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a  b  s  t  r  a  c  t

The  study  describes  the  optimized  method  for  silver  nanoparticle  (AgNPs)  synthesis  using  Heliotropium
crispum  (HC)  plant  extract.  Optimization  of physicochemical  parameters  resulted  in  stable  and  rapidly
assembled  AgNPs.  FTIR  results  suggest  presence  of plant  phytochemicals  that  helped  in the  reduction,
stabilization  and  capping  of  AgNPs.  The  assembled  Ag  nano-composites  displayed  the  peak  surface  plas-
mon  resonance  (SPR)  around  428  nm.  The  presence  of  uniquely  assembled  Ag-biomolecule  composites,
cap  and  stabilize  nanoparticles  in  aqueous  plant  suspension.  Spherical,  uniform-shaped  AgNPs  with  low
poly-dispersion  and average  particle  size  of  42 nm  and  was  determined  through  dynamic  light  scattering
(DLS)  and  scanning  election  microscopy  (SEM)  which  present  robust  interaction  with  microbes.  The  study
also  evaluates  the  antimicrobial  and  anti-biofilm  properties  of  biologically  synthesized  AgNPs  on  clinical
isolates  of  MRSA,  Pseudomonas  aeruginosa  and  Acinetobacter  baumannii.  Minimum  inhibitory  concentra-
tion  (0.5  mg  mL−1)  of  nanoparticles  that  presented  bactericidal  effect  was  made  through  inhibition  assays
reen synthesis on  bacterial  strains.  The  concentration  which  presented  potent  bactericidal  response  was  then  evaluated
through  growth  inhibition  in liquid  medium  for anti-biofilm  studies  at 2.0 mg  mL−1. HC-Ag nanoparticles
mediated  anti-biofilm  effects  on  Pseudomonas  aeruginosa  was  revealed  through  SEM. Complete  break-
down  of  biofilm’s  extracellular  polymeric  substances  resulted  after  incubation  with  AgNPs.  Peptidoglycan
cell  wall  destruction  was  also  revealed  on  planktonic  bacterial  images  after  24  h  of  incubation.

©  2016  Published  by  Elsevier  B.V.
. Introduction

Metallic silver (Ag) as assembled nano-composites confer
road-spectrum bactericidal and anti-biofilm responses against

ultiple drug resistant (MDR) bacterial species. Ag nanoparticles

AgNPs) have established anti-microbial effects; products include
ound dressings, paints, food containers, textile products, disin-
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∗∗ Corresponding author at: The Alliance for Research on North Africa (ARENA),
niversity of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki 305-8577, Japan.
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169-4332/© 2016 Published by Elsevier B.V.
fectant sprays, water sanitizer agent and as a catheter coat [1–3].
The biocidal activity of AgNPs is dependent upon various factors
such as size, shape, surface coatings, ionized form of final product
and overall nanoparticles charge [4].

The exact antimicrobial mechanism of AgNPs is not known,
however, it is proposed to confer damage on bacterial cell wall and
cause interaction with thiol groups in enzymes, disrupting bacte-
rial respiratory chain by generating reactive oxygen species (ROS),
which can lead to oxidative stress and cell damage [5]. Ag nanocom-
posites in immobilized form also confer predominant antimicrobial

+
activity through controlled release of Ag from fine AgNPs compos-
ite [4]. It is hence suggested that AgNPs interaction with bacterial
cells is extremely robust due to nano-metric dimensions provid-
ing potent anti-bacterial effect [5]. Such interactions become more
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ronounced when nano-composites exhibit size of 10–40 nm,
s now the nanoparticles enters dimension of biological macro-
olecules such as nucleic acids and some proteins [6]. The surface

rea of synthesized nanomaterials can increase their biological
fficacy due to increased surface energy of assembled nanoparti-
les [7]. AgNPs confer potent anti-biofilm response by destroying
ydrated polymeric matrix in cell wall; the anti-biofilm potential

s also noted to be species independent hence it is quiet beneficial
or futuristic nano-Ag applications to control the spread of resistant

icrobes [8,9].
Biological synthesis of nanoparticles has opened up the possibil-

ty for “green synthesis” which saves cost and energy for synthesis
f nano-materials. The overall synthesis process is environmen-
ally benign with great potential towards “application research” of
anomaterials [4,6]. Biological nanoparticles have also been found
o be more biocompatible for therapeutic and medicinal application
ue to the simple synthesis procedure, which eliminates the use of
azardous chemical and also provides ease for scalability of final
roduct [4,6]. Non-toxic, safe, environment friendly and controlled
ynthesis of nanoparticles have a unique compositional assembly,
ependent upon the type of biological source selected [7]. Plant
ystem is the most commonly used biological mode for nanomate-
ial synthesis and various plant species have already been studied
or antibacterial AgNPs synthesis [4].

Plant extract has strong reduction potential (as enzymes, phyto-
hemicals, protein-derived functional groups and vitamins) which
an reduce Ag+ to Ag nano assembly. Control over physicochemical
arameters such as concentration, temperature and pH during self-
ssembly process can further contribute to stability of assembled
anoparticles. Various plant derived extracts contain biological

unctional groups which can provide novel pharmacophore active
ompounds to nano-fluid and result in overall stability of the
anocomposites [10].

Biological synthesis of silver nanoparticles using various plant
xtracts have already been reported. Previous studies suggest size
nd shape dependent control of nanoparticles synthesis by varying
iomaterials. In one study Ocimum tenuiflorum, Solanum tricoba-
um, Syzygium cumini,  Centella asiatica and peels of Citrus sinensis
xtracts were utilized as reducing agents to obtain average size
ange of AgNPs between 40 and 50 nm.  The observed antibacterial
ffects of AgNPs were dependent upon plant extract which provide
eduction and capping of AgNPs [8]. Similarly, Song and Kim [9]
eported rapid and ecofriendly synthesis of AgNPs in which vary-
ng reaction conditions altered the size of nanoparticles. Aloe vera
lant extract mediated AgNPs exhibited 20 nm size, Menthapiperita
xtract exhibits size of 90 nm,  Latex of Jatrophacurcas nanoparticles
ave size of 20 nm and Papaya fruit extract mediated AgNPs have
ize range of 10–50 nm [10–13]. However, none of the previous
tudies reported physicochemical optimization of AgNPs synthe-
is for rapid and cost-efficient synthesis. Moreover, their detailed
ode of anti-bacterial and anti-biofilm effects in clinical MDR

trains were not reported.
In current research biosynthesis of AgNPs in Heliotropium

rispum plant extract was demonstrated. To our knowledge, there
re no reports of Heliotropium sp. mediated synthesis of AgNPs
efore. We  selected the herbal plant for the antibacterial AgNPs
ynthesis on the evidence of its burn soothing, boils diminishing
nd wound healing powers in traditional medicine [14]. The plant
pecies Heliotropium is used as an aqueous paste for anti-bacterial,
nti-fungal, anti-infectious and anti-malarial agents [15]. It has
trong wound healing and anti-inflammatory properties which can
e incorporated in the nano-fluid during nanoparticle synthesis

