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Figure 1: Schematic representation of SS-Ag NPs synthesis and in-vitro biological assessment.

Abstract

Biogenic synthesis of silver nanoparticles (SS-Ag NPs) using the extract of Saccharum
spontaneum (SS) via green chemistry route was investigated for their in-vitro cytotoxicity on
osteoblast-like cells and bactericidal effect. Synthesized SS-Ag NPs were analyzed using TEM,
FTIR, XRD and UV Vis spectroscopy techniques. The biomolecules present in S. spontaneum
were responsible for the reduction and capping of silver nanoparticles. A heterogenous mixture
of SS-Ag NPs which consists of triangle, hexagonal, spherical and rod-like structures was
obtained. Furthermore, the synthesized SS-Ag NPs were tested for in a broad spectrum of

antibacterial activity against E. coli, S. aureus, K. pneumonia and P. aeruginosa and it showed



significant inhibitory effect. For the first time, the enhancement in the proliferation rate of MG63

cells with SS-Ag NPs is reported.

Keywords: Silver nanoparticles, Biogenic synthesis, Antibacterial, In-vitro studies.

1. INTRODUCTION

The demand for nanomaterials is growing more rapidly due to the widespread
applications of nanomaterials in various fields including industry, technology and medicine.
Among the metallic nanomaterials, silver nanoparticles are widely used in photonics,
microelectronics, photocatalysis and antimicrobial treatments [1, 2]. Recently, microbial
infections are a major concern in the health care industries, especially for dental and orthopedic
implants. Colonization of bacteria on the implants from remote sources can result in the delay of
wound healing and finally implant rejection, which actually leads to subsequent implant
replacement [3, 4]. As silver is known for its biocidal effect against bacterial and fungal species,
it has been widely used as a coating and composite material in implants in order to reduce the

biofilm formation [5, 6].

Specifically, the high clearance rate of silver nanoparticles from the body is an
advantage of using it in biomedical industry [7]. Recent report reveals that the incorporation of
Ag NPs with filler materials gives enhanced activities when compared to the current root canal
treatments [8]. Titanium embedded with silver nanoparticles (Ag NPs) experiences micro-
galvanic effects which enhances antibacterial activity and excellent compatibility with
osteoblasts [9]. Several chemical, physical and biological methods have been employed to

synthesize silver nanoparticles but are limited in biomedical applications due to the high cost and



usage of hazardous chemicals, harsh solvents and toxic capping agents which cause fatal damage
to both environment and humans [10]. Biological synthesis of nanoparticles involves use of
bacteria, fungi and plants to produce nanoparticles. Due to the specialized requirements in the
maintenance of bacteria and fungi its usage has been limited in the synthesis of nanoparticles
[11]. The proteins from fungi and bacteria that act as capping agent may cause allergic reactions.
Hence, safe and cost-effective biosynthesis with plants has become an encouraging concept to
replace the chemical synthesis in order to eliminate the risk of toxic chemicals and their side

effects [12].

Silver nanoparticles are prepared using extracts acquired from various plants including
Thymbra spicata (leaves), Boerhaavia diffusa (whole plant), Turmeric (rhizobium), Green and
Black tea (leaves), Cardamom (leaves), Prosopis juliflora (bark), Nyctanthes arbor-tristis
(flower) and Citrus sinensis (peel) [13-18]. During the last decade, hundreds of plant extract
were effective in the synthesis of silver nanoparticles. The biomolecules present in the plant
components such as flavonoids, terpenoids, alkaloids, steroids, saponins and tannins play a major
role in the synthesis of nanoparticles [19, 20]. Researchers have reported that the gram-negative
bacteria are becoming resistant to silver nanoparticles due to the production of flagellin, which
eliminates the antibacterial activity. Hence, the combination of silver nanoparticles with the

phytochemical constituents can prevent the aforesaid issues [21].

