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Abstract 

In this report, we have designed a simple and efficient green chemistry approach for the synthesis 
of colloidal silver nanoparticles (b-AgNPs) that is formed by the reduction of silver nitrate (AgNO3) 
solution using Olax scandens leaf extract. The colloidal b-AgNPs, characterized by various 
physico-chemical techniques exhibit multifunctional biological activities (4-in-1 system). Firstly, 
bio-synthesized silver nanoparticles (b-AgNPs) shows enhanced antibacterial activity compared to 
chemically synthesize silver nanoparticles (c-AgNPs). Secondly, b-AgNPs show anti-cancer 
activities to different cancer cells (A549: human lung cancer cell lines, B16: mouse melanoma cell 
line & MCF7: human breast cancer cells) (anti-cancer). Thirdly, these nanoparticles are 
biocompatible to rat cardiomyoblast normal cell line (H9C2), human umbilical vein endothelial 
cells (HUVEC) and Chinese hamster ovary cells (CHO) which indicates the future application of 
b-AgNPs as drug delivery vehicle. Finally, the bio-synthesized AgNPs show bright red fluorescence 
inside the cells that could be utilized to detect the localization of drug molecules inside the cancer 
cells (a diagnostic approach). All results together demonstrate the multifunctional biological ac-
tivities of bio-synthesized AgNPs (4-in-1 system) that could be applied as (i) anti-bacterial & (ii) 
anti-cancer agent, (iii) drug delivery vehicle, and (iv) imaging facilitator. To the best of our 
knowledge, there is not a single report of biosynthesized AgNPs that demonstrates the versatile 
applications (4-in-1 system) towards various biomedical applications. Additionally, a plausible 
mechanistic approach has been explored for the synthesis of b-AgNPs and its anti-bacterial as well 
as anti-cancer activity. We strongly believe that bio-synthesized AgNPs will open a new direction 
towards various biomedical applications in near future. 

Key words: Bio-synthesis, Silver nanoparticle, Green Chemistry, Olax scandens, Multifunctional ac-
tivities, Antibacterial, anti-cancer. 

INTRODUCTION 
Nanotechnology dealing with metal nanoparti-

cles has been widely applied in almost every field of 
science and technology including biomedical sciences 

due to presence of size and shape dependent unusual 
physical and chemical properties (1, 2). In the last 
decade, several groups including ours significantly 
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developed metal nanoparticles based theranostic ap-
proaches for the treatment of several diseases (1, 3-11). 
Among several nanoparticles, recently silver nano-
particles have been extensively used in electronics, 
engineering, textiles, paints, food industry, cosmetics, 
bio-sensing, chronic wounds, and even in medicine 
and biology (10, 12-16). Therefore, design and devel-
opment of simple, one-step, reliable, low-cost, 
non-toxic and eco-friendly method for the fabrication 
of multifunctional silver nanoparticles is of greatest 
importance to expand their biomedical applications. 
In this context, synthesis of silver nanoparticles using 
green chemistry approach (17, 18) has several ad-
vantages over conventional chemical methods namely 
(i) simple, one-step, fast, inexpensive & most reliable 
method, (ii) environmental friendly due to avoidance 
of many toxic chemicals, (iii) convenience of 
bio-resources such as plants, fungi, algae, microor-
ganism that act as reducing as well as stabiliz-
ing/capping agent, (iv) universally acceptable solvent 
like water etc (10, 12, 17, 19-24). 

In this present report, we have developed a 
simple one-step green chemistry approach for the 
synthesis of colloidal silver nanoparticles using Olax 
scandens leaf extract due to several reasons such as (i) 
the plant contains various phytochemicals like, 
aleanolic acid, oleanolic acid, β-sitosterol, octacosanol, 
glucosides of β –sitosterol etc, that act as reducing 
agent as well as stabilizing/capping agentin the syn-
thesis of nanoparticles (25), (ii) Olax scandens is a me-
dicinally important herbal plant useful for the treat-
ment of several diseases such as anti-cancer (26-28), 
anti-bacterial (29), headache (30), and psoriasis (31), 
(iii) the phytochemicals like octacosanol, β-sitosterol, 
and glucosides of β -sitosterol exhibit antiproliferative 
activity towards cancer cell lines (26-28). Conjugation 
of these phytochemicals with the as-synthesized 
b-AgNPs shows enhanced anticancer activity at low 
concentration compared to free extract (present 
communication) and (iv) the plant contains fluores-
cent molecules or proteins that exhibit red fluores-
cence in the silver nanoconjugates, observed by fluo-
resence microscope. The fluoresence property helps 
us to detect the localization of AgNPs inside the cells. 

The biosynthesized silver nanoparticles 
(b-AgNPs) exhibit multifunctional activities (4-in-1 
system) such as biocompatibility, anti-cancer & an-
ti-bacterial activity and fluorescence imaging. To the 
best of our knowledge, there is not a single report of 
bio-synthesized silver nanoparticles (b-AgNPs) that 
demonstrates the versatile applications (4-in-1 sys-
tem) towards various biomedical applications. Addi-
tionally, a plausible mechanistic approach has been 
investigated for anti-bacterial & anti-cancer activity of 
b-AgNPs. The results together will provide the basic 

foundation for the development of versatile applica-
tions of biosynthesized AgNPs towards biomedical 
technology in near future. 

2. EXPERIMENTAL PROCEDURES 
2.1. Materials 

Silver nitrate (AgNO3), osmium tetroxide (OsO4), 
glutardehyde, dihydroethidium (DHE), 
5-(and-6)-carboxy-2′,7′-dichlorofluorescein diacetate 
(DCFDA), Glutathione (GSH), Hydrogen peroxide 
(H2O2), Potassium permanganate (KMnO4) were 
purchased from Sigma Aldrich Chemicals, St. Louis, 
MO, USA and used without further purification. Ini-
tially, 10-2 (M) of AgNO3 stock solution was prepared 
in sterile Millipore water and used for the biosynthe-
sis of silver nanoparticles (b-AgNPs) and further cell 
culture experiments. Lung cancer cells A549), mouse 
melanoma cell line (B16), human breast cancer cell 
lines (MCF7), rat cardiomyoblast cell line (H9C2), and 
human umbilical vein endothelial cells (HUVEC) 
were purchased from ATCC, USA. 

2.2. Preparation of Olax scandens leaf extract 
in methanol (MeOH) 

300 grams of fresh Olax scandens leaves were 
thoroughly washed with distilled water (3 times) fol-
lowed by sterile Millipore water in a 500 mL beaker. 
The cleaned leaves were allowed to dry for 2 weeks 
and then 50 g of dried leaf powder were placed in 
Soxhlet apparatus for MeOH extraction. The dark 
green crude extract was dried by hot water bath and 
finally 1 g of Olax scandens leaf powder was obtained. 
10 mg of this crude powder was dissolved in 1 mL of 
DMSO: H2O (20: 80; v/v) mixture in order to make a 
10 mg/ mL-1 stock solution (denoted as ‘OX’). This 
‘OX’ has been used for the synthesis & characteriza-
tions of AgNPs and other experiments (cell cultures, 
anti-bacterial, imaging etc.).  

2.3. Biosynthesis of silver nanoparticles 
(b-AgNPs) 

In this present article, we have used Olax scan-
dens leaf extract as reducing as well as stabiliz-
ing/capping agent for the formation of silver nano-
particles. The color, shape, size and stability of silver 
nanoparticles depend on the concentration/volume of 
the reducing agent (here Olax scandens extract). 
Therefore, in order to get optimize AgNPs, we have 
carried out a series of reactions using the various 
concentrations of Olax leaf extract (150-750 µL) (Table 
1) keeping constant concentration of AgNO3 (150 µL 
of 10-2 M) in total 5 mL solution. This green chemistry 
approach for the synthesis of AgNPs is simple, effi-
cient, economically cheap and environmentally 
friendly method that does not need any special con-



 Theranostics 2014, Vol. 4, Issue 3 

 
http://www.thno.org 

318 

ditions such as sophisticated instrument, vacuum 
condition, catalyst, template etc. Finally, the reaction 
was carried out under ambient conditions in water 
(universally accepted solvent).  

