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Abstract: In vitro-derived cultures of plants offer a great potential for rapid biosynthesis of
chemical-free antimicrobial silver nanoparticles (AgNPs) by enhancing their phytochemical
reducing potential. Here, we developed an efficient protocol for in vitro micropropagation of
a high-value endangered medicinal plant species, Phlomis bracteosa, in order to explore its
biogenic potential in biomimetic synthesis of antimicrobial AgNPs. Murashige and Skoog
medium supplemented with 2.0 mg/L thidiazuron was found to be more efficient in inducing
optimum in vitro shoot regeneration (78%4.09%), and 2.0 mg/L indole-3-butyric acid was
used for maximum root induction (86%14.457%). Antimicrobial AgNPs were successfully
synthesized by using aqueous extract (rich in total phenolics and flavonoids content) of in vitro
derived plantlets of P. bracteosa. Ultraviolet—visible spectroscopy of synthesized AgNPs showed
characteristic surface plasmon band in the range of 420429 nm. The crystallinity, size, and
shape of the AgNPs were characterized by X-ray diffraction and scanning electron microscopy.
Face-centered cubic AgNPs of almost uniform spherical size (22.41 nm) were synthesized within
a short time (1 hour) at room temperature. Fourier-transform infrared spectroscopy revealed
that the polyphenols were mainly responsible for reduction and capping of synthesized AgNPs.
Energy dispersive X-ray analysis further endorsed the presence of elemental silver in synthe-
sized AgNPs. These biosynthesized AgNPs displayed significantly higher bactericidal activity
against multiple drug-resistant human pathogens. The present work highlighted the potent role
of in vitro-derived plantlets of P. bracteosa for feasible biosynthesis of antimicrobial AgNPs,
which can be used as nanomedicines in many biomedical applications.

Keywords: silver nanoparticles, Phlomis bracteosa, in vitro micropropagation, antimicrobial,

multidrug resistant bacteria

Introduction

Biomimetic synthesis of nanoparticles is an area of immense interest due to its broader
applicability in the fields of medicine, molecular biology, physics, electronics, and
chemistry.! Among various metallic nanoparticles, silver nanoparticles (AgNPs) are
gaining particular attention due to their desirable properties, including their high
surface-to-volume ratios, catalytic optical, biosensing, and antimicrobial effects.>?
However, most techniques used for the synthesis of nanoparticles involved various
chemicals, which are expensive and may adversely affect the environment and various
biological systems. On the other hand, the “Green” methods of nanoparticle synthesis
using biological entities such as bacteria, yeast, fungi, and plants are stated to be clean,
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nonhazardous, inexpensive, and environmentally tolerable
when compared to other methods.*® In the literature, many
reports are available on the toxicity of chemically produced
AgNPs to eukaryotic cells and environment.”® The toxicity
of AgNPs can be minimized by synthesizing them from
plant extracts which do not involve the use of any external
harsh chemicals, hence decreasing the toxicity of AgNPs.’
Synthesis of AgNPs using plant extracts is the most imple-
mented method of green, eco-friendly fabrication of nano-
particles and also has a distinctive advantage that the plants
are extensively distributed, less biohazardous, and act as a
source of numerous antioxidant metabolites.!%!! These natu-
rally occurring plant secondary metabolites possess strong
reduction properties, which can be linked with the higher
potential ability of plant extracts to synthesize chemical-free
AgNPs with minimum toxic effects.'" Among different plant
species, medicinal plants are of special concern since they
control the size and shape of nanoparticles by providing
capping layers to nanoparticles and also prevent them from
agglomeration.'?

Phlomis bracteosa (Lamiaceae), an endangered plant spe-
cies, is traditionally used as herbal medicine for the treatment
of bone fractures, sinus congestion, lymph fluid disorder, and
indigestion.!*!* Leaves and flowers of P. bracteosa possess
many pharmacological and biological properties such as
antiglycation, antibacterial, antifungal, anti-inflammatory,
immunosuppressive, antimutagenic, antinociceptive, antife-
brile, immunomodulatory, antimalarial, and antioxidant.'>'8
Various phytochemicals such as phenolics, flavonoids,
terpenoids, saponins, and tannins have been reported in this
species and these are responsible for its biological activities."
But, unfortunately, this high-value medicinal plant has not
received much attention from researchers, and now it has
become an endangered species due to its overharvesting from
the wild for medicinal use. Due to the presence of highly valu-
able phytochemicals, an efficient and reliable regeneration
protocol is needed for genetic transformation, multiplication,
and germplasm conservation of this commercially important
plant species.

