopic (HR-TEM) 

imaging was used to probe the morphological features of 

these hydrogels (Fig. 2). The L-phenylalanine-containing 

gelator amphiphile P1 forms a nano-fibrous network structure 

in the gel, whereas P3 forms sheet-like morphology in the 

viscous solution. The morphologies differ due to the distinct 

states of the solutions. The L-tryptophan-containing 

amphiphilic gelators P2 and P4 form hydrogels and the 

morphology comprises twisted nano-fibres (Fig. 2). HR-TEM 

images show the cross-linked nano-fibrous network structure 

in the hydrogels. The fibres are several nanometres in length, 

and the width varies from 17.10 nm to 30.67 nm, with an 

average width of 23.24 nm. However, the majority of these 

nano-fibres have a width between 20 nm to 25 nm (Fig. 2). 

Even the Cryo-TEM (Cryogenic transmission electron 

microscopic) images have been taken for the amphiphiles P2 

hydrogel and P3 viscous solution, to know whether any change 

in morphology take places in HR-TEM in dry state or not. 

However, the Cryo-TEM images show that the P2 forms nano-

fibres net-work structure and P3 forms sheet like morphology 

by a bunch of fibres (Fig. S3) like their respective HR-TEM 

images (Fig. 2b,c ). 

FTIR study 

Fourier transform infrared (FT-IR) spectroscopy was used to 

understand non-covalent interactions among the gelator 

molecules in the gel state during self-assembly. The FTIR 

spectra of dried gels and the aggregated solution for 

amphiphilic gelators contain four signature peaks at 3466 cm-1, 

3298 cm-1, 1648 cm-1, and 1556 cm-1 (Fig. S3).The peaks at 

3298 cm-1 and 1556 cm-1 correspond to the hydrogen bonding 

N–H stretching and bending frequencies, respectively. The 

strong signal at around 1648 cm-1 is due to the amide C=O 

stretching frequency of the aggregated gelator molecules. 

Lastly, the peak at 3466 cm-1 is due to the non-hydrogen 

bonded N–H stretching frequency of the gelator molecules. 

The broad peak at 3466 cm-1 with the highest intensity 

indicates the presence of mainly free N–H in the aggregated 

state of P3. Moreover, the minimum intensity of the 3466 cm-1 

peak for P2 indicates that most N–H units are involved in the 

H-bond formation in the gel state. This data are consistent 

with the thermal stability measurement data, as the hydrogel 

formed by the P2 gelator was the strongest one. The FTIR data 

revealed a hydrogen-bonded are consistent with a sheet-like 

structure during the self-assembly of gelator molecules in the 

gel state (Fig. S4).  

XRD analysis 

Wide-angle X-ray diffraction (XRD) study was performed for 

dried gels (P1, P2, P4) and dried sol (P3), respectively, to 

understand the non-covalent interactions between the 

amphiphilic gelator molecules. This study also helps us to 

understand the inter-sheet and inter-planer distance between 

the amphiphilic gelators. The d-spacing values between 3.69-

3.78 Å peaks are due to the π-π stacking interactions between 

aromatic residues present in the respective amphiphiles in 

their gel and viscous solution states.23 The peaks 

corresponding to 2θ in the range 18.20⁰–17.62⁰ (d=4.74–4.90 

Å) are due to the formation of a β-sheet-like structure by the 
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Bacteria 
P1 P3 

ZOI (mm) MIC ZOI (mm) MIC 

P. aeruginosa 26 80-130 µg/mL 28 70-140 µg/mL 

B. subtilis 22 40-80 µg/mL 22 40-120 µg/mL 

E. coli 20 100-200 µg/mL 18 100-200 µg/mL 

S. aureus – – – – 

amphiphilic gelators in their aggregated states (Fig. S5).27 A 

peak with a d-spacing of 9.12–9.20 Å (2θ = 9.43–9.35°) 

suggests the formation of a β-sheet-like alignment of these 

gelators in their respective gel state. The d-spacing values in 

the range 4.74–4.90 Å corresponds to the distance between 

the peptide chains formed by the gelator molecules within a β-

sheet-like backbone structure, while the peaks in the range 

9.12-9.20 Å can be attributed to the distance between two β-

sheet layers formed in the gel state (Fig. 3).25 

SAXS study 

Small-angle X-ray scattering (SAXS) has been used to get more 

insight into the supramolecular network structure formed by 

the gelator molecules in their gel state. The similar SAXS 

patterns were observed for P1, P2 and P4 amphiphilic gelator 

in their gel state (Fig. S5) indicate the formation of a similar 

type of morphology in their gel states. The d-spacing values of 

P1, P2 and P4 amphiphilic gelators in their gel state are 35.81 

Å, 40.28 Å and 34.95 Å respectively (Fig. S6).  
The amphiphilic gelator P2 shows a d-spacing value of 40.28 Å 