or pronounced anti-infection effects as the pharmacological-active
omponents present in extract can be incorporated in assem-
led nano-fluid. Belonging to Boraginaceae family, Heliotropium
rispum is constituted by pyrrolizidine alkaloids, metabolites which
ience 387 (2016) 317–331

are chemically and biologically reactive and tend to undergo
biotransformation [16]. Alkaloids are hydrolysed and oxidized, a
phenomenon which can help in the reduction of Ag+ to Ag during
the Alkaloids biotransformation process and at the same time, elim-
inating the toxicity associated with pyrrolizidine alkaloids [17,18].
The dispersed assembled Ag nanoparticles in current study exhib-
ited controlled morphology and average particle size of 42 nm. The
unique compositional assembly of Ag nano-fluid was then tested
for anti-biofilm and antibacterial potential with detailed study on
exact mode of bactericidal actions up to 72 h of administration in
bacterial broth.

2. Material and methods

2.1. Nanoparticle synthesis and characterization

2.1.1. Plant collection and identification
Heliotropium crispum (Fig. S1) was  obtained from Medicinal

Plants Department at Atta-ur-Rahman Institute of Biological Sci-
ences, National University of Science and Technology, Islamabad,
Pakistan which was collected from Cholistan Desert, Pakistan. Iden-
tification of plants was carried out on the basis of visible features
and characteristics such as stem thickness, nutlet margin, leaf mar-
gin and presence of hairs etc. using Tropicos® online database [17]
(Table S1).

2.1.2. Preparation of aqueous plant extract
Whole plant was washed with distilled water to remove any

impurities and allowed to dry at ambient temperature. Later dried
plants were chopped (Royaline, Pakistan) to small size and crushed
into a powder. The powder was  passed through a sieve mesh no.
80 (Royaline, Pakistan) and fine powder of size ≤180 �m was col-
lected to obtain fine suspension in extract. 0.5 g of powder was
weighed and added to 100 mL  of deionized water. Similarly, 1.0 g
and 1.5 g of powder were weighed separately and added to 100 mL
of deionized water to get three final concentrations of 50 mg  mL−1,
100 mg  mL−1 and 150 mg  mL−1 of plant extracts respectively. The
plant extracts were boiled for two min  and allowed to cool down
at ambient temperature. Finally, the cooled extracts were filtered
through Whatman Filter Paper 1 (pore size 0.44 �m)  and again
through syringe filter (0.2 �m)  (Milex, Germany) to obtain fine clear
aqueous plant extract of light yellow color. The plant extracts were
stored in refrigerator at 4 ◦C for further use.

2.1.3. Synthesis of nanoparticles
The aqueous solution of 1 mM silver nitrate (AgNO3) was pre-

pared by dissolving AgNO3 powder (Riedel de Haen, Germany) in
deionized water for synthesis of AgNPs. 0.3 mL  of 50 mg  mL−1 con-
centration of plant extract was  selected and added to 10 mL  of 1 mM
AgNO3 solution. The tube was placed in magnetic stirrer (Velp-
Scientifica, Europe) for 3 h at 37 ◦C, to allow complete reaction of
extract with AgNO3. Here, the plant filtrate act as a reducing and
capping agent for Ag+ reduction in AgNO3 solution. Preliminary
confirmation of synthesis of AgNPs was  made through color change
in the reaction mixture from colorless to light yellow and finally to
yellowish-brown within 30 min. To achieve maximum yield and
attain stability, nanoparticles were allowed to react for 2 h.

2.1.4. Physicochemical optimization through surface plasmon
resonance

AgNPs were characterized initially by monitoring their surface

plasmon resonance (SPR) and absorption spectrum in UV–vis spec-
tra on spectrophotometer (Perkin Elmer, Lamda 35). The scanning
range of sample was in between 300 and 700 nm with the sam-
pling interval of 1 nm.  Base line correction of spectrophotometer
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as carried out by using deionized water as a blank. UV–vis spec-
ra of plant extract was also recorded to confirm that the absorption
eak with corresponding wavelengths are a result of reduction of
etal ions to nanoparticles after addition of AgNO3 to plant extract.

ecorded UV visible spectra of samples were then analyzed as a
umerical data plotted on Origin-Pro 8.0 software. For optimization
f AgNPs according to substrate concentration, different molarities
f AgNO3 solutions were prepared (1–5 mM,  respectively). 10 mL
f each molar AgNO3 solution was taken and allowed to react with
.1 mL  of 50 mg  mL−1 of plant extract. Each reaction mixture was
llowed to incubate overnight at 37 ◦C. In order to observe the effect
f varying concentrations of plant extract on reduction and cap-
ing of AgNPs, different dilutions of plant extracts (50 mg  mL−1,
00 mg  mL−1 and 150 mg  mL−1) were allowed to react with a 10 mL
f 1 mM AgNO3. The concentration of each plant dilution was  fur-
her varied by adding 0.1–0.5 mL  of extract to 1 mM AgNO3. AgNPs
ere also optimized by varying pH of reaction mixture. The pH of

eaction mixture was varied by adding 1 mM HCl for acidic pH and
 mM of NaOH for basic pH of reaction mixture, pH was recorded
ia pH meter (Ino Lab, WTW  series, Germany). The reaction mixture
as also placed overnight at 20–80 ◦C respectively.

.1.5. Atomic force microscopy (AFM) studies
Glass slides were cut equally to 1 cm2 and functionalized by rins-

ng with 100% ethanol, acetone and deionized water in sequential
teps for 1–2 min. The slides were picked with sterile forceps and
ir dried in clean sterilized place. 50 �L of AgNPs samples were
aken from pipette and diluted in 5 mL  of de ionized water. Drop of
omogenized sample was dropped unto cut glass slides and dried
nder UV-lamp for 15 min  before finally loaded into Scanning Probe
or AFM analysis. Both 2D and 3D images of bio-synthesized sil-
er nanoparticles were obtained using Scanning Probe Microscopy,
odel no JSPM-5200 (Joel, USA). Analysis of AFM images was  per-

ormed using Scanning Probe Image Processor (SPIP) 6.2.8 software.
everal parameters including diameter, area, z-range and contour
eights were analyzed for nanoparticles.

.1.6. Scanning electron microscope studies
Scanning electron microscopic (SEM) analysis was carried out

sing analytical low vacuum SEM (Jeol) model no JSM-6490LA,
apan. Automated vacuum change-over mode was  selected for this
tudy. Accelerating voltage of microscope range was set at 20 kV for
ach sample. 50 �L of colloidal nanoparticle solution was pipetted
n almost 5 mL  of de-ionized water. Diluted nanoparticle solution

as sonicated in an ultra-sonicator (Cole-Parmer 8890, USA), drop
f homogenized samples was dropped unto 1 cm2 glass slides and
ried under UV-lamp for 15 min. The samples were sputter coated
ith gold to make them conductive and mounted for SEM analysis.

mages at different magnification and resolution were captured for
haracterization of nanoparticles.

