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Abstract Integration of biology with nanotechnology is

now becoming attention-grabbing area of research. The

antimicrobial potency of silver has been eminent from

antiquity. Due to the recent desire for the enhancement of

antibacterial efficacy of silver, various synthesis methods

of silver in their nano dimensions are being practiced using

a range of capping material. The present work highlights a

facile biomimetic approach for production of silver

nanoparticle being capped and stabilized by putrescine,

possessing a diameter of 10–25 ± 1.5 nm. The synthesized

nanoparticles have been analyzed spectrally and analyti-

cally. Morphological studies are carried out by high-reso-

lution transmission electron microscopy and crystallinity

by selected area electron diffraction patterns. Moreover,

the elemental composition of the capped nanoparticles was

confirmed by energy-dispersive X-ray spectroscopy

analysis. A comparative study (zone of inhibition and

minimum inhibitory concentration) regarding the interac-

tions and antibacterial potentiality of the capped silver

nanoparticles with respect to the bare ones reveal the

efficiency of the capped one over the bare one. The bac-

terial kinetic study was executed to monitor the interfer-

ence of nanoparticles with bacterial growth rate. The

results also highlight the efficacy of putrescine-capped

silver nanoparticles as effective growth inhibitors against

multi-drug resistant human pathogenic bacterial strains,

which may, thus, potentially be applicable as an effective

antibacterial control system to fight diseases.

Keywords Antibacterial activity � Biomimic � Multi-drug

resistant � Polycationic � Putrescine capping � Silver
nanoparticles

Introduction

Nanomaterials are the keystone of the nanoscience and

nanotechnology research. The knowledge of merging

nanomaterials in the area of biology and its applications is

potentially revolutionizing in many fields of science and

technology. Over past few decades, noble metal nanopar-

ticles have been eliciting much area of interest to many of

the researchers due to their unique optical, electronic,

magnetic, mechanical and chemical properties which are

extensively diverse from those of the bulk materials

(Mazur 2004; Rao et al. 2002). Since ancient historic

period, silver salts have been used as an effective antimi-

crobial agent. But, with an increased emergence of multiple

antibiotic resistant microorganisms, much emphasis is

being given towards the usage of nanosilver as antimicro-

bials, due to the inability of microorganisms in developing
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resistance against silver ions (Rai et al. 2012; Muhling

et al. 2009). The preferential use of spherical silver

nanoparticles over its other shapes, as an antimicrobial

agent, is due to their high reactivity for their large surface

area to volume ratio (Roduner 2006). Albeit, recently silver

nanoparticles have been studied as biomarkers (Jain et al.

2008; Schoefield et al. 2006) for their localized surface

plasmon resonance. They are mostly popular for their

antimicrobial applications like, wound dressings (Tian

et al. 2007), water treatment (Lv et al. 2009), fabrics and

textile processing (Vo Ke Thanh and Phuong Phong 2009)

and more recently in agronomy (Mandeh et al. 2012; Abdi

et al. 2008; Saha et al. 2015).

Silver in their nano dimension has been reported to show

immense antimicrobial activity without generation of any

resistant variety strains. Silver possessing an oligodynamic

property is toxic to microbes at their lower concentrations

but not to human cells and for this reason, it is considered

as an environment friendly antimicrobial agent. The

mechanism regarding antibacterial activity of silver

nanoparticles is still under scientific debate. Many authors

rely on the fact that silver cations are released from

nanosilver (Kittler et al. 2010). Consequently, diverse

ranges of stabilizing or capping materials are used during

the synthesis of silver nanoparticles for their controlled

release (Liu et al. 2010). Arrays of physical, chemical and

biological methods have been used to synthesize and sta-

bilize silver nanoparticles (Tolaymat et al. 2010; Saha et al.

2010, 2011; Roy et al. 2015). Out of these methods,

biosynthesis and biomimetic synthesis processes are most

extensively accepted in recent years (Vijayaraghavan and

Nalini 2010; Mohanpuria et al. 2008). To reduce environ-

mental pollution, usages of synthetic organic stabilizers

were avoided (Bar et al. 2009). Due to the preferential

requirement of the biomolecules from the lower bio-or-

ganisms (bacteria) to higher (plants) as compared to those

of synthetic ones, an ensemble of biogenic substances

(macro and micro) like carbohydrate, protein, lipid, amino

acids, DNA, flavonoids, etc. have been reported in stabi-

lizing silver nanomaterials biomimetically (Amato et al.