(Fig. S7), which is higher than the molecular length 26.75 Å but 

smaller than twice this value, 53.50 Å (Fig. S6), indicating that 

the molecules are interdigitated. Thus, a tentative molecular 

model has been constructed based on the FTIR, XRD, and SAXS 

data (Fig. 3).   

Antibacterial Study  

Most of the reported natural peptide antibiotics generally 

contain N-terminal L-lysine and/or L-arginine.29 Reports also 

demonstrate antibacterial activity of cyclicpeptides.35, 36 Li and 

co-workers report that the L-tryptophan-based self-assembling 

peptide shows strong interaction with the lipidic membrane of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 A tentative model of intermolecular arrangements in the 

hydrogel obtained from P1 derived from FTIR, XRD, and SAXS 

data. 

bacteria, which led to the death of E. coli and S. aureus 

bacteria.12 Also, L-tryptophan is present in various classes of 

antimicrobial peptides.58 But in this report, the lack of 

antibacterial activity of L-tryptophan-based amphiphilic 

gelators makes this paper more exciting. Interestingly, some of 

the amphiphilic gelators, P1 and P3 were highly active against 

both Gram-positive and Gram-negative bacteria. Antibacterial 

activities for the viscous solution of amphiphile P3 and 

hydrogels P1, P2, and P4 were investigated for different kinds 

of pathogenic bacteria, such as Gram-positive B. subtilis and S. 

aureus for and Gram-negative E. coli and P. aeruginosa using 

the agar well diffusion method. As shown in Fig. 4, L-

phenylalanine gelators show very high activity against both 

bacteria. Both of these amphiphiles (P1 and P3) were highly 

active against Gram-positive bacteria B. subtilis and Gram-

negative bacteria E. coli and P. aeruginosa. Both P2 and P4 

amphiphiles were dormant against all four bacteria used in this 

experiment (Fig. 4). P2 and P4 were inactive even at higher 

650 µg/mL concentrations. The inhibition zone formed by the 

amphiphiles P1 and P3 in the screening test proves the 

antibacterial activity for the P1 hydrogel and P3 for viscous 

solution. The zone of inhibition studies using amphiphiles P1 

and P3 indicate sufficient inhibition zones for these 

compounds to be classed as antibiotic. The zone of inhibition 

diameters for P1 against B. subtilis, P. aeruginosa, and E. coli 

were 22 mm, 26 mm, and 20 mm, respectively (Table 1). For 

P3, the zone of inhibition diameters against B. subtilis, P. 

aeruginosa, and E. coli were 22 mm, 28 mm, and 18 mm, 

respectively (Table 1). The minimum inhibitory concentration 

(MIC) values of the gelator amphiphiles (P1 and P3) against 

Gram-positive bacteria (B. subtilis) and Gram-negative bacteria 

(P. aeruginosa and E. coli) were determined by using the 

microdilution technique. Gram-positive bacteria B. subtilis 

show a similar zone of inhibition diameter of 22 mm for both  

P1 and P3 at a fixed concentration of 320 µg/mL, whereas 

their MIC values are 40-80 µg/mL and 40-120 µg/mL 

respectively. The MIC value for E. coli was 100-200 µg/mL for 

P1 and P3.  Amphiphilic gelators P1 and P3 show MIC values of 

80-130 µg/mL and 70-140 µg/mL respectively for the bacteria 

P. aeruginosa. Both gelators P2 and P4 were inactive against 

all the bacteria used throughout the antibacterial study, even 

up to a concentration of 650 µg/mL. Moreover, time growth 

inhibition study using different bacterial population upon the 

lead hydrogels were performed to establish the stability of the 

hydrogelator for a longer duration of time (Fig. S8).  

Table 1. List of bacterial zone of inhibition (ZOI) diameter in 

mm by agar-well diffusion method and minimum inhibitory 

concentration (MIC) by P1 and P3 amphiphile on Gram-

negative and Gram-pasative bacteria.  
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Fig. 4 Effect of hydrogels on Gram-negative and Gram-positive 

bacteria by agar well diffusion method against: (a) P. 

aeruginosa, (b) B. subtilis, (c) E. coli and (d) S. aureus. The 

concentrations of the hydrogels were 320 μg/mL in all cases.  