2.4. Chemical synthesis silver nanoparticles 
(c-AgNPs)  

Silver nanoparticles were also synthesized by 
chemical methods in order to compare the biological 
activity with biosynthesized silver nanoparticles. In a 
typical experiment, c-AgNPs were prepared by the 
reduction of 150 µL of AgNO3 (10-2 M) using 2.8 mL of 
NaBH4 (0.05 mg/mL). The loose dark ash pellet was 
collected from chemically synthesized c-AgNPs by 
centrifugation at 14,000 rpm at 100 C for 1 h in Thermo 
scientific, Sorvall-WX ultra 100. This chemically syn-
thesized c-AgNPs were used for antibacterial and 
anticancer studies and compared with biosynthesized 
b-AgNPs (Supplementary Material: SI.Fig.4.a-c, 
SI-Table 1). 

2.5. Antibacterial activity of b-AgNPs towards 
E. coli (DH5α strain) 

 The bacterial growth was maintained at 37 ºC in 
shaker (rotating at 80 rpm) in LB (Luria bertani) broth 
media. The inhibition growth of bacteria treated with 
biosynthesized silver nanoparticles was monitored by 
multimode spectrophotometer (Varioskan) at 600 nm 
up to 7 hours. Spread plate technique was used to 
measure the antibacterial activity of b-Ag-NPs in a 
dose dependent manner (3-30 µM) by counting of 
CFU (colony forming units). Agar disc diffusion 
technique was used to evaluate antibacterial activity 
of Gram-negative E. coli against b-Ag-NPs by meas-
uring the inhibitory zone. SEM (Hitachi S-3000 N, 
Japan) technique was used to measure the interaction 
of silver nanoparticles with E. coli. The experimental 
procedures for bacteria culture have been discussed in 
detail to the Supplementary Material.  

2.6. Bacterial cell lysate preparation for 
biochemical assays 

Initially, bacterial cell pellet was obtained by 
centrifugation of bacteria cells at 4°C temperature for 
30 minutes at 5000 rpm. The pellet was suspended in 

bacterial lysis buffer followed by the addition of ly-
sozyme and the mixture was allowed to incubate at 4 
oC for 4h followed by probe sonication for 5 minutes. 
Cell debris was removed by centrifugation at 10,000 
rpm and the supernatant was collected and used for 
enzyme assays. 

2.7. Assay of Catalase  
The catalase enzyme activity has been measured 

according to published report(32). Initially, a reaction 
mixer was prepared by mixing 500 µl of 0.1 (M) 
phosphate buffer (pH = 7.5) and 500 µl of freshly 
prepared 0.9 % H2O2 solution (say RM solution). 100 
µl of bacterial cell lysate was added to RM solution 
and the mixture was incubated for 3 minutes. 2(N) 
H2SO4 was added drop wise to stop the reaction. The 
unreacted H2O2 was titrated with 0.1(N) KMnO4. 
Similarly, for blank experiment, 100 µl of bacterial cell 
lysate was heated to inactivate the catalytic activity of 
catalase enzyme. The boiled lysate was added to RM 
solution and it was titrated with 0.1(N) KMnO4.  

Enzyme activity (EA) was calculated by using 
the following formula: 

EA = (B-T/3) x 2 

where B is blank, T: is test value/experimental value; 
3 indicates incubation time of enzyme, 2 is constant 
value). Specific enzyme activity was calculated using 
enzyme activity and total protein concentration in the 
bacterial cell lysate calculated by Bradford method 
(33). 

2.8. SDS-PAGE analysis of proteins of bacterial 
cells 

 Protein was estimated from bacterial cell lysate 
using Bradford method. Equal amount of proteins 
obtained from different treatment groups were loaded 
into 12% SDS–PAGE according to Laemmli method 
(34). Molecular mass marker was used as reference 
sample. Finally, the gel was stained with 100 mL of 
coomassie brilliant blue R-250 (Hi-media; Cat. # 
42660) solution [0.25gms of dye, 45 ml methanol, 45 
ml water and 10 ml of acetic acid] for 3 hours of in-
cubation. The gel was distained with 100 mL of simi-
lar above solution without dye for overnight. 

 

Table 1. Reaction conditions of biosynthesis of silver nanoparticles (b-AgNPs) using Olax Scandens leaf extract. 

Exp. No OX-Extract (μL) AgNO3 (μL) Water (mL) *Time (hour) Size from DLS 
(nm) 

Size from TEM 
(nm) 

Zeta potential (charge mV) 

1. 150 150 4.70 ~ 7 ~ 85-130 20-110 – 11.8±0.2 
2. 400 150 4.45 ~4.5 ~ 75-140 10-85 – 10.1±0.7 
3. 500 150 4.35 ~ 2 ~ 55-100 10-55 – 15.2±0.5 
4. 750 150 4.10 ~1.5 ~ 60-140 10-90 – 13.2±0.4 
[a] *Time was required to appear the yellow coloration. Total volume of reaction mixture was maintained at 5 mL (formation of b-AgNPs). 
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2.9. Cell culture experiments 
All cancer cell lines [A549: lung cancer cells; B16: 

mouse melanoma cell line; H9C2: rat cardiomyoblast 
cell line; CHO: Chinese hamster ovary] purchased 
from ATCC were cultured in DMEM (Dulbecco’s 
Modified Eagle Medium) media supplemented with 
10% fetal bovine serum (FBS), 5% L-glutamine, and 
1% antibiotics (penicillin-streptomycin) in a humidi-
fied 5% CO2 incubator at 37 0C for all in vitro experi-
ments and fluorescence imaging. On the other hand, 
human umbilical vein endothelial cells (HUVEC) 
were cultured in EBM complete media at 37 0C incu-
bator with 5% CO2. The cells were incubated with 
various concentrations of Olax extract and silver 
nanobioconjugates, which were kept under UV irra-
diation inside the cell culture hood for 15 mins before 
use. 

2.10. Cell viability test using MTT reagent 
Viability of H9C2, CHO, A549, B16 and HUVEC 

cells were tested by cell viability assay using MTT 
reagents by incubation of cells with (i) b-AgNPs, (ii) 
c-AgNPs in a dose dependent manner for 24 h. The 
detailed procedure has been discussed in the Sup-
plementary Material. 

2.11. Cell cycle assay using Fluorescence 
activated cell sorting (FACS) 

Cell cycle analysis was performed according to a 
standard procedure by staining B16 cells with pro-
pidium iodide (PI). B16 cells were first treated with (i) 
Ox-100 µg/ml, (ii) b-Ag-30 µM, (iii) c-Ag-30 µM for 24 
hours and after that the cells were washed in DPBS 
and fixed in 70% ethanol for 24 h. Cells were then 
re-hydrated, washed in DPBS, and treated with 
RNase mixture (50 μg/ml) followed by staining with 
PI (100 μg/mL). Similar experiments were done with 
untreated control cells. Quantification of DNA con-
tent was analysed with a FACScan flow cytometer. 
(BD bioscience) Extent of propidium iodide staining 
of the gated population was displayed in a histogram 
and the regions are defined as: sub-G1, G0/G1, S, and 
G2/M. 

2.12. Determination of superoxide anion 
radicals and hydrogen peroxide (ROS) 

Initially, the A549 & B16 cells were cultured in 
DMEM complete media. In order to determine and 
compare the presence of superoxide radicals in the 
A549 cells treated with and without b-AgNPs, the 
cells (2 X 104 cells per 1 mL) were incubated on cover 
slips in 24-well plates in DMEM starved media for 24 
hours. The media replaced with fresh DMEM media 
and the cells were incubated with 10 µM of DHE 
(Sigma Aldrich: D7008) for 15 min. Finally, after ex-

tensive washing the cells with DPBS, the fluorescence 
images of A549 cells in HBSS buffer were examined 
by fluorescence microscopy (Nikon Eclipse TE2000-E). 
The red fluorescence emission (λEx = 605 nm), indi-
cating the presence of superoxide anion, was collected 
with a 10 X microscope objective after excitation at λEx 
= 510 and 560 nanometers nm (green). Similarly, after 
treatment the cells were incubated with DCFDA (30 
µM) for 30 mins and the cells were extensively 
washed with DPBS. Finally, the fluorescence images 
of A549 (treated and untreated) in HBSS buffer were 
examined by Nikon Eclipse TE2000-E). The green 
fluorescence emission (λEx = 525 nm), indicating the 
presence of especially hydrogen peroxide, was col-
lected with a 10 X microscope objective after excita-
tion at λEx = 420 and 495 nanometers (blue). 

