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Abstract
Our work demonstrates anti-oxidative, anti-bacterial, and anti-cancer activity of nanosilver particles (AgNPs), bio-fabricated 
using extracts of Rhizobium rhizogenes-transformed “hairy roots” (HRs) of an ethno-medicinal plant, Sida acuta. Strikingly, 
the synthesis process using HR extract was rapid, and HR-AgNPs exhibited less agglomeration and showed better stabil-
ity compared to NR-AgNPs. Both variants of AgNPs demonstrated effective free radical (DPPH/ABTS/NO) scavenging 
ability, FRP, and total antioxidant level activity at a remarkably higher level than that of the corresponding source root 
extracts (NRE/HRE). HR-AgNPs demonstrated a superior inhibitory and bactericidal activity compared to NR-AgNPs 
against ten different human pathogenic bacterial species, which was manifest in respect of ZoI, MIC, and MBC assess-
ments. Furthermore, in vitro cytotoxicity to the human glioma brain tumor cell line U-87MG was substantiated through 
MTT reduction assay, NBT reduction assay, DNA fragmentation assay, and chromatin condensation assay. The  IC50 value 
for MTT was noted to be 175.29 and 254.90 µg/ml for HR-AgNPs and NR-AgNPs, respectively. The increased number of 
apoptotic cells assessed by FITC-labeled annexin V staining followed by flow cytometry indicated a remarkable irreversible 
inhibition of U-87MG cancer cells by NPs. Our study could pave the way towards development of novel anti-oncogenic 
nanotherapeutics using green chemistry.
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1  Introduction

Currently, the integration of nanomedicine and bioactive 
molecules are promptly achieving stupendous attention as 
a strategic technology for advanced drug delivery systems, 
regenerative medicine development, and cancer therapeu-
tics. Conjugated nanoparticles (NPs) possess remarkable 

optoelectronic, structural, mechanical, and chemical versa-
tility as compared to their bulk counterparts [1, 2]. Plant-
mediated synthesis of metal NPs has gained wide popu-
larity for their application in a variety of areas including 
therapeutics addressed to human healthcare [3, 4]. Among 
other metal NPs, oligodynamic nanosilver particles are 
one of the most explored and proven-effective commercial 
nanomaterials that have been acknowledged to have excel-
lent chemical stability, high conductivity, and endowed 
with profound activity against multidrug-resistant (MDR) 
microorganisms [5, 6]. Noble nanosilver is also predomi-
nantly involved in lethal anti-inflammatory effects as it has 
been reported to inhibit the action of tumor necrosis fac-
tor-alpha and interferon-gamma which leads to stimulation 
of wound-healing process [7]. One of the most influential 
approaches of nanotechnology is the formation of metal 
NPs by several techniques, based on physical, chemical, 
hybrid, and biological principles and processes. Essen-
tially, there is a dare need to use eco-friendly, safe, and 
renewable ways for the preparation of NPs as physical (ion 
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sputtering, sol–gel, etc.) and chemical methods (forced 
hydrolysis, polyol method, wet chemical synthesis) are 
toxic, represent low yield, and lead to NPs agglomeration 
[8, 9]. Thus, reliable green nanochemistry has induced a 
paradigm shift from physical/chemical methods towards 
cheaper and sustainable biogenic methods to minimize the 
damaging effects to human health and the environment. 
Biosynthesis of nanocomposites is generally preferred 
from the plant extracts rich in phytocompounds which are 
responsible for anti-viral [10], anti-inflammatory [11], 
anti-microbial [12], anti-fungal [13], anti-oxidant [14], 
anti-cancer [15], and larvicidal activity [16] as well as 
biocatalytic degradation of toxic organic dyes [17]. Plant 
extracts are rich reservoirs of enzymes (reductases and 
hydrogenases) and are vast repositories of myriad forms of 
functionally diverse secondary (specialized) metabolites, 
viz., alkaloids, terpenoids, flavonoids, quinones, steroids 
[18], which hold considerable pharmaceutical relevance 
and exploited as precursors to new drug development 
targeting several diseases including cancer [19–22]. The 
scope of harnessing in vitro plant cell and tissue culture 
systems as “green cell factory” for beneficial products 
has been considerably expanded over the last decade [23]. 
Though several plants with anti-cancer property have been 
identified, the quest for new species, especially contribut-
ing to synthesis of nanocomposites, such as nanosilver 
crystals coated with the key bioactive phytocompound (s) 
would certainly be rewarding.

Sida acuta Burm. f. of botanical Family Malvaceae is a 
multi-medicinal plant species containing several bioactive 
compounds, such as betaine, β-phenethylamine, β-sitosterol, 
cryptolepine, ephedrine, scopoletine, vasicine, vasicinone, 
and vomifoliol in aerial parts as well as roots, which are 
implicated in human healthcare [24, 25]. Abat et al. [26] 
have reviewed the ethno-medicinal, phytochemical, and 
ethno-pharmacological aspects of four different plant species 
of Family: Malvaceae including Sida acuta. Unfortunately, 
seeds of this plant germinate only during the rainy season, 
and plants are naturally available between July through 
December. This restricts the continuous availability of its 
valuable phyto-constituents to the benefit of mankind espe-
cially in off-season, precisely during the summer. Besides, 
chemotypic variations between plants owing to environ-
mental factors, particularly edaphic factors including soil 
microflora affecting plant growth and metabolism, which 
are prevalent at different geographical locations, pose a 
constraint on obtaining the key secondary compounds from 
their roots in desirably uniform quantity and quality. To cater 
to the growing demand for incessant accessibility to root 
parts of S. acuta throughout the year for the preparation of 
herbal drugs, a biotechnological intervention would be worth 
exploring aimed at applying a reproducible technique for 
in vitro root tissue proliferation as a viable alternative.

Of late, there has been a renewed interest in “hairy root” 
(HR) cultures, resulting from genetic transformation using a 
soil bacterium Rhizobium rhizogenes (previously known as 
Agrobacterium rhizogenes), which are envisaged to provide 
a direct sustainable source of phytochemicals of therapeutic 
significance [27]. Compared to natural roots (NRs), HRs 
are characterized by prolific branching, ageotropism, and 
faster growth endowed with a higher ability of producing 
secondary metabolites, such as those possessing anti-cancer 
properties, viz., taraxerol—a triterpenoid [28], plumbagin—
a naphthoquinone [29], and coumarin—a benzopyrone [30]. 
Besides, the genetic stability of rhizoclones associated with 
a sustained retention of their biosynthetic potential for the 
production of health-proactive compounds, for instance, 
coumarin, over a prolonged period of time through suc-
cessive in vitro multiplication cycles (culture passages) 
has been aptly demonstrated [30]. R. rhizogenes-mediated 
hairy root cultures (HRC) are viewed as a suitable platform 
for optimized production of important bioactive compounds 
and tailor-made molecules, such as specialized metabolites 
and recombinant proteins [31–33]. Over the years, HRCs 
have been exploited as a biotechnological tool for the pro-
duction of value-added products using advanced techniques 
of molecular biology [34]. However, to date, hairy root 
extracts of only a very few plant species have been utilized 
for bio-fabrication of nanoparticles which showed biocata-
lytic [17] and quantum dot/semiconductor properties [35, 
36]. Recently, biosynthesis of CdS quantum dots using hairy 
roots of Raphanus sativus L. and their apoptotic effect on 
MCF-7 and AGS cancerous human cell lines has been dem-
onstrated [37]. Biocide activity against pathogenic bacteria 
by silver nanoparticles synthesized from hairy root extracts 
is scarce and reportedly limited only to a handful plant spe-
cies, such as Artemisia tilesii and Artemisia annua [38].

Establishment of renewable transformed HR cultures of 
S. acuta, would not only provide a direct sustainable source 
of phytocompounds of medicinal significance, but could also 
facilitate germplasm conservation of this medicinally impor-
tant plant species, which are sacrificed, their roots being 
over-exploited for pharmaceutical formulations. Therefore, it 
would be rewarding to utilize renewable HR cultures of Sida 
acuta established in vitro as the productive step for a con-
tinuous supply of valuable phytoconstituents, which would 
act as effective reducing and capping agents for synthesizing 
silver nanocomplexes.

Cancer is one of the advancing causes of mortality and 
morbidity in India with about 2.5 million cancer patients 
across the country, and the number is likely to increase five-
fold by 2025 [39]. Glioblastomas (GBMs) are the aggres-
sive type malignant brain tumor [40, 41], whose progno-
sis has been very poor, and the survival rate is less than 
3–5% over a period of 5 years [42]. Compared to conven-
tional therapies with temozolomide (oral alkylating agent), 
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nanomedicines preferentially accumulate at tumor sites 
because of their small size, and functional groups attached 
to NPs surfaces have the potential to bind tumor cells [43]. 
Mittal et al. [44] demonstrated cytotoxic activity of silver 
nanoparticles synthesized from Potentilla fulgens Wall. ex 
Hook against U-87MG cells. Similarly, aqueous extract 
of tubers of Pueraria tuberosa, used for the formation of 
nanosilver, was reported to exhibit cytotoxic action against 
the same cancer cell line [45]. Earlier studies proved that 
AgNPs are involved in the disruption of mitochondrial chain 
and interruption of adenosine triphosphate (ATP) produc-
tion, thereby generating excessive free radicals that lead 
to damaging nucleic acids [46] and inducing apoptosis of 
human cervical carcinoma cells [47]. The involvement of 
biological approaches in the synthesis of NPs increases the 
selectivity, specificity, and potency of using nanotechnology 
for targeting cancer cells while reducing indirect toxicity to 
normal cells [48]. Our current study reports the bioreduction 
of Ag metal to nano form using aqueous root extracts (HRs 
and NRs) of Sida acuta as an in vitro capping and reduc-
ing agent. Furthermore, the dose-dependent cytotoxicity of 
AgNPs was also investigated on the U-87MG cancer cell 
line. To explore the probable cell death mechanism, annexin 
V analysis, chromatin condensation, and DNA fragmenta-
tion assays were carried out. The results of the present study 
might open new avenues for designing novel drugs (with 
synergistic effects) from genetically modified in vitro-root 
cultures containing bioactive phytocompounds; thus, with-
out necessitating the donor source medicinal plants to be 
uprooted.