Anti-parasitic activity 

Both amphiphilic gelators P1 and P3 show cytotoxicity against 

wild type AG83 as well as drug resistant L. donovani 

promastigotes. The Cytotoxic potential of four different 

amphiphilic gelators on Leishmania promastigotes was 

checked using MTT assays. SAG-sensitive L. donovani AG83 

parasites (2 × 106 cells/mL) were left for incubation with these 

four amphiphilic gelators (25 µM for 12 h). Data showed that 

only P1 and P3 have cytotoxicity against Leishmania 

promastigotes (Fig. S9). Treatments of L. donovani wild type 

AG83 strain, Leishmania major, multidrug resistant (BHU-575) 

strain, Miltefosine resistant (MILR) strain and Camptothecin 

resistant (CPTR) strain (2 × 106 cells/mL) with seven different 

concentrations of amphiphilic gelators P1 and P3 ( 0.25 µM, 

0.5 µM, 1.00 µM, 2.50 µM, 5.00 µM, 7.50 µM and 10.00 µM) 

for 12 h were evaluated by MTT assay. This study 

demonstrated a dose-dependent cytotoxic effect towards 

parasitic growth. Promastigotes treated with amphiphilic 

gelators P1 and P3 showed that at 12 h, 94% and 99% of total 

number of AG83 promastigotes were killed by 7.5 µM and 10.0 

µM concentrations respectively (Fig. 5a). In the case of 

Leishmania major parasite growth study only 1% cells were 

viable after treatment with 10 µM concentration of 

amphiphilic gelators (Fig. 5b). On the other hand, for the 

multidrug resistant (BHU-575) parasite, only 2% and less than 

1% of total number of parasites were viable after treatments 

with 10 µM concentration of amphiphilic gelators P1 and P3 

(Fig. 5c). Moreover, MILR parasites treated with amphiphilic 

gelators P1 and P3 with a concentration of 10 µM showed that 

only 1.0 to 1.5% viability after 12 h of treatment (Fig. 5d). 

Similar results were seen with CPTR parasites, where only less 

than 1.0% and 1.5% parasites were viable after treatments 

with amphiphilic gelators P1 and P3 respectively (Fig. 5e). 

Controls containing 0.2% DMSO were incubated separately in 

the experiment and data showed no adverse effect on the 

parasite viability. The EC50 and EC90 values of amphiphilic 

gelators P1 and P3 against all strains (AG83, Ld Major, BHU-

575, MILR and CPTR) of L. donovani were calculated using 

variable slope model (Prism, GraphPad Software, Version 5.0, 

San Diego, CA) and these data are presented in table 2. 

Miltefosine was used as a positive control. We also measured  

 

 

 

 

 

 

 

Fig. 5 Cytotoxic effect of aromatic amino acid containing 

amphiphilic gelators P1 and P3 on Leishmania promastigotes. 

Analysis of in vitro dose-dependent cytotoxicity of P1 and P3 

by MTT assay. Log phase (a) AG83 promastigotes cells (b) Ld 

Major promastigote cells (c) BHU-575 promastigotes cells (d) 

MILR promastigote cells (e) CPTR promastigote cells were 

cultured for 12 h in M199 media. Percentages of viable 

promastigotes were measured by MTT assay. All data 

expressed as percentage of live promastigotes and represent 

mean ± S.D. from three independent experiments. *P<0.01, 

**P<0.001, ***P<0.0001 compared with control, by the 

Student t-test (a to e). 

Table 2. EC50 and EC90 values for the effect P1 and P3 on 

Leishmania promastigotes growth measured by MTT assay. 
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Table 3. EC50 and EC90 values for the effect of P1 and P3 on 

Leishmania promastigotes growth obtained by trypan blue 

exclusion method.  

 

 

 

 

 

the viability of the AG83 promastigotes along with BHU-575 

and MILR parasites by direct microscopic counting using trypan 

blue exclusion method and obtained similar results to the MTT 

assays. The EC50 and EC90 values obtained using this method 

are included in table 3.  

