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Abstract
Uraria picta is used as a folk medicine to cure various ailments. Regardless of ethnobotanical application, a therapeutic 
study of the plant parts has yet to be reported. Aqueous leaf extract was enriched with secondary metabolites like phenols, 
alkaloids, and terpenoids. Total phenol (60.97 mgG−1 GAE), total flavonoid (52.36 mgG−1 RE), and antioxidant activity 
(IC50 2666.95 µgmL−1) of the extract were measured. Bio-based silver nanoparticles (LEUP-AgNPs) were fabricated using a 
secondary metabolite-enriched leaf extract of U. picta (LEUP), and characterization of LEUP-AgNPs was done. The LEUP-
AgNPs were crystalline, circular (13.04 ± 5.97 nm), monodisperse (pdi 0.205), and stable (-17.8 mV). The LEUP-AgNPs 
surface was composed of carbon, nitrogen, oxygen, and silver. A comparative study was performed to evaluate the potential 
of LEUP and LEUP-AgNPs against promastigotes and intra-RAW264.7 macrophage amastigotes of Leishmania donovani. A 
high dose of LEUP and LEUP-AgNPs significantly inhibited the growth of promastigotes up to 53% and 68%, with an IC50 
value of 47.90 µgmL−1 and 6.79 µgmL−1, respectively. LEUP and LEUP-AgNPs higher doses also inhibited intracellular 
amastigotes up to 53% and 80% with an IC50 value of 6.72 µgmL−1 and 1.16 µgmL−1, respectively. The microscopic exami-
nation revealed that LEUP-AgNPs lead to size reduction and aggregations of promastigotes. The LEUP-AgNPs efficiently 
declined the number of amastigotes per RAW 264.7 macrophages compared to LEUP. LEUP-AgNPs had no cytotoxic effects 
on RAW 264.7 macrophages based on the CC50 value. Findings showed LEUP-AgNPs were more efficient than LEUP in 
controlling L. donovani, which induces visceral leishmaniasis.
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Abbreviations
LEUP	� Leaf extract of Uraria picta
LEUP-AgNPs	� Silver nanoparticles synthesized through 

leaf extract of U. picta

HR-TEM	� High Resolution-Transmission Electron 
Microscopy

HR-SEM	� High Resolution-Scanning Electron 
Microscopy

DLS	� Dynamic Light Scattering

1  Introduction

Uraria picta is a valuable medicinal herb and a key ingredi-
ent in many herbal formulations [1]. It is a member of the 
Fabaceae family. In India, it is referred to as Prishniparni 
and Pithvan. The plant’s leaves are utilized as diuretics, aph-
rodisiacs, and antiseptics [2]. The leaves were used to treat 
oral sores [3]. Based on reports of pharmacological studies, 
the extracts of plant parts have acaricidal [4], antimicrobial 
[5], bone healing [6], antioxidant, anticholinesterase [7], 
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free radical scavenging [8], and antianxiety properties [9]. 
It cures gonorrhoea [10] and gynaecological disorders [3].

Visceral leishmaniasis (VL) is the second-most preva-
lent zoonosis on earth. Leishmania donovani is the pro-
tozoan parasite that is responsible for causing VL. VL is 
the leishmaniasis variant that is the most virulent. It has 
the potential to spread quickly, leading to an epidemic and 
increased mortality. The illness is often called Kala-azar, 
black fever, or deadly fever. During VL, the dermal layer 
of body parts becomes thick and dark in color. As VL pro-
gresses, it impairs the normal operation of various vital 
organs, including the liver, spleen, small intestinal mucosa, 
bone marrow, and lymph nodes [11]. VL also causes the 
development of several health-related complications, such as 
reticuloendothelial hyperplasia. VL could cause outbreaks 
and scale up mortality if it is not treated. VL is endemic 
in seventy-nine countries. Countries like Somalia, Brazil, 
Ethiopia, South Sudan, Yemen, Eritrea, India, China, and 
Kenya contributed ninety percent of all new VL cases [12]. 
Globally, there are 5–9 × 104 recorded cases of VL per year. 
There are about twenty different species of Leishmania [13]. 
VL is spread via the sting of infected female phlebotomine 
sandflies [14]. Chemotherapy is the chief method used to 
control leishmaniasis worldwide. The medication for VL 
involves amphotericin B, miltefosine, meglumine antimo-
niate, sodium stibogluconate, pentamidine, and paromomy-
cin [15]. Poor efficacy, accumulation of toxic compounds in 
macrophages, insufficient antigen presentation to immune 
cells, systemic toxicity, prolonged course, and cost of treat-
ment are the main limitations of conventional therapy [16].

The commencement of nanotechnology in pharmaceutics 
has efficiently upgraded diagnostic, preventive, and treat-
ment measures with a significant effect on human health 
[17]. In the biological environment, therapeutic and diag-
nostic compounds encapsulated with nano-meter-sized par-
ticles improve their sensitivity, specificity, and effectiveness 
towards their targets [18]. The benefits of nanomedicine 
include the potential to reach areas like the tumor's micro-
environment and easy dissipation without causing toxic-
ity. Several nanomedicines like synthon, nab-paclitaxel, 
yttrium-90 radiolabeled ibritumomab tiuxetan, copaxone, 
and glatiramer acetate are commercially used for the man-
agement of various critical cancer diseases [19].

Nanotechnology has been used to produce different types 
of nanomaterials. Nanomaterials should have a maximum 
size of 100 nm. Nanoparticles are categorized into groups 
based on their unique forms [20]. These are frequently 
employed for different purposes, like drug transportation 
and sensing organic and chemical samples [21]. Due to their 
specific size and mode of action, nanomaterial applications 
regularly increase in the field of medicine [22]. The limita-
tions of anti-leishmania formulations can be overcome by 
developing nanomedicine targeted against the leishmania 

parasite. Nanomedicine’s application in medical science has 
emerged as a new hope against antimicrobial resistance [22]. 
Based on their structure, composition, and physicochemical 
characteristics, different kinds of nano-drug transport struc-
tures have been developed for anti-leishmanial activity. The 
important nano-drug transport structures include liposomes, 
transferosomes, niosomes, carbon nanotubes, solid lipid nan-
oparticles (NPs), polymeric NPs, mesoporous silica NPs, 
and metallic NPs [23]. To synthesize nanoparticles, many 
metals like gold, silver, zinc, titanium, and magnesium are 
employed [24]. Metallic nanoparticles are being formulated 
based on the antimicrobial properties of both essential and 
non-essential metals.

Silver nanoparticles (AgNPs) are the preferred choice 
among metal nanoparticles for their stability, high surface 
area per unit volume, and broad-spectrum antibacterial 
activity [25, 26]. These qualities encourage the production 
of AgNPs. The physical processes are costly, multistep, 
prolonged, require a lot of space, and dissipate enormous 
amounts of energy that enhance the environment's tempera-
ture. However, chemical methods generate toxic waste in the 
environment [27]. Bio-based materials are rich in secondary 
metabolites. The presence of biologically active compounds 
in bio-based materials enhanced their role against a wide 
spectrum of diseases, deficiencies, and biological activities 
[28]. They are good reducing and coating agents for green 
nanoparticle synthesis [29].

Bio-based synthesized silver nanoparticles have attracted 
a lot of attention because of their negligible harmful effects, 
biological compatibility, simple synthesis, high surface area, 
electrical conductivity, magnetic properties, and ease of iso-
lation. The bio-based method of silver nanoparticle fabrica-
tion is cost-effective, requires a short duration, and enhances 
the therapeutic value [30]. Bio-based green synthesized sil-
ver nanoparticles were used in the management of health 
issues like cancer [31], neurodegenerative disease [32], and 
malaria [33]. Bio-based materials are enriched with diversi-
fied phytoconstituents that are toxic to microbial agents [29]. 
Silver nanoparticles synthesized through bio-based materi-
als have potential anti-microbial properties against bacte-
rial [34], protozoan [35], and fungal [36] pathogens. Such 
vital characteristics of these bio-based silver nanoparticles 
improve their biological activity and provide wide applica-
tions for pharmaceutical purposes [37].

