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Abstract Biosynthesis of metallic silver nanoparticles

has now become an alternative to physical and chemical

approaches. In the present study, silver nanoparticles

(AgNPs) were synthesized from Cavendish banana peel

extract (CBPE) and characterized by UV–visible spec-

troscopy, X-ray diffraction (XRD), Fourier transform

infrared (FT-IR) spectroscopy, Atomic force microscopy

(AFM), Field emission scanning electronic microscope

(FESEM), Dynamic light scattering (DLS) and zeta

potential (ZP). The AgNPs formation was confirmed by

UV–visible spectroscopy through color conversion due to

surface plasma resonance band at 430 nm. The effect of pH

on nanoparticle synthesis was determined by adjusting the

various pH of the reaction mixtures. The crystalline nature

of nanoparticles was confirmed from the XRD pattern, and

the grain size was found to be around 34 nm. To identify

the compounds responsible for the bioreduction of Ag? ion

and the stabilization of AgNPs produced, the functional

group present in Cavendish banana peel extract was

investigated using FTIR. AFM has proved to be very

helpful in determining morphological features and the

diameter of AgNPs in the range of 23–30 nm was con-

firmed by FESEM. DLS studies revealed that the average

size of AgNPs was found to be around 297 nm. Zeta

potential value for AgNPs obtained was -11 mV indicat-

ing the moderate stability of synthesized nanoparticles. The

antibacterial activity of the nanoparticles was studied

against Gram-positive and Gram-negative bacteria. Bio-

synthesized AgNPs showed a strong DPPH radical and

ABTS scavengers compared to the aqueous peel extract of

Cavendish banana.
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Introduction

Nanotechnology is emerging as a rapidly growing field

with its application in science and technology (Albrecht

et al. 2006). Nanobiotechnology is a field that interrelates

both biological sciences and nanotechnology. It provides a

platform for the development of ecofriendly and the green

synthesis of nanoparticles with the help of biological

sources like plants and microorganisms (Guangquan et al.

2012). Nanoparticles exhibit completely new or improved

properties based on specific characteristics, such as size,

distribution and morphology.

Metal nanoparticles have been of great interest due to

their distinctive features such as catalytic, optical, mag-

netic, and electrical properties. Nanoparticles of noble

metals, such as silver, gold and platinum, are widely

applied in products that directly come in contact with the

human body, such as shampoos, soaps, detergent, shoes,

cosmetic products, and toothpaste, besides medical and

pharmaceutical applications (Gong et al. 2007). The silver

nanoparticles have various important applications. Histor-

ically, silver has been known to have a disinfecting effect

and has been found in applications ranging from traditional

medicines to culinary items. It has been reported that silver

nanoparticles are non-toxic to humans and most effective
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against bacteria, virus and other eukaryotic microorgan-

isms at low concentrations and without any side effects

(Jeong et al. 2005).

A number of approaches are available for the synthesis

of silver nanoparticles: Facile method (Nidhi et al. 2009),

thermal decomposition of silver compounds (Navaladian

et al. 2007), electrochemical (Starowicz et al. 2006), so-

nochemical (Easu et al. 2010), microwave-assisted process

(Sreeram et al. 2008) and recently via green chemistry

route (Begum et al. 2009). Unfortunately, many of the

nanoparticle synthesis or production methods involve the

use of hazardous chemicals, low material conversions, high

energy requirements, difficult and wasteful purifications.

Therefore, there is a growing need to develop environ-

mentally friendly processes for nanoparticle synthesis

without using toxic chemicals. Biosynthetic methods

employing either microorganisms or plant extracts have

emerged as a simple and viable alternative to chemical

synthetic procedures and physical methods (Shanmugava-

divu et al. 2014).

Green nanoparticle synthesis has been achieved using

environmentally acceptable plant extract and ecofriendly

reducing and capping agent. Many reports are available on

biosynthesis of silver nanoparticles by plant parts like

Punica granatum peels (Ahmad et al. 2012), Citrus sin-

ensis peel (Kaviya et al. 2011), lemon leaves (Padma and

Shukla 2012), Myrica esculenta leaf (Phanjom et al. 2012),

Wrightia tinctoria leaves (Bharani et al. 2012) and Mango

peel (Yang and Li 2013). In this work, a novel biological

route for the synthesis of silver nanoparticles using

Cavendish banana peel extract is demonstrated.