2.13. Immunoblot analysis (Western Blot 
Analysis) 

Total protein extraction and immunoblotting 
was performed as described previously [63]. Protein 
concentration was determined by Bradford method 
(Bio-Rad, Hercules, CA, USA). An equal amount (30 
μg) of protein of each of the samples under study was 
separated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS–PAGE). After electrophore-
sis, protein was transferred to PVDF membranes (GE 
Healthcare, USA). The membranes were then blocked 
in Tris-buffered saline Tween-20 (TBS-T; 10 mM Tris, 
pH 7.5, 150 mM NaCl, 0.05% Tween-20) and 5% 
non-fat dry milk for 1 h, and subsequently washed 
and incubated with primary antibodies in TBST with 
2.5% non-fat dry milk at 4°C for overnight. The fol-
lowing polyclonal antibodies and titers were used: 
P53 (1:500, ABBIOTEC #200143), Pro-caspase3 (1-5 
µg/ml , IMGENEX # IMG-144A), Active-caspase3 (3 
µg/ml , IMGENEX # IMG-144A) and β-Actin (1:1000, 
ABCAM #ab8224). After washing with TBS-T, mem-
branes were incubated with Goat Anti-Rabbit 
IgG–HRP (1:5000 dilution, SANTA CRUZ, # SC 2004) 
or Goat Anti-Mouse IgG-HRP (1:5000 dilution, 
SANTA CRUZ, #2005) horseradish peroxidase con-
jugated secondary antibody with 2.5% non-fat dry 
milk at room temperature for 1 h. After washing with 
TBS-T immunoreactions were visualized with a 
chemiluminescence detection kit (EMD MILLIPORE, 
Prod No- WBLUF0500). Then the blots were devel-
oped in Bio Spectrum 810 Imaging System (UVP). 
Quantification of band intensity was performed using 
the Image J Software (NIH, Bethesda, MD, USA). For 
quantitative analysis, the signal intensity of each of 
the protein was normalized with the corresponding 
β-Actin signal. 
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2.14. Quantification of released silver ions 
(AAS and UV-Visible studies) 

The as synthesized b-AgNPs was centrifuged at 
14,000 r.p.m and the as collected pellets have incu-
bated with acidic (pH-5.0) and neutral buffer solu-
tions (pH-7.4) for 24 hours [10 ppm of b-Ag has been 
incubated with 10 mL of pH-5.0 and pH-7.4 buffers]. 
After 24 hours of incubation the solutions have been 
centrifuged at 25,000 rpm to eliminate all the AgNPs 
and to keep only the silver ions. The supernatant is 
submitted for AAS to determine the concentration of 
silver ions. Also, the b-Ag incubated with acidic and 
neutral buffers for 24 hours is monitored in the 
UV-Visible spectroscopy. 

3. CHARACTERIZATION 
TECHNIQUES 

The as synthesized b-AgNPs and c-AgNPs were 
thoroughly characterized by several physico-chemical 
techniques that are elaborately described in Supple-
mentary Material. Before characterization, 100 mL of 
as-synthesized b-AgNPs & c-AgNPs were centrifuged 
for 1h at 14,000 rpm at 10 0C using Thermo scientific, 
Sorvall-WX ultra 100. The intense loose ash colored 
AgNPs pellet was used for further characterizations 
and in-vitro experiments. The absorption and crystal-
linity of as-synthesized AgNPs were measured by 
UV–VIS spectroscopy and X-ray diffraction (XRD) 
analysis, respectively. The morphology, shape and 
size of nanoparticles were examined by transmission 
electron microscope (TEM). Fourier transformed in-
frared spectroscopy (FTIR) was used to detect the 
possible functional groups in biomolecules present in 
the plant extract. The presence of proteins in the leaf 
extract was confirmed by gel electrophoresis using 
12% SDS-PAGE (35). The surface charge of 

as-synthesized AgNPs was measured by zeta poten-
tial analyzer (DLS). Inductively coupled plasma opti-
cal emission spectrometer (ICP-OES) was carried out 
for the detection of AgNPs at very low concentration. 
Fluorescence images of A549 cancer cells were col-
lected by fluorescence microscopy (Olympus IX71, 
Olympus U-CMAD3, T2 Tokyo Japan) through excita-
tion of 518 nm (green) and emission of 605 nm (Red). 
The detailed characterization procedures are de-
scribed in Supplementary Material. 

4. RESULTS AND DISCUSSION  
Biosynthesized silver nanoparticles (b-AgNPs) 

have been synthesized using Olax scandens leaf ex-
tract, which acts as reducing as well as stabiliz-
ing/capping agent. The one step synthesis reaction 
was carried out at ambient conditions (room temper-
ature and atmospheric pressure) in water solvent, a 
universally accepted solvent. Our biosynthesis 
method for b-AgNPs follows almost all principles of 
green chemistry approach (36). In order to get the 
optimized and stable b-AgNPs, we have carried out a 
series of reactions using the various concentrations of 
Olax leaf extract (Table 1). According to experimental 
conditions described in Table 1 and characterization 
data (discussed later), the experiment number # 3 is 
the optimized reaction conditions for the biosynthesis 
of nanoparticles (b-AgNPs-500) base on color, stabil-
ity, size & charge of the nanoparticles. Therefore the 
optimized silver nanoparticles (b-AgNPs-500) have 
been utilized for detailed characterizations and fur-
ther in vitro assays for several biomedical applications 
(biocompatibility, anti-bacterial & anti-cancer activity, 
and imaging study). The overall synthesis and their 
applications have been schematically presented in 
SCHEME 1 (Figure A). 

 
Figure A. (Scheme 1) Over all presentation for synthesis, characterization and biomedical applications (diagnostic, anticancer antibacterial applications) of 
biosynthesized silver nanoparticles (b-AgNPs) using Olax Scandens leaf extract. 



 Theranostics 2014, Vol. 4, Issue 3 

 
http://www.thno.org 

321 

4.1. UV visible spectroscopy 
A series of reactions were performed for the 

synthesis of silver nanoparticles using various con-
centrations of Olax leaf extract (150-750 µL) that is 
presented in Table 1. Appearance of ash yellow color 
indicates the formation of silver nanoparticles, which 
was further confirmed, by the appearance of absorp-
tion peak around 410-430 nm, measured by UV visible 
spectroscopy (37, 38). The reaction time for the for-
mation of silver nanoparticles decreases from 7h to 
1.5h with increasing concentration of extract from 150 
µL to 750 µL.  

Synthesis of silver nanoparticles using different 
concentrations of extract is presented in Supplemen-
tary Material: SI.Fig.1.a-d that has been monitored by 
UV visible spectroscopy in a time dependent manner. 
Appearance of absorption peak around 410-430 nm in 
UV visible spectra suggests the formation of spherical 
silver nanoparticles (SI.Fig.1.a-d). Increasing the ab-
sorption intensity with increasing the reaction time 
supports the gradual formation of AgNPs towards the 
completion of the reaction. In Experiment #1 (Table 
1), there is no further increase in the absorption in-
tensity after 120 h. It indicates the completion of the 
reaction. Similarly for Experiment numbers # 2 takes 
1h to complete the reaction and beyond that time the 
intensity decreases because of instability of the na-

noparticles. For Experiment number # 3, the maxi-
mum intensity is observed at 24 h and intensity is 
slightly decreased around 120 hours. Also, we have 
compared the absorption intensity of the four differ-
ent sets at 24 hours (Fig.1.a). It has been clearly visible 
that for b-AgNPs-500 (Experiment number #3) the 
absorption intensity is maximum. That is why, Ex-
periment number #3 where we have used 500 µL of 
extract for the synthesis of AgNPs is the optimized 
reaction conditions considering the color, stability, 
size and charge of the nanoparticles. Therefore, 
b-AgNPs-500 (written as b-AgNPs later) has been 
used for further detailed characterizations and in vitro 
experiments. 

4.2. X-ray diffraction (XRD) spectroscopy  
The crystal structure of the as-synthesized 

b-AgNPs-500 has been investigated by X-ray diffrac-
tion analysis (XRD). The Bragg reflections indicate 
that b-AgNPs-500 is specifically indexed to a face 
centered cubic (FCC) crystal structure (Fig.1.b). Extra 
peaks in XRD pattern suggest the presence of silver 
oxide as impurity (39). The diffraction peaks are con-
sistent with the standard JCPDS database (No. 
04-0783 for AgNPs and No. 42-0874 for silver oxide) 
for all reflections. 