Oxidative stress and formation of reactive oxygen species 

(ROS) inside the cell 

It has been reported that unlike in other mammalian cells, 

camptothecin (CPT) induces oxidative stress in Leishmania 

donovani cells.59 It was reported that, during oxidative 

phosphorylation, the release of ROS inside the cells in the form 

of superoxide anions occurs in the extent of 4-6% of total O2 

consumed.60 However, sometimes under certain conditions 

when drug inhibits oxidative phosphorylation, there is an 

increase in the production of ROS.60 To identify the effect of 

these amphiphilic gelators on intracellular ROS generation, 

Leishmania promastigotes were separately treated with P1 

and P3 at four different concentrations (0.5, 1.0, 2.5 and 5.0 

µM) for 12 h (Fig. 6a). In another set of experiments, the time 

course effect of amphiphilic gelators on ROS generation was 

measured. Promastigotes were treated with anti-oxidant NAC 

(10 mM for 2 h) prior to the treatment with both the 

amphiphilic gelators (5 µM). Intracellular ROS generations 

were measured fluorometrically by conversion of CM-

H2DCFDA to highly fluorescent 2´, 7´ dichlorofluorescein after 

treatment with these amphiphilic gelators in L. donovani 

promastigotes. The level of peroxide radicals gradually 

increased inside the cell with increase in time in a dose 

dependent manner of P1 and P3. Briefly, the fluorescence 

intensity was significantly increased at 5.0 µM concentration in 

comparison to 1.0 and 2.5 µM concentrations (Fig. 6b). When 

promastigotes were treated with NAC prior to treatment with 

amphiphilic gelators, the ROS generation decreased. The 

above experimental data leads to the conclusion that the 

generation of total cellular ROS at 12 h primarily induces the 

downstream progress of programmed cell death (PCD).  

Even, we have performed a FACs analysis on mammalian 

fibroblast cell to check the levels of reactive oxygen species 

(ROS) generated before and after the treatment with the 

hydrogelator amphiphliles. We treated the cells with 

amphiphliles P1 and P3 (25, 50, 75 and 100 µM) for 48 h and 

checked the levels of ROS production using flow cytometer 

(Fig. S10). Result shows that at 100 µM concentration of 

amphiphliles P1 and P3 only 3-4 % ROS are generated, which is 

considered as a negligible amount.  
Depolarization of mitochondrial membrane potential (Ψm)  

Depolarization of mitochondrial membrane potential was 

determined by using TMRM (200 nm for 30 min at 37 ⁰C),61 

which is colourless, positive charged dye that enters in a 

membrane potential dependent manner inside mitochondria 

and emits bright red orange fluorescence that was analyzed by 

flow cytometry (BD FACs). Flow cytometric analysis (Fig. 7a) 

revealed that promastigotes treated with P1 and P3 showed 

pronounced depolarization of Ψm. Penetration of TMRM dye  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Flow cytometric analysis of ROS generation inside L. 

donovani promastigotes induced by P1 and P3. Measurements 

of induced ROS generation. (a) Generation of peroxide radicals 

within the L. donovani promastigotes was measured after 

treatment with 0.2% DMSO, peptide P1 (0.5, 1.0, 2.5 and 5.0 

µM) and P3 (0.5, 1.0, 2.5 and 5.0 µM) as described in Materials 

and Methods section. After incubation with H2DCFDA the 

fluorescence intensity was measured at 530 nm by flow 

cytometry. (b) Formation of peroxide radicals within the 

leishmanial promastigotes were measured after treatment 

with 0.2% DMSO, P1 (5µM), P3 (5µM), and NAC (10 mM) 

treatment prior to the treatment with P1 and P3 for 3, 6, 9 and 

12 h. 
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Fig. 7 (a) Fluorescence-activated cell sorting (FACS) analysis of 

mitochondrial membrane potential (Ψm) using TMRM before 

or after treatment with gelator amphiphile P1 0.5, 1.0, 2.5 and 

5.0 µM (panel I to IV) and P3 0.5, 1.0, 2.5 and 5.0 µM (panel V 

to VIII) for 12 h in Leishmania cells. TMRM fluorescence was 

plotted against cell numbers (count). Bottom panel indicates 

unstained cells (without any stain) whereas middle panel 

indicates control cells (treated with 0.2% v/v DMSO). (b) 

Fluorometric analysis of ∆Ψm. Changes of ∆Ψm after 

treatment with 0.2% DMSO alone and with Peptide P1 (5 µM), 

with uncoupling agent CCCP (5 µM) as positive control and 

NAC an anti-oxidant (10 mM) as negative control prior to 

treatment with P1 (5 µM) and P3 for 0, 3, 6, 9 and 12 h. 

through mitochondrial membranes is an effective 

discrimination between healthy and apoptotic cells. 