.1.7. Energy dispersive X-ray spectroscopy (EDS) studies
The Energy Dispersive X-ray Spectroscopy normally reveals the

resence of phases in samples. Compositional analysis on the sam-
les was carried out by the energy dispersive EDS attached with the
EM. The EDX analysis of Ag sample was done by SEM (JSM-6490LA-
EOL) machine. Accelerating Voltage of machine was  set at 20.0 kV

ith probe current of 1.000 nA. PHA mode T3 was selected with
eal time 56.03 s and live time of 50.00 s for the analyser. Counting
ate was 2785 counts per second (cps) for Ag samples while energy
ange was selected between 0 and 20 keV for both the samples.
.1.8. Particle size distribution and zeta potential analysis
Zeta-potential measurements were performed on a Malvern

etasizer Nano-ZSP at 25 ◦C with an incident wavelength of 633 nm
nd a 173◦ backscattering angle. Clear disposable zeta-potential
ience 387 (2016) 317–331 319

cells (1 cm path length) were rinsed with ethanol, followed by
deionized water prior to sample loading. The viscosity, refrac-
tive index, and absorption values were provided in the Malvern
software for water (� = 0.8872 cP, RI = 0.135) and crystalline sil-
ver (RI = 1.3330, absorption = 3.987). Twenty runs were averaged
for each liquid sample for accurate determination of zeta-potential
measurements.

2.1.9. Fourier transform infrared spectroscopy (FTIR)
Perkin-Elmer Spectrum-100 FTIR Spectrometer, USA was  used

in the present study, whereby scanning was carried out by wave-
length in the region 450–4000 cm−1 with a resolution of 1 cm−1.
Potassium Bromide (KBr) has hygroscopic properties and it was
heated to 110 ◦C to remove the traces of water prior to sample load-
ing. Pellet of KBr was prepared using hydraulic press of plant extract
and AgNPs and IR waves passing through each sample. Detected
functional groups as a function of %age transmission with corre-
sponding wavenumbers graph was  plotted.

2.2. Antibacterial activity of silver nanoparticles

2.2.1. Collection of bacterial strains
Strains of Multiple Drug Resistant Gram Negative Pseudomonas

aeruginosa (PA) and Acinetobacter baumanii (AB) and Gram Positive
Multiple Drug Resistant Staphylococcus aureus (MRSA) were col-
lected from Armed Forces Institute of Pathology (AFIP), Rawalpindi,
Pakistan. The isolated bacterial strains were growing in differential
media (Mc  Conkey and Blood Agar). Antibiotic resistance profile
was checked for each of the collected strains and diameter size of
an inhibition zone was marked as either Resistant (R), Sensitive
(S) or Intermediate (I) for each antibiotic (Table S3) using standard
susceptibility zone for antibiotic as recorded in Table S2, S4 and
S5. The bacterial strains collected were stored in 87% glycerol stock
solution and vials were stored at −80 ◦C.

2.2.2. Preparation of nanoparticles concentration
1.5 mL  of AgNPs solution was  added in eppendorf tube and

allowed to centrifuge at 14800 rpm (Concentrator Plus, Germany)
for time span of 1 h. A brown pellet of nanoparticles was  obtained at
bottom of tube while clear transparent supernatant was discarded
from the top, the pellet obtained was washed with acetone, cen-
trifuged and supernatant discarded. The pellet was allowed to dry
at 37 ◦C incubator for 16 h with cap left open. Different concen-
trations of AgNPs were prepared for their antibacterial activities.
Purified dried nanoparticles powder was weighed and dissolved
in deionized water by vortexing at speed of 2000 rpm (VelpScien-
tifica, Europe), followed by sonication for one hour prior to use. The
concentrations of AgNPs ranged from 0.25 to 2.0 mg mL−1.

2.2.3. Antibacterial disk diffusion assay
McConkey agar (Merk) and nutrient agar (Merk) were prepared

in distilled water and autoclaved prior to use. The agars were
poured into autoclaved petri plates inside the laminar flow hood
cabinet (StreamLine laboratory product, Singapore) to avoid con-
tamination. The plates were covered, sealed and incubated at 37 ◦C
overnight to check the sterility of plates and only sterile plates were
further used in experiments.

Selected bacterial samples were taken out from −80 ◦C and
kept in an ice box to prevent samples from thawing. Gram neg-
ative bacterial strains (Ten strains of PA and three strains of AB)
were streaked on nutrient agar. Three strains of MRSA were grown
on McConkey agar. Streaked plates were incubated for 16 h to

allow bacterial colonies to grow. Antibacterial activity of AgNPs
was determined through disc diffusion method. For disc diffusion
assay, 0.9% of normal saline was  prepared and 5 mL  poured in ster-
ile test tubes inside laminar hood. Single bacterial colonies from
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treaked plates were picked using sterile loop and dropped into
ormal saline solution until turbidity of saline with bacterial inocu-

um was comparable to 0.5 McFarland Standard. Bacterial inoculum
n normal saline was then swabbed using sterile cotton swabs on
utrient agar plates. Sterile filter paper discs of 6 mm diameter
repared from Whattman Filter Paper Grade 4 were placed on inoc-
lated plates using a sterile syringe (BD 5 mL  syringe, REF-305719,
ecton and Dickinson, Pakistan) at the points marked up for each
ilutions. 20 �L of each dilution of AgNPs (0.5–2.0 mg  mL−1) was
ispensed on swabbed plates and allowed to get absorbed by fil-
er paper discs. Antibiotic discs were placed on each plate which
cted as positive control for the experiment. Deionized water and
lant extracts (Heliotropium crispum) were used as negative con-
rols. Plates were incubated overnight at 37 ◦C. Each experiment
as repeated in twice.

.2.4. Growth inhibition in liquid medium
Effect of 2.0 mg  mL−1 AgNPs concentration on bacterial growth

as observed through growth inhibition in liquid medium also.
0 �L of bacterial culture from different bacterial strains stored

n glycerol stock solutions were grown in 5 mL  of Luria Bertani
LB) Broth at 37 ◦C and at 200 rpm in shaking incubator. After 24 h,
reshly grown 20 �L of bacterial inoculum with 104 log cells were
ransferred into 5 mL  of LB broth. 20 �L of 2.0 mg  mL−1 of AgNPs
ere added into the experimental tubes while control was  left
ntreated. Bacterial culture was allowed to grow at 100 rpm, 37 ◦C
or 24 h in shaking incubator. Optical Density (OD) of treated and
ntreated bacterial culture was measured at 600 nm after 24 h
f incubation using Spectrophotometer (OPTIMA SP-300). OD600
f bacterial strains treated and untreated with AgNPs was  com-
ared and growth inhibiting effect of nanoparticles were noted.
he experiment was repeated three times and mean values were
ecorded.