 
Figure 1. Physico-chemical characterization and stability studies of b-AgNPs. (a) absorbance of b-AgNPs obtained after 24 hours with different con-
centration of Olax extract has been measured by UV visible spectroscopy (150, 400, 500 & 750 values indicate the volume of Olax extract in µL), (b) X-ray diffraction 
pattern (XRD) of b-AgNPs-500 demonstrates the crystalline nature of silver nanoparticles obtained with 500 µL of extract, (c) TEM indicates the morphology of 
b-AgNPs-500 and (d) in-vitro stability studies of as synthesized b-AgNPs-500 (24 h to 14 days) has been carried out to several physiological buffer and salts solution at 
different pH. The results indicate the high stability of b-AgNPs. 
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4.3. Transmission electron microscopy (TEM) 
In order to investigate the size, shapes of bio-

synthesized silver nanoparticles at different reaction 
conditions, TEM has been carried out. Fig.1.c indicates 
the TEM images of b-AgNPs-500. TEM images of 
b-AgNPs-150; b-AgNPs-400, b-AgNPs-500 and 
b-AgNPs-750 obtained after 24 hours of reactions, are 
shown in the Supplementary Material (SI-Fig.2-a-d). 
The silver nanoparticles consist of almost monodis-
persed spherical nanoparticles (20-60 nm) along with 
very few bigger particles (~90 nm). The 
as-synthesized silver nanoparticles are highly stable 
for several days. In order to prove that we have car-
ried out the stability studies of b-AgNPs in different 
physiological buffers (pH -6 to pH -8) and solutions 
(water, 5% and 10% NaCl solution, FBS & DPBS etc) 
(Fig.1.d) and observed the stability up to 14 days. 

4.4. Dynamic light scattering (DLS) technique  
The stability of biosynthesized silver nanoparti-

cles (b-AgNPs) depends on both size and surface 
charge of the nanoparticles. The data obtained from 
DLS measurements indicates that the size of the par-
ticles range is varied from 55-85 nm and negative 
charge is from -10.1 ± 0.7 to -15.2 ± 0.5. The high neg-
ative ξ value supports long-term stability, good col-
loidal nature and high dispersity of biosynthesized 
silver nanoparticles due to negative-negative repul-
sion. The size and zeta potential (ξ) values for bio-
synthesized nanoparticles are tabulated in Table 1. 
The size distribution of the nanoparticles obtained by 
DLS analysis is presented in S.I.Fig.3.a-d. 

4.5. Fourier transformed infrared (FTIR) 
spectroscopy 

The bio-synthesis of silver nanoparticles has 
been carried out using Olax scandens leaf extract that 
contains some phytochemicals which are responsible 
for synthesis and stabilization of the nanomaterials. In 
order to find out the exact role of phytochemicals 
present in the leaf extract, FTIR spectroscopy has been 
carried out for both Olax leaf extract and b-AgNPs-500 
that are presented in Supplementary Material: 
SI.Fig.5.a-b. The major stretching frequencies ap-
peared at ν = 1512.18 cm-1 and ν = 1258.79 cm-1 due to 
the presence as amide II and amide III in proteins of 
Olax scandens, have been almost disappeared for 
b-AgNPs-500 (SI.Fig.5.b) confirming the role of 
proteins for the synthesis and stablization of 
b-AgNPs-500 (SI.Fig.5.b). These results are supported 
by our previous literature (22, 23). The detailed dis-
cussions are incorporated in to Supplementary Mate-
rial. The role of proteins for the synthesis and 
stablization of b-AgNPs-500 has been further con-
firmed by SDS gel electrophoresis (discussed later in 

section 4.6).  

4.6. SDS-PAGE analysis of proteins 
According to earlier literature, proteins present 

in the plant leaf have an important role for the for-
mation and stabilization of b-AgNPs (19, 21). In order 
to find out the role of proteins present in the Olax 
Scandens leaf extract, SDS-PAGE has been carried out 
where we have loaded concentrated Olax leaf extract 
and concentrated supernatant of b-AgNPs-500 (ob-
tained after centrifugation), in Lane-1 and Lane-2, 
respectively. The protein around 15-17 kDa (in 
Lane-1) is almost disappeared in Lane-2 suggesting 
the role of some low molecular weight proteins 
(~15-17 kDa) present in Olax leaf extract responsible 
for formation and stabilization of b-AgNPs. (Supple-
mentary Material: SI.Fig.6) 

4.7. Inductively coupled plasma optical 
emission spectrometer (ICP-OES) 

The concentration of silver in the loose pellets 
(obtained after centrifugation) of bio-synthesized 
(b-AgNPs) and chemically synthesized (c-AgNPs) 
nanoparticles has been quantitatively determined by 
ICP-OES analysis (22, 23). The results show the con-
centration of b-AgNPs and c-AgNPs are 332.8 mg/mL 
and 383.7 mg/mL, respectively.  

4.8. Antibacterial activity: Growth Inhibition 
and Colony counting assay 

The time dependent growth of Gram Negative 
bacteria E. coli in LB-broth has been studied by meas-
uring the OD of E. coli treated with b-AgNPs. Graph-
ical representation of inhibition kinetics for E. coli 
treated with different concentrations of biosynthe-
sized silver nanoparticles (b-AgNPs) is presented in 
Fig. 2.a. The inhibition of growth is observed with 
b-AgNPs in a dose dependent manner compared to 
control untreated bacteria. There is no growth at all 
(~100% inhibition) when the bacteria are treated with 
30 µM of b-AgNPs up to 24 hours (data shown up to 7 
hours). The 100% inhibition of E. coli growth is termed 
as minimum inhibitory concentration (MIC), which is 
observed at 30 µM of biosynthesized silver nanopar-
ticles. However, chemically synthesized silver nano-
particles show MIC at concentration of 60 µM ac-
cording to published literature (40). These results 
clearly indicate that biosynthesized AgNPs have al-
most double anti-bacterial effect than chemically 
synthesized AgNPs. The inhibition effect is compara-
ble with positive control experiment where the bacte-
ria are induced with ampicillin (100μg/ml). The an-
ti-bacterial effect of b-AgNPs has been confirmed by 
further in vitro experiments (described below). 
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Figure 2. Study of anti-bacterial activities: (a) liquid growth inhibition kinetics of E. coli using different concentrations of b-AgNPs. b-AgNP-30 (at 30 µM) shows 
almost 100% growth inhibition. Ampicillin has been used as a positive control (PC) & NC: negative control or untreated E. coli. The numerical number indicates the 
concentration of b-AgNPs in µM, (b-e) optical images of bacterial colonies formed by E. coli cells i.e. colony counting assay (after 24 h): b: Control, c:Ampicillin 
(100μg/ml), d: b-AgNPs (18 μM), e: b-AgNPs (30μM) and (f-h) SEM images of E. coli cells (f) without being treated (control), (g) treated with Olax for 1 hour, (h) 
treated with b-AgNPs (30 µM) for 1 hour. The SEM images show the silver nanoparticles damages the bacterial cell membrane (marked by blue arrow), whereas, the 
bacterial membranes of untreated and treated E. coli with Olax is intact. 

 
 Colony forming unit (CFU) is an indirect meth-

od for the determination of antibacterial activity. The 
anti-bacterial effect of E. coli treated with Olax extract, 
ampicillin and different concentrations of 
bio-synthesized AgNPs has been measured using 
CFU of viable E. coli through spread plate method (38, 
41, 42)(Fig-2.b-e). The antibacterial efficacy (ABE) of 
b-AgNPs, presented in Table 2 can be calculated ac-
cording to the following equation (Equ.-1)  

ABE = % (Vc-Vt)/Vc × 100               ...(1) 

Here, Vc =Number of viable bacterial colonies on 
control (blank) plate. 

And, Vt = Number of viable bacterial colonies on 
test specimen. 

Table 2 indicates that 97% of ABE is observed 
when E. coli is treated with 30µM of b-AgNPs. How-
ever, Raffi et al observed 100 % of ABE to E. coli at 353 
µM of chemically synthesized silver nanoparticles 
(42). These results clearly indicate that our 
bio-synthesized AgNPs shows almost 10 times more 
anti-bacterial effect compared to chemically synthe-
sized nanoparticles. 

 Agar diffusion disc method has been utilized in 
order to investigate the antibacterial activity of 
Ag-NPs at different concentration on E. coli. The an-
tibacterial activity of b-AgNPs is compared with Olax, 
c-AgNPs, AgNO3 & ampicillin (100 μg/ml) by meas-
uring the zone of inhibition. The results are tabulated 
in Table 2. Interestingly, the b-AgNPs at 30 μM con-
centration shows almost similar inhibition zone (~20 

mm) with respect to ampicillin at 100 μg/ml (Sup-
plementary Material: SI.Fig.7.a-b). Again, same con-
centration of chemically synthesized AgNPs shows 
only 10 mm of inhibition zone. These results also 
clearly demonstrate that our biosynthesized AgNPs 
are more effective than chemically synthesized 
AgNPs. 