In vitro culture techniques offer a viable tool for rapid
multiplication of elite clones of valuable endangered plant
species.? % In some species it is difficult to determine the
optimal conditions for sustainable growth, but in vitro
micropropagation continues to be a reliable source for
conservation of medicinally important endangered plant
species.” Due to strong antioxidant activity and presence
of large amount of biologically active phytochemicals,
P. bracteosa may be considered as a potential source
for reduction of silver ions (Ag*) to AgNPs. So, here we

developed an efficient protocol for in vitro regeneration of
P. bracteosa, in order to explore its biogenic potential in bio-
mimetic synthesis of antimicrobial AgNPs. The major goal
of'this study was to develop a safe, rapid, and cost-effective
protocol for biomimetic synthesis of antimicrobial AgNPs
using aqueous extract of in vitro propagated plantlets of P.
bracteosa. In vitro antibacterial activities of synthesized
AgNPs have also been investigated against multiple drug-
resistant bacterial strains. To the best of our information,
this is the very first report on exploitation of P. bracteosa
for the aforementioned objectives.

Materials and methods

Plant material and explant source

Seeds of P. bracteosa were provided by Dr Nisar Ahmad,
Assistant Professor at University of Swat, Pakistan. Seeds
were surface sterilized according to the method of Ali et al*
with some modifications. Briefly, seeds were washed with
running tap water for 10 minutes and then immersed in 1%
mercuric chloride solution for 1 minute and in 70% ethanol
for 2 minutes, followed by washing five times with auto-
claved double distilled water. After that, seeds were carefully
dried on sterilized filter papers inside a laminar flow bench
and placed on Murashige and Skoog? basal medium (MS0)
containing 30 g/L sucrose, and 8 g/L agar as solidifying
agent. The pH of all media was adjusted to 5.6 and autoclaved
at 121°C for 20 minutes. Inoculated flasks were placed in
growth chamber at 25°C22°C under 16/8 hours photope-
riod with light intensity of 40 wmol/m?%s. After 25 days of
inoculation, we collected stem explants from plantlets of
P. bracteosa for shoot organogenesis.

Shoot induction

For shoot induction, ~1-2 cm of stem explants lacking nodules
were inoculated on MS0 media supplemented with varying con-
centration (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mg/L) of thidiazuron
(TDZ), o.naphthalene acetic acid (NAA), 6-benzylaminopurine
(BA), and gibberellic acid (GA,). The pH of all media was
adjusted to 5.6-5.7 prior to autoclaving, and the cultures were
maintained at 25°C22°C for 16/8 hours photoperiod in growth
chamber. MSO medium without any plant growth regulators
(PGRs) was used as control. After 4 weeks of inoculation, the
efficacy of PGRs was determined by recording the frequency of
shoot formation (%), number of shoots developing per explant,
and average shoot length (cm).

Rooting and acclimatization
In vitro regenerated shoots (3—5 c¢cm) lacking nodules were
excised and transferred to MSO medium supplemented with

submit your manuscript

1664

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Biomimetic synthesis of AgNPs by Phlomis

Table | Effects of IAA (0.5-5.0 mg/L) and IBA (0.5-5.0 mg/L) on root induction frequency, mean root length, and number of roots

per plantlet in Phlomis bracteosa

Root organogenesis

Serial PGRs treatments (mg/L) Root formation (%) Mean root length (cm) Number of roots/plantlet
number (mean = SD) (mean = SD) (mean = SD)
| IAA 0.5 10£1.02 1.1£0.04 240.11

2 IAA 1.0 27+1.12 1.5+£0.09 3+0.26

3 IAA 2.0 55£3.11 2.240.14 4+0.18

4 IAA 3.0 59+2.37 2.7+0.13 6+0.26

5 IAA 4.0 2542.11 1.8£0.12 3+0.19

6 IAA 5.0 12+1.02 1.1+£0.06 240.21

7 IBA 0.5 18+1.12 1.6+0.09 3+0.17

8 IBA 1.0 43£1.33 1.9+0.18 410.01

9 IBA 2.0 86+4.45 4.3+0.46 9+0.33

10 IBA 3.0 75+3.65 3.3+0.37 7+0.37

I IBA 4.0 64+1.99 2.1+0.22 5+0.24

12 IBA 5.0 31+2.79 1.7+0.18 2+0.04

13 MS0 - - -

Note: Values mean + SD indicate the replicates of three experiments.

Abbreviations: IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; PGR, plant growth regulator; SD, standard deviation; MS0O, Murashige and Skoog basal medium.

varying concentrations (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mg/L)
of indole-3-butyric acid (IBA) and indole-3-acetic acid
(IAA) (Table 1). After 4 weeks of culture, plantlets with
well-developed roots were removed from the flasks, and after
gentle washing of roots with tap water, the plantlets were
placed into plastic cups filled with organic manure, clay soil,
and sand (1:1:1) at 25°C£2°C under 16/8 hours photoperiod

in growth chamber. Three weeks later, the plantlets were
transplanted into garden soil for acclimatization.