Based on the previous studies, bio-based extracts or green 
synthesized nanoparticles were used to study the effect only 
on the promastigotes form of L. donovani. There are no 
previous reports on the effect of the clinically important 
amastigote phase of the parasite L. donovani. A few reports 
of the anti-leishmanial properties of plant-based materials 
such as extracts of Embilica officinalis [38], Putranjiva rox-
burghii [39], and Corchorus capsularis [40] were based on 
the inhibition of the promastigotes form of L. donovani. The 
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IC50 values of the extracts in these reports range from 21.6 
µgmL−1 to 79.0 µgmL−1. There are only three reports of the 
anti-leishmanial property of bio-based synthesized silver 
nanoparticles against the promastigotes form of L. dono-
vani. Green biosynthesized nanoparticles were not tested 
against the amastigote phase of the parasite L. donovani 
in most of the cases. Euphorbia prostrate [41], Xanthium 
strumarium [42], and Sechium edule [43] extract-mediated 
AgNPs showed IC50 values of 14.94 µgmL−1, 8.93 µgmL−1, 
and 51.88 µgmL−1, respectively, against the promastigotes 
form of L. donovani. In a report, gold nanoparticles were 
tested against promastigotes, with IC50 values of 40 µM [44]. 
In a single report, the efficacy of arsenic nanoparticles was 
evaluated against promastigotes as well as amastigote forms 
of pathogen with an IC50 value of 23.4 µM and 1.5 µM, 
respectively [45].

There is no report of anti-leishmanial activity of U. picta 
and its mediated silver nanoparticles against Leishmania 
donovani to date. Lately, the antibacterial activity of silver 
nanoparticles fabricated from U. picta leaf extract has been 
studied [46]. The objective of the present investigation was 
to study the qualitative phytochemical analysis and quan-
titative assessment of the total phenol and total flavonoid 
content of the aqueous leaf extract of U. picta. Bio-based 
AgNPs were fabricated using leaf extract in the current 
study. The leaf extract and its fabricated AgNPs were tested 
against both promastigotes as well as amastigote forms of 
Leishmania donovani to evaluate its efficacy for the manage-
ment of visceral leishmaniasis. The cytotoxicity assessment 
of bio-based fabricated AgNPs of U. picta is also studied 
against RAW264.7 mouse macrophages, which is lacking 
in previous reports.

2 � Materials and methods

2.1 � Preparation of leaf extract

The U. picta leaves were harvested in good health from the 
Ayurveda field of the Department of Dravyaguna, Banaras 
Hindu University in Varanasi, India. U. picta was authen-
ticated (Accession no. 104329) by the Botanical Survey of 
India, Allahabad, India. After thoroughly washing, the leaves 
were dried in shed conditions at 24 ± 2 °C. The leaves were 
pulverized. Powder (25 g) was mixed with 100 mL deion-
ized purified water (distillation unit, USIC level II, BHU) 
and placed for 30 min at 40 °C. The leaf extract of U. picta 
(LEUP) was kept at 24 ± 2 °C for a few minutes. The LEUP 
was sieved by Whatman filter paper No. 1 and maintained 
at 4 °C for the bio-based fabrication of silver nanoparticles. 
For the phytochemical analysis, LEUP was concentrated at 
40 °C through a rotatory evaporator.

2.2 � Phytochemical analysis of LEUP

2.2.1 � Qualitative phytochemical analysis

The LEUP (2 mL) was added to 2 mL of ferric chloride 
solution. The reaction turned green or blue. It showed the 
occurrence of phenols. The LEUP (2 mL) was added to 
2 mL hydrochloric acid. The reaction was boiled and kept at 
24 ± 2 °C to cool down. Two drops of Wagner’s reagent were 
poured into the reaction mixture. The reaction was turned 
to brown–red. It indicated the occurrence of alkaloids. The 
LEUP (2 mL) was dried at 60 °C. The dry LEUP was dis-
solved in 1 mL of distilled water and shaken vigorously. The 
formation of persistent foam indicated the presence of sapo-
nin. The LEUP (2 mL) was added to 2 mL of chloroform. 
A few drops of H2SO4 were added to the reaction mixture. 
The appearance of a red-brown color indicated the presence 
of terpenoids. The LEUP (5 mL) was added to 2 mL of 
CHCl3. The concentrated H2SO4 (3 mL) was added to the 
reaction mixture. It showed the presence of steroids [47]. 
The LEUP (2 mL) was added to 10% NaOH (3 mL). The 
reaction turned yellow. It showed the presence of coumarin. 
The LEUP (2 mL) was added to 40% NaOH (1 mL). A few 
drops (2–3) of 1% CuSO4 were added to the reaction mix-
ture. It showed the presence of protein [48].

2.2.2 � Estimation of total phenol and flavonoid in LEUP

Different concentrations (100–1000 µgmL−1) of LEUP 
were prepared. Reactions through each LEUP concentra-
tion were conducted. LEUP (100 µL) was added to 1 mL 
distilled water. Folin ciocalteu solution (200 µL) was added. 
The reaction mixture was mixed and kept for 8 min. Sodium 
carbonate (7%, 2 mL) and double distilled water (700 µL) 
was added. The reaction was kept for 15 min. The absorb-
ance of the reaction was noted at 750 nm. The total phenol 
content (TPC) in LEUP was determined through the stand-
ard curve of Gallic acid. TPC was expressed as a milligram 
per gram of Gallic acid equivalent (GAE) [49].

LEUP (100 µL) was added to AlCl3 (2%, 100 µL). Potas-
sium acetate (1 M, 100 µL) and ethyl alcohol (2.7 mL) 
was added. The reaction was kept at 37 °C for 30 min. The 
absorbance of the reaction was noticed at 415 nm. The total 
flavonoid content (TFC) was determined through the stand-
ard curve of Rutin. TFC was expressed as milligram per 
gram of Rutin equivalent (RE) [49].

2.3 � Bio‑based synthesis of LEUP‑AgNPs

For the bio-based fabrication of LEUP-AgNPs, 1 mL of 
LEUP was supplemented with 100 mL of AgNO3 (1 mM). 
The reaction was placed under sunlight (65,000 Lux; 38 °C). 
The reaction mixture became yellowish to golden-brownish, 
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which indicated LEUP-AgNPs were being synthesized. To 
track the fabrication of LEUP-AgNPs, a UV–visible spec-
trophotometer (Shimadzu UV 1800, made in Japan) was 
utilized to obtain the spectrum of LEUP-AgNPs between 
250 and 700 nm. Estimates of the band gap of LEUP-AgNPs 
were made via the Tauc plot. The following Tauc relation 
was used to plot:

Where α = absorption coefficient, h = Planck’s constant, 
γ = frequency of light, A = absorbance, Eg = optical band 
gap, and n = 2 or ½ (index value based on direct and indirect 
allowed transition).

The factors such as photoperiod (5–30 min), LEUP inoc-
ulum concentration (0.25–4%), silver salt concentration 
(0.5–5 mM), and pH (4–10) of the reaction were optimized 
for optimal biosynthesis of silver nanoparticles because they 
affect the synthesis, yield, and quality (shape and size) of 
bio-based synthesized LEUP-AgNPs. The LEUP-AgNPs 
reaction mixture was centrifuged at 11,200 g for 10 min to 
extract LEUP-AgNPs. The pellet obtained was thoroughly 
washed with Millipore water to eliminate the impurities. The 
pellet was dehydrated at 60 °C and utilized for LEUP-AgNPs 
analysis.