 

Table 2. Antibacterial activity of biosynthesized silver nanopar-
ticles (b-AgNPs): CFU, ABE and Inhibition Zone experimental 
results. 

Sample 
Name 

Concentration No. of 
colonies 

ABE Inhibition 
Zone (mm) 

Control - 300 +/- 20 - 0 
Ampicillin  100μg/ml 0 100% 19 
Olax 100μg/ml Mat 0% 9 
b-Ag-Ox-18 18µM 75 +/- 5 75 %  - 
b-Ag-Ox-30 30µM 10 +/- 2 96.67% 20 
c-Ag-30 30µM - - 10 

 
 

4.9. Scanning electron microscopy (SEM) 
In order to visualize the interaction of cell wall of 

E. coli & b-AgNPs and morphological changes of E. 
coli treated with b-AgNPs, the scanning electron mi-
croscopic analysis has been performed. We have not 
observed any morphological changes of control un-
treated bacteria (Fig.2.f), bacteria treated with Olax 
extract (Fig.2.g). However, biosynthesized AgNPs at 
30 µM of concentration rupture the E. coli bacterial cell 
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wall by making strong interactions (Shown by blue 
arrow in Fig.2.h). The results clearly indicate that the 
b-AgNPs is making direct interactions with bacterial 
cell wall which accelerates the breakdown of cell wall. 
Due to cell wall rupturing cellular cytoplasm has been 
released and consequently b-AgNPs kills the E. coli. 
Our result corroborates with published literature (38, 
40). The probable mechanism for the antibacterial 
activity of b-AgNPs is schematically presented in 
Scheme-2 (discussed later). 

4.10. Oxidative Stress: In-vitro GSH Oxidation: 
Possible mechanism for antibacterial effect 

GSH prevent from cellular damages caused by 
oxidative stress (43). To examine the reactive oxygen 
species (ROS) independent oxidative stress the GSH 
oxidation has been measured through Ellman’s assay 
(43). GSH can be oxidized to glutathione disulfide 
(GSSG). Hence the loss of GSH is the measure of glu-
tathione disulfide formation. Accordingly, 1 mM of 
H2O2 (considered as positive control experiment) in-
duces almost 89.3% of GSH loss. Similarly, 
bio-synthesized AgNPs induced almost 30% & 44% of 
GSH loss at the concentrations of 15 µM and 30 µM, 
respectively (Fig.3.a). This result indicates that either 
bio-synthesized AgNPs directly converts GSH to 
GSSG or induces the formation of ROS which converts 
the GSH to GSSG. Ultimately, the depletion of GSH is 
responsible for bacterial cell damage. 

 
Figure 3. Study of oxidative stress and SDS PAGE. (a) In-vitro GSH 
oxidation by Ellman’s assay: PC: positive control (1 mM H2O2), and b-AgNPs-15 
and b-AgNPs-30: biosynthesized silver nanoparticles synthesized by Olax leaf 
extract (15 & 30 indicates µM). Results show that b-AgNPs (in both the 
concentrations) shows considerable amount of oxidation of glutathione, which 
generates oxidative stress inside bacteria cell. (b) In vitro catalase activity: 
Control, biosynthesized b-AgNPs (30 µM) treated E. coli and chemically 
synthesized c-AgNPs (30 µM) treated E. coli. Biosinthesized AgNPs show 
maximum inhibition effect. (c) Coomassie blue staining of SDS page of bac-
terial proteins: 1D gel electrophoresis study of E. coli proteins treated with (2) 
Ampicillin (100μg/ml), (3) c-AgNPs (30 µM) and (4) b-AgNPs (30 µM). M: 
standard protein marker and (1) untreated E. coli. Bacteria cells treated with 
b-AgNPs show the up regulation of stress proteins (10 kD-25 kD) in b-AgNPs 
(30 µM). 

4.11. Catalase enzyme levels in bacteria 
Catalase, an enzymatic anti-oxidant in prokary-

otic and eukaryotic cells, mainly removes hydroxyl 
radicals from the cells (44). The oxidative stress in the 
cells reduces the level of antioxidants that indirectly 
indicates the cytotoxicity in bacteria cell. Hence 
measurement of catalase enzyme levels is required to 
understand the mechanism of oxidative stress. The 
bacterial cell lysate treated with b-AgNPs (30 µM) 
shows the lower level of catalase (38.20 
units/min/mg proteins) compared to control un-
treated bacterial cell lysate (321.3 units/min/mg pro-
teins). Even it is lower than that of bacterial cell lysate 
(62 units/min/mg proteins) treated with c-AgNPs (30 
µM) (Fig.3.b). The results altogether indicate that bi-
osynthesized AgNPs reduces additional catalase level 
compared to other experiments may be due to for-
mation of hydroxyl radical or silver ions (45). 

4.12. Protein expression profile on SDS-PAGE 
According to SDS-PAGE, we have observed the 

up-regulation of some low molecular weight protein 
(15-25 kD) in the bacterial cell lysate treated with 
b-AgNPs (Ln:4) compared to control untreated (Ln:1) , 
ampicillin (Ln: 2) and c-AgNPs (Ln:3) treated samples 
(Fig. 3.c). We assume that the up-regulation of pro-
teins may be bacterial heat shock proteins and stress 
responsive proteins that are expressed in the bacteria 
during oxidative stress according to the published 
literature (46).  

4.13. Reactive oxygen species and 
anti-bacterial effect (discussion) 

The exact mechanism of anti-bacterial activity 
using colloidal biosynthesized silver nanoparticles 
(b-AgNPs) is poorly understood. However, combina-
tion of our results and published literature entirely 
give us an idea about the formation of ROS which is 
responsible for the cytotoxicity of bacteria cells in 
presence of b-AgNPs. The bio-synthesized silver na-
noparticles may interact with the cell wall of the E. coli 
which may destabilize the plasma-membrane poten-
tial (Fig.2.f-h) and reduced the levels of intracellular 
adenosine triphosphate (ATP) resulting in bacterial 
cell death (38, 40). We assume that one, or combina-
tion of the following reasons may help to explain the 
bacterial cell death using b-AgNPs. 

(i) Glutathione contributes the role in cellular 
protective system from oxidative stress (43). Moreo-
ver cellular protein thiol groups are protected by 
glutathione (47). The internalized bio-synthesized 
silver nanoparticles inside the cells may generate sil-
ver ions that interact with cellular glutathione and 
oxidize it. This oxidized glutathione results in for-
mation of excess ROS that may help bacterial cellular 
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toxicity and consequently inhibition of bacterial 
growth. (ii) Secondly, glutathione oxidation by silver 
ions may increase the lipid peroxidation in cellular 
membrane that may cause leakage of cellular constit-
uents through membrane damage (48). (iii) Thirdly, 
silver nanoparticles may interact with sulphur and 
phosphorous groups of the DNA due to their soft 
acidic nature (49, 50). This type of interaction may 
help in the damage of chromosomal DNA and plas-
mid DNA (49, 50), (iv) we have observed the lower 
level of catalase (anti-oxidant enzyme) in bacterial cell 
lysate when bacteria cells were treated with b-AgNPs. 
Lower level of catalase is responsible for oxidative 

stress, which help in the up regulation of several 
stress proteins (presented in Fig.3.c) including heat 
shock proteins. Results together support stress related 
antibacterial mechanisms in presence of b-AgNPs. In 
order to know the exact mechanism for silver nano-
particles induced cellular toxicity, rigorous research 
needs to be done systematically. Most recently, Zhang 
et al demonstrated that ROS generation using mag-
netic nanoparticles is responsible for both an-
ti-bacterial and anti-cancer activity (51). The probable 
mechanism of antibacterial effect of b-AgNPs is 
shown in the Scheme 2 (Figure B). 

 

 
Figure B. (Scheme 2) Schematic presentation of antibacterial activity of b-AgNPs towards E. coli using biosynthesized silver nanoparticles. 