The present work describes a simple, cost-effective and safe protocol for the preparation
of stable silver nanoparticles using aqueous extracts from one of the promising herbal plants S.
spontaneum. The plant S. spontaneum is commonly known as wild sugarcane and is easily

available across South Asia, East Africa and Mediterranean [22]. The decoction of the plant



extract is used to treat a variety of diseases such as burning sensation, urinary tract infections,
diarrhea, obesity, haemorrhoids and renal calculi. In Ayurvedic medicine, the root decoction of
S. spontaneum is given for lactating mothers to improve the production of milk [23, 24].
Therefore, the plant extract is extremely safe and suitable for the production of silver
nanoparticles by acting as reducing and stabilizing agent. Accordingly, the S. spontaneum
synthesized silver nanoparticles (SS-Ag NPs) were investigated for its bactericidal effect against
both gram-positive and gram-negative bacteria. Furthermore, cell viability and morphology of

SS-Ag NPs was carried out using MG63 cell lines.

Metal nanoparticles can be synthesized in different morphologies such as spherical,
triangular, rod, hexagonal, wires and cubes by optimizing the parameters such as reaction time,
temperature, concentration and pH [25, 26]. Interestingly, Banerjee et.al. reported that the shape
of the silver nanoparticles is dependent on the reaction time. Initially, spherical nanoparticles
were formed which changes to trigonal or rod-shaped [27]. To the best of our knowledge, there
are very few reports available for the synthesis of Ag NPs with multiples shapes using plant
extracts and for the first time the medicinal plant S. spontaneum was used as reducing and
capping agent to produce SS-Ag NPs and the MTT assay was performed using MG63 osteoblast-

like cells in order to evaluate the cell viability.

2. RESULTS AND DISCUSSIONS
The synthesis of SS-Ag NPs was demonstrated using the S. spontaneum and the cytotoxic
effect and antibacterial behavior was evaluated.

2.1. Localized Surface Plasmon Resonance Analysis



During synthesis, the formation of SS-Ag NPs was monitored via the solution color
change. The colorless solution had changed to yellowish brown and reddish brown after the
addition of the plant decoction. The active compounds of the plant decoction reduce the silver
ions (Ag") into silver nanoparticles (Ag%. The optical properties of the SS-Ag NPs were
correlated with the surface plasmon resonance (SPR) of the excitons. Figure 2 shows the UV-
Visible spectra of synthesized SS-Ag NPs at different time intervals such as 0.5, 1, 4, 12, and 24
h. A plasmonic absorbance peak was observed at 464 nm with no significant shifts. The intensity
of the peak increased with respect to the increase in reaction time. The formation rate of SS-Ag
NPs nanoparticles is directly proportional to the intensity of SPR [28]. Moreover, time-
dependent UV spectrum shows the reducing ability of phytochemicals present in the plant
decoction. The rate of reaction was initially high, after which it has steadily declined. Until 12 h,
the reaction rate was high and after 24 h, it has reached a plateau due to the non-availability of
Ag" ions. After 24 hours, no major differences were recorded due to the complete reduction of
silver ions which indicates phytochemicals took 24 h to completely reduce the Ag® ions.
However, the reaction time could be possibly reduced by changing the parameters such as
temperature, pH, and concentration. Additionally, no visible changes were observed up to 12
months from the synthesized period, which was ascribed to enhanced stability of the SS-Ag NPs

[29].
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Figure 2: UV-Visible Spectra of SS-Ag NPs synthesized from S. spontaneum
2.2. Crystallographic Analysis

X-ray diffraction (XRD) pattern of synthesized material is shown in figure 3 and is found
to be well matched with the standard Ag with the JCPDS No 89-3722. The reflection peaks are
observed at 38°, 44°, 64°, and 77° corresponding to (1 1 1), (20 0), (22 0) and (3 1 1) planes
indicating the face-centered cubic (FCC) structure of silver. The broad base and sharp tip of the
peaks indicate that the material is nanocrystalline. The average nanocrystallite size of the SS-Ag
NPs is 10.71 nm with a lattice strain of 0.0104 nm. The broad peak observed around 25° is
attributed to the deposition of the phytochemical compounds of S. spontaneum on Ag NPs [30-

32].
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Figure 3: XRD spectrum of SS-Ag NPs synthesized from S. spontaneum
2.3. Functional Group Analysis

Figure 4 represents the FTIR spectrum of plant decoction and synthesized SS-Ag NPs of
S. spontaneum. In this study, the strong broad absorption band at 3385 cm™ indicates the -OH
stretching of phenols. The peaks appeared at 2135 and 2137 cm™ corresponds to C=C stretching
of alkynes [33, 34]. The bands at 1643 and 1650 cm™ represent C=O stretching of aldehydes and
ketones, respectively. The bands centered at 800 cm™ indicates the C-H stretching of alkenes. In
most of the studies, phenolic compounds are recognized as the active reducing compounds

among other biomolecules [35, 36].