2.4 � Analytical strategies to define LEUP‑AgNPs

Fourier transform infrared spectroscopy (FTIR; devel-
oped in Germany by Burker) was used to identify differ-
ent clusters of atoms and bonds present in the LEUP and 
LEUP-AgNPs. The recognition of LEUP functional groups 
involved in interaction with silver nitrate to reduce Ag+ to 
Ag0 was achieved through the FTIR study. The LEUP and 
LEUP-AgNPs infrared spectra were determined to be in the 
4000–400 cm−1 region. The LEUP-AgNP crystallographic 
behaviour was examined through an X-ray diffractom-
eter (XRD; Rigaku Miniflex 600). The crystalline size of 
LEUP-AgNPs was calculated through the Debye–Scherrer 
equation:

Where D is the mean crystallite size; K is Scherrer’s con-
stant; ʎ is wavelength of X-ray; β is full width at the half 
maximum of the diffraction peak; θ is diffraction angle. The 
microstructures and crystalline properties of LEUP-AgNPs 
were observed via high-resolution transmission electron 
microscopy (HR-TEM; FEI, TECNAI 20, G2) associated 
with selected area electron diffraction (SAED). The HR-
TEM was run at a 120 kV accelerated voltage. The LEUP-
AgNPs preparation for HR-TEM was done by coating a thin 
layer of LEUP-AgNPs over a copper grid and placing it to 
dry at 24 ± 2 °C for 30 min. Morphological characters (shape 

�h� = A(h� − Eg)n

D = (K�)∕�cos�,

and size) of LEUP-AgNPs were examined through scanning 
electron microscopy (SEM; ZEISS-EVO MA 15, Japan) and 
recorded at 10 kV with a consistent supply of 1 nA for 7 s. 
Energy dispersive X-ray (EDX) verified the purity of the 
chemical makeup of LEUP-AgNPs by spectral analysis. 
The topological investigation of LEUP-AgNPs was carried 
out by atomic force microscopy (AFM; NT-MDT, Russia). 
A sample for surface properties examination was prepared 
by pouring LEUP-AgNPs solution (a drop) on a glass slide 
(approx. 1 × 1 cm2) and keeping it to dry at 24 ± 2 °C. Par-
ticle size and polydispersity index of bio-based synthesized 
LEUP-AgNPs were studied through dynamic light scatter-
ing (DLS; NanoPlus Common, Particulate System) at 25 °C 
with 52,183 cps scattering intensity. The diluent used was 
water (n = 1.3328). The Malvern Zetasizer Nano ZS was 
utilized for the assessment of the zeta potential of LEUP-
AgNPs at 24.9 °C. The surface elemental composition of 
LEUP-AgNPs was examined through X-ray photoelectron 
spectroscopy (Thermo Fisher Scientific Inc., USA) using 
the K Alpha model.

2.5 � Antioxidant analysis of LEUP and LEUP‑AgNPs

DPPH (0.002%, 3 mL) was added to 100–1000 µgmL−1 of 
LEUP and LEUP-AgNPs separately. The reaction was kept 
at 24 ± 2 °C for 15 min. Ascorbic acid (100–1000 µgmL−1) 
was used as a standard. The absorbance of the reaction was 
recorded at 517 nm through a UV–Vis spectrophotometer 
(SHIMADZU UV 1800ENG240V, SOF) [47].

2.6 � Cultures of promastigotes and intra‑RAW264.7 
macrophages

Promastigote, an infective form of L. donovani, was culti-
vated on Dulbecco’s modified eagle’s medium (DMEM). 
Fetal bovine serum (FBS) 10%, penicillin 100 Units mL−1, 
streptomycin 100 µgmL−1, and gentamycin 20 µgmL−1 were 
added to DMEM. The promastigotes culture was incubated 
at 26 °C. Amastigotes were internalized and nurtured in 
RAW264.7 macrophages. The intracellular amastigotes were 
maintained on DMEM augmented with FBS and antibiotics 
under standard in vitro conditions.

2.6.1 � Estimation of anti‑promastigotes activity

The stock of LEUP (1 mgmL−1) and LEUP-AgNPs (1 
mgmL−1) was prepared in dimethyl sulfoxide (DMSO) indi-
vidually. The working solutions of LEUP (200 μgmL−1) and 
LEUP-AgNPs (200 μgmL−1) were prepared in an incom-
plete culture medium through respective stock solutions. The 
different concentrations of LEUP (200–1.5 μgmL−1) and 
LEUP-AgNPs (200–1.5 μgmL−1) were maintained through 
serial dilution. Promastigotes were seeded in a 96-well 
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microplate at the logarithmic stage (1 × 106 cells, 100 μL 
per well). Different concentrations (200–1.5 μgmL−1) of 
LEUP and LEUP-AgNPs were added to each well sepa-
rately. Miltefosine, a phospholipid medication, was offered 
as a positive control. Following a 24-h incubation period, 
0.03 mL of MTT (4 mgmL−1) was poured into each well. 
It was kept for 4 h at 26 °C. The 96-well plate was spun at 
1141 g for 5 min. The upper layer was cast off. Two phases, 
like supernatant and pellet, were formed, out of which the 
supernatant was neglected. The pellet was dissolved in 100 
µL of DMSO. The per cent inhibition of promastigotes 
growth was analysed using an ELISA plate reader (Thermo 
Fisher Scientific, US) at 540 nm. Inhibitory concentrations 
(IC50) of LEUP and LEUP-AgNPs were determined through 
regression analysis using GraphPad Prism 9.

2.6.2 � Estimation of anti‑amastigotes activity

RAW264.7 macrophages (5 × 106 cells, 100 µL per well) 
were seeded in a 24-well plate and permitted to attach 
for 5 h. The cells were washed carefully with incomplete 
DMEM to get rid of non-adherent cells. Promastigotes 
infected macrophages in a 10:1 ratio. Within 6 h of incu-
bation, the promastigotes had infiltrated the macrophages. 
Promastigotes outside of macrophages were eliminated 
by washing with PBS. DMEM was added to the infected 
macrophages as a supplement. The cultures spent 24 h in a 
CO2 incubator. Different concentrations of LEUP (200–1.5 
µgmL−1) and LEUP-AgNPs (200–1.5 µgmL−1) were trans-
ferred individually and placed for 24 h in a CO2 incubator. 
The anti-amastigote property was determined by the number 
of intracellular amastigotes per macrophage after Giemsa 
staining. The IC50 was calculated through regression analy-
sis using GraphPad Prism 9.

2.6.3 � Estimation of cytotoxicity of LEUP and LEUP‑AgNPs

The cytotoxicity of LEUP and LEUP-AgNPs against intra-
RAW264.7 macrophage cells was determined. A 96-well 
microplate was seeded with 1 × 106 cells per well to achieve 
the half-maximum cytotoxic concentration (CC50). Differ-
ent concentrations of LEUP (200–1.5 µgmL−1) and LEUP-
AgNPs (200–1.5 µgmL−1) were added in wells individually 
and then placed at 37 °C in a CO2 incubator for 24 h. The 
cytotoxic concentration (CC50) of LEUP and LEUP-AgNPs 
that inhibited 50% of macrophage proliferation was evalu-
ated. The selective index (SI) of LEUP and LEUP-AgNPs 
was calculated for the intra-macrophage amastigotes form. 
The SI was the fraction between the CC50 of a sample 
against RAW264.7 macrophages and the IC50 against the 
intracellular amastigotes form of L. donovani.

2.7 � Statistical analysis

To ensure accuracy, every experiment was carried out three 
times. Results were shown as mean ± S.E. A regression anal-
ysis was performed to calculate the percentage inhibition 
growth of L. donovani through GraphPad Prism 9.

3 � Results and discussion

3.1 � Qualitative, quantitative phytochemicals 
analysis and antioxidant activity of LEUP

A variety of bioactive compounds were identified through 
the qualitative analysis of LEUP. The LEUP was enriched 
with phenols, alkaloids, coumarin, terpenoids, steroids, and 
protein. The total phenol content in LEUP was 60.97 mgG−1 
GAE (p ≤ 0.05). The total flavonoid content in LEUP was 
52.36 mgG−1 RE (p ≤ 0.05) (Fig. 1). The highest concentra-
tion of LEUP (1000 µgmL−1) showed 21.16% inhibition of 
DPPH free radicals (p ≤ 0.05). A similar result was reported 
with Stachys parviflora extract for free radical scavenging 
potential [50]. The LEUP also scavenged DPPH free radicals 
(Fig. 2) with an IC50 of 2666.95 µgmL−1 in comparison with 
a standard ascorbic acid IC50 of 457.91 µgmL−1.