 
4.14. Biocompatibility and cytotoxicity study 

Recently, nanoparticles alone and nanoparticles 
based drug delivery systems have been extensively 
used for the diagnostic and therapeutic purpose in 
biomedical technology. Hence, safety is the main 
concern before applying the nanomaterials to in vivo 
system especially animal model. Mild toxicity of na-
nomaterials can ultimately limit the use of nano-
materials for therapeutic efficacy. Toxicity of a nano-
material is highly dependent of its physical, chemical 
and structural properties. Therefore, in vitro biocom-
patibility study of b-AgNPs has been evaluated to 
different normal cells (HUVEC: human umbilical vein 
endothelial cells, H9C2: rat cardiomyoblast cell line & 
CHO: Chinese hamster overy cells) using MTT assay. 
Initially, HUVEC, CHO and H9C2 cells are incubated 
with both biosynthesized silver nanoparticles 

(b-AgNPs) and chemically synthesized nanoparticles 
(c-AgNPs) in a dose dependent manner (3-30 µM) 
(Fig.4.a-b). Surprisingly, we have observed that 
b-AgNPs are not toxic to normal cells up to 15 µM 
compared to c-AgNPs. However, it shows mild cyto-
toxicity towards H9C2 cells at high concentration (30 
µM). But HUVEC & CHO cells are not toxic to 
b-AgNPs even at 30µM concentration (Fig.4.b). Bio-
compatibility of H9C2 cells towards b-AgNPs has 
been further verified by microscopic images (using 
inverted microscope) of H9C2 cells treated with Olax 
extract and b-AgNPs (Supplementary Material: 
SI.fig.8.a-d). On the other hand, c-AgNPs shows cy-
totoxic effect to normal cells even at low doses may be 
due to the anti-angiogenic properties of silver nano-
particles (13)(Supplementary Material: SI.Fig.7.a-d). 
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Figure 4. Cell viability assay using MTT reagents. In vitro anti prolifera-
tive assay by MTT reagent in (a) H9C2, (b) HUVEC & (c) CHO. The numerical 
value represents the concentrations in µM for respective samples. Biosynthe-
sized silver nanoparticles, biocompatible towards H9C2, HUVEC & CHO. *All 
values are significant, i.e. P < 0.05. 

 
Similarly, we have performed the MTT assays to 

different cancer cells (A549: human lung cancer cell 
lines, B16: mouse melanoma cell line & MCF7: human 
breast cancer cell lines) in a dose dependent manner (3 
µM-30 µM) where we have found reverse effect of 
bio-synthesized silver nanoparticles compared to 
chemically synthesized silver nanoparticles 
(Fig.5.a-c). Biosynthesized silver nanoparticles shows 
significant inhibition of proliferation to both cancer 
cells (A549 & B16) in a dose dependent manner com-
pared to chemically synthesized AgNPs. For example, 
40-70% inhibition of A549 cell proliferation is ob-
served with increasing the concentration of b-AgNPs 
from 3 µM-30 µM. Similarly, 35-90% inhibition of B16 
cell proliferation and 25-55% inhibition of MCF7 cell 
proliferation are observed with increasing the con-
centration of b-AgNPs from 3 µM-30 µM. However, 
there is almost none inhibition of cell proliferation is 
observed when A549 cells are incubated with 
c-AgNPs in dose dependent manner. However, 
c-AgNPs shows mild cytotoxicity towards B16 cells 

and MCF7 cells. The results altogether demonstrate 
that b-AgNPs are biocompatible towards normal cells 
whereas it highly toxic towards cancer cells indicating 
future use of these b-AgNPs as drug delivery vehicle 
as well as anti-cancer agent.  

 

 
Figure 5. Cell viability assay using MTT reagents. In vitro anti prolifera-
tive assay by MTT reagent in (a) A549, (d) B16 and (c) MCF7 cell lines for 24 
hours in dose dependent manner. Biosynthesized silver nanoparticles 
(b-AgNPs) and chemically synthesized AgNPs (c-AgNPs) have been given as 
treatment as different doses. The numerical value represents the concentra-
tions in µM for respective samples. Biosynthesized silver nanoparticles show 
anti-cancer activity towards A549 and B16 cancer cell lines. *All values are 
significant, i.e. P < 0.05. 

 

4.15. Cell cycle assay using Fluorescence 
activated cell sorting (FACS) 

Cell cycle assay of B16 melanoma cancer cells 
treated with Olax extract, b-Ag-30 (30 µM) and 
c-Ag-30 (30 µM) has been carried out using propidium 
iodide staining. The extent of staining of the gated 
population is presented as sub-G1, G0/G1, S, and 
G2/M in Fig.6.a-e. Olax extract treated cells show al-
most no change in the cell populations except slight 
increase the population of S-phase. Also there is no 
change of cell population in G0/G1, S and G2/M phase 
when cells were treated with c-Ag-30. However, in-
terestingly, we have observed that there is a signifi-
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cant increase of sub-G1 phase (~ 20%) and conse-
quently decrease of G0/G1 phase cell population. 
This results indicate that b-Ag-30 treated cancer cells 
are gone through the sub-G1 phase arrest which may 
be one of the reasons of induction of apoptosis ac-
cording to published reports. Beach et al demonstrated 
that DEX treated cancer cells shows accumulation of 
cells with sub-G1 DNA content leads to the induction 
of apoptosis (52). On the other hand, Mao et al, showed 
that the cell population increase in the sub-G1 phase is 
connected with the activation of apoptotic protease 
caspase-3 which is inducing the apoptosis of cells (53). 
Similarly, Chang et al, also showed that the curcumin 
treated cancer cells are gone through the sub-G1 phase 
arrest which is directly related to the apoptotic effect 
of curcumin towards the cancer cells (54). According 
to published reports, we assume that killing of B16 
cancer cells treated with biosynthesized silver 
(b-Ag-30) may be due to the increase of sub-G1 phase 
population that directly correlates with the induction 
of apoptosis. The exact mechanism for the anti-cancer 
activity of b-AgNPs needs further investigation which 
is beyond the scope of our present study. 

 
Figure 6. Cell cycle assay using PI-RNase reagents in B16 cells. Extent 
of propidium iodide staining of the gated population was displayed in a histo-
gram and the regions are defined as: sub-G1, G0/G1, S, and G2/M. Result shows 
the sub-G1 cell accumulation for b-Ag-30 treated B16 melanoma cancer cells 
indicates the apoptotic cell arrests or death. 

 

4.16. Reactive oxygen species (ROS) and 
anti-cancer activity 

Recent reports suggest that formation of reactive 
oxygen species (ROS) are involved in anticancer ac-
tivities (55-57). Hence, anti-cancer activity of 
bio-synthesized AgNPs towards A549 and B16 cells 

may be attributed due to the formation of ROS espe-
cially super oxide anion (O•−) and hydrogen peroxide 
(H2O2). In this context, 2',7'-dichlorofluorescin diace-
tate (DCFH-DA) and dihydroethidium (DHE), redox 
sensitive probes have been used in cell culture ex-
periments to evaluate reactive oxygen species (ROS) 
production. In presence of H2O2, DCFH is oxidized to 
the fluorescent compound 2',7'-dichlorofluorescin 
(DCF). Similarly, DHE (a blue fluorescent in cell cy-
toplasm) on oxidation with superoxide anion turns 
red fluorescent product (oxyethidium) which inter-
calates with DNA.  

 The Fig.7. (a-d; a’-d’) indicates the fluorescence 
images of (a) untreated A549 cells; (b-d) cells treated 
with Olax extract, b-AgNPs and c-AgNPs, respec-
tively and a’-d’ indicate their corresponding phase 
images. The control sample, untreated A549, show 
much weaker red fluorescence because of the for-
mation of endogenous superoxide anion (Fig.7.a-a’). 
The bright red fluorescence as seen in Figure 7.b-d 
indicates that the production of superoxide anion in-
side the A549 cells treated with Olax extract, b-AgNPs 
and c-AgNPs, respectively. The maximum red fluo-
rescence intensity (inset Figure 7.a’) is observed inside 
the A549 cells while treated with biosynthesized silver 
nanoparticles indicates the formation of maximum 
superoxide anion. 