.3. Anti-biofilm activity of silver nanoparticles

.3.1. Biofilm inhibition and selection of strains
Bacterial strains of PA were checked for their biofilm forming

otential by growing bacterial (50 �L) in 5 mL  of LB Broth for 48 h
n shaking incubator at 37 ◦C. LB broth was prepared according to
he protocol of Sambrook et al. [44]. The PA bacterial strains that
eleased green-blue pigment and showed visible signs of biofilm
ormation within 48 h were then selected for further studies. For
iofilm inhibition studies, selected bacterial strains were grown in
ryptone soya broth at 37 ◦C overnight (Fig. S1A & B).

.3.2. 24 h AgNPs treatment in growth media
To judge the efficacy of AgNPs as biofilm inhibitory agent, 200 �L

f freshly inoculated bacteria was added to 6-well microtitre plate.
 × 1 cm cover slips acted as a substrate for biofilm formation.
00 �L of 1.5 mg  mL−1 of AgNPs was added in one well along with
acterial inoculum while untreated microtitre well inoculated with
ame bacterial strain acted as a positive control for the experiment.
he 6 well plate was allowed to incubate at 37 ◦C for 24 h. Cover-
lips were removed and washed with 1 × PBS inside laminar flow
ood and fixed-samples were subjected to SEM analysis.

.3.3. 72 h treatment with Ag-coated substrate
AgNPs were allowed to adsorb on a glass cover slip (Atlas, Italy),

ctivated with 70% ethanol for 2–3 h. The 1 × 1 cm glass cover slips
ere left to air dry inside laminar flow hood. 50 �L of bacterial
noculum (strain no PA10 and PA20) grown overnight in TSB were
aken out and dropped into 1 × 1 cm cover slip, which provides

 substrate for biofilm formation and placed in 6 well Microtitre
lates. Each strain was added in two wells of 6-well plates (SPL Life
ience 387 (2016) 317–331

Sciences, Korea), one containing silver nanoparticle adsorbed cov-
erslip while other containing untreated glass coverslip (control).
6 mL  of fresh TSB was added over cover slips to provide while in
last two  wells TSB media without any inoculum was added which
acted as a negative control. The 6-well plate was allowed to incu-
bate at 28 ◦C for 72 h in static conditions. Coverslips were carefully
removed with forceps after 72 h from microtitre plate well inside
laminar flow hood and washed thoroughly with 1 × PBS to remove
planktonic cells and prepared for SEM analysis.

2.3.4. SEM sample preparation for anti-biofilm assay and analysis
Cover slips subjected to biofilm inhibition assay were prepared

and fixed for SEM analysis as followed: 4% Paraformaldehyde (PFA)
was prepared which acts as a primary fixative. 100–200 �L of
PFA was  dropped onto each cover slip inside laminar flow hood
and allowed to air dry for 30–45 min. Coverslips were carefully
picked with forceps and samples were dehydrated by immers-
ing for 2–3 min  in chilled ethanol of increasing concentration i.e.
25–100%. Dried samples were sealed in sterile plastic petri plates
and stored at 40 ◦C until subjected to SEM analysis. SEM and EDS
analysis of samples were carried out and biofilm destruction as
well as changes in morphology of bacterial cells treated with AgNPs
compared with untreated bacterial samples after analysis. The SEM
results of bacteria with and without treatment were analyzed for
their morphology, shape and size with J-model 1.48 v software.

3. Results and discussion

3.1. Physicochemical optimization of AgNPs with corresponding
SPR

We  observed a rapid color change within 15 min in reaction mix-
ture when Heliotropium crispum (HC) mediated synthesis of AgNPs
was carried out. AgNPs when subjected to UV–vis Spectroscopy
revealed the information regarding formation, size distribution,
size, shape and the dielectric constant of AgNPs in colloidal aque-
ous solution [19]. For most of the optimized parameters studied,
the maximum peak absorbance was detected at 430 nm wave-
length. The absorbance peak observed is due to increased SPR of Ag
following nanoparticle assembly. When excited by UV-radiations,
the strong interaction of the AgNPs with light waves occurs due
to collective oscillation of conduction electrons on the Ag sur-
face. Therefore, single peak is indicative of regular morphology
and stabilized nano-suspension. The UV–vis absorption spectrum
wavelength range between 400 and 530 nm corresponds to spher-
ical Ag morphology [20].

HC aqueous extract has strong reducing potential as a stable
nano-fluid with dispersed AgNPs formulated within 30 min  of all
of the reaction conditions included in the study. Absence of SPR
absorption peak between 400 and 800 nm for plant extract con-
firms that peak observed at 430 nm was due to AgNPs alone (Fig.
S2 and XRF graphs Fig. S3). [21]. Size, shape and dielectric function
of surrounding dispersed medium of synthesized AgNPs determine
the strength of SPR of nanoparticles. Hence, it is important to con-
trol parameters to obtain desired size and shape of nanoparticles
for biomedical applications [19].

The concentrations of aqueous extract that yielded stabilized
nanoparticles was  determined to control the assembly of nanopar-
ticles. A broad UV-spectrum normalized curve was  obtained at
a reactant volume of 0.1 mL  for each reaction concentration of
plant. High level of absorption signals were obtained at 0.4 mL

and 0.5 mL  indicating that increased plant concentration provides
increased reduction potential in the extract and results in compact
packing of nanoparticles were observed in Fig. 1(a–c). Likewise,
it was  observed from UV-spectrum graphs that nanoparticles
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Fig. 1. Surface plasmon absorption spectrum of AgNPs following optimization of various physiochemical parameters to obtain stabilized low poly-dispersed nano-fluid. (a)
Indicates UV–vis absorption spectrum at 0.5 �g mL−1 (b) 1.0 �g mL−1and (c) 1.5 �g mL−1of plant extract concentration. (d) Represents AgNO3 (e) acidic pH (f) basic pH and
(g)  temperature dependent assembly of Ag nano-composite.
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Fig. 2. Atomic force microscopy 2D and 3D images of AgNPs which provides information regarding size, morphology and shape of assembled NPs. (a) 2D AFM image of
AgNPs. (a) 3D topographic AFM image of AgNPs (c) normal distribution graphs for calculation of average particle size and size distribution of assembled AgNPs from PSD map
calculated through SPIP.
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Fig. 3. Scanning Electron Microscopy images of assembled AgNPs. (a) SEM image at
F. Khan et al. / Applied Surf

ere formed at each of plant extract concentration i.e. 5 �g mL−1,
0 �g mL−1and 15 �g mL−1in same UV range hence altering the
xtract concentration does not modulate the size, shape or formu-
ation of AgNPs. The HC can act as an efficient biomaterial even

hen plant extract concentration is kept to a low concentration of
 �g mL−1, a factor advantageous for industrial upscale of AgNPs
ssembly.