Extract preparation

Before acclimatization, ~10 g of in vitro-derived plantlets of
P. bracteosa with well-developed roots were collected for
extract preparation (Figure 1A). Briefly, the plantlets were

Figure | In vitro-derived plantlets of Phlomis bracteosa, its aqueous extract, and biosynthesis of AgNPs.
Notes: (A) In vitro propagated plantlets obtained from MSO medium supplemented with 2.0 mg/L IBA. (B) Aqueous extract of 10 g/I00 mL of in vitro propagated plantlets.

(C) Plantlets extract/AgNO, (v/v) reaction mixtures in different ratios.

Abbreviations: AgNPs, silver nanoparticles; MS0, Murashige and Skoog basal medium; IBA, indole-3-butyric acid; PE, plant extract.
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placed in 100 mL distilled water and boiled for 15-20 minutes.
The extract thus formed was cooled down to room tem-
perature, filtered through a filter paper, and the volume of
the filtrates were adjusted to 100 mL with distilled water
(Figure 1B) and stored at 4°C for further use.

Content determination

Total phenolic content (TPC) was determined using Folin—
Ciocalteu’s reagent according to the method described by
Velioglu et al.?” Absorbance was measured at 725 nm using
UV/Vis HALO DB-20 spectrophotometer (Dynamical Ltd,
Victoria, Australia). The calibration curve (0-50 pug/mL,
R’=0.968) was plotted using gallic acid as standard. All
determinations were performed in triplicate, and the TPC
was expressed as mg/g gallic acid equivalents of dry weight
(DW). Total flavonoid content (TFC) was determined using
aluminum chloride colorimetric method as described by
Chang et al.?® Absorbance of the reaction mixtures was mea-
sured at 415 nm by using UV/Vis HALO DB-20 spectropho-
tometer. The calibration curve (040 pg/mL, R?>=0.998) was
plotted using Quercetin as standard. The TFC was expressed
as Quercetin equivalents/g of DW.

Biomimetic synthesis of AgNPs

Aqueous extract of in vitro propagated plantlets of
P. bracteosa was mixed with silver nitrate solution (AgNO,;
1 mM) in different ratios (1:1, 1:2, 1:3, 1:5, and 1:10 v/v)
to find out the appropriate concentrations of AgNO, for
optimal AgNPs biosynthesis. Briefly, 100 UL of extract was
mixed with 100 uL of AgNO, (1:1 ratio), and the subsequent
mixtures were prepared by increasing AgNO, volume up to
1,000 pL. These mixtures were prepared in 1.5 mL Eppen-
dorf tubes and allowed to progress at room temperature for
different time periods. The bioreduction of silver ions was
observed by change in the color of the reaction mixtures
during different time intervals (0, 10, 20, 30 minutes, 1, 2, 6,
and 12 hours).

Characterization of AgNPs

AgNPs biosynthesis was monitored by recording ultraviolet—
visible (UV-Vis) spectra (A, .,
a HALO DB-20 spectrophotometer. The reaction mixtures

) as a function of time on

showing optimal biosynthesis of AgNPs were further ensued
by pelleting and washing AgNPs to remove unreacted AgNO,
solution and plant extract. Briefly, | mL of each reaction
mixture was centrifuged at 12,000 rpm for 10 minutes at room
temperature. Supernatants were discarded and the AgNPs
pellets were resuspended in 1 mL distilled water followed

by centrifugation at 12,000 rpm for 10 minutes. This process
of washing was repeated three times, the resulting AgNPs
were air dried to evaporate excessive liquid, and these were
used for further characterization. Fourier-transform infrared
spectroscopy (FTIR) spectrum of the synthesized AgNPs
was recorded using Perkin—Elmer model in the transmittable
mode at the range of 3,500-500 cm™ in potassium bromide
(KBr) pellets to find out the possible functional groups
involved in the reduction and stabilization of AgNPs.

The crystalline structure of the synthesized AgNPs was
investigated by X-ray diffraction (XRD). Powdered sample
was used, and the diffraction pattern was recorded in the
scanning mode on a Shimadzu-Model XRD 6000 operated
at 40 kV with a current of 30 mA and Cu/Ko radiation in the
range of 20°-70° in 20 angles. The average particle size of
the synthesized AgNPs was calculated by using the Debye—
Scherrer equation.?

kA
~ Beosod

where k = shape factor (0.94); 1 = X-ray wavelength
(A=1.5418 A); B= full width at half maximum (FWHM) in
radians; and 6= Bragg’s angle.

The morphology of synthesized AgNPs was observed
by scanning electron microscopy (SEM) using the SIGMA
model (MIRA3 TESCAN) operated at an accelerating voltage
of 10 kV. The sample was prepared on a silica-coated copper
grid by simply dropping a very small amount of the AgNPs
on the grid. The film was then allowed to dry under a mer-
cury lamp for 5 minutes, following which SEM images were
collected at different magnifications. For elemental analysis,
energy dispersive X-ray analysis (EDX) analysis was per-
formed using the EDX-detector attached with SEM.