Depolarization of Ψm is an early event of apoptosis and one of 

the characteristic features of cellular apoptosis. To investigate 

the role of these amphiphilic gelators on depolarization of Ψm 

a time course study was performed (Fig. 7b). The 

promastigotes of Leishmania cells were treated with an 

uncoupling agent of mitochondria i.e. carbonyl cyanide m-

chloro-phenylhydrazone (CCCP, 1.5 µM) as a positive control 

that causes complete depolarization of Ψm. A significant 82-

85% increase in mean green fluorescence intensity was 

observed after 12 h treatment with P1 and P3 (2.5 µM) as 

compared to relative Ψm measured after treatment with 

CCCP. The green fluorescence intensity was further increased 

to an extent of 92-98% upon treatment with 5 µM 

concentration of amphiphilic gelators for 12 h. When cells 

were treated with an anti-oxidant such as NAC (10 mM) prior 

to treatment with amphiphilic gelators progression of Ψm is 

halted and the mean green fluorescence intensity was 

measured which were significantly same as DMSO treated 

cells. 

P1 and P3 induce the generation of mitochondrial 

superoxides anion in L. donovani parasites  

Our results show that the amphiphilic gelators induce 

depolarization of mitochondrial membrane potential inside 

the parasites. We further investigate the generation of 

superoxide radicals formation inside the mitochondria. The 

generation of superoxides anions was measured by MitoSOX 

red staining through flow cytometric analysis. The 

amphiphilic gelators P1 and P3 increased the levels of 

superoxide anions in a dose-dependent manner inside the 

parasites (Fig. 8a). It was found that about 90-95% of 

parasites were positive for superoxide radicals at 5 µM 

concentration of both the amphiphilic gelators (Fig. 8b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (a) Flow cytometric analysis of P1 and P3 induced 

mitochondrial superoxide generation inside L. donovani 

promastigotes using fluorescent dye MitoSOX red. (b) Bar 

graph representation of mean % of superoxide positive cells. 

Flow cytometric analysis of histogram showing superoxide 

positive cells of L. donovani promastigotes induced by P1 and 

P3. Data represent means ± SD (n=3). *P<0.01, **P<0.001 

compared with without any pretreatment control, by the 

Student t-test. 
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Fig. 9 (a) Flow cytometric analysis of L. donovani promastigote 

death through PCD/necrotic process using annexin V-FITC and 

PI in FL-1 versus FL-2 channels. Parasites were stained with 

FITC-annexinV and PI without any pretreatment (panel I), after 

0.2% DMSO (panel II) or after amphiphilic gelator P1 0.5, 1.0, 

2.5 and 5.0 µM (panel III to VI) and after amphiphilic gelator P3 

0.5, 1.0, 2.5 and 5.0 µM (panel VII to X) for 12 h. The cells in 

the bottom right quadrant in each of the panels showed 

apoptosis, whereas cells in the top right quadrant represent 

late-apoptotic populations. (b) Genomic DNAs were isolated 

from L. donovani promastigotes without any treatment served 

as control (lane 5) after treatment with 0.2% DMSO (lane 4), 5 

µM P1 (lane 1), 5 µM P3 (lane 2) and electrophoresed in 1.5% 

agarose gel. (c) Extent of genomic DNA fragmentation upon P1 

and P3 treatment in dose-and time-dependent manner. 

Parasites were treated with 5.0 and 10 µM of P1 and P3 for 

the indicated time periods (0, 8, 10, and 12 h) as negative 

control, parasites were also treated with 0.2% DMSO. Values 

were obtained from the MULTISCAN EX readings at 405 nm. 

The percentage fragmentation is plotted for different time 

periods of treatment. Data represent means ± SD. (n=3). 

*P<0.01, **P<0.001, ***P<0.0001 compared with zero hour 

treatment control, by the Student t-test. 