The use of varying concentrations of poly-electrolytes and
educing agents at high temperatures to control the size of Ag
anoparticles have been reported in the past, hence a similar
ethod was adopted in the current study [22,23]. We  selected
inimum concentration of plant extract (5 �g mL−1) to study the

ffect of physicochemical parameters on nanoparticles formation.
t 5 mM concentration of AgNO3, comparatively high absorbance
as obtained when compared with 1 mM  of AgNO3, but same

bsorption range, peak near 430 nm,  implying that molarity of
gNO3 does not affect SPR, shape or size range of formed AgNPs

Fig. 1d). The optimum pH of reactant mixture for stabilized disper-
ion of nano-fluid was found to be 6. At pH below 6, reduction of
g ions to AgNPs did not take place implying denaturation of plant
hytochemicals in acidic micro-environment that halted AgNPs
ssembly as observed in Fig. 1e. The low pH conditions formed
anoparticles with irregular spherical morphology such as in pH

 which may  be due to thicker capping agents shell around core
ilver nanoparticle [24]. At a basic pH of 8–14, nanoparticles, blue
hift in absorption spectrum was observed for AgNPs synthesis
howing an SPR wave length shift to 410 nm maximum absorbance
rom 430 nm.  This indicates that smaller size nanoparticles were
btained at basic pH in comparison to acidic conditions, due to
reater reduction rate of the functional group precursor in alkaline
onditions. The wavelength range of AgNPs was  also narrower such
s in case of pH 14 indicating less polydispersed AgNPs formation
Fig. 1f).

At 20 ◦C reaction conditions, synthesized nanoparticles showed
ame wavelength range as in particles formed at 80 ◦C, but absorp-
ion peak was higher at 80 ◦C that can be an indication of increased
gNPs detection. This suggests that phytochemicals/protein factors

nvolved in AgNPs self-assembly result effectively at a broad range
f temperature, increasing ease of upscale of AgNPs synthesis at
ndustrial level (Fig. 1g). HC mediated synthesis of AgNPs exhib-
ted physicochemical dependent control of morphology, shape and
ize, a phenomenon in agreement with previous reports [20]. The
PR peak wavelength at 430 nm can be attributed to Mie scattering
hich responds only to silver metal [25,26].

.2. Morphological characterization by AFM and SEM

The assembly of AgNPs under optimized conditions were eval-
ated for exact morphology, core size and shape through AFM.
canned area for 2D image was 2 �m each at X and Y axis and
ize/height (Z-axis) range probed was 11.1 nm (Fig. 2a). The scan-
ing probe surface for 3D topological view was estimated to be

 nm as shown in Fig. 1b, suggesting maximum height of spherical
articles to be of 11 nm on surface. AFM results provided surface
valuation of height of AgNPs (core size). Morphology and shape
f nanoparticles were noted to be spherical, with intact smooth
urface and few agglomerates visible in Fig. 2b, implying polydis-
ersed nanoparticles. Further evaluation of average particle size
rom histograms was ranged between 4 and 32 nm in colloidal fluid
s depicted in Fig. 2c.

Morphological characteristics and size of AgNPs were confirmed

hrough SEM analysis. Fig. 3a shows SEM images depicting spheri-
al nanoparticles, dispersed with uniform morphology. AgNPs were
ispersed evenly in the loaded sample with few clusters presenting
ead-like SEM micrographs. EDS results (Fig. 3b) confirm the pres-
×50,000 magnification revealing bead like uniform morphology of AgNPs and size
ranged between 30 and 60 nm (b) Corresponding Energy Dispersive Spectroscopy
graph confirming metallic silver presence at nano-metric range.

ence of metallic silver in the sample concluding formation of AgNPs
in HC extract. The SEM results suggested that AgNPs exhibited a
size distribution between 30 and 50 nm. The nano-fluid with 40 nm
average particle size can exhibit effective antibacterial properties
since nanoparticles of size 30–40 nm present direct interaction
with bacterial cell wall as reported in previous studies [27]. The
bead like formation at fixed distances was due to interaction of
functional groups attached with AgNPs, increasing the probabil-
ity of strong electrostatic repulsion with other AgNPs in aqueous
vicinity [28].

The distinct irregular spherical morphology was due to inter-
action of AgNPs to its plant extract- derived capping agents.
Hydrogen bonding and electrostatic interaction between bio-
organic molecules and silver nanocomposites ensured the clear
morphology of each nanoparticle. The size determined through
SEM analysis verifies our AFM results, which only detected core
Ag and not capping agents, that larger particle size was  perhaps
due to difference in capping shell around AgNPs composites [21].

3.3. Zeta potential of AgNPs

Dynamic light scattering (DLS) was  used to determine the
hydrodynamic diameter (dH) of the AgNPs in colloidal suspension
where dH corresponds to the core Ag diameter with plant derived
capping-layer on the AgNPs. The peak 1 (dH with higher light scat-
tering intensity of 94.4%) corresponds to 58 ± 23 nm diameter of

nanoparticles while z-average (cumulative mean dH of the AgNPs)
was recorded to be 42–120 nm (Fig. 4a). The poly-dispersity index
(PDI) was also recorded which provided information about homo-
geneity of the sample. As PDI value was 0.284, less than PDI 0.5,
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ig. 4. (a) Particle size distribution of Heliotropium crispum AgNPs. (b) Zeta-potential
f  Heliotropium crispum loaded AgNPs.

he AgNPs were considered not to be aggregated (Fig. 4). The zeta
otential of AgNPs at optimized pH 6 was found to be −29.3 mV,

ndicating a fair degree of stability of AgNPs in colloidal suspen-
ion (Fig. 4b). Zeta potential is correlated with AgNPs stability in
olloidal suspension as zeta value greater than ±30 mV  tend to
e more stable with less agglomeration capacity. These correla-
ions are significant for electrostatically capped nanoparticles [29]

 similar report of negatively charged AgNps was made in the
revious studies, indicating the ease of use of nanoparticles for var-

ous nanocomposite assembly and clear shell and core of AgNps
etected following various synthesis methods (use of polyelec-
rolytes) [30]. The properties of shell are reported to correspond
irectly with the functionalization of composites and their appli-
ations such as nano-sensors [31].