Antimicrobial activities of AgNPs against

multiple drug-resistant bacterial strains

Escherichia coli (ATCC-15224), Staphylococcus aureus
(ATCC-6538), and Klebsiella pneumoniae (ATCC-4619)
bacterial strains were obtained from the American Type
Culture Collection (ATCC), Manassas, VA, USA. In vitro
antibacterial activity was carried out with synthesized AgNPs
by well diffusion method. In brief, the dried AgNPs were
weighed (10 pg/mL) and dissolved in sterile distilled water
and used immediately. The inoculums of highly multiple
drug-resistant bacterial strains were prepared by growing
a single colony for 24 hours in nutrient broth. The nutrient
agar plates were swabbed with bacterial strains broth, and
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20 puL of each synthesized-AgNPs (10 ug/mL), 1 mM
AgNO, (positive control), commercial antibiotic as standard
(Ampiclox, 10 pg/mL), and plant extract (PE) (negative
control) were added in wells. These sample-loaded plates
were incubated at 37°C for 48 hours in an incubator, and
the zone of inhibition (mm) was measured. Data were col-
lected from three independent experiments for each strain
and repeated thrice.

Statistical analysis

All experiments were performed in triplicate. Standard errors
(%) and mean values of various treatments were determined
by analysis of variance. Significant difference was separated
using Duncan’s multiple range test, set at P<<0.05.%

Results and discussion

Direct shoot regeneration
The rapid advancement in the field of plant biotechnology is
primarily due to the development of proficient regeneration

protocols for medicinally important endemic and endan-
gered plant species. Direct shoot regeneration from primary
explant tissues is more attractive and economical than
passing through an intermediate callus phase.’' For direct
shoot organogenesis, 1-2 c¢cm of stem explants from in
vitro-germinated plantlets were inoculated on MSO media,
supplemented with various concentrations (0.5-5.0 mg/L)
of TDZ/NAA/BA or GA, (Figure 2A). All tested concentra-
tions of PGRs supported direct shoot regeneration except
0.5 mg/L concentration of BA, NAA, or GA, (Table 2).
The highest shoot formation frequency (78%+4.09%)
(Figure 2B) was observed in response to 2.0 mg/L TDZ,
followed by 2.0 mg/L of NAA (72%4.11%). The number
of shoots/explants (32.0%*0.29%) was significantly higher
in response to 2.0 mg/L TDZ than all other tested treatments
of PGRs (Figure 2C). Similar significant effects of TDZ
were previously reported on shoot multiplication of Balan-
ites aegyptiaca and Dalbergia sisso.3>** The highest shoot
length (5.410.43 cm) was found in response to 2.0 mg/L

Table 2 Effects of different PGR treatments on shoot formation frequency, mean shoot length, and number of shoots per explant in

Phlomis bracteosa

Shoot organogenesis

Serial PGRs treatments (mg/L) Shoot formation (%) Mean shoot length (cm) Number of shoots/
number (mean + SD) (mean + SD) explant (mean + SD)
| TDZ 0.5 10£1.15 1.3+0.12 5£0.11
2 TDZ 1.0 28+2.02 1.5+0.14 11+0.23
3 TDZ 2.0 78+4.09 5.24+0.69 32+0.29
4 TDZ 3.0 70£3.97 2.4+0.33 2740.26
5 TDZ 4.0 35+2.01 1.7+0.22 10+0.09
6 TDZ 5.0 22+1.82 1.2+0.09 9+0.41
7 NAA 0.5 - - -

8 NAA 1.0 51+2.31 2.340.18 18+0.38
9 NAA 2.0 721411 5.3+0.21 2140.18
10 NAA 3.0 62+3.56 3.510.41 2440.19
I NAA 4.0 44+2.02 3.240.32 18+0.22
12 NAA 5.0 33+2.01 2.1+0.22 13+0.15
13 BA 0.5 - - -

14 BA 1.0 23£1.23 1.9+0.08 18+0.11
15 BA 2.0 66+2.45 5.4+0.43 29+1.21
16 BA 3.0 55+2.65 2.9+0.27 13+0.37
17 BA 4.0 24+1.09 2.140.21 7+0.26
18 BA 5.0 2240.79 1.6+0.11 41+0.03
19 GA, 0.5 - - -

20 GA, I.0 12+0.78 1.3+0.21 3+0.04
21 GA, 2.0 22+1.08 1.7+0.17 7£0.12
22 GA, 3.0 38+1.78 2.1+0.25 11+0.22
23 GA, 4.0 30+2.08 1.6+0.09 5+0.08
24 GA, 5.0 18+1.06 1.1+0.06 2+0.05
25 MSo - - -

Note: Values mean + SD indicate the replicates of three experiments.

Abbreviations: PGR, plant growth regulator; SD, standard deviation; TDZ, thidiazuron; NAA, o naphthalene acetic acid; BA, 6-benzylaminopurine; GAB. gibberellic acid;

MS0, Murashige and Skoog basal medium.
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Figure 2 In vitro micropropagation of Phlomis bracteosa from stem explant.