The peels of a variety of fruits have gained attention as a

natural source of antioxidants and phytochemical content

which are rich in compounds with free radical scavenging

activity. Banana and Plantain peels are major agricultural

wastes which have been used as medicine, animal feeds,

blacking of leathers, soap making, fillers in rubber and so

on (Arawande and Komolafe 2010). Banana peel, an un-

derutilized source of phenolic compounds, is considered a

good source of antioxidants for foods and functional foods

against cancer and heart disease (Someya et al. 2002). The

peel of the fruit contains various antioxidant compounds,

such as gallocatechin (Someya et al. 2002) and dopamine

(Kanazawa and Sakakibara 2000). A few applications of

banana peels discussed in the literature include (1)

exploitation for their medicinal properties (Parmar and Kar

2008), (2) in ethanol fermentation (Tewari et al. 1986), (3)

application as a substrate for generating fungal biomass

(Essien et al. 2005), (4) use in the production of laccase

(Osma et al. 2007) and (5) utilization as a biosorbent for

heavy metal removal (Annadurai et al. 2003). On the basis

of the available literature, we hypothesized that banana

peels that are inherently rich in polymers such as lignin,

hemicellulose and pectins (Happi Emaga et al. 2007) could

be used in the synthesis of silver nanoparticles.

Materials and methods

Materials

The Banana fruit was collected from Agricultural farm,

Annamalai University. Silver nitrate was purchased from

Sigma–Aldrich and used as received. Double distilled

water was used for the experiments. All glass wares were

properly washed with distilled water and dried in oven.

Preparation of CBP extract

Banana peel was used as a reducing agent for the devel-

opment of silver nanoparticles. The fresh banana was

washed repeatedly with distilled water to remove the dust

and organic impurities present in it. Then, the peels were

removed and dried on paper toweling. About 25 g of peel

was taken in a 100 ml beaker containing 50 ml double

distilled water and then the peel was boiled at 80 for

10 min and filtered through Whatman No. 1 filter paper

twice. The resultant filtrate was stored at 4 �C and used as

reducing and stabilizing agent.

Synthesis of silver nanoparticles

To optimize the synthesis route for producing the AgNPs,

peel extract concentrations were varied on precursor solu-

tion. The various concentrations (1–5 ml) of aqueous peel

extract were added to the 100 ml aqueous solution of

1 mM AgNO3. The reduction of silver ions takes place

within 30 min at room temperature. The color change of

the solution viz., brownish–orange color was observed,

indicating the formation of silver nanoparticles.

Characterization of silver nanoparticles

The nanoparticles were primarily characterized by UV–

Visible spectroscopy, which has proved to be a very useful

technique for the analysis of nanoparticles. Ultraviolet–

Visible spectra were obtained using a Shimadzu UV-

1650pc Spectrophotometer. XRD analysis was carried out

on an X-Ray diffractometer (X’Pert-PRO). The high res-

olution on XRD patterns measured at 3 KW with Cu target

using a scintillation counter (k = 1.5406 Å) at 40 kV and

40 mA was recorded in the range of 2h = 10�–80�. The

changes in the surface chemical bondings and surface

composition were characterized using Fourier Transform

Infrared (FT-IR) spectroscopy (Nicolet Avatar series 330)

ranging from 400 to 4,000 cm-1. The size and morphology
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of AgNPs were performed by Atomic force microscopy

(AGILENT-N9410A series 5500) and JSM-6701F field

emission scanning electron microscope (FESEM).The

average size of AgNPs in aqueous medium was used to

determine hydrodynamic diameter by DLS. The Zeta

potential was measured with a Zeta sizer Nano ZS90

(Melvern International Ltd.) Instrument.