2  Materials and Methods

2.1  Chemicals and Reagents

All the chemicals used in the experimental procedures were 
of analytical grade. MS medium for in vitro transformed 
“hairy root” cultures and silver nitrate  (AgNO3) were pro-
cured from Hi-Media Pvt. Ltd. (Mumbai, India). The oli-
gonucleotide primers and reagents used for PCR amplifi-
cation were obtained from Bangalore Genei (Bangalore, 
India). Chemicals required for anti-oxidative analysis, i.e., 
2, 2-diphenyl-1-picrylhydrazyl (DPPH), potassium ferri-
cyanide, ABTS, NBT, and ammonium molybdate were pur-
chased from Hi-Media Pvt. Ltd. (Mumbai, India), whereas 
napthyl ethylenediamine dihydrochloride and sodium nitro-
prusside were procured from Merck Ltd. (Darmstadt, Ger-
many) and SRL Pvt. Ltd. (Mumbai, India), respectively. 
3-(4,5-dimethlythiazol-2-yl)-2,5-diphenlytetrazoliumbro-
mide (MTT), Dulbecco’s Modified Eagle Medium (DMEM), 
and 1% penicillin–streptomycin antibiotic solution were 
procured from Hi-Media (Mumbai, India). Trichloroacetic 

acid (TCA), fetal bovine serum (FBS), and bisbenzimide 
(H33328) were purchased from Sigma-Aldrich (Mumbai, 
India). Annexin V staining kit for apoptosis assay was 
obtained from Miltenyi Biotec GmbH, (Germany). Deion-
ized water was used as the initial solvent for the preparation 
of stock solutions and nanoparticles (NPs).

2.2  Plant Transformation and Establishment 
of Rhizoclones

Sida acuta Burm. f., collected from Utkal University cam-
pus in Bhubaneswar (India), was identified by Dr. Pratap C. 
Panda, Principal Scientist, Regional Plant Resource Centre, 
(R.P.R.C.), Bhubaneswar, and the voucher specimen (No. 
7298/24.4.09) was deposited in the herbarium at R.P.R.C, 
under the Department of Forests & Environment, Govern-
ment of Odisha (India). Genetic transformation of S. acuta 
was caused via co-cultivation of stem internodal segments 
from in vivo-grown plants with Rhizobium (Agrobacterium) 
rhizogenes (A4T strain) following the tested procedure [25]. 
Fast-proliferating rhizoclones were established in MS cul-
ture medium with no added growth regulators (MS0), and 
PCR-amplification test of pRi TL-DNA—specific rolC ORF 
in rhizoclonal DNA was carried out [25]. The gel image was 
captured using a gel documentation unit (Bio-Rad, USA).

2.3  Preparation of Root Extract

For extract preparation, in vitro hairy root (HR) cultures of 
a fast-proliferating rhizoclone (ST5F4) of Sida acuta were 
selected, HRs were shade-dried (RT, 1 week), coarsely pow-
dered using a grinder, and the powder macerated with dis-
tilled water (20 g/100 ml) in 200-ml Erlenmeyer flask and 
heated (60 °C, 1 h) using a hot plate magnetic-stirrer. The 
extract was cooled down and filtered using Whatman filter 
paper mesh and stored in the refrigerator (4 °C) to be used 
as chelating agent in the synthesis of NPs. For comparison, 
the same procedure was adopted for the preparation of the 
aqueous extract of natural roots (NRs), obtained from potted 
plants grown in the experimental green house after surface-
disinfection and shade-drying.

2.4  Synthesis of AgNPs Using NRs and HRs Extract

The reduction of  Ag+ to  Ago by the green chemistry route 
was carried out by mixing respective root extracts (20 ml) 
with 5 mM aqueous  AgNO3 (200 ml) in a 250-ml Erlen-
meyer flask and heated (60 °C, 2 h) in the dark (to avoid 
photoactivation of  AgNO3) using a hot plate magnetic stir-
rer. Bioreduction was indicated by the color change of the 
reaction mixture (colorless to reddish-brown) and later con-
firmed via UV–VIS spectrophotometry. The reaction mixture 
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was purified through centrifugation (5000 rpm, 20 min) and 
washed using distilled water and ethanol. Finally, the pellet 
was dried in hot air oven (60 °C) for further physicochemical 
and biological characterization purposes.

2.5  Molecular Characterization of Biogenic Silver 
Nanoparticles

2.5.1  UV–Visible Spectroscopy

AgNPs, biosynthesized from both root sources (HR-AgNPs 
and NR-AgNPs), were analyzed using a UV–visible spec-
trophotometer in the range of 300 to 700 nm (Lambda35®, 
Perkin- Elmer, Waltham, MS, USA) using distilled water as 
a reference. The spectral data was monitored after fivefold 
dilution of a small aliquot of the sample (HR-AgNPs and 
NR-AgNPs) in deionized water.

2.5.2  Fourier Transform Infra‑Red Spectroscopy

FTIR (Fourier transform infrared spectroscopy) spectra were 
recorded using a FTIR spectrometer (Bruker ALPHA Spec-
trophotometer; Ettlinger, Germany) in the wavelength range 
of 4000–400  cm−1 to identify the biomolecules as capping 
agents on the surface of synthesized nanoparticles. A single 
drop of sample (HR-AgNPs and NR-AgNPs) was placed on 
the sample holder and the sample was scanned. Results were 
analyzed using Origin 8 software.

2.5.3  DLS‑Zeta Potential Analysis

The hydrodynamic size and surface charge were carried out 
by a Dynamic Light Scattering and Zeta Analyzer (Mal-
vern Instruments Nano ZS, Malvern UK). In the preparatory 
step, the solutions (HR-AgNPs and NR-AgNPs) were diluted 
(fivefold dilution) with deionized water. Integrated Malvern 
software was used to process and decode the obtained data.

2.5.4  X‑Ray Diffraction Analysis

For the analysis of structure and composition of AgNPs syn-
thesized by HRE and NRE, X-ray diffraction (XRD) analysis 
was performed. The diffraction pattern was recorded after 
the NPs samples were centrifuged, filtered, and dried in oven 
at 60 °C for overnight. Powdered AgNPs were subjected to 

analysis using a X-ray diffractometer (PANalyticalX’Pert, 
Almelo, The Netherlands).

2.5.5  Inductively Coupled Plasma Optical Emission 
Spectroscopy

Inductively coupled plasma optical emission spectroscopy 
(ICP-OES) was carried out using an optical emission spec-
trometer (AVIO 200, Perkin-Elmer) to identify and quan-
tify silver nanoparticles present in digested samples. The 
synthesized HR-AgNPs and NR-AgNPs were centrifuged 
at 13,000 rpm for 20 min. About 5 ml of each nanoparticles 
solution were allowed to react with 70%  HNO3 at 95 °C for 
1 h. The samples were then diluted to 50 ml with deionized 
water.

2.5.6  Transmission Electron Microscopy

Surface morphology and shape of synthesized AgNPs were 
examined using a transmission electron microscope (TEM, 
FEI TecnaiTF20, The Netherlands), operating at 300 kV. For 
TEM, thin films of the test samples were prepared by placing 
a small drop of the bio-reduced NPs solution on a copper 
grid prior to analysis and letting the solvent to vaporize at 
room temperature.

2.6  In Vitro Anti‑oxidative Assays

2.6.1  DPPH Radical Scavenging Activity Assay

The antioxidant capability of AgNPs was carried out accord-
ing to the method described by Sundararajan et al. [49]. The 
in vitro scavenging activity of test sample and ascorbic acid 
(standard) was determined using the 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) radical. The experiment was initiated by 
proper dissolution of 4 mg DPPH in 100 ml methanol, i.e., 
radical stock solution. Different concentrations (100–500 µg/
ml) of AgNPs solution were prepared in distilled water and 
separately mixed with 1.5 ml of freshly prepared methanolic 
aliquot solution of DPPH (0.1 mM). DPPH methanol reagent 
without sample was used as a control and pure methanol as 
a blank. The reaction mixture was vortexed vigorously and 
incubated at RT in the dark for 30 min. Later, the absorb-
ance was measured at 517 nm spectrophotometrically. All 
the scavenging activity determinations were performed in 
a triplicate manner. Scavenging activity (%) was estimated 
using the following equation:

(1)DPPH radical scavenging activity(%) = [(Controlabs − Sampleabs)∕(Controlabs)] × 100
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where  Controlabs is the absorbance (A517) of control and 
 Sampleabs is the absorbance (A517) of NPs/Ascorbic acid.

2.6.2  Ferric Reducing Power (FRP) Assay

The reducing power of the HR-AgNPs and NR-AgNPs was 
determined based on the method of Yıldırım et al. [50]. 
Briefly, various concentrations of individual test sample 
were mixed separately with an equal proportion of 1 ml of 
1% potassium ferricyanide (1 g/100 ml distilled water) and 
1 ml of sodium phosphate buffer (0.2 M, pH 6.6). The reac-
tion mixture was kept undisturbed for 20 min at 50 °C and 
cooled followed by slow addition of TCA (10%) in order 
to facilitate the reaction termination process. The reaction 
mixture was further centrifuged at 3000 rpm for 10 min. The 
supernatant was gently mixed with 0.1% ferric chloride and 
distilled water. After 10 min, the absorbance of Fe (II) was 
read at 700 nm spectrophotometrically against phosphate 
buffer blank. Ascorbic was used as a standard while reaction 
mixture, except for potassium ferricyanide and the sample, 
was taken as a control. Higher the A700 value of the resultant 
solution, higher will be the reducing activity. The following 
Eq. (2) was used to determine the reduction percentage:

2.6.3  Total Anti‑oxidative Activity Assay

Phosphomolybdate assay was performed to determine the 
total antioxidant activity of test samples [51, 52]. A solution 
of molybdate reagent—sodium phosphate (28 mM), ammo-
nium molybdate (4 mM), and sulfuric acid (0.6 M)—was 
prepared in a 1:1:1 ratio with distilled water. Molybdate 
reagent solution was added to 100 µl NPs and incubated in 
a water bath (95 °C, 90 min). The analysis was performed 
in triplicates, and the absorbance (A695) recorded after cool-
ing of the sample to RT. The following Eq. (3) was used to 
determine the reduction percentage:

2.6.4  ABTS Radical Scavenging Activity Assay

Radical scavenging power of NPs was determined by ABTS 
cation (2,2′- azinobis 3- ethylbenzthiazoline-6-sulfonic acid) 
assay. In brief, ABTS (7 mM) in distilled water was reacted 
with potassium persulfate (2.45 mM) solution in equal ratio. 
The solution was incubated overnight at RT in the dark for 
the activation of  ABTS+ cation radical (dark color solution). 
To obtain an initial absorbance value of about 0.700 (± 0.02) 
at 745 nm, ABTS was diluted by adding 60% methanol prior 

(2)
FRAP reducing power activity (%)

= [(Sampleabs − Controlabs)∕(Sampleabs] × 100

(3)Total antioxidant capacity (%) = [(Sampleabs − Controlabs)∕(Sampleabs] × 100

to the assay. The analysis was assessed by gently mixing test 
sample (300 µl) with  ABTS.+ solution (3 ml) and absorbance 
measured (A745) after 1 min. The experiment was performed 
at least 3 times. Rutin was used as a reference substance and 
ABTS working solution without NPs was taken as a blank. 
Percentage inhibition activity (%) was calculated according 
to the equation.