Similarly, the Fig.8. (a-d; a’-d’) indicates the 
green fluorescence images of (a) untreated A549 cells; 
(b-d) cells treated with Olax extract, b-AgNPs and 
c-AgNPs, respectively and a’-d’ indicate their corre-
sponding phase images. The control sample, un-
treated A549, show much weaker green fluorescence 
because of the formation of endogenous hydrogen 
peroxide (Fig.8.a-a’). The bright green fluorescence as 
seen in Figure 8.b-d indicates that the production of 
hydrogen peroxide inside the A549 cells treated with 
Olax extract, b-AgNPs and c-AgNPs, respectively. 
The maximum green fluorescence intensity (inset 
Figure 8.a’) is observed inside the A549 cells while 
treated with biosynthesized silver nanoparticles in-
dicates the formation of maximum hydrogen perox-
ide. Our results altogether (Fig.7 & Fig.8) support that 
formation of both hydrogen peroxide and superoxide 
anion inside the cancer cells in presence of b-AgNPs. 
Numerous reports suggest the anti-tumoral activity of 
colloidal silver and gold nanoparticles to cancer cells 
is observed due to the formation of ROS inside the 
cells (51, 58, 59). Therefore, we hypothesized that bi-
osynthesized colloidal silver nanoparticles (b-AgNPs) 
induce for the formation of ROS, which is ultimately 
responsible for cellular damage. Our results also 
support the published reports. 

 Signal transduction pathways which are in-
volved in activation of apoptosis mechanism are in-
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fluenced by increased cellular ROS especially super-
oxide anion and hydrogen peroxide (60). Mitochon-
drial transmembrane potential and uncoupling of 
respiration are associated with increased generation 
of superoxide radicals (61). It is well established that 
several drugs show anti-cancer activities by generat-
ing the superoxide radicals (62). Fig.7 and Fig.8 to-
gether indicates the formation of both these ROS in 
cancer cells. Our results and reported literature to-
gether demonstrate that biosynthesized silver nano-
particles may be one of the plausible mechanisms for 
anti-cancer activity by generating ROS.  

Also, similar experiments we have performed in 
B16 (Supplementary Material: SI.Fig.9-10) & CHO 
cells (SI.Fig.11). Similar kind of result is observed in 
B16 cancer cells where b-AgNPs treated B16 cells 
show more amount of H2O2 & SOD signals than un-
treated or c-AgNPs treated B16 cells. Whereas, in case 
of CHO cells the result is reversed i.e. c-AgNPs 
treated CHO normal overy cells have shown more 
ROS production than b-AgNPs treated CHO cells. It 
proves that b-AgNPs is biocompatible towards nor-
mal cells due to less production of ROS than c-AgNPs. 

 
Figure 7. Formation of superoxide anion inside A549 cancer cell 
measured by fluorescence microscopy: Fluorescence images of A549 cells 
treated with (a) nothing; negative control, (b) Olax extract (100 µg/ ml), (c) 
b-AgNPs at 30 µM and (d) c-AgNPs at 30 µM, respectively. Images of a’-d’ 
correspond to bright-filed phase images. Biosynthesized AgNPs support the 
formation of super oxide anion inside the A549 cells. Insets of figure.5.a’. shows 
the quantitative analysis of % (total number of fluorescence/ cell numbers). 

 
Figure 8. Formation of hydrogen peroxide inside A549 cancer cell 
measured by fluorescence microscopy: Fluorescence images of A549 cells 
treated with (a) nothing; negative control, (b) Olax extract (100 µg/ ml), (c) 
b-AgNPs at 30 µM and (d) c-AgNPs at 30 µM, respectively. Images of a’-d’ 
correspond to bright-filed phase images. Biosynthesized AgNPs support the 
formation of hydrogen peroxide inside the A549 cells. Insets of figure.6.a’. 
shows the quantitative analysis of % (total number of fluorescence/ cell num-
bers). 

 

4.17. Immunoblot analysis (Western Blot 
Analysis & Cancer mechanistic overview 

Additionally we have carried out western blot 
analysis in order to understand the mechanism of 
anticancer activity of b-AgNPs (fig.9.a-b)(63). Ac-
cordingly, our western blot analysis clearly indicates 
the upregulation of p53 protein in the lysate of B16 
cells treated with b-AgNPs (for 24 h) compared to 
c-AgNPs and olax extract. Similarly, we have ob-
served the upregulation of cleaved caspase or active 
caspase-3 expression for B16 cells treated with 
b-AgNPs than c-AgNPs and olax (Fig.9.a). These re-
sults have been further supported by the quantifica-
tion of band intensity performed using the Image J 
Software (NIH, Bethesda, MD, USA) where the signal 
intensity of each of the protein was normalized with 
the corresponding β-Actin signal (Fig.9.b). 

It is well established that silver nanoparticles 
induce the oxidative stress in the cancer cells that 
helps in the induction of cancer cell death through the 
activation of apoptosis pathwayvia the triggering the 
p53 upregulation. (64-66) We have investigated the 
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formation of ROS in A549 & B16 cell lines while can-
cer cell was treated with b-AgNPs. Gurunathan et al, 
demonstrated the generation of silver ions from 
AgNPs, the main culprit for the formation oxidative 
stress that activates the caspase-3. Therefore we hy-
pothesized that b-AgNPs can affect in the mitochon-
drial respiratory chain, which directly correlates with 
production of ATP, finally leads to DNA damage (67). 
Finally we assumed that acidic tumor environment 
helped to release of anticancer phytoconstituents from 
biosynthesized silver nanoconjugates that helps fur-
ther increase in anticancer activity of b-AgNPs. 
However, it was not happened in normal cell lines 
and therefore b-AgNPs are biocompatible to normal 
cell lines. The detailed mechanistic study is beyond 
the scope of our present communication, however it is 
progress in our laboratory. 

 

 
Figure 9.a-b: Western blot analysis of b-AgNPs treated B16 cells show 
upregulation of p53 and active Caspase-3; (b) Quantification of signal intensity of 
each of the protein was normalized with the corresponding β-Actin signal 
shows increase in p53 & active caspase-3. 

 

4.18. Cancer cell specific cytoxicty: pH 
dependent release of Silver ions (AAS & UV) 

According to published literature, one of the 
reasons for the death of cancer cells using silver na-
noparticles is the release of silver ions from nanopar-
ticles. Hence death of cells is concentration dependent 
of silver ions and it varies from normal to cancer cells 
(68). Again, release of silver ions from silver nanopar-
ticles is pH dependent (lower pH, higher release of 
ions). It is well established that pH of tumor cells are 
slightly acidic than normal cells (69). Therefore, we 

hypothesized release of silver ions from AgNPs in 
tumor cells are more than that of normal cells and 
consequently it kills more cancer cells. Accordingly 
we have observed the more killing of cancer cells 
compared to normal cells while cells were treated 
with biosynthesized silver nanoparticles. In order to 
proof our hypothesis, in a typical experiment, a cer-
tain amount of b-AgNPs was added to acidic (pH = 5) 
and physiological buffer solution (pH ~7.4) and in-
cubates overnight. Finally, we have observed that 
release of silver ions are higher (around double) in 
acidic environment compared to neutral buffer ob-
served by atomic absorption spectroscopy (AAS) 
(quantitative analysis) and UV visible spectroscopy 
(qualitative analysis) [Fig.10.a-b]. The higher concen-
tration of release silver ions in cancer cells compared 
to normal cells is responsible for selective cancer cell 
death. However, we have not observed the similar 
fashion while c-AgNPs was used for the same ex-
periment (data not shown here). 

 

 
Figure 10.a-b: (a) atomic absorption spectroscopy to quanitify the amount of 
silver ion released in acidic and physiological pH, (b) UV-Visible studies show 
that the comparitive UV spectrum of b-AgNPs in acidic and physiological pH 
solution. 

 
 Again, we have already observed the formation 

of H2O2 (Fig.8) and superoxide ions (Fig.7) in cancer 
cells (Fig.7-8, SI-Fig. 9-10) but not in normal cells 
(Supplementary Material: SI-Fig. 11) in presence of 
b-AgNPs. These results suggest thatin acidic tumor 
environment biosynthesized silver nanoparticles re-
lease more silver ions that facilitate the formation of 
ROS which ultimately kills the cancer cells. According 
to Asharani et al. b-AgNPs initially generate ROS that 
helps to produce silver ions from b-AgNPs through 
the oxidative dissolution process in acidic pH (= 5.0 
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-6.4): 

2Ag + H2O2 + 2H+ → 2Ag+ + 2H2O, E0 = 0.17 V 

The initial formation of ROS thatgenerates of 
silver ions may be another reason to toxicity for selec-
tive cancer cells. 

The detailed experimental procedure for AAS & 
UV has been included in Supplementary Material. 

Multifunctional activities of our nanoparticles 
have been compared with published literature (using 
chemical and biological approach) and commercially 
available nanoparticles with different sizes (Table 3). 
The comparison indicates that b-AgNPs show excel-
lent anti-bacterial and anti-cancer activity compared 
to published and commercially available Ag nano-
particles. 