2011; Xie et al. 2007).

Putrescine (put), on the other hand, is one of the most

familiar natural occurring polyamine (diamine) which is

ubiquitously present in plants and other living organisms.

They can exist as secondary metabolites, possessing evenly

distributed di-amine groups for which they play a vital role

in plethora of cellular processes including physiological

stress adaptation, programmed cell death and development

(Bagni and Pistocchi 1991; Flores et al. 1989). Moreover,

putrescine serves with an excellent role in stress adaptation

in plants at extreme conditions like drought, low pH,

osmotic shock, etc. (Young and Galston 1983; Flores and

Galston 1982) which is beneficial for the amelioration in

field of agronomy. Furthermore, these water-soluble

polyamines are strongly basic, aliphatic multivalent catio-

nic nitrogenated molecule which acquires a highly proto-

nated primary amino groups at physiological pH (Gupta

et al. 2013, 2014). Owing to the high affinity of bacterial

cells towards these polycationic aliphatic amines, like other

cationic synthetic polymers, they may be able to interact

with the negatively charged phospholipids (membrane

heads) and membrane bound proteins, ion channels, lead-

ing to alteration of packing arrangement of the bacterial

cells (Schuber 1989). However, there are practically no

reports found on usage of putrescine as the capping agent

and its advantage through biomimic activity as a better

antimicrobial agent mutually along with silver (in nan-

odimensions). So, to ascertain the synergistic effect of

silver nanoparticles along with plant natural polyamines

against bacteria, in the present work, we explore a biomi-

metic capping procedure that permits us to stabilize silver

nanoparticles with plant natural polyamine, attributing

polycationic (di-amine) moieties to investigate their suc-

cessful usage as antibacterial agents against some patho-

genic bacterial strains of public concern.

Materials and methods

Materials

Silver nitrate (AgNO3) (99.9 %), sodium borohydrite

(NaBH4) (98 %), putrescine (99 %) were purchased from

Sigma-Aldrich. Nutrient agar (NA), nutrient broth (NB)

and agar (for bacterial culture) were purchased from Hi-

media. All reagents were received and used in the labora-

tory without further purification. De-ionized water (DI-

water) was purchased from Hydro Lab.

Methods

Synthesis of bare and putrescine-stabilized silver

nanoparticles

In this experiment, two sets were taken separately, one for

the synthesis of bare silver nanoparticles (bare-AgNPs) and

another one for putrescine-capped silver nanoparticles

(put-AgNPs). In each of the sets, 20 ml of 1 mM AgNO3

solution was added slowly and drop wise to ice-cold

solution of 60 ml of 2 mM NaBH4 with constant rigorous

stirring using a magnetic stirrer. All the solutions were

made using DI-water. A lot of heat was generated during

the reaction and the formation of effervescence was

observed due to the liberation of hydrogen (H2). The Ag?

ions of AgNO3 were reduced to Ag0 states in a reducing

environment of borohydrite.
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AgNO3 þ NaBH4 ! Ag0 þ H2 " þB2H6 þ NaNO3

The change in color occurred slowly from colorless

transparent liquid to light yellow on reaction. Stirring under

ice-cold condition (maintained for slow and uniform

reduction) was continued till the end of effervescence

formation.

Formation of bare silver nanoparticles (bare-AgNPs)

One of the sets was left for constant stirring without

addition of any capping material. So, the Ag0 seeds were

allowed to grow or agglomerate through Ostwald’s ripen-

ing method to form unstable bare-AgNPs giving a straw

yellow to brownish yellow color which lasted for only

2 months.

Formation of putrescine-stabilized silver nanoparticle

(put-AgNPs)

For the other set, 0.5 mM of putrescine was prepared from

the stock solution of 1 mM using autoclaved DI-water

which was then added drop wise to the naked Ag0 seeds

just after its formation under constant stirring to control

seed growth and stabilize resulting particles of nano

dimensions. The stirring was continued until a slight visual

change in color occurred, thus resulting in formation of

stable putrescine-capped silver nanoparticles (put-AgNPs)

maintaining a pH at 8.7. These newly synthesized capped

nanoparticles were recovered after centrifugation at

19,000 rpm for 40 min. Figure 1 shows the schematic

representation of the whole synthesis process of the silver

nanoparticles (both bare-AgNPs and put-AgNPs).