2.6.5  Nitric Oxide (NO) Radical Scavenging Activity Assay

The NO scavenging activity was determined according to the 
method described by Patil et al. [53]. In this test, different 
concentrations of synthesized NPs were mixed separately 
with phosphate buffered saline and 10 mM sodium nitro-
prusside (pH 7.0) and incubated for 30 min at RT. From 
the resulting incubated mixture, 1.5 ml of the solution was 
removed and mixed with 1 ml of sulfanilamide followed by 
1 ml of napthyl ethylenediamine dihydrochloride (NED). 
The absorbance of the resultant pink chromophore was 
measured (A546) spectrophotometrically. The formula used 
for the determination of scavenging activity is as follows:

2.7  Determination of Anti‑bacterial Activity Against 
Selected Pathogens

2.7.1  Bacterial Strains and Culture Media

A total of 11 different bacterial species pathogenic to human 
beings were tested. Four of them, viz., Escherichia coli 
(MTCC 118), Salmonella enterica serovar Typhi (MTCC 
733), Shigella flexneri (MTCC 1457), and Streptococcus 
mitis (MTCC 2897) were procured from the Institute of 
Microbial Technology and Gene Bank (IMTECH), Chan-
digarh, India. Five others, namely, Bacillus anthracis, 

Enterobacter sp., Klebsiella pneumoniae, Micrococcus sp, 
Pseudomonas aeruginosa, and Staphylococcus aureus were 
isolated at the Pharmaceutical Biotechnology Division, Uni-
versity Department of Pharmaceutical Science, Utkal Uni-
versity, India. Additionally, two causal pathogens of human 
urinary tract infections (UTIs), resistant to multiple anti-
biotics, namely, Escherichia coliRes (resistant to norfloxa-
cin, ofloxacin, ampicillin, cefixime, and nitrofurantoin) and 
Staphylococcus aureusRes (resistant to norfloxacin, ofloxa-
cin, ampicillin, and cefotaxime) were isolated from urine 

(4)
Inhibition(%) = [(Controlabs − Sampleabs)∕(Controlabs) × 100

(5)
Inhibition(%) = [(Controlabs − Sampleabs)∕(Controlabs) × 100
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samples of UTI patients using HiChrome UTI agar. All these 
strains were freshly cultured and identified according to the 
proposed standard microbiological methods [54]. Trypticase 
soya-agar was used for Salmonella enterica ser. Typhi, while 
nutrient agar (NA; Hi-Media) was used for culturing the 
remaining strains. All strains were sub-cultured on a fresh 
agar plate 24 h prior to the test for anti-bacterial activity.

2.7.2  Reference Antibiotics (RA)

Standard drugs, viz., ciprofloxacin, gentamycin, and chloram-
phenicol (Hi-Media) were used as reference antibiotics (RA) 
against the Gram-positive and Gram-negative bacterial strains.

2.7.3  Agar Well Diffusion Assay

The antimicrobial diffusion test [55] was carried out using 
a cell suspension of about 1.5 ×  106 CFU/ml obtained from 
a McFarland Turbidity Standard No. 0.5 [56]. The suspen-
sion was standardized by adjusting the optical density to 
0.1 at A600 [57] using a UV–vis spectrophotometer (Per-
kin-Elmer, Lambda 25 Waltham, MA, USA). An inocu-
lum (100 μl) was aseptically placed onto the surface of 
sterile agar plates and evenly distributed using a sterilized 
glass spreader. Wells (8.0-mm diam) were prepared in the 
agar plates using a sterile cork borer, and 100 μl of each 
test sample or control compound  (AgNO3/RA) was intro-
duced into the well. Test compounds in the form of root 
extracts of either types (NR/HR), silver nanoparticles of 
either root origin (NR-AgNPs/HR-AgNPs),  AgNO3, and 
RA were allowed individually to diffuse for 1 h at 4 °C. 
Thereafter, Petri plates were incubated at 37 °C for 24 h. 
The diameter of the zone of inhibition (ZoI) caused by 
each treatment was measured using the Hi-antibiotic zone 
scale (Hi-Media). Each test sample (root extract/AgNPs) 
as well as control compounds were tested thrice in separate 
experiments.

2.7.4  Determination of Minimum Inhibitory Concentration 
(MIC) and Minimum Bactericidal Concentration (MBC)

AgNPs and corresponding source root extracts exhibiting 
inhibition zones (mean diameter > 10 mm) were subjected 
to MIC and MBC determinations. Stock solutions of test 
compounds were serially diluted (1:1, 50%) to obtain a 
range of concentrations of AgNPs of either root origin 
(NR-AgNPs/HR-AgNPs) or aqueous root extracts (NRE/
HRE). Serial dilutions of synthesized NPs were made from 
a concentration of 1.0 mg/ml to get concentrations ranging 
500, 250, 125, 62.5, 31.25, 15.62, 7.81, and 3.90 μg/ml. For 
comparative analysis, control compounds, i.e.,  AgNO3 and 

RA, were evaluated starting from three independent stock 
concentrations of 30, 40, and 50 μg/ml, with correspond-
ing concentrations resulted through serial dilutions (1;1, 
50%) ranging 15, 7.5, 3.75, 1.87, 0.93, 0.46, and 0.23 μg/
ml; 20, 10, 5, 2.5, 1.25, 0.62, and 0.31 μg/ml; and 25, 12.5, 
6.25, 3.12, 1.56, 0.78, and 0.39 μg/ml, respectively. The 
minimum inhibitory concentration (MIC), which is con-
sidered as the lowest concentration of the sample inhibit-
ing the visible growth of a microbe, was determined by 
the standard broth micro-dilution technique in accordance 
with the British Society for Anti-microbial Chemotherapy 
(BSAC) guidelines [58]. MIC was determined for root 
extracts/AgNPs of either origin at the minimum concen-
tration respectively that showed a high efficacy against the 
concerned bacterial species by agar well diffusion method 
(ZoI mean diameter > 10 mm).

The minimum bactericidal concentration (MBC) was 
defined as the lowest concentration of test samples (root 
extract/AgNPs) at which 99.9% of the bacteria were killed 
[59]. MBC was determined by transferring the inoculum 
(using a sterile cotton swab/inoculation loop) from the ZoI 
(with no visible growth) of MIC assay to 5 ml liquid cul-
ture medium, which was incubated thereafter for 24 h at 
37 °C. Bacterial growth (if any) was verified by the turbid-
ity method and absorbance measured (A600). A small drop 
of culture (20 µl) was spread onto Petri plates contain-
ing NA/trypticase soya-agar and plates incubated (24 h, 
37 °C). The MBC for target bacteria was measured as the 
lowest concentration of test samples (extracts/nanoparti-
cles) in which no colonies appeared on the Petri plates.

2.8  Anti‑cancer Studies

2.8.1  Cell Culture Conditions

U-87MG, a human primary glioblastoma cell line (NCCS, 
Pune), was used to conduct in vitro cell-based experi-
ments. For culture conditions, the cell line stocks were 
cultured and maintained in 75-cm2 tissue culture flask in 
DMEM culture medium [60] including 10% FBS and 1% 
antibiotic solution containing penicillin–streptomycin in 
a humidified  CO2 incubator at 37 °C. After attaining 70% 
confluency, the monolayer culture was trypsinized.

2.8.2  MTT Assay

The cytotoxic effect of synthesized AgNPs was carried out 
by MTT assay [61]. The cells were seeded in 96-well plates 
in triplicates at a density of 3000 cells/well and incubated in 
a humidified 5% incubator for 24 h at 37 °C for growth and 
adherence. After incubation, the cells were further exposed 
to UV-sterilized AgNPs (100, 200, 300, 400, and 500 µg/ml) 
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and co-cultured for 24 h, following which cell viability was 
detected by incubating cells with 100 µl 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) working 
solution (0.8 mg/ml) and incubated for 4 h. Thereafter, the 
resulting purple formazan crystals produced by viable cells 
were solubilized in 100 µl DMSO and incubated for 15 min. 
The color intensities were evaluated by a microplate reader 
(Perkin Elmer, Waltham, MS, USA) at A570. The % viable 
cells were expressed in the form of  IC50 and were calculated 
following the formula:

2.8.3  Nitro Blue Tetrazolium (NBT) Reduction Assay

For NBT reduction assay [62], U-87MG cells were plated 
in 96-well plates for 24  h. The existing medium was 
replaced with DMEM augmented with different concen-
trations of bio-reduced NPs and incubated for 24 h in a 
humidified  CO2 incubator. After NPs treatment, the cells 
were again incubated with NBT (1 mg/ml) for 2 h. The 
silver nanoparticles taken up by treated cells reduce NBT 
to an insoluble blue formazan product. Thereafter, NBT 
containing medium was removed, and cells were washed 
and fixed with 100 µl 70% methanol. Furthermore, the 
dark blue formazan granules were solubilized in 120 µl 
KOH (2 M) and 140 µl DMSO. Following 15 min of incu-
bation, the A620 was recorded using a Microplate Reader 
(Perkin Elmer, Waltham, MS, USA).

2.8.4  DNA Fragmentation Assay

Characteristic DNA fragmentation is the peculiarity of apop-
tosis. In the present protocol [60], 1 ×  104 − 4 × 104 cells 
were cultured in 6-well plates. Adherent cells were exposed 
to  IC50 of both AgNPs and incubated for 24 h at 37 °C. 
The monolayer cells were harvested after trypsinization 
(trypsin/EDTA treatment), suspended in FBS-free DMEM, 
and collected in a centrifuge tube. The cancer cells were 
centrifuged for 5 min at 2000 rpm. To the obtained pellet, 
180 µl TES lysis buffer (20 mM EDTA, 100 mM Tris, 0.8% 
SDS, pH 8.0) and 20 µl RNase at a concentration of 20 mg/
ml was added and incubated for 2 h at 37 °C. The reaction 
mixture was treated with 20 µl of proteinase K (20 mg/ml) 
and maintained at 50 °C for 2 h. Finally, 4 µl of loading 
dye (30% glycerol, 0.25% bromophenol blue, 0.25% xylene 
cyanol) was added to 20 µl of the sample which was loaded 
on 2% agarose gel containing ethidium bromide (0.5 µg/
ml) followed by electrophoresis (80 V, 2 h). DNA was vis-
ualized in a UV trans-illuminator after completion of gel 

(6)Cell viability % = [(Mean OD∕Control OD) × 100]

electrophoresis and photographed using a gel documentation 
system (Bio-Rad, USA).