Antibacterial activity

The antibacterial potential of biosynthesized AgNPs and

CBPE was tested against Gram-positive (Staphylococcus

aureus and Bacillus subtilis) and Gram-negative (Esche-

richia coli and Klebsiella pneumonia) bacteria using agar

disc diffusion method. Approximately, 20 ml of molten

and cooled nutrient agar media was poured into sterilized

petridishes. The plates were left overnight at room tem-

perature to allow any contamination to appear. The discs

were placed on Muller Hinton agar plates inoculated with

each of the previously mentioned microorganisms. 25 lL

of ciprofloxacin was used as positive control (PC). The test

plates were incubated at 37 �C for 24 h. After the incu-

bation period, the zone of inhibition (in mm diameter) was

observed and tabulated.

Free radical scavenging activity

(1) DPPH (1,1-Diphenyl-2-Picryl Hydroxyl) radical

scavenging assay: DPPH scavenging activity was

measured by slightly modified spectrophotometric

method of Brand-Williams et al. (1995). DPPH is a

stable free radical and accepts an electron, or

hydrogen radical to become a stable diamagnetic

molecule. DPPH reacts with an antioxidant com-

pound that can donate hydrogen and get reduced.

The change in color (from deep violet to blue) was

measured. The intensity of the yellow color devel-

oped depends on the amount and nature of radical

scavenger present in the sample.

Procedure

Different concentrations (50, 100, 150, 200, 250 ll) of

CBPE and biosynthesized AgNPs were added, in equal

volume, to 0.1 mM methanolic DPPH solution. The reac-

tion mixture was incubated for 30 min at room temperature

under shaking condition and the absorbance was recorded

at 517 nm. BHT was used as a standard.

% scavenging activity

¼ Absorbance of control � Absorbance of sample

Absorbance of control
� 100

(2) ABTS [2,20-Azinobis-(3-Ethylbenzothiazoline-6-Sul-

fonic Acid)] Assay: the total antioxidant activity of

the samples was measured by [2,20-azino-bis (3-

ethylbenzthiazoline-6-sulphonic acid)] ABTS radical

cation decolorization assay according to the method

of Re et al. (1999).

Procedure

ABTS was produced by reacting 7 mM ABTS aqueous

solution with 2.4 mM potassium persulfate in the dark for

12–16 h at room temperature. The radical was stable in this

form for more than 2 days when stored in the dark at room

temperature. Then, 2 ml of diluted ABTS solution was

added to the sample in varying concentrations of CBPE.

The blank contained water in place of peel extract. After

30 min of incubation at room temperature, the absorbance

was recorded at 734 nm and compared with standard BHT

(Butylated hydroxytoluene). Percentage of inhibition was

calculated.

% scavenging ¼ Control OD � Test OD

Control
� 100

OD-Optical Density.

Results and discussion

Biosynthesis of silver nanoparticles and its mechanism

The detailed study of the biosynthesis of silver nanoparti-

cles was performed using Cavendish banana peel extract.

The formation of AgNPs of the filtrate was investigated by

the observation of the change in the color of the solution.

The appearance of a brownish-orange color in the reaction

vessels suggested the formation of AgNPs. Figure 1 shows

the photograph of the color change of the AgNPs: the first

vial contains Silver nitrate, the second vial contains

Cavendish banana peel extract and the third contains Ag-

NPs in colloidal form. Banana peels are mainly composed

of pectin, cellulose and hemicelluloses and the functional

groups associated with these polymers as well as the pro-

teinaceous matter may be involved in reducing the silver

salt to Ag0. Biological components are known to interact
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with metal salts via these functional groups and mediate

their reduction to nanoparticles (Bar et al. 2009; Ganesh

Babu and Gunasekaran 2009).

UV–Visible analysis

The preliminary detection of AgNPs was carried out by

visual observation of the color changes of the reaction

solutions. These changes were attributed to the excitation

of surface plasmon resonance (SPR) in the metal nano-

particles. Typically, UV–visible absorption is used to

investigate SPR. Characteristic surface plasmon absorption

band was observed at 430 nm for the brownish-orange

colored silver nanoparticles synthesized from 1 mM silver

nitrate with peel extract concentration (1–5 ml). It has been

found that the optimum concentration for the synthesis of

AgNPs is 4 ml extract of Ag? ions. There is small increase

in the intensity of SPR band from 1 to 4 ml. However,

when the concentration is increased further, there is a

decrease in the intensity of SPR band. The increase in SPR

band intensity [Fig. 2i (a–d)] is due to the formation of

more AgNPs because of high initial concentration of Ag?

ions. The regular decrease in SPR band intensity from

curve (d–e) supports the formation of large sized AgNPs.