Notes: (A) Seeds germinated on PGRs free MSO medium. (B) Shoot induction form stem explant after | week of culture. (C) Shoot multiplication after 2 weeks of culture.
(D) Regenerated shoots shifted to rooting media after 4 weeks of culture. (E) Shoots with well-developed roots after 4 weeks of shifting to rooting media. (F) Acclimatization

of shoots in sterilized organic manure, clay soil, and sand (I:1:1).

Abbreviations: PGR, plant growth regulator; MS0, Murashige and Skoog basal medium.

BA, followed by 2.0 mg/L treatment of NAA (5.310.21
cm) (Table 2). Similar results were also reported in previ-
ous studies in which BA and NAA strongly promoted shoot
multiplication and shoot length in Curcuma zedoaria and
Curcuma longa>** In general, by increasing concentrations
of PGRs from 0.5 to 2.0 mg/L, the responding frequency
of shoot induction, average shoot length, and number of
shoots/explants increases. But, increasing the concentration
of either BA, TDZ, NAA, or GA, >3.0 mg/L in the MS0
media resulted in decrease (Figure 2D) of all kinds of mor-
phogenic responses.*** TDZ (2.0 mg/L) was found to be
highly efficient for direct shoot organogenesis in P. bracteosa
and also resulted in higher number of shoots/explants than
all other treatments of PGRs. TDZ is a comparatively better
bioregulator of plant morphogenesis, and this might be due to
its dual activity (auxins as well as cytokinins). The superiority
of TDZ for direct shoot regeneration over other PGRs has
been reported in several other plant species.*®’

Root induction and acclimatization

The success of in vitro micropropagation depends on efficient
root induction frequency and survival of regenerated plantlets
under field conditions.* In vitro regenerated shoots (3—4 cm)
with four to five nodal leaves were excised and inoculated
individually on MSO medium supplemented with various
concentrations (0.5-5.0 mg/L) of IBA and [AA alone. All
tested concentrations of IBA were found to be more effective

in inducing root formation in regenerated shoots than IAA
(Table 1). Shoot transferred to MSO medium without any
PGRs did not show any root induction. The highest root
induction frequency (86%24.457%), mean number of roots/
explants (0.910.336), and average root length (4.310.466 cm)
were attained after 5 weeks, when regenerated shoots were
inoculated on to MSO medium containing 2.0 mg/L IBA
(Figure 2E). Generally, IBA is considered as more effective
PGR for root induction in regenerated shoots than all other
auxins. Similar efficacy of IBA on root induction frequency
was also reported in many other plant species.***° Well-rooted
plantlets were shifted to plastic cups containing organic
manure, clay soil, and sand (1:1:1) for hardening and were suc-
cessfully established (72.3% survival rate) under greenhouse
conditions (Figure 2F). After 3 weeks, regenerated plantlets
were transferred into earthen pot containing garden soil and
finally acclimatized in the field with 68% survival rate.

TPC and TFC

P. bracteosa, a high-value medicinal plant, is known to be
a rich source of diverse bioactive compounds (phenolics,
flavonoids, terpenoids, saponins, and tannins) that might play
a significant role in the reduction of Ag* to AgNPs.!>!* Phy-
tochemical analysis of aqueous extract of in vitro-propagated
plantlets of P. bracteosa revealed high levels of TPC (8.13
mg/g DW) and TFC (4.13 mg/g DW). These phytochemi-
cals may be responsible for the reduction, capping, and

submit your manuscript

1668

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Biomimetic synthesis of AgNPs by Phlomis

stabilization of AgNPs.!"#! Phenolics, flavonoids, reducing
sugars, and proteins that are present in almost all medicinal
plants have been reported to act as bioreductants of metallic

ions in aqueous medium. !

Biomimetic synthesis of AgNPs

Formation of AgNPs in aqueous extracts can be monitored
visually by color change from yellowish brown to dark
brown.>¢ In our initial experiments, 100 UL of aqueous
extract of P. bracteosa was mixed with 100 uL of 1 mM
AgNO,; solution in different v/v ratios (1:1, 1:2, 1:3, 1:5,
1:10; extract/AgNO,) and kept at room temperature for
12 hours to observe color changes. Reaction mixtures started
turning brown as they were mixed, with the color becoming
darker with the passage of time. However, no color change
was observed with the aqueous extract or AgNO, solution
alone under the same conditions (Figure 1C). The highest
color intensity was observed in reaction mixtures of 1:5 and
1:10 v/v ratios, indicating more reduction of Ag*to AgNPs as
compared to other reaction mixtures. This showed that higher
concentrations of AgNO, solution sped up the biosynthesis
of AgNPs, which is in agreement with a previous study
involving Agrimoniae herba extract as reducing agent.*
The change in color is the primary indication of formation
of AgNPs, and this is due to the strong absorption of visible
light resulting in excitation of surface plasmon resonance
in AgNPs.%4

UV-Vis spectroscopy of synthesized
AgNPs

The UV-Vis spectroscopy is one of the vital techniques
used for analyzing AgNPs formation and stability in aque-
ous solution. It is reported in the literature that the AgNPs
exhibit characteristic surface plasmon resonance peak in the
range of 400-460 nm wavelength.*** As shown in Figure 3,

25

— Silver nitrate
—— Plant extract
— 1:1 (vlv)

2.0

8 — 1:2 (vlv)
% 1.5 — 1:3 (VIv)
2 — 1:5 (VIv)
8 1.0 — 1:10 (v/v)
Ke]
<

0.5

0.0
300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3 UV-Vis spectrum of AgNPs.