 

P1 and P3 induces apoptosis like cell death in Leishmania 

cells 

The mode of cell death in Leishmania donovani parasites 

treated with amphiphilic gelators P1 and P3 was identified 

using fluorescein isothiocyanate (FITC)-annexinV and 

Propidium iodide (PI) staining kit as described in materials and 

methods section. Externalization of phosphatidyl serine 

(stained by annexinV-FITC) and presence of impermeant cell 

membrane (negative staining of PI) are indication of 

programmed cell death (PCD). On the other hand necrotic cells 

being permeant to PI show positive staining of nuclei, 

therefore discriminating rom PCD-induced parasites. The 

intermediate of these two distinct phenomena are showed in 

late apoptotic cells. Fig. 9a shows 98-99% of control parasites 

both PI and annexinV negative, seen in flow-cytometry 

analysis. Dose-dependent progression of the populations of 

total apoptotic cell (including both early and late apoptotic 

cells) were observed in treated cells (Fig. 9a). All these data 

clearly indicate that these treated cells undergo apoptotic-like 

cell death. Next, progression of apoptotic-like events activates 

downstream effector molecules that degrade cellular DNA, 

which is characteristic of PCD. To check genomic DNA 

fragmentation in the amphiphilic gelators P1 and P3 treated 

parasites a DNA fragmentation assay was performed. Genomic 

DNA was isolated from amphiphilic gelators P1 and P3 or 0.2% 

DMSO treated promastigotes after 12 h and electrophoresed 

in 1.5% agarose gel. Amphiphilic gelators treated parasites 

showed a laddering pattern which is indicative of DNA 

fragmentation whereas DMSO-treated parasites exhibit a  

single genomic DNA band in the gel. Camptothecin was used as 

a positive control (Fig. 9b). The extent of DNA fragmentation in 

amphiphilic gelators treated parasites was estimated using an 

ELISA-based kit (Roche Biochemicals). A dose- dependent 

increase in DNA fragmentation was observed in amphiphilic 

gelators treated cells (Fig. 9c). Amphiphilic gelators (5.0 and 10 

µM) induce a considerable amount of DNA fragmentation 

which increased with time for the same treatment dose, while 

DMSO treatment failed to fragment DNA. After 10 h of 

treatment, 70 to 80% fragmentation of total nuclear DNA was 

observed and about 90 to 95% fragmentation was observed at 

12 h following treatment with amphiphilic gelators (Fig. 9c). All 

this data indicates that the triggering of apoptosis ultimately 

activates different nucleases to degrade nucleosome 

architecture. 

AFM imaging analysis 

The AFM imaging analysis shows the ultrastructure disruption 

of Leishmania promastigotes architecture. This imaging 

analysis revealed the topographical differences in cell shape, 

size etc. between normal untreated and treated leishmanial 

cells. So far we observed that these amphiphilic gelators could 

induce the progression of PCD, these processes being 

detrimental to cells. AG83 promastigotes treated with P1 and 

P3 at 1.0, 2.5 and 5.0 µM concentration for 12 h showed 

altered cell architecture. Untreated or control parasites 

possessed typical slender cell bodies with smooth cell surface 

and presence of an elongated flagellum confirmed the normal 

design of the cell (Fig. 10a). Treated promastigotes shows 

shrunken morphology which is a sign of possible loss of cell 

volume (Fig. 10c, f) when treated with 1.0 µM of P1 and P3. At 

a 2.5 µM concentration of amphiphilic gelators, the outer 

membrane got ruptured showing a typical phenotype of such 
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Fig. 10 (a) Atomic force microscopy (AFM) micrography of the 

intact promastigote. (b) Promastigotes treated with10 µM CPT. 

(c-e) Promastigotes treated with 1.0, 2.5 and 5.0 µM of P1 and 

(f-h) Promastigotes treated with 1.0, 2.5 and 5.0 µM of P3. 

a cell morphology (Fig. 10d, g). After increasing the 

concentration upto 5.0 µM for 12 h treatment complete 

disruption of cell morphology was observed and also they 

were devoid of any flagella (Fig. 10e, h). 

P1 and P3 show cytotoxicity towards Leishmania donovani 

axenic amastigotes: Since, amastigotes form of Leishmania 

species are responsible for all clinical manifestations in 

humans and since study with intracellular amastigotes is more 

challenging, so the amphiphilic P1 and P3 were first tested 

against axenic amastigotes. This experiment allowed us to 

select the best candidates for subsequent assays with 

intracellular amastigotes. Leishmania donovani axenic 

amastigotes were different from promastigotes in terms of pH, 

temperature and culture medium. Cytotoxic potential of P1 

and P3 against axenic amastigotes were tested using MTT 

assay after 12 h treatment with different concentrations of the 

amphiphilic gelators (Fig. 11). Interestingly, we found that 

IC50values were more or less similar to those for infected 

macrophage cells. The IC50values for P1 and P3 were found to 

be 0.682 µM and 0.611 µM respectively. Almost 98-99% of the 

total amastigotes were killed by P1 or P3 at 5.0 µM 

concentration. We conclude that these amphiphilic gelators 

are able to kill the deadliest intracellular form of Leishmania 

donovani amastigotes.  