2.8.5  Chromatin Condensation Assay

Hoechst staining method was performed to visualize the 
cells undergoing apoptosis by observing the nuclear changes 
under a fluorescence microscope. In this experiment, 1.0 ml 
of cell culture containing 1 × 104 − 2 × 104 cells, was placed 
in a 60-mm Petri plate. After 24 h of incubation, cells were 
treated with the  IC50 value of NPs. After 24 h, the NPs 
containing DMEM was aspirated; cells were fixed with 
2% formaldehyde, stained with 1.0 µl Hoechst 33,258 stain 
(1.0 mg/ml), and incubated for 10 min under dark. For the 
detection of apoptotic bodies, the treated cells were observed 
under UV filter using an epi-fluorescent microscope (Olym-
pus IX71, Japan).

2.8.6  FITC‑Labeled Annexin V Staining

For the analysis of apoptosis in treated cells, annexin V bind-
ing assay was performed (using Annexin V-FITC detection 
kit), and results were examined by flow cytometry. The flow 
cytometer (BD Accuri C6 Plus, BD Bioscience, USA) used 
was equipped with a BD CSampler Plus automatic sampling 
accessory, and it was furnished with a blue and red laser, 
two light scatter detectors, and four fluorescence detectors 
with optical filters optimized for the detection of multiple 
fluorochromes. At an excitation wavelength of 488 nm, the 
standard filter used for fluorescein isothiocyanate (FITC) 
was 533/30, while 585/40 and 670 LP were used for pro-
pidium iodide (PI). Adherent cells were treated with AgNPs 
at their respective  IC50 value after 24 h of seeding and over-
night attachment. Following incubation, cells were collected 
after gentle trypsinization and centrifugation in an Eppen-
dorf tube. The cell pellet was washed with 1 × binding buffer 
and centrifuged at 1000 rpm for 10 min. The supernatant 
was discarded, and the cell pellet was resuspended in bind-
ing buffer and annexin V at a 1:1 ratio. The above reaction 
mixture was incubated for 15 min at RT under dark. One 
milliter of 1 × binding buffer was added to it and centrifuged 
again (1000 rpm, 10 min). After discarding the supernatant, 
500 µl 1 × binding buffer and 5 µl PI solution (100 µg/ml) 
were mixed with the pellet before analysis. After 15 min of 
incubation, each tube was analyzed by flow cytometry. The 
intuitive software featured with automated QC and applica-
tion templates offered simple and fast analysis of test results.

2.9  Statistical Analysis

Data from three separate experiments each with 5–7 rep-
licates were subjected to analysis of variance (ANOVA) 
for a completely randomized design (CRD). Duncan’s new 
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multiple range test (DMRT) was used to separate the means 
of significant effect for estimating MIC and MBC resulted 
from anti-bacterial experiments. For in vitro antioxidant and 
anticancer studies, Student’s t test with IBM SPSS Statistics 
software was used for the comparisons between the mean 
of standards and the test samples. A value of p < 0.05 was 
considered to be significant. The  IC50 value was determined 
using Graphpad prism software. Additionally, graph plotting 
was carried out using Origin 8 and MS Excel. The bioactivi-
ties of nanoparticles were compared with that of respective 
source of aqueous root extracts (HRE and NRE).

3  Results and Discussion

3.1  Fast‑Proliferating HR Somaclone ST5F4 
with PCR‑Amplified rolC Gene

Several transformed hairy root somaclones (rhizoclones) were 
established via individual in vitro culture (root cloning) of “hairy 
roots” resulted from independent transformation events with 
phyto-pathogenically virulent A4T strain of Rhizobium rhizo-
genes. Rhizoclones were characterized by their prolific negatively 
geotropic phytohormone-autotrophic growth with profuse lateral 
branching in MS basal medium without added growth regulators 
(MS0), but gelled with agar–agar (0.6% w/v) under optimum envi-
ronmental regime (10 μmol  m−2  s−1 photon flux density, 25 ± 1 °C) 
(Fig. 1A). Genomic DNA, isolated from five randomly chosen rep-
licate cultures of the fastest proliferating rhizoclone ST5F4, exhib-
ited the expected PCR amplification product of 257 bp specifying 
A4 rolC, unlike that from natural roots (NR), which failed to give 
the rolC–specific product (Fig. 1B). This indicated the presence 
of the conserved rolC ORF borne on R. rhizogenes pRi TL-DNA, 
which had been integrated into the transformed “hairy root” (HR) 
nuclear genome via genetic transformation.

3.2  Characterization of Synthesized Nanoparticles

3.2.1  UV–Visible Spectral Analysis

Successful reduction of AgNPs using the extracts of 
naturally occurring plant roots (NR) and in vitro-grown 
genetically transformed hairy roots (HR) of Sida acuta is 
portrayed in Fig. 2A. The visual observation of the appear-
ance of colloidal reddish-brown color in the flasks during 
the reduction process was a clear indication of the reduc-
tion of  AgNO3 to metallic Ag ions. The absorption spec-
tra showed the occurrence of surface plasmon resonance 
(SPR) bands in the wavelength range of 400–480 nm. 
Delocalized electron oscillations on the surface of metal-
lic NPs lead to surface plasmon resonance (SPR) property 
and occurrence of absorption peaks. The examination of 
emission spectrum of HR-AgNPs showed high energy 

absorption peak appearing around 420 nm, whereas at 
the same concentration, the peak of NR-AgNPs was at 
430 nm. It is evident that in case of NR-AgNPs, the peak 
of SPR exhibited a redshift of 10 nm (increase in absorb-
ance wavelength and decrease in absorbance energy) 
indicating the formation of larger NPs in contrast to HR-
AgNPs [63].

3.2.2  FTIR Analysis

FTIR spectroscopy helps to identify the functional groups 
responsible for the reduction of the silver compound 
and the formation of NPs. Figure 2B displays the FTIR 

Fig. 1  A A fast proliferating 45  day-old “hairy root” somaclone 
(rhizoclone) ST5F4 of Sida acuta (resulted from genetic transforma-
tion employing Rhizobium rhizogenes A4T strain) under in vitro cul-
ture (agar–agar [0.6% w/v]-gelled MS0 medium, 10  μmol   m−2   s−1 
Photon Flux Density, 25  °C). B Agarose gel image depicting PCR 
amplification of A4 pRi TL-DNA rolC gene (257 bp) in the well-pro-
liferated “hairy root” somaclone (rhizoclone) ST5F4 of Sida acuta. M 
100 bp DNA ladder (Bangalore Genei-Merck, India); Lane 1: plasmid 
DNA from A4T (positive control), Lane 2: root DNA from the natu-
rally grown explant-donor plant (negative control), Lanes 3–7: DNA 
from randomly selected five root culture replicates of the genetically 
transformed ST5F4 rhizoclone
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spectra of NR-AgNPs and HR-AgNPs, respectively. The 
peaks observed at 3700–3600, 3000–2900, 2140–2000, 
1550–1500, 1400–1300, and 800–600  cm−1 were attrib-
uted to stretching vibrations of strong/medium alcohol 
O–H, medium alkane C–H, strong N = C = S, strong C–H 
bond, medium alcohol C–H bond, and strong C–Cl stretch, 
respectively.

Our results are in agreement with the previous reports 
of FTIR study of silver nanoparticles. For instance, silver 
nanocrystals coated with chitosan exhibited major spectral 
peaks around 3700–3000  cm−1 [64]. Similarly, AgNPs syn-
thesized using green approach showed existence of infrared 
peaks around 2100–2000 and 1550–1500  cm−1, which cor-
relates to stretching vibrations of C–N bond of thiocyanate 

Fig. 2  UV–visible spectra (A) 
and FT-IR spectra (B) of NR-
AgNPs and HR-AgNPs
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anion and C–H bond of bioactive compounds, respectively 
[65, 66]. Furthermore, extracts of the seaweed (red algae) 
Pyropia yezoensis and the shrub Pedalium murex used for 
the formation of AgNPs had peaks at 1400–1300 [67] and 
600  cm−1 [68] respectively, along with other major FTIR 
peaks. These peaks indicate stretching of vibration bands 
present in the phenolic compounds like flavonoids and ter-
penoids and confirm the presence of functional groups such 
as alcohols, aldehyde, amines, ketones, and carboxylic acid.

3.2.3  DLS and Zeta Potential Analysis

Dynamic light scattering (DLS) and zeta potential studies 
indicated that the size of most of the NPs was in the range 
of 90–100 nm as represented in Table 1. The surface charge 
of HR-AgNPs and NR-AgNPs was calculated to be − 38 mV 
and − 28 mV, respectively. A polydispersity index (PDI) of 
value < 5 corresponds to the more stable nanoparticles [68, 
69]. The lower value of PDI of HR-AgNPs speaks about 
their monodisperse nature which was further confirmed by 
TEM study. The negative zeta potential confirms the stability 
among the particles due to repulsive surface charge (forces). 

Zeta potential is an indicator of surface potential, higher the 
value (> 30 mV or <  − 30 mV), more stable the NPs [70].

3.2.4  X‑Ray Diffraction (XRD) Analysis

Figure 3 depicts the XRD pattern of AgNPs synthesized 
from NR and HR extracts respectively. Three intensive 
peaks (38.1, 44.1, and 64.1/64.2) were recorded in the 
XRD spectrum of 2Ɵ value ranging from 20 to 80. All the 
three diffraction peaks can be ascribed to (111), (200), and 
(220) reflection planes of face center cubic (FCC) of silver 
nanocrystals. Broader peaks indicated smaller particle size 
due to the presence of various reducing biological agents 
in the root extract which stabilize the nanosize particle 
[71]. The XRD spectrum pattern indicated that biosyn-
thesized AgNPs are crystalline in nature. Our observation 
on the XRD analysis is consistent with the study on the 
XRD spectrum of biosynthesized AgNPs reported earlier 
[72, 73].