3.2 � Biosynthesis of LEUP‑AgNPs

The confirmation of Ag+ ion reduction in the LEUP-AgNPs 
biosynthesis reaction was performed through a UV–Vis 
spectrophotometer in comparison with the control (LEUP 

Fig. 1   Total flavonoid and phenol content in LEUP. Data is expressed 
as mean ± S.E. The statistical significance difference in data analysed 
by one way analysis of variance (ANOVA) followed by post hoc Tuk-
ey’s b test. The alphabetical letters a-e indicates significant difference 
between the concentrations (at p < 0.05)
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and AgNO3 solution). The LEUP spectrum exhibited two 
peaks at 280 nm and 320 nm (Fig. 3a). The peaks correspond 
to the presence of phenolic compounds [51]. It’s possible 
that these secondary metabolites of LEUP donated electrons 
to silver ions to synthesize colloidal LEUP-AgNPs [52]. 
The AgNO3 solution did not show an absorption peak in 
the same circumstances (Fig. 3a). The change in the colour 
of the reaction (yellow to brown) indicates the biosynthesis 
of LEUP-AgNPs when exposed to sunlight (Fig. 3b). The 
same reaction performed in dark conditions did not show 
any change in the colour of the reaction mixture. This sug-
gests that sunlight plays a significant role in the biosynthesis 
of LEUP-AgNPs. The conduction electron of Ag0 absorbs 
photons; it gets excited and produces a collective oscillation. 
This oscillation is called surface plasmon resonance (SPR) 
[53]. The SPR causes a change in the color of the reaction 
and indicates a change in silver nitrate’s optical properties 
because the bio-based materials reduce Ag+ into Ag0. The 
basic methodology used for bio-based fabricated AgNPs is 
given in Fig. S1. Based on the literature surveyed, AgNP 
synthesis occurred at 420–470 nm absorption spectra. It was 
noted that adding LEUP to a 1 mM AgNO3 solution caused 
the reaction to turn golden brown (Fig. 3b) under sunlight. A 
300–700 nm wavelength range was used to study the LEUP-
AgNPs synthesis (Fig. 3a). The construction of a broad SPR 
apex at 426 nm validated the synthesis of LEUP-AgNPs. 
Mishra and Kumavat also found the formation of an absorp-
tion peak at 425 nm [46].

Tauc plot or graph is a graphical representation used 
to determine the optical band gap of AgNPs from its 

absorption curve. Tauc plot between hγ and (αhγ)2 (Fig. 3c) 
was achieved through absorption curve (Fig. 3b) of LEUP-
AgNPs. The band gap of LEUP-AgNPs was determined by 
drawing a straight line in the chart’s linear region where 
(αhγ)2 = 0. The band gap of biosynthesized LEUP-AgNPs 
was 2.10 eV (Fig. 3c). If a silver nanoparticle's band gap 
value falls between 1.3 and 2.4 eV, it is considered a semi-
conductor [54]. The band gap property of silver nanoparti-
cles influences their optical and electrical characteristics.

3.2.1 � Impact of photoperiod duration on LEUP‑AgNPs 
biosynthesis

The photo-induced LEUP-AgNP fabrication was exam-
ined by a UV–Vis absorption spectrophotometer at 5-min 
intervals. The development of a sharp absorbance apex at 
426 nm confirmed the synthesis of LEUP-AgNPs (Fig. S2). 
The LEUP-AgNPs intensified from yellow to dark reddish 
brown as the duration of time spent in the sun rose. The 
SPR peak reallocated from red towards the blue shift region. 
The absorbance of the SPR peak was high. After 30 min 
of sun exposure, a prominent SPR band around 426 nm 
was formed. The SPR of bio-synthesized LEUP-AgNPs 
depended on the duration of sunlight exposure [55]. As the 
exposure time to the sunlight increases, the LEUP-AgNP’s 
reaction color darkens from yellow to reddish brown. It was 
noticed that the 30 min of photoperiod duration were optimal 
for LEUP-AgNP synthesis.

3.2.2 � Impact of LEUP concentration on LEUP‑AgNPs 
biosynthesis

As different LEUP concentrations were added to the AgNO3 
solution, the LEUP-AgNPs interaction took on color. The 
SPR associated with synthesized LEUP-AgNPs imparts a 
light yellow, yellow, brown, and reddish-brown color to the 
reaction mixture [53]. To obtain good-quality LEUP-AgNPs, 
the effects of various concentrations of LEUP (0.25, 0.5, 1, 
2, 3, and 4%) were studied in the reaction mixture containing 
AgNO3 (1 mM) solution. The SPR indicates the synthesis 
of LEUP-AgNPs through different concentrations of LEUP 
under sunlight for 30 min (Fig. S3). The color of the reac-
tion mixture containing 4% LEUP turned reddish brown. 
The UV–Vis absorption spectra showed that 4% LEUP in 
a 1 mM AgNO3 solution provided the highest SPR peak at 
426 nm. A concentration-dependent relationship between 
LEUP concentration and LEUP-AgNP biosynthesis was 
noticed. The findings support the concept that plant biomass 
is potential capping and reducing agent for nanoparticles 
biosynthesis [56]. Several studies on plant-based AgNP syn-
thesis have been reported, such as Euphorbia prostrata [41], 
Sargentodoxa cuneata [57], Dioscorea bulbifera [58], and 
Maytenus royleanus [59]. The plant biomass enhanced the 

Fig. 2   DPPH free radical per cent inhibition activity of LEUP. Data 
is expressed as mean ± S.E. The statistical significance difference in 
data analysed by one way analysis of variance (ANOVA) followed by 
post hoc Tukey’s b test. The alphabetical letters a-d indicates signifi-
cant difference between the concentrations (at p < 0.05)
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Fig. 3   LEUP-AgNPs bio-based 
synthesis through U. picta leaf 
extract. (a) UV–Visible absorp-
tion spectra showing surface 
plasmon resonance peak of 
AgNO3, LEUP, and LEUP-
AgNPs. (b) Color conversion 
during reaction. (c) Band gap of 
LEUP-AgNPs
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biosynthesized AgNPs’ stability, functionality, biocompat-
ibility, communication with biological systems, and biologi-
cal properties [56].

3.2.3 � Impact of AgNO3 concentration on LEUP‑AgNPs 
biosynthesis

The impact of different AgNO3 concentrations on LEUP-
AgNP fabrication was studied. The molar concentration of 
Ag+ affected the color and absorbance spectra of the LEUP-
AgNPs (Fig. S4). The development of darker shades of red-
dish-brown color was monitored at different AgNO3 concen-
trations (0.5–5 mM) for 30 min. For each concentration, a 
distinct SPR peak of LEUP-AgNPs was obtained (Fig. S4). 
The SPR peaks (Fig. S4) reflected that with increasing 
AgNO3 concentrations, the growth rate of LEUP-AgNPs 
also increased. At 1 mM AgNO3 concentration, a promi-
nent SPR peak was observed with the optimum absorbance 
at 430 nm. With the increase in AgNO3 concentration (2, 3, 
and 4 mM), higher SPR peaks were obtained with redshift 
at λmax (432, 433, and 434 nm, respectively), which might 
be the result of large LEUP-AgNPs aggregates [55]. At the 
maximum (5 mM) AgNO3 concentration, the SPR peak of 
the AgNPs synthesized was reduced; this could be due to 
the saturation of reactant (aqueous extract) Ag+ ion binding 
sites [60]. At the minimum (0.5 mM) AgNO3 concentration, 
a single and broad SPR peak with the lowest absorbance was 
monitored [61]. The findings revealed that 1 mM AgNO3 
is the expected optimum concentration for LEUP-AgNPs 
synthesis.