The AgNPs prepared from 4 ml concentration of Ag? are

used for other characterizations. According to Mie’s the-

ory, only a single SPR band is expected in the absorption

spectra of spherical metal nanoparticles, whereas aniso-

tropic particles could give rise to two or more SPR bands,

depending on the shape of the particles (He et al. 2002;

Novak and Feldheim 2000). In our case, a single SPR peak

was observed, which suggests that our AgNPs were

spherical in shape.

The effect of pH on the formation of AgNPs was eval-

uated by UV–visible spectroscopic studies and is given in

Fig. 2ii. From the figure, it is evident that the formation of

AgNPs mainly depends on the pH of the reaction medium.

The absorbance value was increased gradually with

increasing pH range from 2 to 8, suggesting that the rate of

formation of AgNPs is high in basic pH than in acidic pH.

The formation of AgNPs occurs rapidly, in neutral, and the

basic pH may be due to the ionization of the phenolic group

present in the extract (Martinez-Castanon et al. 2008). The

slow rate of formation and aggregation of AgNPs at acidic

pH could be related to electrostatic repulsion of anions

200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

e

d

c

b

a

A
bs

or
ba

nc
e 

(a
.u

)

Wavelength (nm)

a  1ml
b  2ml
c  3ml
d  4ml
e  5ml

(i) 

300 400 500 600 700 800
0

1

2

3

d

c
b

a

A
bs

or
ba

nc
e 

(a
.u

)

Wavelength (nm)

a  pH 2.0
b  pH 4.0
c  pH 6.0
d  pH 8.0

(ii)

Fig. 2 i UV Vis spectra for the AgNPs prepared with 1 mM aqueous

AgNO3 solution with various CBPE concentration (a 1 ml, b 2 ml,

c 3 ml, d 4 ml and e 5 ml). ii UV Vis spectra for the AgNPs prepared

with 1 mM aqueous AgNO3 solution of 4 ml CBPE at different pH

values (a 2 pH, b 4 pH, c 6 pH and d 8 pH)

Fig. 1 Vials containing samples of a silver nitrate, b Cavendish

banana peel extract, c colloidal AgNPs by bioreduction of CBPE
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present in the solution (Sun et al. 2008). At basic pH range,

there is a possibility of Ag? precipitating as AgOH.

X-ray diffraction analysis (XRD)

The crystalline nature of AgNPs was further confirmed by

X-ray diffraction (XRD) analysis. X-ray diffraction is used

to characterize crystallographic structure, grain size, and

preferred orientation in polycrystalline or powder solid

samples. The XRD patterns of synthesized AgNPs are

shown in Fig. 3. Silver nanoparticles synthesized from

Banana peel extract showed Bragg Reflection peaks at

38.06�, 44.26�, 64.5� and 77.30� in the 2h range between

10–80� which can be indexed to the (111), (200), (220) and

(311) planes of face centered cubic (fcc) crystal, respec-

tively. They have a good match with the standard diffrac-

tion pattern of JCPDS No. 89-3722, revealing that the

synthesized silver nanoparticles are composed of pure

crystalline silver and the particle size is approximately

34 nm. The peak corresponding to (111) plane is more

intense than the other planes, suggesting that the (111)

plane is in the predominant orientation.

FTIR analysis

To determine the functional groups on banana peel extract

and predict their role in the synthesis of silver nanoparticles,

FTIR analysis was performed. The band intensities in dif-

ferent regions of the spectrum for the CBPE and AgNPs

(before and after reaction with silver nitrate, respectively)

were analyzed and are shown in Fig. 4. There was a shift in

the following peaks: 3,394–3,388, 2,920–2,918,

2,355–2,351, 1,643–1,641, 771–769, and 426–422 cm-1.