3.2.5  ICP‑OES Analysis

This technique was used to characterize the composition 
of the element in suspension. Every particle present in 
the liquid sample on entering plasma was wholly atom-
ized and ionized so that detector would be enabled to 
record signals corresponding to the element’s distribu-
tion. The two variants of nanoparticles obtained after 
adding 4 ml of extract to 10 ml of 5 mM silver nitrate 
were subjected to ICP-OES analysis. Due to more phe-
nolic compounds, the concentration of silver nanoparti-
cles synthesized using HRE was found to be higher than 

Table 1  DLS and Zeta potential of HR-AgNPs and NR-AgNPs

Sample Polydis-
persity 
index

Zeta potential [mV]
(mean ± SD)

Hydrodynamic size 
[d.nm]
(mean ± SD)

HR-AgNPs 0.272  − 38 ± 8.16 [100%] Peak 1: 101.6 ± 49.42
NR-AgNPs 0.300  − 28 ± 6.84 [95.9%]

 − 7.67 ± 2.70 
[4.1%]

Peak 1: 90.77 ± 26.06
Peak 2: 21.74 ± 4.60

Fig. 3  Powder X-ray diffraction 
pattern of nanoparticles (NR-
AgNPs and HR-AgNPs)
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the concentration of nanoparticles synthesized using 
NRE. The yield was 14.08 mg/l and 10.99 mg/l for HR-
AgNPs and NR-AgNPs, respectively.

3.2.6  TEM Image Analysis

High spatial resolution images of HR-AgNPs, as ana-
lyzed by TEM depicted that they were spherical in mor-
phology and highly monodispersed (Fig. 4) with the 
particle size around 20 nm. Figure 4A and C depict 
the aggregated state of NR-AgNPs which indicates a 
relatively low stability compared to that of HR-AgNPs. 
TEM analysis was performed to determine the actual 
particle diameter (dry state) whereas DLS measure-
ments were meant to determine the hydrodynamic size 
of particles (hydrated state). Consequently, size meas-
ured by TEM was found to be less compared to that 
recorded by the DLS analyzer.

3.3  In Vitro Anti‑oxidative Activity

3.3.1  DPPH Scavenging Activity

Figure 5 shows the % scavenging activity of HR-AgNPs and 
NR-AgNPs in a dose-dependent manner. The average per-
centage inhibition of synthesized AgNPs was detected in 
the range from 25 to 70%. The  IC50 value of HR-AgNPs for 
scavenging activity was found to be 294.3 µg/mL, whereas 
for NR-AgNPs it was 448.1 µg/ml, and for the standard/
positive control (ascorbic acid) it was 50 µg/ml. The study 
revealed that though the antioxidant potential of NPs was 
statistically less (p < 0.05) compared to that of the standard, 
yet NPs had an effective free radical inhibition ability at 
a remarkably higher level than that of the corresponding 
source root extracts (NRE/HRE). Results showed a mark-
edly different efficacy between two different types of AgNPs; 
those derived from hairy roots (HR-AgNPs) had a signifi-
cantly higher DPPH radical scavenging activity (35.98, 
42.15, 50.52, 59.06, and 66.34%) compared to that obtained 

Fig. 4  TEM images of NR-AgNPs (A, C) and HR-AgNPs (B, D)
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with natural roots (NR-AgNPs) (19.39, 28.54, 37.36, 47.22, 
and 53.00%) at different tested concentrations (100–500 µg/
ml). This effect of NPs was concentration-dependent and 
activity attributed to the presence of functional groups 
attached to AgNPs surface. The PIXE-based analysis of the 
elemental content of transformed hairy roots and natural 
roots had revealed that the former had a higher amount of 
trace elements [25]. Furthermore, to validate the difference 
in the biological activities of HR and NR, the phenolic and 
protein contents were also compared; the study showed an 
enhanced level of both the compounds/biomolecules in HR 
aqueous extract [25]. The difference in the activity of HR-
AgNPs and NR-AgNPs may be ascribed to the differential 
concentration of phytochemicals (trace elements in particu-
lar) present in the extracts.

3.3.2  Ferric Reducing Power

In the ferric reducing power (FRP) assay, the anti-oxidative 
activity of AgNPs is evaluated by examining the conversion 
of ferric chloride to ferrous chloride (Fig. 6). The forma-
tion of  Fe2+ is directly proportional to the intensity of Perl’s 
Prussian blue-colored product. The recorded absorbance can 
be quantified to detect the amount of iron reduced and can 
be equated with the amount of antioxidants. The results of 
the FRP assay showed a dose-dependent increase exhibiting 
the highest activity at 1000 µg/ml. Next to ascorbic acid, 
the higher reducing power was noticed in the case of HR-
AgNPs (69.80, 74.81, 77.00, 80.04, 85.31, 87.77, 90.46, 
93.28, 94.30, and 95.42%), followed by NR-AgNPs (43.02, 
50.45, 57.47, 65.56, 68.64, 72.53, 78.94, 83.38, 90.69, and 

91.99%) at increasing concentrations ranging 100–1000 µg/
ml. The lowest reducing efficiency was observed with NRE 
(5.59, 12.89, 25.27, 35.86, 46.31, 55.80, 68.34, 77.78, 79.31, 
and 81.42%) at the same range of concentrations.

Preeminence of root-derived nanoparticles over the root 
extracts in terms of FRP was noticeable irrespective of the 
concentrations used. The reducing properties of nanosil-
ver are attributed to the ability of antioxidants to donate 
the electron to break the free radical chain. The obtained 
absorbance values of ascorbic acid were higher as com-
pared to NPs which suggest that the reducing power of 
test samples was lower than that of the standard ascorbic 
acid. However, the difference in respect of the antioxidant 
response of ascorbic acid and HR-AgNPs was not statisti-
cally significant (p < 0.05).

3.3.3  Total Anti‑oxidative Capacity

Figure 7 displays the total antioxidative capacity following 
phosphomolybdenum method [52], which is based on the 
reduction of phosphate-molybdenum (VI) to phosphate-
molybdenum (V) and formation of bluish-green color 
phosphate/Mo (V) complex at acidic pH [74]. The activity 
of all test samples was found to rise with increasing con-
centrations ranging 100–1000 µg/ml; NPs demonstrating 
a significantly higher anti-oxidative property compared to 
corresponding root extracts (NRE/HRE). Interestingly, the 
study revealed a superior oxidizing power of HR-AgNPs 
over that of NR-AgNPs, though the former was statisti-
cally inferior (p > 0.05) to that of the standard ascorbic 

Fig. 5  DPPH radical scavenging activity of HR-AgNPs, NR-AgNPs, 
and HR/NR extracts, vis-à-vis, ascorbic acid as standard reference. 
Values represent mean ± SE from three independent experiments, 
each with 3–5 replicates

Fig. 6  Ferric reducing power of HR-AgNPs, NR-AgNPs, and HR/NR 
extracts, vis-à-vis, ascorbic acid as standard reference. Values are pre-
sented as mean ± SE from three independent experiments, each with 
3–5 replicates
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acid (positive control). The R2 value of HR-AgNPs, NR-
AgNPs, and the standard were 0.962, 0.956, and 0.967, 
respectively. The comparative analysis showed a varying 
scavenging ability of NRE, HRE, NR-AgNPs, HR-AgNPs, 
and the standard (ascorbic acid) at the highest concentra-
tion (1000 µg/ml) as 69.2, 71.3, 72.2, 84.5, and 94.1%, 
respectively. Overall, the contribution of NPs to the total 
antioxidant capacity was evident. This observation can be 
explained on the basis of the redox potentials of phenolic 
compounds present on nanoparticles surface that quench 
singlet/triplet oxygen and neutralize radicals [75].

3.3.4  ABTS Radical Scavenging Activity

In this assay, after the addition of potassium persulfate, 
ABTS converts to its radical cation which is made to react 
with antioxidants. During this reaction, a cation is converted 
back to its colorless neutral form and the reaction is moni-
tored spectrophotometrically. For the comparative analysis, 
rutin was used as a standard that effectively inhibits free 
radicals. However, it was interesting to note that, there was 
a significantly higher (p < 0.05) anti-oxidative capability of 
silver nanoparticles over that of rutin. In respect of aver-
age % inhibition, NPs synthesized from hairy roots (HR-
AgNPs) were remarkably more effective (47.4, 51.4, 59.4, 
65.7, 71.8, 78.8, 80.8, 81.3, 86.3, 87.3%) than rutin (29.08, 
30.90, 32.40, 37.70, 43.80, 51.53, 55.05, 58.00, 63.20, 
71.50%) at different tested concentrations (100–1000 µg/
ml) (Fig. 8). A relatively low efficiency (average % inhibi-
tion) was recorded for NR-AgNPs (32.2, 37.8, 42.9, 46.3, 
49.2, 55.4, 59.7, 64.2, 70.5, 74.3%). With reference to scav-
enging activity,  IC50 values for HR-AgNPs and NR-AgNPs 

were 172.72 and 514.50 µg/ml, respectively. In general, the 
remarkable superiority of NPs over the corresponding root 
extract samples was explicit at every concentrations tested.

3.3.5  Nitric Oxide (NO) Radical Scavenging Activity

Nitric oxide (NO) is a diatomic free radical produced by many 
cells in the body and regulates a variety of biological functions. 
In this study, the  IC50 values of ascorbic acid (standard), HR-
AgNPs, and NR-AgNPs were 413.9, 456.1, and > 500 µg/ml 
respectively (Fig. 9). Percentage radical inhibition of standard 
were 19.04, 30.10, 39.60, 49.20, and 55.00% at concentrations 
varying from 100 to 500 µg/ml, whereas for HR/NR-derived 
silver nanocolloid (HR-AgNPs/NR-AgNPs), they were 8.9/7.6 
18.5/16.7 26.9/25.3 39.6/36.0, and 54.4/47.8%, respectively. In 
the present investigation, there was no significant difference 
among the biosynthesized AgNPs and the standard ascorbic 
acid at various concentrations; the activity of the former was 
only marginally inferior to that of the latter. The mechanism 
and biochemistry responsible for reducing the ROS generated 
in the assay, is the internal electron transfer from hydroxyl 
group associated with nanoparticles to free radical which stabi-
lizes them and helps to arrest the chain of reactions initiated by 
excess generation of NO that are detrimental to human health 
[76, 77].

3.4  Comparative Anti‑oxidative Efficiency 
of Bio‑Fabricated AgNPs

In vitro anti-oxidative activity of non-fabricated root extracts 
(HREs and NREs) revealed that they had a markedly lower ability 

Fig. 7  Total antioxidant activity of HR-AgNPs, NR-AgNPs, and HR/
NR extracts, vis-à-vis, ascorbic acid as standard reference. Values 
represent mean ± SE from three independent experiments, each with 
3–5 replicates

Fig. 8  ABTS radical scavenging activity of HR-AgNPs, NR-AgNPs, 
and HR/NR extracts, vis-à-vis, rutin as standard reference. Values 
represent mean ± SE, from three independent experiments, each with 
3–5 replicates
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to scavenge the harmful radicals compared to their corresponding 
NPs. In the present study, when treated with root extracts, a small 
decrease in absorbance of the reaction mixture of DPPH, ABTS, 
and NO radical was noticed. Even at the highest concentration 
of 1 mg/ml, the total anti-oxidative activity (TAA) and reduc-
ing power activity (FRAP) of root extracts were relatively less 
prominent than bio-fabricated AgNPs thereof. The anti-oxidative 
activity was directly proportional to the increasing concentra-
tion of nanoscale silver; similar observations were reported with 
AgNPs derived from Iresine herbstii leaf aqueous extract [79].