Characterization of the synthesized nanosilver

The natural put-AgNPs were washed thoroughly with DI-

water by repeated centrifugation at their above-mentioned

respective rpm and time. The recovered nanoparticles were

set for characterization both by spectral and analytical

methods. The absorption spectra were recorded by using

Jasco 650 UV–vis spectrophotometer. Their morphologies

were confirmed by high-resolution transmission electron

microscopy (HRTEM) images, using JEOL TEM-2100

where the samples were prepared on carbon-coated copper

grid. Their hydrodynamic size distributions and zeta

potential were measured by dynamic light scattering (DLS)

using Delsa NanoC Zetasizer (Beckman Coulter Instru-

ment). The putrescine capping of the put-AgNPs was

confirmed by fourier transform infrared (FTIR) spec-

troscopy, using Jasco 6300 instrument with ATR mode.

The elemental analyses of the nanoparticles were carried

out by the EDX analysis (JSM-6360).

Bacterial susceptibility study (zone of inhibition)

The bacterial susceptibility to different put-AgNPs was

evaluated against 7 (the former 4 are Gram positive and the

later 3 are Gram negative) different multidrug-resistant

pathogenic microbial strains viz., Bacillus cereus (ATCC

10987), Bacillus subtilis (ATCC 6633),Micrococcus luteus

(ATCC 10240), Staphylococcus aureus (ATCC 25923),

Enterobacter cloacae (ATCC 13047), Serratia marcescens

(ATCC 13880) and Shigella dysentery (ATCC 9361) by

disc diffusion method. Their effects were compared along

with the bare-AgNPs and silver ions (as silver nitrate). On

the other hand, pure putrescine (0.5 mM) was tested

exclusively (as negative controls) for comparison of its

antimicrobial potentiality against the same microbial

strains. The inocula of each bacterial strain were prepared

by growing them in liquid NB medium at 37 �C with

constant shaking for 24 h containing *107–108 CFU/ml of

bacteria in each batch. Then bacterial strains were cultured

in the NB agar plates followed by placing of three discs

loaded with put-AgNPs, bare-AgNPs and silver ions (as

AgNO3), respectively, and set for disc diffusion antibac-

terial assay. The antibacterial effects were elucidated and

compared by measuring the zone of inhibition formed by

the different silver nanoparticles at 50 lg/ml concentration.

This experiment has been replicated thrice.

Fig. 1 Schematic representation of the synthesis process of silver

nanoparticles
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Minimum inhibitory concentration study

Each of the seven different bacterial strains was cultured in

10 ml of NB medium (as controls) separately. Similar sets

of bacterial strains were also grown for treating with silver

nanoparticles (both capped and bare) one at a time of dif-

ferent concentrations. Individual bacterial strains each in

10 ml NB were treated separately with silver nanoparticles

(one type at a time) of concentrations 0 (control), 10,

20…up to 60 lg/ml. The minimum inhibitory concentra-

tions (MIC) for each of the seven bacterial strains were

established after overnight incubation (at 37 �C) of their

liquid culture by measuring the optical density at different

concentrations of nanosilver (using McFarland Standards).

Three replicates of this experiment have been performed.

Morphological study of the put-AgNPs treated bacteria

Each of the seven different bacterial strains, previously

treated with put-AgNPs at their respective MIC values was

set for morphological characterization under scanning

electron microscopy (SEM). Aliquots of each of bacterial

cultures incubated overnight (at 37 �C) were drop-cast on

piranha-treated glass slide pieces and left to dryness within

desiccators. The vacuum-dried samples were observed

under SEM.

Bacterial growth kinetics under inhibition by AgNPs

Bacterial growth kinetics was monitored by the endpoint

turbidity-based measurements to evaluate the influence of

silver nanoparticles at different phases of bacterial cell

growth and multiplication. All the seven bacterial strains

were selected to explore the effect of nanosilver on their

total growth period. For this 100 ll of inocula of one type

of bacterial strains (containing *107–108 CFU/ml) was

taken from its respective NB growth medium and inocu-

lated to 50 ml of NB (containing bare-AgNPs at its cor-

responding MIC specific to that strain) such that the final

concentration of the total solution reach its MIC of that

type of nanosilver. Likewise, the remaining other bacterial

strains were inoculated in NB (containing their respective

MICs of bare-AgNPs). Similarly, all the seven bacterial

strains were inoculated in the NB media containing put-

AgNPs (at their respective MICs). So, altogether seven

different bacterial strains were inoculated separately in NB

media containing bare-AgNPs and put-AgNPs one at a

time. These inoculated flasks (seven bacterial

strains 9 two types of AgNPs) were set for incubation at

37 �C for 24 h with constant shaking. Aliquots of 2 ml of

each sample were withdrawn at a regular interval of 1 h

and absorbance (optical density/OD) was measured at

625 nm. This experiment has been repeated three times.