3.2.4 � Impact of pH on LEUP‑AgNPs biosynthesis

The fabrication rate of LEUP-AgNPs was influenced by the 
change in the reaction's pH, as shown in Fig. S5. When 4% 
LEUP was added to a 1 mM AgNO3 solution of different 
pH, the reaction between the extract components and Ag+ 
ions was monitored visually and through a UV–Vis spec-
trophotometer. The hues of brown and the LEUP-AgNPs' 
absorbance were both impacted by the AgNO3 solution's pH 
change. Such an alteration produced a difference in the rate 
of LEUP-AgNPs synthesis. The color of the LEUP-AgNPs 
reaction gradually enhanced from acidic AgNO3 to alkaline 
AgNO3.

At pH 4, 5, and 6 of AgNO3, the fabrication of LEUP-
AgNPs was found to be sluggish. The appearance of a light 
brown color after 40 to 60 min was visible. At pH 7, the 
reaction between AgNO3 and phytocomponents of LEUP 
initiated immediately. The reaction’s light yellow color 
turned reddish brown. Optimum and stable LEUP-AgNPs 
were synthesized at 426 nm absorption maxima. The LEUP-
AgNPs reaction's hue quickly changed to reddish brown 
for pH values of 8, 9, and 10 of AgNO3, with heightened 

maxima of absorption occurring at 429, 415, and 431 nm, 
respectively. The LEUP-AgNPs synthesized were unstable, 
as they formed aggregates within an hour [61]. The fabrica-
tion of substantial LEUP-AgNPs aggregates was signaled by 
the deep color development and widening of the SPR band. 
It was noticed that pH 7 of AgNO3 was optimal for LEUP-
AgNPs synthesis.

3.3 � Characterization of bio‑based synthesized 
LEUP‑AgNPs

3.3.1 � FTIR of LEUP‑AgNPs

The interaction of functional groups of metabolites existing 
in the LEUP with silver ions was examined through FTIR 
analysis. The group frequencies of LEUP and bio-based syn-
thesized LEUP-AgNPs were compared using their respective 
infrared spectra (Fig. 4). The IR spectrum of LEUP exhib-
ited group frequencies ranging from 3425 to 3631  cm−1 
assigned for the O–H stretch of phenols. The bands 2850 
and 2926 cm−1 belonged to the methylene C-H asymmet-
ric or symmetric stretch of saturated aliphatic group fre-
quencies. Nitrile C≡N stretch made up the bands 2345 and 
2363 cm−1. The bands between 1962 and 1890 cm−1 rep-
resented the transition metal carbonyl. The bands between 
1867 and 1829 cm−1 belonged to a 5-member ring anhy-
dride. The bands between 1811 and 1776 cm−1 belonged 
to aryl carbonate. The bands 1750 cm−1 denoted the ester 
group. Carboxylic acid was ascribed to the bands 1719 and 
1703 cm−1. The primary amine N–H bend was located at 
1650  cm−1, 1640  cm−1, and 1617  cm−1 [62]. A second-
ary amine, N–H bend, was found at 1577 cm−1. The bands 
between 1400 cm−1 and 1362 cm−1 belonged to the phenol 
or tertiary alcohol O–H bend. The skeletal C–C vibration 

Fig. 4   FTIR spectra of LEUP, and bio-based synthesized LEUP-
AgNPs
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was associated with the 1067 cm−1, 901 cm−1, and 710 cm−1 
bands. The band 667 cm−1 denoted the alcohol, O–H, out 
of the plane bend.

The surface chemistry or functionalization of AgNPs 
with specific biomolecules is also one of the factors that 
affect their biological properties. Through the investigation 
of the IR spectrum of LEUP-AgNPs, the functional group 
involved in their reduction process and available over their 
surface for cell-AgNP interactions was deduced. The phe-
nol O–H stretch (3425 to 3631 cm−1), amine (1650 cm−1, 
1640 cm−1, 1617 cm−1, and 1577 cm−1), and phenol or ter-
tiary alcohol O–H bend (1403 cm−1, 1382 cm−1, 1365 cm−1, 
and 1362 cm−1) bands were absent in LEUP-AgNPs [63]. 
These groups were present in the LEUP spectrum, as men-
tioned above. It indicated that the following groups of LEUP 
donated electrons to Ag+ to form Ag0 and stabilized LEUP-
AgNPs [64]. Phenolic compounds absorbed photons, got 
excited, and reduced AgNPs [51]. As amines were present 
in the LEUP, it might have contained a protein that assisted 
in stabilizing and encapsulating LEUP-AgNPs [65].The 
OH group of the phenol or tertiary alcohol donated an elec-
tron to reduce Ag+ into Ag0. The 5-membered ring anhy-
dride band (1867 cm−1) of LEUP shifted to 1831 cm−1 in 
LEUP-AgNPs. The secondary amine, NH bend 1617 cm−1 
of LEUP shifted to 1599  cm−1 in LEUP-AgNPs. The 
C–C vibration peaks 1067 cm−1, 901 cm−1, and 710 cm−1 
of LEUP shifted to 1073 cm−1, 890 cm−1, and 713 cm−1 
in LEUP-AgNPs. The alcohol OH out of the plane band 
(667 cm−1) of LEUP shifted to 661 cm−1 in LEUP-AgNPs, 
respectively. The IR spectrum of LEUP-AgNPs exhibited a 
group frequency of 3394 cm−1 assigned to the NH stretch 
of the primary aliphatic amine. The carboxylate group peak 
belonged to 1413 cm−1. The aromatic primary amine peak 
was attributed to 1316 cm−1. The surface functionalization 

of LEUP-AgNPs consisted of a neutral alcohol (–OH) group, 
a positive amine (R2NH2), and a negative carboxyl (-COOH) 
group. The presence of more amine raised the magnitude of 
the positive surface charge and enhanced their interaction 
and penetration into the cell [66], which would have a net 
negative charge over their cell membrane.

The analysis revealed that both LEUP and LEUP-AgNPs 
contained methylene C-H asymmetrical or symmetrical 
stretch (2849 cm−1), C≡N stretch of nitrile (2363 cm−1 and 
2345 cm−1), and aryl carbonate (1776 cm−1) band. Since 
there is no difference in the group frequencies of LEUP and 
LEUP-AgNPs, it may be concluded that these groups did 
not interact with silver cations in the LEUP-AgNPs reduc-
tion reaction.

3.3.2 � XRD of LEUP‑AgNPs

The XRD pattern showed four characteristic peaks for the 
LEUP-AgNPs (Fig. 5). The bands obtained at 2θ values 
37.95°, 44.14°, 64.32°, and 77.16° (Table S1) conform to 
Bragg’s reflections at 111, 200, 220, and 311 [42]. These 
band values correspond to the peak values of JCPDS file 
00–004-0783 of Ag. The calculated lattice constant of 
LEUP-AgNPs formed was 4.09 A°. It was close to the stand-
ard lattice constant (4.08 Aº). This stated that the LEUP-
AgNPs had face-centered cubic lattices [67]. The average 
crystallite size (D) of LEUP-AgNPs was 13.60 nm. The 
stability of nanoparticles is significantly affected by how 
closely the computed lattice constant resembles the standard 
value for face-centered cubic (FCC) lattices. A deviation 
from the reference value pointed to structural defects in the 
lattice, which could affect the nanoparticles' overall stability 
and behaviour, such as their mechanical, optical, and elec-
tronic properties [68]. These nanoparticles' well-researched 

Fig. 5   X-ray diffraction pattern 
of LEUP-AgNPs Meas. data:JJ
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structural characteristics make them appropriate for both 
domestic and commercial applications, including catalysis, 
imaging, medicines, and environmental and sustainable uses 
[69].