The broad and intense absorption peak at around

3,394 cm21 corresponds to the O–H stretching vibrations of

phenols and carboxylic acids. The shift from 3,394 to

3,388 cm-1 may indicate the involvement of O–H func-

tional group in the synthesis of nanoparticles. The peak

located at around 2,355 cm21 was attributed to the N–H

stretching or the C = O stretching vibrations. The peak

shift from 2,355 to 2,351 cm21 implicated that these groups

may be involved in the process of nanoparticle synthesis.

The peak located at 1,641 cm21 could be assigned to the

C = O stretching in carboxyl or C = N bending in the

amide group. A shift in this peak (from 1,641 to

1,643 cm21) indicated the possible involvement of car-

boxyl or amino groups of the CBPE powder in nanoparticle

synthesis. The peak at 771 and 760 cm21 corresponds to C–

H stretching of aromatic compounds. The broad peaks

around 426 and 422 cm21 are related to AgNPs bonding

with oxygen from hydroxyl groups. Banana peels are

mainly composed of pectin, cellulose and hemicelluloses

(Happi Emaga et al. 2007) and the functional groups asso-

ciated with these polymers as well as the proteinaceous

matter may be involved in reducing the silver salt to Ag0.

Morphological studies

Atomic force microscopy

The structure morphology and size of the synthesized silver

nanoparticles were characterized by the AFM images. Fig-

ure 5 shows lateral and 3D AFM image of biofunctionalized

AgNPs. The resultant silver nanoparticle images were

observed as spherical in shape. The particle size of the Ag-

NPs was found to be 55 nm and is also used to verify that the

silver nanoparticles were more or less homogenous in size.

Microstructural analysis

The microstructural analysis of the synthesized AgNPS

was carried out by FE-SEM analysis. The FE-SEM image
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Fig. 3 XRD spectra for the AgNPs prepared with 1 mM aqueous

AgNO3 solution with 4 ml CBPE
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of the AgNPS is shown in Fig. 6. From the figures, it is

observed that all the particles show almost spherical mor-

phology and the diameter of AgNPs is in the range of

23–30 nm. It is good in agreement with XRD and AFM.

DLS measurements

The DLS instrument is known to measure the shell thick-

ness of a capping or stabilizing agent enveloping the

metallic particles along with the actual size of the metallic

core. The size distribution vs intensity graph is shown in

Fig. 7. The average size of the AgNPs was 297 nm. The

large size of particles observed by DLS is due to the fact

that the measured size also includes the bio-organic com-

pounds enveloping the core of the AgNPs. Prathna et al.

(2011) found the particle size of silver nanoparticles in the

order of techniques DLS[AFM[XRD. Moreover, the

large particle size could also be due to the various forces of

interaction in the solution like van der Waals forces.

The differences in the particle sizes obtained using the

microscopic techniques were due to differences in sample

preparation and also due to the polydispersity of the sample

(as determined by DLS). Different techniques give differ-

ent size averages, depending on the instrument response to

particle numbers, volume, mass or optical property. But

this is usually not the case for bio-based synthesis process

which produces polydisperse particles. Therefore, a great

degree of caution needs to be taken when the particle sizes

are measured by various techniques for a bio-based process

and needs to be compared to determine their reactivity for

specific applications (Kasthuri et al. 2009).

Zeta potential (ZP)

Zeta potential values reveal information regarding the

surface charge and stability of the synthesized silver

nanoparticles. The zeta potential value of silver nanopar-

ticles obtained from Banana peel extract is -11 mV

(Fig. 7), indicating the stability of the synthesized

nanoparticles.

Antibacterial activity of silver nanoparticles

The biologically synthesized silver nanoparticles showed

excellent antimicrobial activity against clinically isolated

Multidrug-resistant human pathogens such as Gram-posi-

tive bacteria viz., Staphylococcus aureus, B. subtilis and

Gram-negative bacteria viz., K.pneumonia and E.coli

(Fig. 8). The mean inhibitory zone of diameter was mea-

sured and tabulated (Table 1). The Gram-negative bacteria

E. coli and K. pneumonia showed maximum zone of

inhibition at 10.75 mm which may be due to the cell wall

of Gram-positive bacteria composed of a thick

Fig. 5 Atomic force microscopy of AgNPs prepared with 1 mM aqueous AgNO3 solution with 4 ml CBPE