Note: Plantlets extract/AgNO, (v/v) reaction mixtures in different ratios after
12 hours of incubation.

Abbreviations: UV-Vis, ultraviolet—visible; AgNPs, silver nanoparticles.

Table 3 Synthetic formulation and the UV-Vis wavelength peaks
of green synthesized AgNPs

Plant extract Plant extract/ Wavelength  Absorbance
(10g/100 mL) + AgNO, ratios (nm)

AgNO, (I mM)  (viv)

100+1,000 pL I:10 420 2.299
100+500 pL I:5 423 2.139
100+300 pL 1:3 428 1.218
100+200 pL 122 429 1.196
100+100 pL I:1 - —

Abbreviations: UV-Vis, ultraviolet—visible; AgNPs, silver nanoparticles.

the in vitro propagated plantlets extract mixed with AgNO,
solution in different ratios, showed characteristic surface
plasmon resonance between 420 and 429 nm, indicating the
presence of AgNPs in the solution. However, the 1:1 ratio
reaction mixtures did not show any characteristic peak of
AgNPs (Table 3). Highest absorbance with comparatively
narrow peaks was observed when extract was mixed with
AgNO, solution in a 1:10 ratio, indicating higher yield of
nanoparticles. The increase in absorbance intensity is due
to increasing number of AgNPs formed as a result of reduc-
tion of silver ions.!'* It is well known that the absorbance
intensity mainly depends upon the size and shape of AgNPs,
and, in general, absorbance peaks decrease as the size of the
nanoparticles increases.*

Growth kinetics of AgNPs synthesis

To find out the reduction time of silver ions in reaction
mixtures, we investigated the absorbance intensities and
wavelength peaks of reaction mixtures at different time inter-
vals (10 minutes—12 hours) by using UV—Vis spectropho-
tometer. As shown in Figure 4, an expansion of reaction time
was accompanied with an obvious increase in the absorbance
intensity before 4 hours in 1:2, 1:3, and 1:5 ratio mixtures,
but no significant enhancement was found after 4 hours.

3.0

—1:10 (viv)
25| —1:5(v/v)
—1:3 (VIV)
—1:2 (vIv)
—1:1 (vIv)

2.0

Absorbance
P

1.0

05

0.0

Omin 10min20min30min 1h 2h 4h 6h 12h
Time

Figure 4 UV-Vis absorbance profiles of AgNPs synthesis as a function of time.
Note: Plantlets extract/AgNO, (v/v) reaction mixtures in different ratios.
Abbreviations: UV-Vis, ultraviolet-visible; AgNPs, silver nanoparticles; min,
minutes; h, hours.
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This showed that the reduction of silver ions in these reaction
mixtures was completed within 4 hours and that there was
no further increase in absorption till 12 hours, while in the
case of 1:10 ratio mixture, reduction of silver ions was com-
pleted within 1 hour, resulting in high yield of nanoparticles
within short time. This might be due to higher concentration
of AgNO, solution, resulting in rapid biosynthesis of AgNPs
by speeding up the reduction of silver ions. Similar results
were also reported in synthesis of AgNPs using extract of
A. herba and Chrysanthemum indicum.*** Moreover, the
stability of the synthesized AgNPs was examined by keep-
ing the reaction mixture (1:10 ratio) at room temperature for
4 months, and it was found that the reaction mixture showed
peak at the same wavelength with similar absorption intensity
which confirmed the stability of synthesized AgNPs. Since,
the reaction mixture with 1:10 ratio showed high absorption
peak at 420 nm with comparatively narrow peak and com-
plete reduction in lesser time period, we further characterized
AgNPs formed only in this reaction mixture.