Earlier research studies suggest that phytochemicals such as sugar molecules, amino
acids, saccharides, and flavonoids present in the plant extract acts as reducing and capping agents

[37, 38]. The major constituent of S. spontaneum water extract is polyphenols, quinines,



alkaloids, tannins, carbohydrates, protein, coumarin, steroid and glycosides [39]. There are three
stages in the formation mechanism of biogenic Ag NPs: (i) The biomolecules like polyphenols
and tannins present in S. spontaneum have the ability to reduce and chelate Ag* ions due to its
strong antioxidant property; (ii) The reduced Ag NPs acts as a nucleation site causing clustering
and (iii) leading to nanoparticles formation. The shape and size of the nanoparticles depend on
the nature and concentration of the reducing agent, pH, temperature, and concentration of
AgNO3 solution. The presence of polyphenolic compound in SS-Ag NPs indicate that the
hydrogen abstraction due to —OH group of polyphenols induce the reduction of silver ions [40,
41]. The notable peaks of alkynes, aldehydes and ketones group intensity were decreased and C-
H vibrations of alkenes groups were shifted from 702 to 800 after the synthesis of SS-Ag NPs
and these changes reveals that the biomolecules are oxidized and involved in stabilization
process [42]. The IR results confirm the stabilization of SS-Ag NPs with the biomolecules
through the coordination of the carbonyl group and oxidized polyphenol [43]. The stability of
prepared SS-Ag NPs is determined by the nature of the biomolecules involved in the capping
process [44]. In conclusion, biomolecules present in the plant decoction actively participate in

the reduction and capping process.
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Figure 4: FTIR spectra of the plant decoction and synthesized SS-Ag NPs of S. spontaneum
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Figure 5: Proposed mechanism of SS-Ag NPs formation
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2.4. Transmission Electron Microscope

The transmission electron microscopic image reveals the different morphologies of
synthesized SS-Ag NPs as shown in figure 6. The TEM images show a mixture of silver
nanoparticles with different sizes ranging from 10 to 100 nm and most of the particles lie in the
range of 30-40 nm. Spherical, triangular, rod and hexagonal shaped silver nanoparticles were
observed. It could be essentially due to the differences in the binding habit of different functional
groups present in the SS extracts [45, 46]. Among the various shapes of SS-Ag NPs, the
spherical nanoparticles were predominant and these nanoparticles have multiple applications in
the biomedical field. The crystallinity of the SS-Ag NPs was analyzed using selected area
diffraction (SAD) and the selected area electron diffraction (SAED) pattern is given in figure
6(e). The appearance of several small points indicates that the nanocrystals are oriented in
different directions which suggest the polycrystalline nature of the synthesized SS-Ag NPs. The
interplanar distance was determined by the diffraction rings pattern and was estimated to be 2.3,
2.04, 1.39 and 1.27 nm which were consistent with the face-centered cubic structure of silver

nanoparticles [47].
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Figure 6: TEM images of SS-Ag NPs in different magnification (a-d), SAED pattern of SS-Ag

NPs (e), and Particle Size distribution (f).

2.5. DLS and zeta potential

The diameter of synthesized Ag NPs nanoparticles determines their bioactivity such as
cytocompatibility, bactericidal activity and hemo compatibility. The obtained DLS curve shows
the size distribution of SS-Ag NPs with average size 80 nm and polydispersity index (PDI) is
0.886 which indicates nanoparticles were poly-dispersed [48, 49]. The observed size distribution
of SS-Ag NPs by DLS and TEM found to be 80.66 nm and 39.6 nm respectively. The variation
in size is due to that, the DLS measures the size of the core NPs along with biomolecules
attached on the surface, whereas TEM measures the actual of the Ag NPs. The stability of the

colloidal NPs can be predicted by measuring the electrostatic attractive and repulsive forces