.4. Functional group assessment of AgNPs

The AgNPs were subjected to FTIR analysis to determine molec-
lar micro-environment of AgNPs. During the biosynthesis of
anoparticles, functional groups present in the plant extracts were

educed and bounded with the nanoparticles to act as reduc-
ng, stabilizing and capping agents. FTIR was carried out on plant
xtracts before and after synthesis of nanoparticles and shift in
hemical groups analyzed as a function of reducing agents for
ience 387 (2016) 317–331

nanoparticle assembly. The FTIR analysis shows some changes
in functional groups (Fig. 5a) and after synthesis of nanoparti-
cles (Fig. 5b). Aqueous plant extract pellets shows various bond
stretches at different wavelengths. 2030 cm−1 peak corresponds
to nitrile bend (C N) while there was also evidence of amide
group presence corresponded to peaks obtained at 1628 cm−1 and
3300 cm−1 respectively. The spectra showed a sharp and strong
absorption band at 1628 cm−1nassigned to the stretching vibration
of (NH) C O group. Phenol group (OH) stretch at 3473 cm−1 and
tertiary amine (NH) stretch at 3300 cm−1 were also found (Fig. 5a).
The Phenyl (C6H5OH) group presence was evident by the OH bond
stretching along with the sp2 carbon bond stretching of C C at
1628 cm−1. Presence of NO2 was also detected in the finger print
region (1500–1000 cm−1), where 1213 cm−1 represented the N O
stretch and the peak at 1040 cm−1 weak N O bending. The 2 groups
(N H and C N) actively participated in the reduction of AgNPs as
evident by peak shift in Fig. 5b.

Plant selection for nanoparticle synthesis is important as plant
phytochemicals reduce and cap the Ag nano-composites. It has
been reported from previous studies that polyol compounds and
water soluble heterocyclic substances present in plant extract
are responsible for reduction and stabilization of nanoparticles
[32]. Polyol compounds refer to multiple hydroxyl groups con-
taining compounds while heterocyclic compounds have organic
carbocyclic components in cyclic form [33]. FTIR results suggest
presence of amide and cyanide group in the plant extract indicat-
ing the phytochemicals were involved in the reduction of Ag+ to Ag
nanocomposites since these vibrational peaks were absent in syn-
thesized nanoparticles. The presence of nitrate and nitrile group
in plant extract suggests the strong reduction environment driving
AgNPs assembly [21]. Furthermore, presence of phenyl peaks in our
AgNPs sample suggests that polar groups surrounded assembled
nanocomposites, explaining its solubility in aqueous suspension
[34]. However, presence of hydrophobic alkyne C C chain group
could explain few agglomerates as a result of interaction of func-
tional groups [35]. This further verifies our AFM results findings
in which metallic AgNPs were found as distinct spheres with few
agglomerates formed due to components present in their micro-
environment. A range of both polar and nonpolar groups as capping
and stabilizing agents in nanoparticles were hence identified which
controlled the nano-particles growth, stability and shape during
synthesis process [36]. The FTIR analysis suggest enzymatic poly-
merization of plant-derived phenyl and alkyne groups on AgNPs.
Plant derived multiple phenyl groups polymerize and adhere onto
Ag surfaces. It has been reported in previous studies that such
phenyl-group containing biomolecules provide polarity to the syn-
thesized nanoparticles. It was observed from previous studies that
alkylating groups passivate the nanoparticles [37] and presence
of alkyne and phenyl chains can help to reduce cytotoxicity of
AgNPs. Presence of capping agents also explain the need for high
concentration of silver (2.0 mg mL−1) required to induce potent
bactericidal effect in the present study.

3.5. Anti-bacterial growth inhibition studies of AgNPs

The AgNPs were tested on highly pathogenic and multiple drug
resistant strains of PA, MRSA and AB. The data of all the reported
strains was recorded during the month of study which primar-
ily represents the strains that were isolated from clinical settings
at AFIP, Rawalpindi, Pakistan. The collected species were bio-
chemically identified and characterized at AFIP according to its
antibiotic resistance profile (Table S2–5). Antibacterial effect of syn-

thesized AgNPs was checked against 10 strains of PA, 3 strains of
MRSA and 3 strains of AB. Kirby-Bauer bacterial zone inhibition
assay was  carried out to determine the minimum concentration
of AgNPs that could provide therapeutic effect against bacterial
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ig. 5. FTIR analysis graphs showing percentage transmission of wavelength with
queous plant extract pellet. (b) Silver nano-composite showing shift in functional 

athogens. Further a dose was adjusted which could provide max-
mum bactericidal response in culture broth. Mode of anti-biofilm
nd antibacterial effect of AgNPs was then made through SEM anal-
sis of disrupted bacterial cells and biofilms.

The minimum inhibitory concentration (MIC) of AgNPs was
ound to be 0.5 mg  mL−1 as concentration below that failed to
roduce significant zone of inhibition. The diameter of zone of inhi-
ition increased with increase in concentration of AgNPs (Fig. 6a).

t was observed that the nanoparticles were effective against all
trains of PA, MRSA and AB tested and the difference in zone of
nhibition recorded was dependent upon each strain not on type
f bacterial specie selected. It was also observed that strains such

s PA8 and PA12 which were showing resistance towards all ten
ntibiotics tested showed zone of inhibition of 17.5 mm and 16 mm
ach respectively, implying that antibiotic resistant strains were
sponding wave numbers. (a) Identified functional groups in Heliotropium crispum
s and addition of new chemical bonds and functional groups following synthesis.

susceptible to AgNPs. Negative controls, deionized water and plant
extracts showed no zone of inhibition indicating that the inhibiting
diameter in treated strains was  due to AgNPs alone (Fig. S4).

The maximum zone of inhibition diameter recorded at
2.0 mg  mL−1AgNPs concentration was 19 mm (MRSA 2) while min-
imum inhibitory diameter recorded was also against gram positive
MRSA 4 (12 mm).  PA and AB strains an average diameter of 16 mm
at 2.0 mg  mL−1concentration of AgNPs was  observed (Fig. 6a). The
2.0 mg  mL−1 AgNPs concentration was  taken as acceptable con-
centration to mediate a strong bactericidal effect as all assayed
bacterial strains exhibited profound inhibitory zones at this con-
centration.
Two  factors determined the bactericidal effect of synthesized
AgNPs in present study, which in turn effected their therapeutic
application as antimicrobial agents. First factor is the charge and
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Fig. 6. Anti-bacterial inhibitory effect of AgNPs synthesized from Heliotropium crispum. (a) Diameter of zone of inhibition of strains after treatment with different concen-
tration  of silver nanoparticles is plotted in the figure. 0.5 mg mL−1 was  noted as minimum inhibitory concentration while a significant inhibition zone was recorded for
2.0  mg mL−1 concentration. Mean difference in potency of AgNPs was observed for each bacterial strain and type, implicating Heliotropium crispum nanoparticles effect is
specie  independent. (b) Growth inhibition of bacterial strains at 24 h when treated with 2.0 mg mL−1 of AgNPs showed significant decrease in OD600 for each of the specie.
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PA:  Pseudomonas aeruginosa, MRSA: Multiple Drug Resistant Staphylococcus aureus

ize-dependent and bactericidal effect of AgNPs which suggests
hat 40 nm size range provides Ag-bacterial cell direct interaction
27,38]. In another study it was reported that AgNPs in size range of
5 nm exhibit maximum bactericidal activity against a broad range
f gram positive and gram negative bacteria [39] while AgNPs size
ange of <15 nm induce reactive oxidative stress in cellular milieu
40,41]. It was noted in the present study that antibacterial action
f AgNPs is specie independent and strictly strain dependent as
oth Gram negative PA and AB and Gram positive MRSA exhibited
ifferential inhibition zones and decrease in bacterial viability.