3.3.3 � HR‑TEM and SAED of LEUP‑AgNPs

The TEM images showed LEUP-AgNPs structures at 
200 nm (Fig. 6a) and 50 nm (Fig. 6b) scales. Biosynthesized 
LEUP-AgNPs were circular and evenly distributed [70]. The 
particle size distribution histogram of fabricated LEUP-
AgNPs revealed that the maximum diameter of LEUP-
AgNPs was 4.68–35.8 nm (Fig. 6c). The average diameter 
of LEUP-AgNPs was 13.04 ± 5.97 nm. The SAED pattern 
showed the presence of a bright ring, which confirmed the 
crystalline nature of LEUP-AgNPs (Fig. 6d). Based on the 
nucleation and growth theory of nanoparticles, the duration 
of nanoparticle synthesis is one of the chief factors in evalu-
ating the shape and size distribution of the nanoparticle. 
If a silver nanoparticle formed with in a short duration, it 
would have a small size and narrow size distribution. The 
optimal LEUP-AgNPs synthesis occurred after 30 min of 
sunlight irradiation (Fig. S2). The small and narrow size 
distribution of LEUP-AgNPs is shown in Fig. 6b and Fig. 6c. 

A literature survey revealed that the size distribution and 
morphology of nanoparticles are two of the major physico-
chemical properties involved in nanoparticles’ interactions 
with the biological system and subsequently impact their 
biological activity. Nanoparticles with smaller sizes and dif-
ferent shapes typically exhibit greater cellular uptake and 
penetration, potentially leading to enhanced bioavailability 
and therapeutic efficacy. This is supported by investigations 
such as that conducted by [71], which demonstrated the size-
dependent adsorption, cellular uptake, and haemolytic activ-
ity of nanoparticles. Stoehr et al. showed that different types 
of nanoparticle shapes, such as nanospheres and nanowires 
had different impact on human alveolar epithelial cells [72].

3.3.4 � HR‑SEM and EDX of LEUP‑AgNPs

The SEM images (Fig. 7a and 7b) showed LEUP-AgNPs 
structures at 400 nm and 200 nm, respectively. LEUP-AgNPs 
were quasi-spherical [73]. The diameter of LEUP-AgNPs 
was 8–20 nm. The average LEUP-AgNPs size determined 
by ImageJ was 13.19 ± 0.69 nm (Fig. 7c). The calculated 
polydispersity of LEUP-AgNPs was 9.4%. The existence of 
silver in the fabricated LEUP-AgNPs was demonstrated by 
the electron dispersive X-ray map (Fig. 7d) and its overlay 

Fig. 6   HR-TEM imagesof 
LEUP-AgNPs. (a) at 200 nm. 
(b) at 50 nm. (c) Particle size 
distribution of LEUP-AgNPs. 
d) SEAD patterns of LEUP-
AgNPs
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(Fig. S6). The formation of a prominent band between 3 
and 4 keV showed the existence of Ag and revealed its crys-
talline nature (Fig. 7e). The LEUP-AgNPs also contained 
elements like carbon and oxygen, indicating the presence 
of biomolecules adhered to the LEUP-AgNPs. Silica and 
sodium element peaks were observed because the LEUP-
AgNPs were coated over the glass.

3.3.5 � AFM of LEUP‑AgNPs

The topographical properties of synthesized LEUP-AgNPs 
were studied through their 2D (Fig. 8a) and 3D (Fig. 8b) 
images generated by AFM. After analysis, the calculated 

mean roughness of LEUP-AgNPs was 7.68 nm. The LEUP-
AgNPs roughness profile revealed that the maximum peak 
height was 25.8 nm and the maximum valley depth was 
20.6 nm, respectively (Fig. 8c). Singh et al. reported simi-
lar findings regarding silver nanoparticle roughness profiles 
[74].

3.3.6 � DLS of LEUP‑AgNPs

The LEUP-AgNPs orientation generated speckle patterns. 
The continuous variation in LEUP-AgNPs movement altered 
the speckle patterns with respect to time. DLS detected the 
fluctuation in speckle pattern on the time scale and measured 

Fig. 7   HR-SEM images of LEUP-AgNPs. (a) at 400 nm. (b) at 200 nm. (c) Particle size distribution of LEUP-AgNPs. (d) EDX element map-
ping showing presence of Ag, O, Na, and C in LEUP-AgNPs. (e) Electron dispersive X-ray analysis of LEUP-AgNPs
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the quantitative light scattering intensity of LEUP-AgNPs. 
The change in light scattering intensity was expressed as 
the intensity correlation function G2(τ). Tau (τ) was a sym-
bol for the lag time between two-time points. The graph 
ln(G2(τ)-1) vs. τ (Fig. 9a) showed that G2(τ) of LEUP-
AgNPs possessed an exponential decay. The LEUP-AgNPs 
diffused slowly with respect to time. Hence, G2(τ) decayed 
at a slower rate. The G2(τ) defined diffusion behaviours such 
as diffusion constant, hydrodynamic radii, and homogeneity 
of LEUP-AgNPs. The cumulants’ results were obtained from 
G2(τ) fitting through a monomodal distribution approach. 
The diffusion constant (D) of LEUP-AgNPs was 5.151 × 10–8 
cm2sec−1. The hydrodynamic diameter (d) of LEUP-AgNPs 
was 95.5 nm. The polydispersity index (γ) of LEUP-AgNPs 
was 0.2 [75]. If γ ≥ 0.1, the particles were highly monodis-
perse. If γ = 0.1–0.7, the particles were nearly monodis-
perse. The particles were polydisperse if γ > 0.7. Hence, the 
LEUP-AgNPs were nearly monodisperse [60]. The CONTIN 

(constrained regularization method for inverting data) 
results were evaluated from G2(τ) fitting through the non-
monomodal distribution method (Fig. 9a). It showed that 
the finite numbers of LEUP-AgNPs were distributed away 
from the average hydrodynamic diameter. The LEUP-AgNPs 
diameters estimated through the intensity distribution curve 
(Fig. 9b), volume distribution curve (Fig. 9c), and number 
distribution curve (Fig. 9d) were 123.9 ± 64.6, 64.3 ± 28.5, 
and 47.5 ± 12.9 nm, respectively.

3.3.7 � Zeta potential of LEUP‑AgNPs

The potential drop at the electric double layer around the 
LEUP-AgNPs was measured through the Zetasizer Nano 
ZS. The LEUP-AgNPs exhibit a -17.8 mV electrostatic 
potential (Fig. 10). The negative sign indicates the ani-
onic behaviour of LEUP-AgNPs [76]. Due to the negative 
charge, LEUP-AgNPs would repel each other and avoid 

Fig. 8   AFM images of LEUP-AgNPs. (a) 2D image. (b) 3D image. (c) Roughness profile histogram of LEUP-AgNPs
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agglomeration. It pointed towards the LEUP-AgNPs’ sta-
bility. AgNPs with zeta potential greater than or equal to 
30 mV or less than -30 mV are indicative of a stable sys-
tem. The type and magnitude of surface charge of AgNPS 
depend on the reducing agent of their fabrication reaction 
and affect their biological effects. The lower magnitude 
of negative zeta potential reduced the electrostatic barrier 
and increased the probabilities of cell-particle interactions 
with cell surfaces having a net negative charge and pro-
moting higher toxicity [77].

3.3.8 � XPS of LEUP‑AgNPs

The XPS technique was utilized to acquire details regard-
ing the compositions, electronic configuration, and oxida-
tion states of the LEUP-AgNPs surface. The XPS graph of 
LEUP-AgNPs demonstrated the binding energy of elec-
trons (1–1300 eV) concerning electron counts per second 
(Fig. 11a). The four characteristic peaks of distinct binding 
energy represent the presence of oxygen (O), nitrogen (N), 
silver (Ag), and carbon (C) on the LEUP-AgNPs surface. 