12



between the NPs using zeta potential ({). The obtained  potential curve reveals that the average
zeta potential value is 41.32 mV which means that the formed Ag NPs is highly stable due to the

positive-positive repulsion [50, 51].
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Figure 7: DLS particle size distribution (a), Zeta potential of colloidal SS- Ag NPs (b)
2.6. Antimicrobial activity

Gram-negative bacteria are the major cause of nosocomial infections due to their inherent
resistance for antibiotics. Biogenically synthesized SS-Ag NPs antimicrobial activity was

examined against the gram-negative (E. coli, P. aeruginosa and K. pneumonia) and gram-

13



positive bacteria (S. aureus). The obtained results are displayed in figure 8(a). From the results, it
was inferred that the zone of inhibition was increased with increasing concentration of the SS-Ag
NPs. However, there was no much change in the zone diameter for 100 pg/mL as compared with
75 pg/mL. The antibacterial activity of SS-Ag NPs against gram-negative bacteria was more
than gram-positive bacteria due to the variations in peptidoglycan layer thickness [52]. Among
the various bacterial strains, the SS-Ag NPs showed enhanced antimicrobial activity against K.
pneumoniae ( figure 8b) due to the variations in cell structure, diffusion rate, metabolism and

interaction of the nanoparticles with the microorganisms [53].

The mechanism behind the antimicrobial activity of SS-Ag NPs might involve (i) the
binding of silver cations to the negatively charged bacterial cell wall causing cell rupture and
finally the cell death, (ii) the silver nanoparticles penetrate the bacterial cell wall and interacts
with the cellular biomolecules causing irreversible damage, (iii) the generation of free radical of
reactive oxygen species (ROS) induced by metals/metal oxides might have interacted with
bacterial membrane and resulted in the oxidative stress, and (iv) the Ag* ions released from the
silver nanoparticles binds with the purines and pyridines, thereby disrupting the bacterial

reproduction [54-56].

14
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Figure 8: Antimicrobial activity of SS-Ag NPs

2.7. Hemolysis
The hemolytic activity of the SS-Ag NPs was investigated at various concentrations and
the obtained results were calculated and correlated with ASTM (American Society for Testing
and Materials) standard F756-00. Until 75 pg/ mL, SS-Ag NPs exhibits less than 2 % of
hemolysis, which indicates that the material is completely non-hemolytic. At the concentration of
100 and 200 pg/mL the hemolytic percentage was approximately 2 and 4.5 which indicates that

the material exhibits slightly hemolytic behavior.
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Figure 9: Hemolytic behavior of SS-Ag NPs at various concentrations

2.8. MTT Assay

The effect of SS-Ag NPs on the proliferation rate of MG63 cell line was evaluated using
MTT Assay. The test was performed after culturing the cells for 24 and 48 h in the presence of
the synthesized SS-Ag NPs at different concentrations (7.8, 15.6, 31.2, 62.5, 125, 250, 500 and
1000 pg/mL) and the relative percentage cell viability was plotted graphically to measure the
proliferation efficacy of the cells ( figure 10). After 24 h of incubation, as the concentrations of
SS-Ag NPs increases from 7.8 to 1000 pg/mL, the cell viability decreases from 95 to 48 %. Until
125 pg/mL of SS-Ag NPs, there is no cytotoxicity as the cell activity was approximately 70 %
[57]. However, after 48 hours, the percentage of cell viability was increased up to 135 % above
the control in lower concentrations [58, 59]. As the concentration of SS-Ag NPs increases, the
proliferation rate decreases. At 1000 pg/mL, the proliferation rate was similar to the control.
Initially, the immediate exposure of Ag NPs at high concentrations has led to cell death. As the

incubation time increases, the concentration of the silver ions decreases and attains a favorable
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concentration that enhances the proliferation of the MG63 cells. At lower concentrations, the
Ag" ions enter the cells and bind with the DNA thereby activating the gene expression of HIF-1a
and IL-8 which enhances the cell proliferation rate. In addition, the Ag* ions have the ability to

attract the mesenchymal and fibroblast cells leading to faster healing of bone fractures [60].