4.19. Fluorescence Imaging (Diagnostic 
approach) 

 We have already demonstrated the presence of 
some phytochemicals which exhibit strong fluores-
cence properties in Olax scandens methanolic leaf ex-
tract (22). During the synthesis of AgNPs, these fluo-
rescent molecules can attach with those nanoparticles 
that enter the cell when cells are incubated with these 
b-AgNPs. The biosynthesized silver nanoconjugates 
(b-AgNPs) could be used as diagnostic tool in cancer 
disease due to presence of fluorescence properties. In 
order to observe the fluorescence image of b-AgNPs, 

we have taken the fluorescence image of A549 & B16 
cells treated with Olax and b-AgNPs using a fluores-
cence microscopy. The cells were extensively washed 
with DPBS before taking the fluorescence image. The 
control untreated A549 & B16 cells (Fig.11.a & 
Fig.12.a) and A549 & B16 cells treated with c-AgNPs 
do not show any red fluorescence (Fig.11.d & 
Fig.12.d), which indicates the absence of fluorescent 
molecules. The red fluorescence is observed inside the 
A549 & B16 cells when the cells are incubated with 
Olax extract indicating the presence of fluorescent 
molecules in Olax extract (Fig.11.b & Fig.12.b). How-
ever, very strong red fluorescence is observed inside 
the A549 & B16 cells that confirms the internalization 
of AgNPs inside A549 cells & B16 cells (Fig.11.c & 
Fig.12.c). We have taken the fluorescence images of 
cancer and normal cells treated with different con-
centration of nanoparticles (10 – 75 µM) and we have 
observed the fluorescence image of the cells treated 
with low concentration of nanoparticles (30 µM) for 
16-20 h of incubation where cell death is almost neg-
ligible. [Fig. 11-12 & Supplementary Material: SI.Fig. 
12] Fig.11.a‘-d‘ & Fig.12.a‘-d‘ are the corresponding 
phase images of untreated & treated cells respectively. 

Additionally, we have carried out similar ex-
periments in CHO cells and observed similar results. 
(Supplementary Material: Fig.S12) 

 

Table 3. Comparative studies between the antibacterial and anticancer activity of b-AgNPs synthesized by Olax scandens leaf extract 
with published & commercially available silver nanoparticles. 

Synthesis of silver nanoparticles (AgNPs) Shape with size 
(nm) 

Bacterial activity (E. coli) (MIC, 
MBC in µg/mL & ZOI in mm) 

Cellular toxicity 
IC50 (µg/mL) 

Bacterium, B. Licheniformis13 Spherical;  
 (2-100) 

- 500.0 nM, Antiangiogenic toxicity in 
Bovine retinal endothelial cells (BRECs) 

Olax scandens leaf extract (Green chemistry 
methods)* 

Spherical;  
(5-60) 

MIC & MBC: 5.0  
ZOI: 20  

A549: 3.5, MCF7: 5.0 and B16: 2.5  

Na-hydrazine and Citrate70 Spherical;  
(5-50) 

MIC = 14-29  - 

SDS capped71 Spherical;  
(45 ± 10) 

MBC = 5.0  
ZOI = 7.3  

- 

Citrullus colocynthis leaves72 Spherical;  
(31) 

- Human epidermoid larynx carcinoma 
(HEp-2) cell line: 60.0  

Chemical reducing agents (Nanotechnolo-
gies, Inc)73 

Spherical; (15-21) MBC = 75.0  
 

- 

Inert gas condensation (IGC) process42 Spherical; (16) MBC = 60.0  - 
NaBH474 Spherical; (10-20) ZOI = 2.0-3.5  - 
D-glucose and hydrazine38 Spherical; (10-15) MIC, MBC = 25.0  - 
Syzygium cumini fruit extract75 Spherical; (10-15) - Dalton lymphoma cells:100.0 
Chitosan76 Spherical; (10-12) MIC, MBC = 10.0  HepG2: 6.09, Lu: 5.20, 

MCF-7: 5.71, KB: 3.74 
 (Shanghai Huzheng Nanotechnology 
Company limited)40 

Spherical; (2-5) MIC = 10.0  Not available 

* Present article, MIC (Minimum Inhibitory concentration), MBC (Minimum bactericidal concentration) & ZOI (Zone of Inhibition). 
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Figure 11. Fluorescence and the corresponding phase images of 
untreated A549 cells and cells treated with Olax, b-AgNPs c-AgNPs, 
observed by an Olympus Fluorescence Microscope. Fluoresence images 
of A549 cells treated with (a) untreated or control, (b) Olax (100 µg/ ml) leaf 
extract ,(c) b-AgNPs (at 30 µM) and (d) c-AgNPs (at 30 µM). Images of a‘, b‘, c‘ 
& d‘ correspond to phase images. All the treated A549 cells were extensively 
washed with DPBS (6 times) before taking the fluorescence images. It is to be 
noted that there is no significant cell killing is observed at 30 µM.  

 
Figure 12. Fluorescence and the corresponding phase images of 
untreated B16 cells and cells treated with Olax, b-AgNPs c-AgNPs, 
observed by an Olympus Fluorescence Microscope. Fluoresence images 
of B16 cells treated with (a) untreated or control, (b) Olax (100 µg/ ml) leaf 
extract ,(c) b-AgNPs (at 30 µM) and (d) c-AgNPs (at 30 µM). Images of a‘, b‘, c‘ 
& d‘ correspond to phase images. All the treated B16 cells were extensively 
washed with DPBS (6 times) before taking the fluorescence images. It is to be 
noted that there is no significant cell killing is observed at 30 µM. 

 

4.20. Mechanism of biosynthesized AgNPs: 
The exact mechanism for the formation of silver 

nanoparticles using plant extract is still under inves-
tigation. However, according to our published litera-
ture and other reports published by other groups we 
have hypothesized that the phytochemicals like pro-
teins, polyphenols present (octacosanol, β-sitosterol, 
the glucosides of β -sitosterol), in the Olax scandens 
leaf extract are responsible for the synthesis of silver 
nanoparticles (22, 77). The reduction process of Ag-
NO3 for the formation of silver nanoparticle might go 
through a two-step redox or free radical process. 

AgI + R´-OH → Ag0 + R´= O            ...(2) 

AgNO3 + 3NR3 → Ag0 + 3NR3+.        …(3) 

As the redox potential of alcohol/ aldehyde 
system (E0RCO/RCHO = 1.80 V) is higher than that of 
AgI/Ag0 system (E0Ag+/Ag0 = 0.80 V), reduction of 

AgNO3 by polyphenols or other alcoholic compounds 
is favorable. Again, free radical mechanism using the 
different kinds of amines coming from proteins pre-
sent in methanolic extract of Olax scandens is another 
pathway for the synthesis of silver nanoparticles. 

5. CONCLUSIONS  
We have developed a simple green chemistry 

approach for the synthesis of silver nanoparticle 
(b-AgNPs) by Olax scandens leaf extract that demon-
strate the multifunctional activities of bio-synthesized 
AgNPs (4-in-1 system). Surprisingly, we have ob-
served the biocompatible nature of b-AgNPs towards 
normal cells and the results indicates the future ap-
plication as drug delivery vehicle for cancer thera-
peutics. Again, the nanobioconjugates shows anti-
cancer activity towards different cancer cells that in-
dicates the future application as anti-cancer agent. 
Apart from that, bio-synthesized silver nanoparticles 
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(b-AgNPs) shows enhanced antibacterial activity 
compared to chemically synthesize silver nanoparti-
cles (c-AgNPs). Red fluorescence of b-AgNPs inside 
the cancer cells could be used as diagnostic tool for 
cancer disease in near future.All results together 
demonstrate the multifunctional activities of bio syn-
thesized AgNPs (4-in-1 system) towards biomedical 
applications that could be applied as (i) anti-bacterial 
& (ii) anti-cancer agent, (iii) drug delivery vehicle, and 
(iv) imaging facilitator. A plausible mechanistic ap-
proach has been investigated for anti-bacterial & an-
ti-cancer activity of b-AgNPs. Formation of reactive 
oxygen species induced by b-AgNPs is one of the 
plausible mechanisms for the anti-cancer and an-
ti-bacterial activity. We strongly believe that 
bio-synthesized AgNPs will open a new direction 
towards various biomedical applications in near fu-
ture. 

Supplementary Material 
Supplementary Figures and Tables. 
http://www.thno.org/v04p0316s1.pdf 
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