Growth inhibition pattern of selective strains of PA, MRSA and
B was monitored by measuring the OD600 of bacterial strains fol-

owing 24 h incubation with highest effective dose (2.0 mg  mL−1)
f AgNPs. Fig. 6b represents an analysis of nanoparticles treated
ersus untreated strains. The results show a significant decrease in

D600 for all three species of bacteria in different strains following

ncubation with AgNPs. Percentage decrease in bacterial viability
as shown by black trend line in Fig. 6b implying that AgNPs

t 2.0 mg  mL−1 concentration cause growth inhibition between
cinetobacter baumanii.

10–70% depending upon the types of bacterial strains. Further-
more, the highest antibacterial activity was noted against PA (PA
8 and PA 16 strains showing 70%–50% decrease in viability fol-
lowing treatment). PA 8 and PA 16 strains were resistant to all
the ten antibiotics tested hence, the results suggest that AgNPs
mediate a sufficient bactericidal effect against resistant pathogens.
We  found that AgNPs were least effective against two strains of
treated AB as 30% decrease in OD600 was observed for AB9 while
20% decrease was observed for AB4 strain. The growth inhibition
results suggest that AgNPs mediated bactericidal effect was  highly
specie dependent and strain independent. Furthermore, the stabil-
ity studies have been carried out on AgNPs using same method
of synthesis. The data suggests that using higher plant concen-
tration (increased from 1.5 mg  mL−1 to 5 mg  mL−1), MIC  of AgNPs
decreased to 0.01 mg  mL−1 of HC-AgNPs (Data not shown). Uti-

lization of biocompatible polymers such as polyethylene glycol
and poly vinyl pyruvate further decreased the MIC  of Heliotropium
crispum mediated assembled AgNPs (Data not shown, will be the
part of second study).
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Fig. 7. SEM images of Pseudomonas aeruginosa exhibiting biofilm formation at 24 h with and without AgNPs treatment. (a, c, e). P. aeruginosa planktonic growth and
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olonization at 24 h without AgNPs treatment (control). (b, d, f) SEM images of P. ae
nd  ×30,000 were recorded in the study.

.6. Anti-biofilm response of AgNPs

PA strains were incubated with AgNPs treated media to observe
he effect of AgNPs on planktonic growth and biofilm production
t 24 h (Fig. S6). HC-Ag nanoparticles mediated destruction of bac-
erial cells was revealed in captured SEM micrographs. Images in
ig. 7a, c and e shows bacterial biofilm production at 24 h in our
ontrol samples without AgNPs treatment. PA biofilm was at mat-
ration phase following 24 h of growth. Gram negative rod shaped
acteria have colonized through secreted extracellular polymeric
ubstances (EPS). It was clear that the morphology of bacteria
emains intact in nanoparticles untreated substrate and the biofilm
roduction process remains unimpeded. Note the intact morphol-
gy of individual bacterial cells at ×30,000 and mesh like structure
xhibited due to binding between bacterial cells at lower magnifi-
ations of ×5000 and ×15,000 in Fig. 7c–f respectively.

AgNPs mediated disruption of bacterial biofilm and bactericidal

ffects at 24 h was exhibited in SEM micrographs in Fig. 7b, d and f
t various magnifications. At magnifications of ×5000 and ×15,000
nd ×30,000 a clear disruption of biofilm was observed. The EPS
nd peptidoglycan bonds that helps in bacterial colonization have
sa after 24 h of treatment with AgNPs. Images at magnifications of ×5000, ×15,000

been destroyed and changes in the morphology of bacteria were
observed, which becomes more apparent when compared with
untreated control samples. Presence of nano-metric scaled spher-
ical AgNPs and destroyed organic debris was also observed in
the bacterial vicinity, which were verified through EDS. Images of
planktonic bacterial cells at ×15,000 and ×30,000 in Fig. 7d and f
depicts a clear destruction of bacterial cell. Furthermore, morphol-
ogy and shape of planktonic bacteria were changed significantly as
a result of massive bactericidal effect of AgNPs (Fig. 7f).

SEM images were subjected to J-model software analysis
provided an elaborated depiction of Ag nanoparticle’s robust inter-
action with bacterial cell wall. The damaged cell wall and cellular
debris in the background together with some nano sized AgNPs
can be observed clearly in Fig. 8a,b. These micrographs suggest
that AgNPs induces cell wall disruption through changing the per-
meability of peptidoglycan and lipoprotein components present
in bacterial cell wall which then helps in massive destruction of

biofilm through distorted morphology of bacterial cells as depicted
in difference in bacterial morphology The electron diffraction peak
of Ag obtained from planktonic bacteria in Fig. 8c shows that Ag
was adsorbed on cell wall surface which in turn caused the damage
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Fig. 8. Analysis of untreated and AgNPs treated bacterial cell images at 24 h through EDS and J-model interactive 3D analysis plot. (a,b) SEM images of planktonic bacterial
cells  with destroyed cell wall capsule and distorted morphology following AgNPs treatment at ×30,000 magnification. (c) EDS graph of bacterial cell debris from SEM image
exhibiting the compositional analysis to confirm the presence of organic matter and AgNPs. The graph peak confirmed the elementary presence of silver that caused the
destruction of planktonic bacterial with almost 0.17% compound mass percentage in destroyed region as displayed in the EDS table. (d) SEM micrographs of individual
bacterial cells subjected to interactive 3D J-model analysis to study morphology of (i) untreated bacterial cell (×30,000) (ii) AgNPs treated bacterial cell (×30,000). (iii)
Bacterial cell in untreated sample depicts smooth morphology and intact shape in 3D interactive graphs derived from SEM micrograph. (iv) AgNPs mediated destruction
o cellula
d
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f  planktonic bacterial wall exhibits irregular morphology in 3D plot, presence of 

estructed cell was also observed.

n peptidoglycan linkages in bacterial cell wall. Compositional anal-
sis through EDS depicts that in the selected region of Ag treated
lanktonic bacteria only a small concentration of silver i.e. 0.34%
y mass can result in massive destruction of cell wall which in turn

nduced Ag-mediated bactericidal effect as observed in Fig. 8c.
Ag nanoparticle treated cell in Fig. 8d(iv) depicts the presence of
rregular depressions on cell surface with apparent distortions in
orphology. Maximum height of bacteria was at 200 scale show-

ng sloughing-off of cell wall membranes, hence pronounced trough
as observed. Presence of small particle-like troughs at 120th scale,
r debris at 100th base line level and small particles at 80–120th baseline level on

marked by arrows, both inside and outside treated cells suggests
particles of equal size are adsorbed on the bacterial cell and present
in its vicinity. This suggests that AgNPs concentrated in the bacterial
vicinity resulting in call wall collapse. However, regular morphol-
ogy of treated bacteria suggests that at 24 h AgNPs mediated cell
wall destruction has initiated but bacterial capsule is preserved.