Table 4. EC50 and EC90 values for P1 and P3 on Leishmania 

amastigotes in macrophages. 

P1 and P3 reduce wild type and other resistant intracellular 

amastigotes of Leishmanial strains from murine peritoneal 

macrophage cells: 

Finally, we also studied the effect of these amphiphilic gelators 

on murine peritoneal macrophages. Since it is observed 

thatthese amphiphilic gelators are effective against a large 

array of Leishmaniastrains, their cytotoxic activity on the more 

deadly amastigote form which is found intracellularly was 

examined. Primary macrophage cells were infected with early 

log phase promastigotes of L. donovani wild type AG83 strain, 

L. major, multidrug resistant BHU-575 strain, MILR strain and 

camptothecin resistant strain in vitro. After adherence, these 

macrophage cells were infected with different concentrations 

of both P1 and P3 (0.25 µM, 0.50 µM, 1.00 µM, 2.50 µM and 

5.00 µM) for 12 h and intracellular amastigotes were counted. 

Interestingly we observed that the parasitic burden in wild 

type AG83 strain, L. major, multidrug resistant BHU-575 strain, 

MILR strain and camptothecin resistant strain was reduced to 

98%, 90%, 96% 97% and 98% respectively using the highest 

dose of the amphiphilic gelators (5.0 µM) (Fig. 12). The EC50 

and EC90 values of these amphiphilic gelators against 

intracellular amastigotes were measured using the variable-

slope model to determine the EC50, and given in table 4. 

Miltefosine was used as a positive control. The effects of these 

amphiphilic gelators on cultured murine peritoneal 

macrophages (Fig. 12) and mammalian normal fibroblast 

(L929) cells (Fig. S11) were determined using MTT assay. 

Results showed that treatment with 100 µM of amphiphilic 

gelators P1 and P3 killed only 10-30% of total macrophages 

(Fig. 12). Results showed that P1 and P3 amphiphiles were not 

cytotoxic to normal fibroblast cells. Fig. S11 shows that up to 

100 µM concentration of amphiphiles more than 94% of the 

cells were viable. These results pointed to a right strategy in 

the use of these amphiphiles as anti-leishmanial agent against 

Wild type as well as drug resistant strains of L. donovani. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Cytotoxic effect of amphiphilic gelator P1 and P3 on the 

growth of Leishmania donovani axenic amastigotes. Analysis of 

in vitro dose-dependent cytotoxicity of P1 and P3 by MTT 

assay. Axenic amastigotes were treated with P1 and P3 0.25 

µM, 0.50 µM, 1.00 µM, 1.50 µM, 2.00 µM, 2.50 µM and 5.00 

µM of P1 and P3 for 12 h. Percentage of viable amastigotes 

were measured by MTT assay.  
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Fig. 12 Toxic effect of natural amino acid based amphiphilic 

gelator P1 and P3 on RAW 264.7 macrophages treated for 24 h 

with increasing concentrations of P1 and P3 and cell viability 

was assessed. 

 
Discussion 
Due to the emergence of drug resistant parasites there is a 

need to develop new drugs to diagnose this deadly disease. 

Moreover, due to unavailability of effective vaccines and 

chemotherapy, treatment of leishmaniasis is unsatisfactory. 

Thus, there is a crucial need to develop new drugs and newer 

therapeutic strategies. 

The main rationale to synthesize gelator amphiphiles and to 

initiate the study was the fact that they have antibacterial 

property. Self-assembling amphiphilic molecules are an 

intriguing platform for the development of functional 

biomolecular actives against pathogens due to their ability to 

disrupt bacterial membranes and function as drug carriers. In 

an earlier study it was reported that an oxindoles a 

heterocyclic organic compound which have tryptophan like 

structure have great potential to kill Leishmania.60 Oxindoles 

constitute a large array of natural products and other 

compounds that have great pharmaceutical value.62-64 

Oxindoles have a broad spectrum of biological activity and has 

been reported to have antitumour, antibacterial, insecticidal 

and also used for treatment of hyponatremia.60,65,66 Based on 

these relevant data wed synthesize L-phenylalanine and L-

tryptophan based gelator amphiphiles with variable chain 

length of –NH2 containing cationic head groups. There are 

reports that L-tryptophan-containing peptides can be used as a 

class of antibacterial peptides.12,58 But, in this report, thus the 

lack of L-tryptophan's antibacterial activity makes the results 

very noticeable. 