In our investigation, the effectiveness in radical scaveng-
ing activity of test compounds in all assays can be ranked 
as HR-AgNPs > NR-AgNPs > HREs > NREs. The redox and 
metal chelation properties of the phenols present in roots are 
responsible for the anti-oxidative activity of Sida acuta [80, 
81]. Enhanced content of phytochemicals in the hairy root 
extracts such as flavonoids endowed with several hydroxyl 
groups and phenolic functional groups on the surface, as 
capping agents on nanoparticles bio-fabricated from them, 
might have accounted for their anti-oxidative capacity 
observed at a relatively elevated level.

3.5  Anti‑bacterial Activity

Extracts of natural/hairy roots of S. acuta and silver nano-
particles bio-fabricated from them (NR-AgNPs/HR-AgNPs) 
exhibited anti-microbial activity against 12 different selected 
pathogenic bacteria including 6 Gram-negative, 4 Gram-
positive, and 2 antibiotic resistant ones under in vitro cul-
ture condition. This was quantitatively and qualitatively 
assessed basing on the diameter of the zone of inhibition 

(ZoI) exhibited by the treatments, using the agar well dif-
fusion assay (Table 2) and confirmed using the microdilu-
tion broth method; the inhibitory/bactericidal activity being 
expressed as MIC and MBC, respectively (Table 3). The 
anti-bacterial activities of test samples were compared with 
that of RA (chloramphenicol/ciprofloxacin/gentamicin) and 
 AgNO3, each compound taken as a positive control. The 
results of the antibiogram pattern were determined employ-
ing agar well diffusion assay; data revealed variable sen-
sitivity of the different test bacteria under in vitro culture 
against both types of nanosilver particles (NR/HR-AgNPs) 
and corresponding root extracts (NR/HR) (Tables 2 and 3). 
Irrespective of bacterial strains tested, silver nanocomplex 
treatments demonstrated anti-bacterial activity in a remark-
ably higher efficacy compared to source root extracts. The 
MIC/MBC values of silver nanoparticles derived from trans-
formed hairy roots of S. acuta displayed efficient inhibition/
bactericidal effect (7.81/15.62 μg/ml), respectively against 
Enterobacter sp., Salmonella enterica serovar Typhi, Shi-
gella flexneri, Micrococcus sp., Staphylococcus aureus, and 
Staphylococcus aureusRes..The least sensitive bacterial spe-
cies among the investigated ones to HR-AgNPs treatment 
was Pseudomonas aeruginosa that showed the highest MIC/
MBC values (31.25/62.5 μg/ml). Effect of HR-AgNPs was 
significantly superior to that of NR-AgNPs against a major-
ity of bacteria barring Escherichia coli, Micrococcus sp., 
and Streptococcus mitis for three of which, in particular, 
the results were comparable between the AgNPs from two 
varied source types. Interestingly, the effectiveness of HR-
AgNPs was more pronounced than that of NR-AgNPs, not 
only against wild type bacterial pathogens but also, more 
particularly, against the two resistant pathogenic strains 
Escherichia coliRes and Staphylococcus aureusRes, investi-
gated, as explicit in our results from MIC-MBC experiments 
(Table 3). It was also interesting to note that the inhibitory 
and bactericidal effect, expressed by MIC and MBC values, 
respectively of HR-AgNPs against both resistant strains as 
well as two other wild type pathogenic bacteria, Shigella 
flexneri and Staphylococcus aureus, were of very high order, 
almost at par with that of  AgNO3 positive control.

There is no unanimity in reports on the differential effect 
of AgNPs on Gram-positive and Gram-negative bacteria. 
A higher inhibitory effect of AgNPs against E. coli (Gram-
negative) than on S. aureus (Gram-positive) was reported 
[82–84], whereas the anti-bacterial effect was similar (com-
parable) against both of these bacterial species [85, 86]. 
Contrarily, the inhibitory effect of AgNPs prepared from leaf 
extracts of banana (Musa balbisiana) and neem (Azadirachta 
indica) was more pronounced on Bacillus (Gram-positive) 
than on E.coli [87]. Similarly, Kobylinska et al. [38] also 
noticed a superior anti-bacterial effect of AgNPs syn-
thesized from hairy root extracts of Artemisia spp. chal-
lenging S. aureus compared to Pseudomonas aeruginosa 

Fig. 9  Nitric oxide scavenging activity of HR-AgNPs, NR-AgNPs, 
and HR/NR extracts, vis-à-vis, ascorbic acid as standard reference. 
Values are presented as mean ± SE from three independent experi-
ments, each with 3–5 replicates
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(Gram-negative). In our study, no such clear-cut differential 
effects of AgNPs on Gram-positive/Gram-negative bacteria 
was discernible. Conceivably, the underlying mechanism of 
the anti-microbial activity of AgNPs is more complex than 
is ingrained in differences of composition and morphology 
of cell wall of bacterial species [83, 88, 89].

Several mechanisms have been postulated to explain 
the underlying basis of the anti-bacterial activity of silver 
nanoparticles. These include (i) a considerable affinity of 
silver to preferentially bind and react with sulfur-containing 
proteins in the membrane/cell interior and phosphorus-
containing elements like DNA [90, 91] leading to their 
inactivation and denaturation [92], (ii) denaturation of the 
ribosome and suppression of the expression of enzymes and 
proteins essential to ATP production [93], (iii) inhibition 
of membrane-bound respiratory enzymes, e.g., cytochrome 
oxidases, malate dehydrogenase, and succinate dehydroge-
nase [94], (iv) interactions of silver nanoparticles with thiol 
groups of antioxidative or respiratory enzymes [94] pro-
moting generation of ROS (superoxide radicals, hydroxyl 
radical, hydrogen peroxide, etc.) following exposure to elec-
tron accepting metals (like silver) causing oxidative stress 
followed by irreversible damage to genetic material and 
membrane lipid [46], and (v) disruption of cell membrane 
and loss of membrane permeability as evidenced by the 

increased conductance of  AgNO3-treated bacterial cultures 
causing bacterial cell lysis [95].

Although a large number of plant extracts have been 
used for green synthesis of silver nanoparticles [85, 96], 
only a few of such biogenic AgNPs have been tested for 
anti-bacterial activity [84–86]. Anti-microbial activity of 
biogenic AgNPs synthesized from extracts of some plant 
species, namely, Elaeagnus umbellata [97], Cestrum noc-
tornum [52], Nauclea latifolia [98], and Malus domes-
tica [99] have also been documented recently. The use of 
AgNPs as prominent anti-microbial agents is shown to be 
highly dependent on their size, shape, surface structure, 
and stability in colloid solution [38]. It is speculated that 
AgNPs stabilized by extract components (e.g., sucrose/
polyols) interacted with the building blocks of the bacte-
rial cellular surfaces, such as disaccharide pentapeptide 
composed amino sugars [100] and disrupted the res-
piratory functions leading to bacterial cell death, as was 
reported previously [101]. Further intense investigation 
is warranted so as to establish a general conclusive basis 
for understanding of the anti-bacterial activity of biogenic 
AgNPs fabricated from plant extracts.

There might be an elevated synthesis of secondary metabo-
lites in HRs than in NRs of S. acuta, which could be one of the 
reasons for HRs expressing noticeably enhanced anti-micro-
bial activity compared to NRs, as demonstrated in Maytenus 

Table 2  Comparative in vitro anti-bacterial  activity* of root extracts and silver nanoparticles against selected bacterial pathogens

NR, natural root extract; HRE, hairy root extract; NR-AgNPs, silver nanoparticles derived from NRE; HR-AgNPs, silver nanoparticles derived 
from HRE
Mean values (between columns within row) followed by different alphabets (in superscript) are significantly different [p ≤ 0.05; Duncan’s new 
multiple range test (DMRT)]. Data pooled from a total of three separate experiments each comprising 5–7 replicates
E. coliRes, resistant to norfloxacin, ofloxacin, ampicillin, cefixime, and nitrofurantoin
Staphylococcus aureusRes, resistant to norfloxacin, ofloxacin, ampicillin, and cefotaxime
Cpf, ciprofloxacin; Clm, chloramphenicol; Gtm, gentamicin

Bacterial species NRE
ZoI (mm)

HRE
ZoI (mm)

AgNO3
ZoI (mm)

NR-AgNPs
ZoI (mm)

HR-AgNPs
ZoI (mm)

Reference antibiotics
ZoI (mm)

Gram − ve
  Enterobacter sp. 10.22f 14.46d 17.53b 13.70de 16.54bc 19.33a [Cpf]
  Escherichia coli 11.13ef 11.92e 20.08b 16.81 cd 17.17c 23.17a [Gtm]
  Klebsiella pneumoniae 11.18f 13.45de 19.33bc 14.68d 19.56b 24.11a [Gtm]
  Pseudomonas aeruginosa 10.07f 11.18ef 15.52b 13.21d 14.46bc 18.77a [Gtm]
  Salmonella enterica serovar Typhi 10.32f 12.66e 22.41b 17.24d 20.10c 27.57a [Cpf]
  Shigella flexneri 10.15f 13.71e 20.63b 17.84 cd 19.07bc 24.93a [Cpf]

Gram + ve
  Bacillus anthracis 11.55f 14.32e 20.24b 16.68 cd 18.54bc 25.22a [Cpf]
  Micrococcus sp. 10.15ef 10.76e 16.  52bc 16.26bcd 16.58b 19.40a [Cpf]
  Staphylococcus aureus 12.35f 14.66e 22.11b 18.88 cd 20.64bc 28.57a [Cpf]
  Streptococcus mitis 11.13ef 11.47e 15.21b 14.46bcd 14.78bc 18.42a [Clm]

Resistant strains
  Escherichia coliRes 10.06ef 10.78e 19.17b 14.33 cd 15.50c 21.68a [Clm]
  Staphylococcus aureusRes 10.82ef 12.12e 22.08b 16.67 cd 17.41c 24.56a [Clm]
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senegalensis [102]. The intrinsic difference between the two types 
of root extracts may have been reflected among the AgNPs derived 
from such source extract types in respect of their anti-bacterial 
activity.