FTIR analysis

The FTIR analysis was carried out to determine the possible
biomolecules involved in the reduction, capping, and stabi-
lization of synthesized AgNPs. FTIR spectrum (Figure 5)
of AgNPs showed strong absorption peaks at approximately
3,728.17,3,702.66, 3,626.78, 3,695.42, 3,249.07, 2,882.08,

2,772.99,1,717.21, 1,675.53, 1,596.08, 1,096.44, 1,065.14,
856.36, 823.36, and 688.37 cm™'. The observed peaks were
compared with standard values to identify the functional
groups. The absorption peaks in the region of 3,728.17—
3,249.07 cm™ were assigned to strong —OH stretching in
alcohols and phenolic compounds.! The intense bands in the
region of 2,882.08-2,772.99 cm™ corresponded to —C=0
and —C—H stretching of aldehyde functional groups, while
the broad band at 1,717.21 cm™ may have been be due to—OH
stretching of carboxylic acids.® The absorption band at
1,675.53 and 1,596.08 cm™" corresponded to stretching of
nitrile groups.* The peak ~856.36-823.36 cm™! region rep-
resented the —C=C— bending of the aromatic disubstituted
compounds.* The present data strongly indicated the involve-
ment of polyphenols (phenolics and flavonoids), carboxylic
acids, and aromatic and carbonyl compounds in reduction
and capping of AgNPs. Our results are in good agreement
with other reports available in the literature suggesting the
involvement of aforementioned groups in biomimetic syn-
thesis of AgNPs 424446

XRD analysis

XRD analysis provides information about crystalline struc-
ture of the AgNPs.* XRD spectrum (Figure 6) showed three
diffraction peaks at 38.21°,46.95°, and 64.53°, attributed to
111, 200, and 220 lattice planes of the face-centered cubic
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Figure 5 FTIR spectrum of synthesized AgNPs.

Abbreviations: FTIR, Fourier-transform infrared spectroscopy; AgNPs, silver nanoparticles.
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Figure 6 XRD pattern of synthesized AgNPs.

Note: *Indicates the unidentified peaks.
Abbreviations: XRD, X-ray diffraction; AgNPs, silver nanoparticles.

crystalline silver, respectively.*> Additionally, an unmapped
peak was also observed at 32.23° in the spectrum, indicating
the presence of various phytochemicals on the surface of
AgNPs, which are responsible for their capping. This peak is
also apparent in many other reports in which the XRD pattern
includes the relevant 26 range.* Debye—Scherrer equation
was used to determine the average size of synthesized AgNPs
by determining the FWHM of the Bragg’s reflection corre-
sponding to (111) crystalline plane of synthesized AgNPs.*
The average size was calculated to be ~22.41 nm, which is
also in good agreement with the sizes calculated by SEM.
The line broadening of the peaks is primarily attributed to
the smaller size of AgNPs.*347

SEM and EDX analysis

SEM analysis provided further insight into the size and
morphology of synthesized AgNPs.* Figure 7A showed

a

SEM MAé: 25.0 kx WD: 5.54 mm

that the AgNPs were spherical (bead-like) in shape and were
well dispersed. Size calculation by Sigma Scan Pro software
(Systat Software Inc., San Jose, CA, USA) attached with
SEM showed that the AgNPs vary in the range of 20-25 nm in
size, which is in good agreement with size calculated by XRD
(22.41 nm). SEM image also showed that the large bioactive
compounds were attached to the surfaces of small AgNPs,
making them stable by preventing agglomeration.®!%!!
The presence of metallic silver in the synthesized AgNPs was
further confirmed by the EDX analysis. The EDX spectrum
(Figure 7B) showed strong peaks of metallic silver in the
range of 3.0-4.0 keV. Metallic silver nanocrystal usually
showed strong absorption spectra in the range of 2.5-4.0 keV,
and similar results were also reported earlier.*#” In addition
to this, two peaks at approximately 2.5 and 8.1 keV were
attributed to the glass silica (Si) and copper (Cu), which were
used for preparation of sample for SEM analysis.*

Putative mechanism involved in
biomimetic synthesis of AgNPs

The putative mechanism involved in biomimetic synthe-
sis of AgNPs by plant active compounds is still largely
unmapped.! Phytochemical analysis of aqueous extract
of in vitro-propagated plantlet of P. bracteosa revealed
that it is rich in phenolics (8.02 mg/g DW) and flavonoids
(4.13 mg/g DW) content. Similar to our results, high
flavonoid content (1.52/100 g DW) was reported in wild plant
extract of this species, which had 5,7,2-trihydroxyflavone
(9.0 mg/100 g DW) as a principal flavonoid (studied by
by Ullah et al*®). FTIR analysis also revealed that the

B

Si

Cu Ag

0 2 4 6 8 10 12 14 16

SEM HV: 10.0kV | Det: InBeam Full scale 3,659 cts cursor: 0.000 keV
Figure 7 (A) SEM image of synthesized AgNPs. (B) EDX spectrum of synthesized AgNPs.
Abbreviations: SEM, scanning electron microscope; AgNPs, silver nanoparticles; EDX, energy dispersive X-ray analysis.
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polyphenols, flavonoids, and aromatic compounds are

chiefly responsible for reduction and stabilization of AgNPs.

We, therefore, hypothesize the mechanism of reduction

of silver ions by using 5,7,2-trihydroxyflavone through a

redox reaction (Figure 8A). The presence of silver ion in

plant extract first forms an intermediate silver complex with

5,7,2-trihydroxyflavone and then oxidizes it into keto form

with the release of free electrons and Ag* ions. These Ag*

ions then reduced to zero valent silver (Ag°) in the pres-

ence of free electrons produced in the reduction process.