Fig. 9   LEUP-AgNPs analysis through dynamic light scattering. (a) Intensity correlation function. (b) Intensity distribution. (c) Volume distribu-
tion. (d) Number distribution
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The peak at 532.11 eV binding energy reflected the pho-
toelectron emission from the 1 s orbital of O (Fig. 11b). 
The formation of a peak at 406.68 eV binding energy indi-
cated the photoelectron emission from the 1 s orbital of 
N (Fig. 11c). The occurrence of two characteristic peaks 
at 368.3 and 374.4 eV binding energies (Fig. 11d) corre-
sponded to the emission of electrons from Ag 3d5/2 and 
Ag 3d3/2, respectively [78]. The binding energy peak at 
285.03 eV confirmed the emission of electrons from the 1 s 
orbital of C (Fig. 11e).

3.4 � Antioxidant activity of LEUP‑AgNPs

The LEUP-AgNPs (100 µgmL−1) showed 17.3% inhibition 
of DPPH free radicals. The highest LEUP-AgNPs concentra-
tion (1000 µgmL−1) scavenged maximum DPPH free radi-
cals, i.e., 69.5% (p ≤ 0.05). A directly proportional relation 
between LEUP-AgNPs concentration and DPPH free radical 
inhibition was observed (Fig. 12) [79]. The LEUP-AgNPs 
IC50 of 709.76 µgmL−1 was close to the ascorbic acid IC50 
of 457.91 µgmL−1. It indicated that the LEUP-AgNPs (IC50 
709.76 µgmL−1) improved the antioxidant potential of LEUP 
(IC50 2666.95 µgmL−1). A similar finding was reported for 
Virola oleifera-capped gold nanoparticles. AgNPs' antioxi-
dant activity was increased by a change in the phytomol-
ecules' electron concentration over the surface of the nano-
particle [80].

3.5 � Anti‑promastigote activity of LEUP‑AgNPs

The anti-promastigote inhibitory effect of LEUP and LEUP-
AgNPs was studied under in vitro conditions. Growth inhibi-
tory effects of LEUP (1.5–200 µgmL−1) and LEUP-AgNPs 
(1.5–200 µgmL−1) were studied against promastigotes. The 
number of viable promastigotes decreased with an increase 
in silver nanoparticles and leaf extract concentration. It was 

observed that the per cent inhibition of the growth of pro-
mastigotes was inversely correlated with the dose of LEUP 
and LEUP-AgNPs [81]. The LEUP’s highest concentration, 
200 µgmL−1, inhibited fifty-three percent of promastigotes´ 
growth (Table 1). The LEUP-AgNPs´ highest concentration, 
200 µgmL−1, inhibited sixty-eight percent of promastigotes 
growth (Table 1). The LEUP-AgNPs showed better percent 
of growth inhibition in promastigotes.

A literature survey supported the idea that promas-
tigotes are 15–25 µm × 1.5–3.5 µm in size. One nucleus 
and a flagellum are visible in them (Fig. 13a). The visual 
investigation of promastigotes under microscopy showed 
that miltefosine treatment caused the loss of flagella 
and the circularization of promastigotes (Fig. 13b). The 
LEUP and LEUP-AgNPs induced cytoplasmic condensa-
tion, shrinkage, size reduction, and aggregations of pro-
mastigotes (Figs. 13c and d). In comparison with LEUP, 
LEUP-AgNPs showed more pronounced effects on the 
cell morphology and high death profile of promastigotes. 
The IC50 value was used to express the anti-promastig-
otes activity of LEUP and LEUP-AgNPs. The LEUP IC50 
for the promastigotes stage was determined to be 47.90 
µgmL−1. Embilica officinalis, Putranjiva roxburghii, and 
Corchorus capsularis extracts checked the promastigote’s 
growth with IC50 values of 21.6, 25.6, and 79.0 µgmL−1, 
respectively [38–40]. The LEUP-AgNPs IC50 value for 
promastigotes was 6.72 µgmL−1 which was considerably 
(P < 0.001) less than the LEUP IC50 value. The LEUP-
AgNPs IC50 of 6.72 µgmL−1 was close to the miltefosine 
IC50 of 7.20 µgmL−1 (Table 2). It indicated that LEUP-
AgNPs had enhanced the anti-leishmanial property of U. 
picta based on the IC50 value. The LEUP-AgNPs were 
smaller (13 nm) and had a much more efficient IC50 of 
6.72 µgmL−1 when compared with the subsequently pub-
lished nanoparticles [41, 42, 44, 58]. With an IC50 value 
of 23.4 µM, arsenic nanoparticles prevented promastigotes 

Fig. 10   Zeta potential of LEUP-
AgNPs
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Fig. 11   X-ray photoelectron spectroscopy of LEUP-AgNPs. (a) Wide scan spectrum of LEUP-AgNPs. (b) Specific scan spectrum of O (1 s) 
region. (c) Specific scan spectrum of N (1 s) region. (d) Specific scan spectrum of Ag (3d) region. (e) Specific scan spectrum of C (1 s) region
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from proliferating [82]. The 12 nm AgNPs synthesized 
using Euphorbia prostrata suppressed leishmania cell 
proliferation with an IC50 of 14.94 µgmL−1 [41]. The 
Aucore Agshell nanoparticles synthesized using Dioscorea 
bulbifera (32 µgmL−1) demonstrated minimum inhibition 
of promastigotes growth [58]. The 18 nm AgNPs biosyn-
thesized using Xanthium strumarium leaf extract inhibited 
promastigotes growth of L. donovani with an IC50 value 
of 8.93 µgmL−1 [42]. Phytofabricated silver nanoparticles 
synthesized through Sechium edule checked the promastig-
otes´ growth with an IC50 of 51.88 µgmL−1 [43]. 7, 8-dihy-
droxyflavone functionalized gold nanoparticles IC50 was 
40 µM against the promastigotes stage [44].

According to the literature survey, the multiplication of 
both life stages of L. donovani was associated with their pH 
homeostasis. The promastigotes maintain intracellular pH 
at neutral and extracellular pH at 5–7.4. Active transport 
of substrates across the cell membrane requires a positive 
pH gradient to extracellular pH. Reported literature sug-
gested that promastigotes´ acidic extracellular environ-
ment facilitated the release of Ag+ and phytoconstituents 
from bio-based synthesized AgNPs [83]. The Ag+ ions 
and phytoconstituents caused oxidative injuries to the cell 
membrane and disturbed intracellular pH. Consequently, 
increased production of intracellular oxygen-free radicals 
induced a respiratory burst mechanism, altered the chemi-
cal structure of DNA, and resulted in apoptosis [26]. A L. 
donovani cell consists of only one mitochondrion, which 
is necessary for survival. Reactive oxygen species (ROS) 
damage the respiratory system present in mitochondria and 
cause death. The apoptosis signaling pathway is one of the 
identified mechanisms of promastigote-stage killing car-
ried on by the biosynthesized AgNPs. Phosphatidylserine, 
an apoptotic biomarker, is only present on the cytoplasmic 
side of the cell membrane. The apoptosis-inducing factors 
provoke phosphatidylserine to come up on the exterior layer 
of the cytoplasmic membrane. Phagocytes recognize the 
biomarker and stimulate the ingestion of post-apoptotic cell 
debris [84]. According to the literature on anti-leishmanial 
activity, it was clear that more studies had focused on the 
promastigotes stage of L. donovani and had not been done 
on the amastigotes stage of the parasite.

3.6 � Effects of LEUP‑AgNPs on intra‑macrophage 
amastigotes

The current experiment examined how LEUP and LEUP-
AgNPs affected the pathogen's amastigotes stage. The 
results showed that 1.5 µgmL−1 of LEUP and LEUP-AgNPs 

Fig. 12   Antioxidant activity of LEUP-AgNPs. Data is expressed as 
mean ± S.E. The statistical significance difference in data analysed by 
one way analysis of variance (ANOVA) followed by post hoc Tuk-
ey’s b test. The alphabetical letters a-f indicates significant difference 
between the concentrations (at p < 0.05)

Table 1   Effects of LEUP and 
bio-based synthesized LEUP-
AgNPs on per cent growth 
inhibition of L. donovani 
promastigote form and intra-
RAW 264.7 macrophage 
amastigotes form of L. donovani 

Data is expressed as mean ± S.E. The symbol * indicates significant difference between the concentrations 
(at p < 0.001)

Concentration % Growth inhibition (Mean ± S.E.)