All the OD values were plotted against time (hours) shown

in Fig. 8.

Results and discussions

Nanosilver characterization

The formation of the synthesized silver nanoparticles

(bare-AgNPs and put-AgNPs) were initially identified by

the color change (inset of Fig. 2) and spectrally visualized

by UV–vis spectrophotometer. The stabilized put-AgNPs

showed a specific sharp resonance (SPR) at 394 nm,

whereas, a very broad SPR has been recorded for the

unstable bare-AgNPs (Fig. 2). This is mainly due to the

collective oscillation of free conduction electrons induced

by an interacting electromagnetic field in case of formation

of stable homogeneous put-AgNPs (Nanocomposix silver

nanoparticles: optical properties). But in case of unsta-

ble bare-AgNPs the peak broadens due to mechanism of

Ostwald’s ripening. As observed from HRTEM images, the

synthesized capped nanoparticles (put-AgNPs) were more

or less spherical, well dispersed, uniform and attained a

hydrodynamic diameter of 10–25 ± 1.5 nm (Fig. 3a)

which was confirmed by DLS measurements (Fig. 3d). The

clear and uniform lattice fringes (shown in Fig. 3c) con-

firmed that the spherical particles are highly crystallized

containing a lattice spacing of 0.25 nm which corresponds

to (111) planes of silver. The results show that the domi-

nant faces of silver spheres are (111). The ring patterns of

face centered cubic (fcc) silver nanocrystallite planes were

identified by the selected area electron diffraction (SAED)

patterns (Fig. 3b) by directing the electron beam perpen-

dicular to one of the spheres, which can be indexed to the

(111), (200), (220) and (311) reflections of metallic silver

(JCPDS file no. 04-0783). The elemental composition of

synthesized put-AgNPs was further confirmed by EDX

data (Fig. 4) reporting the presence of Silver (Ag La at

2.989 keV), Carbon (C Ka at 0.277 keV) and Nitrogen

(N Ka at 0.392 keV) confirming the presence of capping

material putrescine in the put-AgNPs nanocrystallites. The

recorded zeta potential of the bare silver nanoparticle is

-15.30 and that of the synthesized silver nanoparticles

after polyamine capping were 39.77 (put-AgNPs), the

results which also confirm the formation of stable capped

silver nanoparticles in suspension after capping (Malvern

Instruments Ltd.).

FTIR analysis

Evidences regarding the capping and stabilization of the

synthesized silver nanoparticle by polyamine (putrescine)

were accomplished by the FTIR spectroscopic
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measurements. In Fig. 5, formation of a strong band is

visible at 3495–3312 cm-1 representing the N–H stretch-

ing of the primary aliphatic amines which is blue shifted

after capping (put-AgNPs) than the small peak at

3367 cm-1 of pure putrescine (pure-put). Another strong

band at 1572 cm-1 representing the N–H bending (scis-

soring) vibrations of putrescine, which is blue shifted to

1633 cm-1. This may infer the interaction and formation of

co-ordinate bonds with the lone pair electrons of the pri-

mary NH2 groups of putrescine with the Ag. Other strong

bands at 2923 and 2848 cm-1 may correspond to the

asymmetrical (masCH2) and symmetrical (msCH2) stretching

vibrations of the CH2 groups, whereas, bands at 1435 cm-1

may denote the scissoring (dsCH2) and at 1345 cm-1

denote twisting and wagging vibrations of CH2 groups of

pure-put which is being reduced after the capping. Another

Fig. 2 UV-visible spectra of the DI-water dispersed silver nanoparticles (bare-AgNPs and put-AgNPs) along with the change in color after

formation (inset)