Fig. 6 FESEM for AgNPs prepared with 1 mM aqueous AgNO3

solution with 4 ml CBPE
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peptidoglycan layer, which consists of linear polysaccha-

ride chains cross linked by short peptides, thus forming

more rigid structure leading to difficult penetration of the

silver nanoparticle compared to the Gram-negative bacteria

where the cell wall possesses thinner peptidoglycan layer

(Shrivastava et al. 2007). The high bactericidal activity is

certainly due to the silver cations released from Ag nano-

particles that act as reservoirs for the Ag? bactericidal

agent. Big changes in the membrane structure of bacteria as

a result of the interaction with silver cations lead to the

increased membrane permeability of the bacteria (Dibrov

et al. 2002; Sondi and Salopek-Sondi 2004).

Fig. 7 DLS and Zeta potential for AgNPs prepared with 1 mM aqueous AgNO3 solution with 4 ml CBPE

     Klebsiella pneumonia Escherichia coli

Staphylococcus aureus                                     Bacillus subtilis 

Fig. 8 Plates showing

antibacterial activities of

Cavendish banana peel extract

(CBPE) and Silver

nanoparticles (AgNPs)
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Free radical scavenging activity

DPPH (1,1-Diphenyl-2-Picryl Hydroxyl) radical

scavenging assay

The bar diagram shown in Fig. 9i indicates DPPH radical

scavenging potential of pure banana peel extract and syn-

thesized silver nanoparticles mediated by CBPE. The

results obtained in the DPPH assay showed effective free

radical inhibition by biosynthesized AgNPs. The average

percentage inhibition of synthesized AgNPs was 64 % as

compared to that of CBPE (49 %) at different concentra-

tions used in this study and the activity increased with

increasing concentrations of AgNPs. DPPH radicals react

with suitable reducing agents, during which the electrons

become paired off and the solution loses color stoichio-

metrically depending on the number of electrons taken up

(Subhasree et al. 2009). In this experiment, the solution

progressively reduced to a yellow colored product, diphe-

nylpicryl hydrazine, with the addition of the extracts in a

concentration-dependent manner.

ABTS [2,20-Azinobis-(3-Ethylbenzothiazoline-6-Sulfonic
Acid)] Assay

Biosynthesized nanoparticles show considerable potential

in in vitro trials for free radical scavenging activity. Both

banana peel extract and Ag nanoparticles have potential for

scavenging ABTS radical by surface reaction phenomenon

in a dose-dependent manner shown in Fig. 9ii. This study

also demonstrates the high sensitivity of nanoparticles

against ABTS radical as compared to peel extract. ABTS

scavenging percentages of the nanoparticles increased from

42.47 % for peel extract and 84.71 % in case of AgNPs.

The mechanism involved in this free radical scavenging

feature of nanoparticles has significant impact in the sphere

of nanomedicine.

Conclusion

Silver nanoparticles were produced by the direct interac-

tion of silver nitrate with peel extract in aqueous media

without the intervention of any external man-made chem-

icals. Therefore, this reaction pathway satisfies all the

conditions of a 100 % green chemical process. The amount

of plant material is found to play a critical role in con-

trolling the size and size dispersity of nanoparticles in such

a way that smaller silver nanoparticles and narrow size

distribution are produced when more CBPE is added in the

reaction medium. The methodology employed here is very

simple, easy to perform, inexpensive, and eco-friendly. The

colloidal solutions are stable, suggesting that CBPE can be

used as both reducing and stabilizing agent for the prepa-

ration of Ag nanoparticles.
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Table 1 Inhibitory action of CBPE and Ag-NPs against human

pathogenic bacteria

Plate Culture BPE AgNPs

1 Klebsiella pneumonia 13 22

2 Escherichia coli 12 20

3 Staphylococcus aureus 11 19

4 Bacillus subtilis 09 17

Fig. 9 i DPPH free radical scavenging assay for banana peel extract

and AgNPs. ii ABTS free radical scavenging assay for banana peel

extract and AgNPs
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