When compared with AgNPs untreated control in Fig. 8d(iii) it was
noticed that bacterial cell was present at almost uniform height
of 60–120th z-scale while Ag-treated bacteria in Fig. 8d(iv) exhib-
ited more troughs due to distorted morphology hence height range
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Fig. 9. SEMs of Pseudomonas aeruginosa biofilm when grown on AgNPs coated substrate for 72 h. Corresponding EDS graph and interactive 3D plot by J-model provides an
insight  into biofilm destructive potential of Heliotropium crispum AgNPs. (a) SEM images of treated and untreated glass substrate at 72 h (i) Pseudomonas aeruginosa biofilm
after  72 h, when no AgNPs treatment was given. Mature biofilm growth observed at ×7500 (ii) Planktonic cell dispersion from mature biofilm for further biofilm growth with
clear  EPS linkages between two bacterial cells at ×15,000. (iii) No bacterial growth exhibited on AgNPs coated glass substrate at ×50,000 following 72 h incubation. Note the
presence of Ag nano composites deposited on glass. (iv) Immediate bactericidal effect is observed upon planktonic bacteria in contact with Ag-coated glass substrate for 72 h
depicted at ×25,000. (b) EDS analysis of biofilm debris confirming presence of organic matter in sample with corresponding concentration of AgNPs. Almost 0.82% of Ag as
a  compound mass indicates the elementary silver presence resulting in a potent bactericidal effect at 1 �m region of bacterial cell vicinity (c) 3D interactive J model plot of
planktonic bacterial cells at 72 h. (i)Bactericidal effect of Ag-coated substrate. (ii) SEM of biofilm formed following 72 h growth in untreated substrate. (iii) 3D plot of untreated
substrate shows low substrate baseline and intact cellular biofilm following 72 h incubation. (iv) 3D plot of bacterial debris following 72 h incubation on AgNPs coated substrate
showing a distinct layer of nanoparticles due to elevated baseline when compared with control. Also there is evidence of completely distorted bacterial biofilm.
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aried from 60–220th z-scale. Absence of particle depressions in
ntreated control Fig. 8d(iii)  suggests them to be AgNPs agglomer-
tes in Fig. 8d(iv).

Glass substrate without adsorbed AgNPs showed significant
iofilm growth at 72 h as shown in Fig. 9a(i)  and (ii). Mature biofilm
as evident with some planktonic bacterial dispersion visible from
ature biofilm matrix following 72 h of incubation. There were also

lear signs of matrix formed as a result of secreted EPS. Mature
iofilm growth involves induction of quorum sensing molecules
hich then results in bacterial colonization. In Fig. 9a(ii) bacterial

inkages through secreted EPS was observed (marked by an arrow).
lear and intact bacterial cell wall and maintained cell morphology
re important features of our control sample.

SEM analysis of PA following incubation with AgNPs adsorbed
lass substrate exhibited potent anti-biofilm and robust bacteri-
idal effect even at 72 h of incubation (Fig. 9a (iii) & (iv)). AgNPs
dsorbed glass substrate depict presence of bead-like structures
f nanoparticles. The bacteria coming into direct contact with
gNPs impregnated surface are immediately lysed as observed in
ig. 9a(iv).  EDS graphs obtained confirms the presence of silver on
he glass substrate (Fig. 9b) while carbon and oxygen components
epresent the presence of debris of PA following Ag nanocompos-
te mediated massive destruction. EDS peaks further revealed that
.82% by mass of AgNPs adsorbed at 1 �m region of substrate was
ighly potent even after 72 h of incubation (Fig. 9b).

Interactive 3D J model plot of AgNPs impregnated glass vali-
ated our findings. Presence of silver exhibited irregular bacterial
orphology and high fragmentations of destroyed peptidoglycan,

ispersed in the vicinity. The height of dispersed and destroyed
rganic matter (marked with arrow) in Ag-coated substrate was
ame as the destroyed bacterial cell i.e. at 200–220th scale level
s shown in Fig. 9c(iv). The morphology of bacterial cells appear
rregular and distorted following contact with Ag-adsorbed glass
n Fig. 9c(iv). In untreated glass substrate (control) the morphology
f bacterial cells appear uniform with intact capsule and peptido-
lycan linkages between adjoining cells as depicted in Fig. 9c(iii).  It
as also observed that in Ag-treated glass substrate base height is at

00–120th z-scale level while in Ag-untreated glass, the base height
s at 60–80th scale. This suggests the presence of Ag-nano compos-
tes as substrate coating agents hence resulting in base elevation

hen compared with control sample.
Many mechanisms of Ag-bacterial interaction have been pro-

osed which includes attachment with thiol groups in bacterial
nzyme, intercalation with negatively charged DNA, release of Ag+

ons in colloidal silver solution to bind and interfere with cell wall
ynthesis, cell membrane destruction via induction of reactive oxi-
ation stress through free radicals [28,42]. However, the exact
echanism and mode of action of AgNPs on bacterial cells depend

ntirely upon size, shape, charge and capping ligands [6]. HC-AgNPs
xhibited time and size dependent bactericidal and anti-biofilm
ffect. Bacterial capsule and cell membrane remained undamaged
hich suggests that nanoparticles initially caused peptidoglycan

reakage in cell wall at 24 h, which in turn produced potent bacte-
icidal response.

Effect of biofilm inhibitory action of AgNPs also remains
nresolved. It is suggested from previous studies that Ag
anocomposites evoke a bacterial defense mechanism, “DNA con-
lomeration defense mechanism” which then slows down bacterial
eplication to minimize Ag toxic effect [43]. Biofilm formation
rocess slows down as a defensive mechanism by bacteria, effec-
ively reducing colonization. AgNPs can now rapidly evoke a
otent bactericidal response against planktonic bacterial cells.

he study confirms this hypothesis as our SEM micrographs at
2 h show only planktonic cell dispersions and robust AgNPs
esponse.

[

ience 387 (2016) 317–331

4. Conclusions

Our study demonstrates the use of Heliotropium crispum plant
extract as an efficient biomaterial for AgNPs synthesis. Plant extract
concentration was  found to be the most important parameter
which directly effects nanoparticle composition by controlling size,
shape and stability. Presence of plant-derived phytochemicals and
functional groups can present unique optical and pharmacophore
properties to bioengineered nanoparticles as exhibited by fluores-
cence potential and antibiofilm responses of HC-AgNPs. All clinical
isolates of bacterial pathogen tested against HC-AgNPs were found
to be susceptible suggesting an efficient use of Ag nanocomposites
to address emerging issue of multiple drug resistance in bacte-
rial strains. Finally the results imply that AgNPs of 40 nm spherical
morphology present potent bactericidal response through cell wall
destruction. The HC-AgNPs loaded products can control multiple
drug resistant pathogen spread in future.
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