Similarly, the effect of SS-Ag NPs on the morphological changes in the cell lines was
studied through an optical microscope and the obtained images are displayed in figure 10(b). The
histogram (figure 10(a)) shows drastic proliferation of cells in 48 h than 24 h and similar results
were also found by the optical images, which showed that the cell growth was visibly seen after
48 h as compared to 24 h. This could be explained as follows. As observed from the TEM
images, the dispersed colloidal solution contains four shapes of nanoparticles, and especially, the
nanorods of Ag can easily enter into the cytoplasm owing to their one-dimensional shape and as
well as the increased incubation time [61, 62]. These findings further suggest that internalization
of nanoparticles or incubation time could have changed the morphology of the cells without
affecting their proliferation. However, further studies should be done to interpret other biological

activities.

17
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Figure 10: Effects of SS-Ag NPs on the viability of MG-63 cells. (a) The viability of MG63
cells treated with different concentrations of SS-Ag NPs for 24 and 48 h by MTT Assay and (b)

the treated cells were visualized under an optical microscope.
3. Conclusion

In the present work, different shapes of silver nanoparticles were synthesized
biogenically using medicinal plant S. spontaneum plant decoction as a reducing-cum-stabilizing
agent. The SS-Ag NPs exhibited surface plasmon resonance peak at 464 nm and face-centered
crystallographic structure with the crystallite size of 10.8 nm. FTIR analysis revealed the
stretching and bending vibration of alkenes and carbonyl groups were shifted indicating that the
oxidation of the biomolecules led to the formation of SS-Ag NPs. The TEM micrograph showed
the existence of various shapes of SS-Ag NPs namely spherical, triangular, rod and hexagonal
shapes. The particle sizes were measured using DLS and the results showed that the synthesized
nanoparticles had various sizes ranging from 10 to 300 nm. The prepared material was non-

hemolytic till 75 pg/mL, after which it was slightly hemolytic. Cell proliferation assay was
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performed using MG63 cells and the observed results revealed that the proliferation rate of cells
has significantly increased based on dose-dependent manner. At lower concentration of SS-Ag
NPs, the proliferation rate was increased by 35 % whereas, at higher concentrations, the
proliferation rate was similar. Therefore, the SS-Ag NPs could be used till 1000 pg/mL.
Howbeit, the morphology of MG63 has changed significantly at 125 pg/mL. An improved
antimicrobial activity was also observed by zone of inhibition studies and these findings suggest
that the synthesized SS-Ag NPs have significant antimicrobial activity at 75 pg/mL and upon
further increase in concentration, no significant change was observed. On the whole, the
prepared SS-Ag NPs at the concentration of 75 pg/mL could be an effective dosage for bone

implants for faster wound healing with good antimicrobial activity.

4. EXPERIMENTAL PROCEDURE
4.1 Preparation of Plant Decoction

Fresh Saccharum spontaneum plant stems was collected from Ramanathapuram district,
India. The outer layer of the stems was removed and young stems were washed with tap water
followed by distilled water to remove the dust particles from the surface. Sliced stems were
crushed well with electric mixer-grinder and they were added to distilled water in a ratio (w/v) 1:
10. The mixture was boiled at 50 "C for 30 min to get the plant extract and allowed to cool at
room temperature and filtered through Whatman no 1 filter paper to get the plant decoction. The
obtained decoction was stored at a brown bottle and kept in the refrigerator at 4 °C for future

experiments.

4.2 Preparation of Silver nanoparticles (SS-Ag NPs)
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For SS-Ag NPs synthesis, 10 mL of plant decoction was added dropwise to 90 mL of 10
mM AgNOs solution under constant stirring at room temperature. Then the solution was
centrifuged at 10,000 rpm for 15 min. The obtained precipitate was washed thrice with distilled
water to remove the unbound extracts. The precipitate was finally dried and used for further

characterizations.
4.3 Characterization of SS-Ag NPs

The optical absorbance of UV-Visible spectroscopy was recorded using Hitachi, model
U-3900, Japan. The colloidal solution of SS-Ag NPs was analyzed in the spectral region from
300 to 700 nm wavelength. The crystallinity of the SS-Ag NPs was evaluated using X-ray
powder diffraction Bruker, model D8 Advance. Fourier Transform Infrared Spectroscopy (FTIR,
Perkin Elmer spectrum model Spectrum one) was used to identify the functional groups in the

prepared extract and SS-Ag NPs. The samples were scanned from 4000 to 500 cm™.