The effective anti-microbial potential of HR-AgNPs against 
the two resistant strains, Escherichia coliRes and Staphylococcus 
aureusRes, both causing UTIs in human beings, suggests that 
they can be an effective alternative to combat multi-drug resist-
ance in UTIs. The anti-bacterial efficiency of nanoparticles can 
be increased further by modulating their size, varying the expo-
sure time and concentration [103]. Thus, development and uti-
lization of anti-microbial nanoparticles could be as an emerging 
technology to deal with dreadful multidrug-resistant bacteria.

3.6  Anti‑cancer Activity

3.6.1  Effect on Cell Viability

MTT assay is a quantitative colorimetric detection of cell 
viability based on the reduction of 3-(4,5-dimethythiazol2-
yl)-2,5-diphenyltetrazolium bromide (MTT), a yellow 
tetrazol salt to a water insoluble purple-colored formazan 
inside viable cells [104]. The formazan is solubilized with 
an organic solvent, and resultant end product is quantified 

spectrophotometrically which provides an estimate of via-
ble cell number. It was noted that the results of performed 
assay exhibited dose-dependent cytotoxicity of root extract-
derived AgNPs to human brain tumor cell line U-87MG 
(Fig. 10). The effect of NPs on cell toxicity was compara-
ble to that reported from previous studies. Hanley et al. [8] 
reported apoptosis in cancerous T cells upon exposure to the 
zinc NPs which induced the generation of excess reactive 
species in treated cells leading to their protein and DNA 
damage. Furthermore, the promotion of toxicity by ZnO-NPs 
in human liver cancer cells through generation of ROS via 
the p53 pathway was demonstrated [105]. Besides, cancer 
cells treated with NPs synergized with radiotherapy showed 
enhancement of radiation sensitivity in them [106]. In the 
present study, the  IC50 value was found to be 175.29 and 
254.90 μg/ml for HR-AgNPs and NR-AgNPs respectively. 
Even at a low concentration of 100 μg/ml, the HR-AgNPs 
exhibited 38.3%, and NR-AgNPs showed 19.2% of inhibi-
tion. In our study, HR-AgNPs and NR-AgNPs, employed 
for treatment at 500 μg/ml, induced 91.1% and 88.9% of 
cell mortality, respectively. Also, NPs displayed a significant 
reduction in the viability of cells (p < 0.05). The assay was 
also carried out using the root extracts, though they affected 
cell viability in a dose-dependent manner, but their efficacy 

Table 3  Comparative minimum inhibitory concentrations [MIC] and minimum bactericidal concentration [MBC] values of root extracts and sil-
ver nanoparticles against selected bacterial pathogens using agar well diffusion method

NRE natural root extract; HRE, hairy root extract
NR-AgNPs, silver nanoparticles derived from NRE; HR-AgNPs, silver nanoparticles derived from HRE
Mean values (between columns within row) followed by different alphabets (in superscript) are significantly different [p ≤ 0.05; Duncan’s new 
multiple range test (DMRT)]. Data pooled from a total of three separate experiments each comprising 5–7 replicates
E. coliRes, resistant to norfloxacin, ofloxacin, ampicillin, cefixime, and nitrofurantoin
Staphylococcus aureusRes, resistant to norfloxacin, ofloxacin, ampicillin, and cefotaxime
Cpf, ciprofloxacin; Clm, chloramphenicol; Gtm, gentamicin

Bacterial species NRE
[µg/mL]

HRE
[µg/mL]

AgNO3
[µg/mL]

NR-AgNPs
[µg/mL]

HR-AgNPs
[µg/mL]

Reference antibiotics
[µg/mL]

Gram − ve MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
  Enterobacter sp. 250 500 125 250 12.5 25 62.5 125 15.62 31.25 3.75 [Cpf] 7.5 [Cpf]
  Escherichia coli 125 250 125 250 12.5 25 15.62 31.25 15.62 31.25 5 [Gtm] 10 [Gtm]
  Klebsiella pneumoniae 125 250 62.5 125 6.25 12.5 15.62 31.25 7.81 15.62 3.12 [Gtm] 6.25 [Gtm]
  Pseudomonas aeruginosa 500 1000 250 500 15 30 62.5 125 31.25 62.5 10 [Gtm] 20 [Gtm]
  Salmonella enterica serovar Typhi 62.5 125 31.25 62.5 5 10 15.62 31.25 7.81 15.62 2.5 [Cpf] 5 [Cpf]
  Shigella flexneri 125 250 62.5 125 7.5 15 15.62 31.25 7.81 15.62 6.25 [Cpf] 12.5 [Cpf]

Gram + ve
  Bacillus anthracis 125 250 62.5 125 10 20 31.25 62.5 15.62 31.25 6.25 [Cpf] 12.5 [Cpf]
  Micrococcus sp. 62.5 125 31.25 62.5 6.25 12.5 15.62 31.25 7.81 15.62 5 [Cpf] 10 [Cpf]
  Staphylococcus aureus 31.25 62.5 31.25 62.5 7.5 15 15.62 31.25 7.81 15.62 2.5 [Cpf] 5 [Cpf]
  Streptococcus mitis 62.5 62.5 62.5 62.5 6.25 12.5 15.62 15.62 15.62 15.62 3.75 [Clm] 7.5 [Clm]

Resistant strains
  Escherichia coliRes 250 500 250 500 15 30 31.25 62.5 15.62 31.25 12.5 [Clm] 12.5 [Clm]
  Staphylococcus aureusRes 62.5 125 62.5 125 7.5 15 15.62 31.25 7.81 15.62 5 [Clm] 5 [Clm]



BioNanoScience 

1 3

was lower than NPs. At a dosage of 500 μg/ml, the percent-
age of inhibited cells was 36.1% and 12.2% for the HRE and 
NRE, respectively.

3.6.2  NBT Reduction Activity and ROS Generation

Nitroblue tetrazolium (NBT) is a cell-permeable compound 
used for the detection of superoxide anions produced within 
the cells naturally or induced by targeted drugs. The quan-
tification can be carried out by spectrophotometric analysis 
of solubilized formazan deposits which forms when NBT is 
degraded by free radicals; thus, higher the ROS production 
higher is the NBT reduction percentage. Cells exposed to 
100 µg/ml, each of HR-AgNPs and NR-AgNPs exhibited 
57.6% and 42.7% of reduction of NBT, respectively. It was 
evident that a higher concentration of nanocrystals induced 
a higher level of ROS generation as there was a difference 
of 40% in the NBT reduction between the lowest and high-
est concentration used in this assay (Fig. 11). The reason 
behind this may be the smaller size of HR-AgNPs which 
gets preferentially internalized at a faster rate and increase 
the oxidative stress in the cancer cell line [107, 108]. The 
 IC50 value for NBT was 71.6 and 149.1 µg/ml for HR-AgNPs 
and NR-AgNPs respectively. Increased oxidative stress by 
NPs has been attributed to the fact that the redox-active 
organelles such as mitochondria are assumed to be attacked 
by NPs. Rinna et al. [109] reported the effect of AgNPs 
on ROS formation even at the lowest concentration (1.0 μg/
ml) and the role of oxidative stress in AgNPs-induced geno-
toxicity. They observed the creation of oxidative lesions by 
NPs and translocation of AgNPs into the cell nucleus. It is 

imperative to understand the mechanism of selective cyto-
toxicity towards cancer cells by NPs, which have efficient 
scavenging pathways to neutralize the effects of free radicals 
produced by cell defense mechanism. However, excessive 
and fast generation of ROS by external drugs or NPs makes 
cancer cells highly susceptible to oxidative damage as their 
acidic microenvironment promotes the ability of NPs to 
increase oxidative stress in cancer cells beyond their thresh-
old point. It is interesting to note that NPs in cells with neu-
tral pH (7.0–7.4), which is the characteristic of normal cells, 
do not produce ROS instead exhibit antioxidative property 
[110–112]. Our experimental outcome was in conformity 
with previous studies on the role of AgNPs-mediated ROS 
generation, and ROS are known to exert their effect by dam-
aging the cellular genetic material [46].

3.6.3  DNA Fragmentation and Apoptosis

Loss of cell volume and membrane integrity, chromatin 
condensation, and formation of DNA fragments of variable 
sizes are the biochemical insignias of apoptosis. Gel elec-
trophoresis of DNA isolated from the control and treated 
cells  (IC50 concentration of NPs for 24 h) was carried out 
to perform DNA fragmentation analysis. Fig.  12 depicts 
the smear formation due to multiple DNA fragments only 
in treated U-87MG cells. No fragmentation was noticed for 
untreated (control) cancer cells. The gel profile confirmed 
the sensitivity of cancer cells to NPs at its  IC50 value. This 
assay demonstrated that AgNPs induced cell death by immu-
table ROS-mediated DNA damage; thus, they may be used 
in the future for the treatment of brain cancer. Based on the 

Fig. 10  MTT assay depicting effect of HR-AgNPs, NR-AgNPs, and 
HR/NR extracts on cell viability after 24  h of treatment. Column 
bars represent the mean of three independent experiments. Mean 
values associated with different alphabets are significantly different 
[p ≤ 0.05; Duncan’s new multiple range test]

Fig. 11  NBT reduction in cancer cells treated with HR-AgNPs, NR-
AgNPs, and HR/NR extracts. Column bars represent the mean of 
three independent experiments. Mean values associated with different 
alphabets are significantly different [p ≤ 0.05; Duncan’s new multiple 
range test]
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previous reports, caspase proteins are the major executioners 
in apoptosis. Among them, caspase-3 is the chief effector 
protein that catalyzes the proteolysis of many downstream 
effector caspases. The activation of caspase-3 is mediated 
either by extrinsic (external stress ligand) or by intrinsic 
(mitochondrial protein) pathway. In the former case, bind-
ing of death ligand to the receptor on target cells triggers 
the caspase cascade reactions that involve the recruitment of 
initiator caspase-8 which further activates caspase-3. On the 
contrary, in intrinsic pathway, the mitochondrial cytochrome 
C in association with Apaf-1 and ATP activates the initiator 
caspase-9, which eventually engages caspase-3 for the final 
progression of apoptosis [79, 113].