O-Ag O
O-Ag (e} O
+ AgNO, +3H ——» +3Ag* +3e
Silver ions

The byproducts produced during the reduction reaction are
the nitrate ions and unreacted plant secondary metabolites,
which are removed during washing of AgNPs.!”! Figure 8B
shows the possible capping mechanism of polyphenolic
compounds. This interaction between the hydroxyl groups
of 5,7,2-trihydroxyflavone with AgNPs is due to the negative
zeta-potential value of Ag® in its pure form.’* This proposed
mechanism of the reduction and stabilization of biomimetic
synthesis of AgNPs biosynthesis is in agreement with previ-
ous reports. >4

O O

Intermediate complex Oxidized form

(keto form)

3Ag*+3e- —» 3Ag°

5,7,2-Trihydroxyflavone
(enol form)
Silver ions
(oxidized form)
o}
HO
HO
o OH
HO
HO o
i o) o
O hy,
iy A ////,,
o d
O
O,
HO
HO
o}
HO

Capping of AgNPs by
5,7,2-trihydroxyflavone

Figure 8 Mechanistic scheme of biomimetic synthesis of AgNPs.
Notes: (A) Redox reaction showing mechanism of reduction of Ag" into Ag® by using 5,7,2-trihydroxyflavone. (B) Capping and stabilization of AgNPs by hydroxyl groups
of 5,7,2-trihydroxyflavone.

Abbreviation: AgNPs, silver nanoparticles.
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Figure 9 Antibacterial assay of AgNPs.
Notes: Zone of inhibition of PE (10 ug/mL), Ab (10 ug/mL), AgNPs (10 pg/mL), and AgNO, solution (I mM) against multiple drug-resistant bacterial strains was measured in mm.
Abbreviations: E. coli, Escherichia coli; K. pneumoniae, Klebsiella pneumoniae; S. aureus, Staphylococcus aureus; AgNPs, silver nanoparticles; PE, plant extract; Ab, antibiotic.

Antibacterial activities of AgNPs

The antimicrobial efficacy of biosynthesized AgNPs was
examined against three highly multiple drug resistant
bacterial strains (E. coli, K. pneumoniae, and S. aureus) by
using a standard antibiotic (Ampiclox, GlaxoSmithKline plc,
London, UK), positive control (1 mM AgNO,) and negative
control (PE). AgNO, solution or PE alone showed minimal
level of bactericidal activity in comparison to biosynthesized
AgNPs (Figure 9). Biosynthesized AgNPs showed zone of
inhibition (mm) similar to the standard antibiotic (Table 4),
suggesting their role as potent antimicrobial agents. Similar
antibacterial activity was reported by AgNPs, greenly synthe-
sized by alcoholic flower extract of Nyctanthes arbortristis®
and aqueous callus extract of Linum usitatissimum L.>* The
mechanism behind the antibacterial activity of AgNPs is
not yet fully explored. Probably, AgNPs exhibit bactericidal
activity by interacting with bacterial cell wall, deactivating
the cellular enzymes, and causing disruptions in plasma
membrane permeability. This disruption may result in release

of reactive oxygen species that can damage the DNA and pro-
teins, eventually leading to the death of bacterial cells.®*

Conclusion

In the present study, an efficient protocol has been devel-
oped for rapid, safe, and cost-effective biomimetic synthesis
of AgNPs by exploiting in vitro regenerated plantlets of
medicinally important endangered species, P. bracteosa.
Small-sized AgNPs having face-centered cubic structure
were synthesized within a short time at room temperature,
without involving any noxious chemicals. These green-
synthesized AgNPs presented promising antibacterial effects
against multiple drug-resistant human pathogens. The present
study has opened the new possible ways of utilizing in vitro-
derived cultures for biomimetic synthesis of antimicrobial
AgNPs. These antimicrobial AgNPs capped with biologically
active moieties can be used in many biomedical applications
and also for the successful development of drug delivery
in future.

Table 4 Antibacterial activity of greenly synthesized AgNPs against multiple drug-resistant bacterial strains

Organism Zone of inhibition (mm) (20 pL/well)
I mM AgNO, Antibiotics (10 pg/mL) PE (10 ug/mL) AgNPs (10 ug/mlL)
(mean + SD) (mean £ SD) (mean £ SD) (mean * SD)
Escherichia coli 2.1+0.03 15.1+1.03 - 13.240.12
Klebsiella pneumoniae 3.2+0.09 13.2£1.02 - 10.3+0.11
Staphylococcus aureus 4.1£0.08 10.1£0.90 - I11.1£0.10
Note: Values mean + SD indicate the replicates of three experiments.
Abbreviations: AgNPs, silver nanoparticles; SD, standard deviation; PE, plant extract.
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