A drop of SS-Ag NPs solution was placed on the carbon-coated copper grid and allowed
to dry completely. The shapes and size of the synthesized nanoparticles were observed using
Transmission electron microscope (TEM, JEOL Japan). Particle size distribution and {- potential
analysis was performed using Zeta sizer (Malvern Instruments, Malvern, UK). SS-Ag NPs were
dispersed well in the distilled water using ultra sonicator for 30 min and samples were fed into

the instrument and the graphs were recorded.
4.4 Antimicrobial Studies

The antimicrobial activity of SS-Ag NPs was investigated using Well diffusion method.

The pure cultures of the bacteria (E. coli, S. aureus, P. aeruginosa and K. Pneumoniae) were

20



obtained from the National Centre for Microbial Resource (NCMR, Pune). The bacterial
pathogens were cultivated in Nutrient Agar (SRL Chemicals, India). The sterilized nutrient agar
was poured into a petridish and the fresh microbial cultures were spread over the agar using
sterile cotton swabs. Wells was formed by puncturing the nutrient agar using sterile micropipette
tip. The SS-Ag NPs was added to the wells in various concentrations viz.10, 25, 50, 75 and 100
uL. The plates were incubated for 24 hours at 37 'C and the zone of inhibition was measured.
Finally, the microbes were properly discarded using an autoclave to prevent the environment

from contamination.
4.5 Hemolysis Assay

Human blood was taken from the volunteer with the help of clinicians. The experiments were
conducted in accordance with the relevant laws and institutional guidelines. The informed
consent was obtained from the blood donor for the assay. The blood was mixed with 3.2% of
trisodium citrate in the ratio 1:10 to prevent coagulation. The different concentrations (200, 100,
75, 50, 25 and 10 pg/mL) of the SS-Ag NPs were prepared with phosphate buffered saline (PBS)
and anticoagulated blood served as the test specimen. Anti-coagulated blood with 0.1% sodium
carbonate and PBS with anticoagulated blood were used as the positive and negative control,
respectively. All the samples and the controls were incubated at 37 °C for 3 h. Then, the tubes
were centrifuged at 2000 rpm for 5 min. The optical density (OD) of the supernatant was
measured at 545 nm [63]. All the tests were done thrice to ensure the reproducibility. The

percentage of hemolysis was calculated as,

(Absorbance of test sample — Absorbance of negative control)

x 100

Hemolysis (%) =

(Absorbance of positive control — Absorbance of negative control)

4.6 Biocompatibility assessment of SS-Ag NPs
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The biocompatibility of biosynthesized SS-Ag NPs should be justified using in vitro
studies before intended with in vivo. Accordingly, the cytocompatibility and proliferation of
MG63 cell lines were analyzed with SS-Ag NPs. MG63 osteoblast-like cell line was obtained
from National Centre for Cell Sciences (NCCS, Pune). Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100
ng/mL) was used to maintain the culture in humidity atmosphere of 50 pg/mL CO> at 37 °C.
Approximately 1 x 10%well MG63 cells were seeded in 24 well plates and incubated under CO
condition at 37 “C. The synthesized SS-Ag NPs were added in various concentrations such as

1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 pug/mL and incubated at 37 °C for 24, 48 and 72 h.

MTT assay was performed to determine the cytotoxic behavior of the SS-Ag NPs. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was added with the cells and
incubated for 4 h. 1 mL of dimethyl sulphoxide (DMSQO) was added to dissolve the formazan
crystals and the optical density values were measured at 570 nm using ELISA reader (Bio-Rad
680, USA) [64]. The assay was performed in triplicate and the percentage of cell viability was

calculated using the following formula.
Cell Viability (%) = (A_570 of treated cells)/(A_570 of control cells) x 100

The cells incubated with different concentration of SS-Ag NPs were fixed with 4%

paraformaldehyde and then visualized using an optical microscope.
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