3.6.4  Chromatin Condensation and Apoptosis

Fluorescence microscopic analysis of cancer cells with Hoe-
chst 33,258 stain revealed alterations in the compact state 
of chromatin. Figure 13 exhibits a well-pronounced effect 
of tested compounds (AgNPs) that triggered chromatin 
condensation in U87MG cells in a dose-dependent manner. 
Compared to NPs derived from natural root extracts (NR-
AgNPs), those from transformed hairy roots (HR-AgNPs) 
were remarkably superior in effects. The extent of Hoechst-
staining was noticeably intense in cells treated with HR-
AgNPs at  IC50 value (175.29 µg/ml) in comparison with 
cells those received treatment with NR-AgNPs at  IC50 value, 
the latter was of a much higher concentration (254.90 µg/
ml) (Fig. 13B, D).

During apoptosis, chromatin becomes fragmented or con-
densed which stains brightly due to Hoechst dye 333,258. 
Untreated cells have undamaged DNA, normal chromatin, and 
intact cell membrane as a result of which live cells stain dimly. 

This assay allows distinguishing healthy cells or necrotic cells 
from the apoptotic cell because only condensed DNA takes up 
the stain as plasma membrane integrity and permeability are 
compromised. Nuclear condensation is associated with cell 
shrinkage, membrane blebbing, and formation of apoptotic bod-
ies. NPs found to exhibit anticancer activity, perhaps due to the 
collaborative effect of small size (nanoscale dimension) together 
with the bioactive molecules adsorbed onto the surface of NPs.

3.6.5  Annexin V Staining and Apoptosis

Cell membrane phospholipids are known to be asymmetrically 
distributed; while phosphatidylcholine and sphingomyelin 
are located on the external leaflet of the lipid bilayer, phos-
phatidylserine exists on the inner surface. This asymmetry is 
disrupted during apoptosis, causing exposure of phosphatidyl-
serine to which the anticoagulant protein annexin V binds with 
high affinity. Apoptotic cells are stained positively for annexin 
V-FITC but are negative for staining with PI. Dead cells are 
stained positive for annexin-FITC as well as PI, whereas, viable 
cells are negative for both FITC and PI. Thus, a suitable fluoro-
chrome-conjugated annexin V can be used to detect apoptotic 
cells by flow cytometry. Fig.  14 shows a contour diagram of 
U-87MG brain tumor cells stained with FITC-labeled annexin 
V; a noticeable decline was evident in the % viable cells after 
24 h of exposure to NPs, compared to untreated cells. When 
treatment concentration of HR-AgNPs was enhanced from a 
level lower than half-maximal inhibitory concentration, i.e., 
100 μg/ml to 175.29 µg/ml  (IC50 value of HR-AgNPs), viable 
cells decreased from 90.36 to 85.20%, and the percent of late 
apoptotic cells increased from 6.02 to 7.99%. A further rise 
to 8.30% of late apoptotic cells was detected at a concentra-
tion (200 µg/ml) higher than  IC50 value of HR-AgNPs. Thus, 
the incubation of cancer cells with HR-AgNPs resulted in 
total apoptosis indices of 6.87% and 8.23% at <  IC50 and at 
 IC50; respectively. In comparison, at  IC50 value of NR-AgNPs 
(254.90 µg/ml), the percentage of late apoptotic cells was found 
to be 5.18% which was quite lower. The cumulative percentage 
of apoptotic cells was also inferior with the value of 4.17% and 
5.39% at <  IC50 and at  IC50; respectively. The differential cyto-
toxic response of the U-87MG brain tumor cells to AgNPs of 
variable origin could be due to unequal amount and/or varied 
types of phenolic compounds attached to the surface of NPs.

3.7  Rol genes and Secondary Metabolites 
Influencing Anti‑cancer Activities of AgNPs

The role of rol genes (especially rolB and rolC), delivered 
through signal transduction from pRi T-DNA of Rhizobium 
rhizogenes to the recipient plant cells, as potential inducers of 
secondary metabolism in the transformed “hairy root” cultures 
is well documented [114]. These rol genes are viewed to acti-
vate biosynthesis of key secondary metabolites in “hairy roots” 

Fig. 12  DNA fragmentation in U-87MG cell lines consequent 
upon treatment with AgNPs. Lane 1: 1-kb ladder; Lane 2: control 
(untreated); Lanes 3–5: cancer cells treated with  IC50 concentration of 
HR-AgNPs; Lanes 6–8: cancer cells treated with  IC50 concentration 
of NR-AgNPs
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[115–117]. Quite expectedly, compared to the in natura source 
mother plants, transformed “hairy” roots carrying R. rhizogenes 
rol genes are enabled to demonstrate a superior bioactivity.

HPTLC analysis had revealed an approximately 3.5-
fold higher content of β-sitosterol in the selected rhizo-
clone ST5F4 of Sida acuta that averaged 46.77 mg/100 g 
d.wt. root tissue in comparison with that in natural root 
(NR) extracts (13.43 mg/100 g d.wt. root tissue) [25]. 
β-sitosterol is believed to play a role in scavenging 
free radicals and preventing protein damage caused by 

oxidative insult which is involved in pancreatic β-cell 
degeneration [118]. Higher antioxidative activity in cell 
free systems exhibited by AgNPs, developed from hairy 
root extracts compared to that from in natura counterparts, 
was perhaps owing to their relatively elevated β-sitosterol 
content.

Jena [25] noted a marked reduction in triglycerides and 
cholesterol level in blood serum in treated diabetic Wistar 
rats consequent upon treatment with HR extracts and the 
purified β-sitosterol isolate, the latter known for its ability to 

Fig. 13  Chromatin condensation in U87MG cells consequent upon 
treatment with AgNPs. (A) Cells treated with HR-AgNPs at <  IC50 
value (100  µg/mL). (B) Cells treated with HR-AgNPs at  IC50 
value (175.29  µg/mL). (C) cells treated with HR-AgNPs at >  IC50 

value (200  µg/mL). (D) Cells treated with NR-AgNPs at <  IC50 
value (100  µg/mL). (E) Cells treated with NR-AgNPs at  IC50 value 
(254.9  µg/mL). (F) Cells treated with NR-AgNPs at >  IC50 value 
(300 µg/mL)
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attenuate lipid peroxidation and restore histo-architecture in 
rats with 1,2-dimethylhydrazine-induced colon cancer [119]. 
β-Sitosterol isolated from the stem bark of Solanum surat-
tense demonstrated promising antioxidant potential in strep-
tozotocin-induced diabetic rats [120]. Besides, this phytas-
terol was shown to be an immune-modulator and useful in 
coronary artery disease, hypercholesterolemia, rheumatoid 
arthritis, tuberculosis, and cervical/breast/prostate cancers 
[121]. The chemotherapeutic activity of β-sitosterol could be 
associated with the induction of apoptosis through blockade 
of multiple cell signaling mechanisms [122]. Rajavel et al. 
[123] in their study reported that β-sitosterol triggered apop-
tosis through ROS-dependent pathway, which was mediated 
through Trx/TrxR1 signaling route.

AgNPs are known to suppress ATP content of the cancer 
cell lines causing damage to mitochondria and increased 
production of reactive oxygen species (ROS) in a dose-
dependent manner. DNA damage, as measured by single 
cell gel electrophoresis (SCGE) and cytokinesis blocked 
micronucleus assay (CBMN), was shown to be dose-depend-
ent and pronounced in the MCF-7 breast cancer cell lines 
[124]. In tumor cells, an array of inflammatory mediators 
and reactive oxygen species (ROS) are generated which exert 
an effect on the tumor suppressor genes following alteration 

in the activity of the ROS scavenging system and activation 
of an oncogene [125, 126].

Cytotoxic activity of three related alkaloids, namely, qui-
nodolinone, crytolepinone, and 11-methoxyquindoline from 
S. acuta was demonstrated using a mouse mammary organ 
culture model [127]. The indoloquinoline alkaloid, cryp-
tolepine, isolated from S. acuta showed anticancer activ-
ity in human gastric adenocarcinoma (AGS) cells [128]. It 
behaves as a typical intercalating agent and binds tightly to 
DNA, thus, stabilizing the topoisomerase II-DNA covalent 
complex and stimulating DNA degradation by topoisomer-
ase II [129]. A later study employing X-ray crystallography 
revealed that the cytotoxic drug would intercalate into DNA 
at cytosine-cytosine sites [130]. Dassonneville et al. [131] 
showed cryptolepine to have induced apoptosis in HL60 
leukemia cells. Another important compound, a coumarin, 
identified as scopoletin (6-methoxy-7-hydroxycoumarin) in 
S. acuta has been shown to inhibit leukemia cell prolifera-
tion. The phytocompound was found to exert a cytotoxic 
effect on tumoral lymphocytes by partially reversing sup-
pression of lipoprotein lipase activity induced by the tumor 
necrosis factor alpha (TNF-α), thereby facilitating dissipa-
tion of plasma triglycerides [132].

Fig. 14  U-87MG brain tumor cell apoptosis computed by annexin V 
Apoptosis Detection kit using flow cytometry. (A) Untreated cells. 
(B) Cells treated with NR-AgNPs at <  IC50 value. (C) Cells treated 

with NR-AgNPs at  IC50 value. (D) Cells treated with HR-AgNPs 
at <  IC50 value. (E) Cells treated with HR-AgNPs at  IC50 value. (F) 
Cells treated with HR-AgNPs at >  IC50 value
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Almost 25% of drugs approved by the Food and Drug 
Administration (FDA) and/or European Medicinal Agency 
(EMA) are obtained from plants [23]. This owes to the fact 
that besides having a negligible non-targeted toxicity and 
broad spectrum biological activity, plant-derived drugs offer 
an additional benefit of being trasportation-friendly. The 
natural phytomolecules are known to serve as the preferred 
substrates of transporter systems that carry molecules to 
their site of intracellular activity. Several effective antican-
cer drugs of plant origin have been developed and placed in 
clinical chemotherapeutic practice [19–21].

4  Conclusion

In the present study, stable, cost-effective eco-friendly bio-
synthesis of AgNPs was carried out using transgenic rhizo-
clones of an ethno-medicinal plant species, Sida acuta, to 
help ensure long-term sustainable delivery of bioactive 
phytochemicals to be implicated in human healthcare. Sup-
posedly, “hairy root”-derived NPs possessed super-active 
phytoconstituents, which are responsible for their in vitro 
scavenging and anti-bacterial activities, in addition to 
cytotoxicity against the glioma cell line investigated. This 
method of biogenic synthesis of AgNPs from in vitro root 
extracts of Sida acuta has ushered a possibility for treating 
oxidative stress-related diseases, infectious diseases caused 
by pathogenic bacteria or the deadly cancer through in vivo 
trials. Further investigations are required to elucidate the 
molecular mechanism, assert biocompatibility, and address 
bio-safety issues before warranting broad range biomedical 
applications of such nanoparticles in future.
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