(µgmL1) Promastigote form Intra-RAW 264.7 macrophage amas-
tigotes form

LEUP LEUP-AgNPs LEUP LEUP-AgNPs

1.5 39.52 ± 1.14 38.82 ± 0.69 31.50 ± 1.50 51.00 ± 1.00*

3.125 41.08 ± 0.89 42.99 ± 0.16 36.00 ± 1.00* 55.50 ± 1.50**

6.25 43.20 ± 0.76 48.34 ± 0.72*** 39.50 ± 1.50** 58.00 ± 2.00**

12.5 44.51 ± 0.50 50.98 ± 0.91*** 44.00 ± 1.00*** 62.00 ± 2.00***

25 46.02 ± 0.84 53.99 ± 0.93*** 46.00 ± 1.00*** 66.50 ± 1.50****

50 50.04 ± 1.86* 58.24 ± 0.94*** 49.00 ± 1.00*** 71.00 ± 1.00***

100 51.86 ± 1.07** 66.27 ± 0.42*** 51.00 ± 1.00*** 76.00 ± 1.00**

200 53.17 ± 1.22*** 68.04 ± 0.90*** 53.00 ± 1.00*** 80.00 ± 2.00*
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induced a minimum percent inhibition of amastigotes growth 
(Table 1). With an increase in LEUP and LEUP-AgNPs con-
centrations (1.5–200 µgmL−1), the percentage of amastigotes 
growth inhibition was also increased. It indicated the LEUP 
and LEUP-AgNPs exhibited dose-dependent amastigotes 
growth inhibition relations [85]. Fifty-three percent growth 
inhibitions were found to be associated with 200 µgmL−1 

of LEUP (Table 1). However, eighty percent of intracel-
lular amastigotes were suppressed by the highest dose of 
LEUP-AgNPs, 200 µgmL−1 (Table 1) [86]. In comparison 
with the untreated intra-RAW264.7 macrophages (Fig. 14a), 
there was a decrease in the number of amastigotes present 
inside RAW 264.7 macrophages treated with miltefosine 
(Fig. 14b), LEUP (Fig. 14c), and LEUP-AgNPs (Fig. 14d). 

Fig. 13   Morphological differ-
ences observed in promastig-
otes form of L. donovani (a) 
Untreated. (b) Miltefosine. 
(c) LEUP. (d) LEUP-AgNPs 
treated. The blue arrows mark 
circularization and loss of 
flagella and black arrows mark 
cytoplasmic condensation, 
shrinkage, size reduction and 
aggregation of cells

Table 2   Anti-leishmanial and 
cytotoxic activity of LEUP and 
LEUP-AgNPs

a IC50 is half-maximal inhibitory concentration of sample for L. donovani
b CC50 is used to measure toxicity. It is the concentration that reduces the multiplication of RAW264.7 mac-
rophages up to 50%
c Selectivity index (SI) is the ratio of CC50 in RAW cells and IC50 in intracellular amastigotes form

Sample aIC50 for L. donovani form bCC50 on RAW 264.7 
macrophage
(µgmL−1)

cSI
of intra- mac-
rophage amastig-
otes form

(µgmL−1)

Promastigotes Intra-macrophage 
amastigotes

LEUP 47.90 28.97  < 200 6.90
LEUP-AgNPs 6.72 1.16  < 200 172.41
Miltefosine 7.20 8.10  < 100 12.34
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Miltefosine killed or induced the apoptosis-like death of 
intracellular amastigote. The anti-intracellular amastigote 
activity of LEUP and LEUP-AgNPs was expressed as IC50. 
The LEUP showed growth inhibition activity against the 
amastigotes stage within macrophages with an IC50 of 28.97 
µgmL−1. However, the 13 nm LEUP-AgNPs inhibited the 
amastigotes stage in RAW264.7 macrophages with an IC50 
of 1.16 µgmL−1. The IC50 of LEUP-AgNPs (1.16 µgmL−1) 
was significantly more effective than the LEUP IC50 (28.97 
µgmL−1) and miltefosine IC50 (8.10 µgmL−1) (Table 2). The 
results revealed that the LEUP-AgNPs showed more growth 
inhibitory effects against L. donovani intra-macrophage 
amastigotes than LEUP. The fabrication of LEUP-AgNPs 
from the leaf extract enhanced the anti-leishmanial action. 
A literature survey revealed that Leishmania parasites enter 
macrophages and establish themselves in the parasito-
phorous vacuoles (PVs). The PVs maintain the infection in 
the amastigote stage and guard it against the defence mecha-
nisms of macrophages [87]. According to reports, prevention 
of ROS generation is one defence mechanism that intracel-
lular Leishmania infection uses against host macrophages. 
The NADPH oxidase enzyme in the phagosome and cell 
membrane produces superoxide radicals. These reactive oxy-
gen species kill intracellular microorganisms. Leishmania 
parasites are sensitive to ROS. Leishmania infection inhibits 
the establishment of NADPH oxidase complex assembly on 
the Leishmania parasitophorous vacuole membrane [88]. 
The generation of oxidative stress might induce antioxidant 
enzymes and cellular events like cell cycle arrest, apoptosis, 
and inflammation.

3.7 � Cytotoxic effects of LEUP and LEUP‑AgNPs 
on RAW264.7 macrophages

The cytotoxic activity of LEUP and LEUP-AgNPs was 
expressed as CC50 against RAW264.7 macrophages 
(Table 2). The CC50 of LEUP and LEUP-AgNPs was less 
than 200 µgmL−1 on the macrophage. The CC50 of miltefos-
ine was less than 100 µgmL−1 [89]. The cytotoxicity activity 
of miltefosine was significantly higher against RAW264.7 
macrophages with respect to LEUP and LEUP-AgNPs. The 
LEUP-AgNPs and LEUP did not induce cytotoxicity in 
RAW264.7 macrophages. Based on the results of the current 
investigation, LEUP-AgNPs showed efficient anti-promas-
tigote and intra-macrophage amastigote activities without 
causing any cytotoxicity in RAW264.7 macrophages. The 
findings provide hope for nanomedicine against L. donovani 
after an in-depth clinical evaluation.

4 � Conclusion

The bio-based silver nanoparticles were synthesized with a 
size-controlled distribution by using U. picta leaf extract. 
The nanoparticles were optimized based on photoperiod, 
inoculum, silver salt molarity, and pH factor. The biomol-
ecules from the extract served as stabilizing, functionaliz-
ing, and reducing agents on the surface of the nanoparticles. 
The FTIR showed that nanoparticles were encapsulated with 
U. picta extract. The biomolecules in the extract changed 
the nanoparticle surface's electric potential from a negative 

Fig. 14   Morphological differ-
ences observed in intra-RAW 
264.7 macrophage amastig-
otes form of L. donovani. (a) 
Untreated. (b) Miltefosine. 
(c) LEUP. (d) LEUP-AgNPs. 
The red arrow mark number 
of amastigotes per intra-RAW 
264.7 macrophage
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charge to a positive one. The bio-based silver nanoparti-
cles possessed higher free radical scavenging potential than 
U. picta extract. The particles were rough and had a high 
surface area per unit volume on account of the binding of 
phytoconstituents around the silver ions. The characteristic 
structural features of bio-based synthesized silver nano-
particles promote their utility against various pathological 
conditions. The silver nanoparticles significantly inhibited 
the promastigotes and amastigotes forms of L. donovani, 
which cause visceral leishmaniasis. The bio-based particles 
did not exhibit cytotoxic properties against RAW264.7 mac-
rophages. It suggested the application of U. picta and its 
bio-based silver nanoparticles for the treatment of visceral 
leishmaniasis after an in-depth evaluation.
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tary material available at https://​doi.​org/​10.​1007/​s13399-​024-​05736-6.
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