In the present study, we have investigated the effect of these 

gelator amphiphiles on Leishmania donovani AG83 

promastigotes invitro. To the best of our knowledge, this study 

provides the first evidence that amino acid containing 

amphiphiles can exhibitanti-leishmanial activity. Moreover 

these molecules were effective against different drug-resistant 

strains of L. donovani. Our report showed that amphiphilic P1 

and P3 effectively kill both wild type as well as drug resistance 

parasites in both time and concentration dependent manner. 

Introduction of these amphiphilic gelators causes an increase 

in intracellular as well as mitochondrial ROS production. 

However, following pretreatment with NAC there is inhibition 

in the formation of ROS. The study indicates that amphiphilic 

gelators P1 and P3 are effective inducers of apoptosis in 

Leishmania donovani cells, and this is confirmed by 

externalization of phosphatidyl serine. Moreover, gDNA 

fragmentation is observed which is a hallmark of apoptosis. 

These data together indicate the initiation of apoptosis-like cell 

death in response to treatment with amphiphilic gelators. The 

parasite ultra-structure studies by atomic force microscope 

analysis also led to some interesting observations. We 

observed disruption of cell architecture, shortening of flagella 

as well as atypical cell phenotype. This investigation also 

provides a meticulous insight into the parasite ultra-structure 

alteration caused by these gelator amphiphiles. To our 

knowledge, this report is the first of this kind. The apoptotic 

pathway that initiates inside the parasite after exposure to 

these amphiphilic gelators was revealed, and we have shown 

that these compounds have promise as chemotherapeutic 

tools against several forms of human leishmaniasis. 

Microscopic studies shed light on the events occurring at the 

cellular level. Interestingly, the effect was more or less similar 

in all the strains (wild type as well as drug resistance) of 

trypanosomatid parasites tested here. 

To confirm the accessibility of these gelator amphiphiles as a 

drug candidate, their effect upon human macrophage cells 

were evaluated. The amphiphilic gelators showed minimal 

cytotoxic effect on uninfected cultured murine peritoneal 

macrophages up to 200 µM concentration. The IC50 value for 

uninfected cultured murine peritoneal macrophages was also 

very high as compared to amastigotes as well as 

promastigotes. Further in vitro studies were performed with 

infected murine peritoneal macrophage cells. Interestingly the 

parasitic burden gradually decreased after treatment with 

these amphiphilic gelators up to 5.0 µM concentration. 

Thus, for the first time, we have shown that amino acid-based 

gelator amphiphiles are effective against a large array of 

trypanosomatid parasites. In the current time when parasites 

are emerging resistance to available classical drugs, the very 

fact that these compounds work with equal potency against 

with wild type Leishmania donovani AG83 strain, multidrug 

resistant BHU-575 strain, CPTR strain as well as MILR strain of 

the parasite and finds a way towards development of new 

pharmaceutical approach against this deadly disease in near 

future. The amphiphilic gelators P1 and P3 serve as lead 

candidate compounds for anti-leishmanial chemotherapy to 

combat this dreadful disease. 

 
Conclusions  
This study demonstrates the formation of hydrogels based on 

-sheet fibril networks from a series of amino acid-containing 

amphiphilic molecules. Interestingly, two of these gels show 

antibacterial activity against both Gram-positive bacteria (B. 

subtilis) and Gram-negative bacteria (P. aeruginosa and E. coli). 

Moreover, the two gelators containing L-phenylalanine exhibit 
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an antiparasitic activity against several strains of L. donovani, 

including a drug-resistant strain. Interestingly, it is evident 

from the results that ROS generation inside the parasite and 

mitochondrial membrane depolarisation are the main cause of 

antiparasitic activity. Additionally, these gelator-based 

amphiphiles are minimally toxic to host macrophage cells, 

indicating the potential application of these gels as a 

therapeutic agent for leishmaniasis in the near future. The gels 

were comprehensively characterized by using various 

techniques such as thermal stability, rheology, HR-TEM, FTIR, 

wide-angle X-ray diffraction, and small-SAXS.  

Unexpectedly, the tryptophan-containing amphiphiles show 

neither antibacterial nor antiparasitic activity against any type 

of leishmaniasis. However remarkable activity was observed 

for L-phenylalanine-based amphiphiles in terms of both 

antibacterial activity and antiparasitic activity against 

leishmaniasis. 
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