Fig. 3 Morphological studies

of put-AgNPs. a HRTEM

micrographs of put-AgNPs

along with their, b SAED

patterns, c the uniformity of

lattice fringes of the spherical

nanoparticle and

d hydrodynamic diameter by

DLS
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small band at 1125 cm-1 may represent the C–N stretching

vibrations were present after capping (in put-AgNPs). The

bands at 1200–800 cm-1 may assign for the C–C stretch-

ing vibrations (pure-put) which is being diminished after

capping. The band at 721 cm-1 may be due to the CH2

rocking (qCH2) vibrations which being minimized and

slightly shifted to 730 cm-1 after capping (Kemp 1991;

Silverstein 2012). The bands with slight blue shifts after

capping of Ag0 with the putrescine are noteworthy. This

may indicate the interaction (co-ordination bond) with

nanosilver. Upon reacting with the reduced AgNP sus-

pension, these were surface-exposed to amine groups (ni-

trogen lone pair electrons) of the polyamines and seem to

be stabilized due to chemi-adsorption and/or co-ordination

bond interactions, and also van der Waals forces. This

indicated successful capping and thus formation of

stable put-AgNPs.

Antibacterial efficacy following bacterial

susceptibility

Zone of inhibition

The comparative study of bacterial zone of inhibition (di-

ameter measured in mm) formed due to its susceptibility to

AgNO3, bare-AgNPs and synthesized polyamine-stabilized

silver nanoparticles (put-AgNPs) were carried out. A sig-

nificant difference in the zone of inhibition was observed

against each of the seven bacterial strains illustrating

enhanced antimicrobial activity by the newly synthesized

capped nanosilver (put-AgNPs) than the other two

(AgNO3, bare-AgNPs). The graphs (Fig. 6) for zone of

inhibition, imply superiority of the newly synthesized put-

AgNPs in terms of antibacterial potentiality than the bare-

AgNPs and also Ag? ions (AgNO3). Perhaps this may be

Fig. 4 EDX analysis of put-

AgNPs along with their

composition in percentage

Fig. 5 FTIR spectral analysis of the synthesized capped put-AgNPs compared with the capping material pure putrescine
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due to the presence of cationic charges in the di-amine

(putrescine) which might be responsible for the change in

their binding efficiency to the negative moieties of bacterial

membranes (Kawahara et al. 2000). On the other hand, the

antimicrobial potentiality of pure putrescine (studied

exclusively) was found to be nil.

Minimum inhibitory concentration

The minimum inhibitory concentrations (MIC) of the newly

synthesized nanoparticles (capped and uncapped) against

each of the seven bacterial strains namely B. cereus, B.

subtilis,M. luteus, S. aureus, E. cloacae, S. marcescens and

S. dysentery were established and represented as Table 1.

The data imply that put-AgNPs (capped)weremore potential

at their lower concentrations than compared to the bare-

AgNPs (uncapped). This better susceptibility shown by the

polyamine-capped nanosilver may be due to the following

reason. It is already known that silver nanoparticles in sus-

pension release some Ag? ions into the media (bacterial

liquid culture broth). These ions may cause a metal stress to

the bacteria, influencing them to recognize and uptake

cationic polyamine (Igarashi andKashiwagi 1999)which are

present in the media as capped-AgNPs. Thus, bacterial cells

may internalize the capped nanosilver expressing biomimic

activity. This will be lacking in case of bare-AgNPs, due to

absence of the polyamine.

Although reported earlier that Gram-positive bacteria

shows greater resistance to silver nanoparticles (Feng et al.

2000; Jung et al. 2008), but antimicrobial efficacy of the newly

synthesized put-AgNPs against all the four Gram-positive

bacterial strains (B. cereus,B. subtilis,M. luteusandS. aureus)

is noteworthy. Interestingly, the MICs of put-AgNPs against

all bacterial strains were in their minimum values than com-

pared to the bare-AgNPs. In addition, the data table portrays

the MIC values in all the cases were higher for the Gram-

positive strains than the Gram negative ones (E. cloacae, S.

marcescens and S. dysentery). Thismay bedue to the presence

of thick peptidoglycan layer in case of Gram-positive strains,

which hinders the nanoparticle entry (Sondi and Salopek-

Sondi 2004; Nabil et al. 2000). But, here the positively

charged capping of the polyamines might be valuable for

binding with the teichoic acid groups and also the other neg-

atively charged moieties present there, thus helping in the

entry of nanoparticles (Guggenbichler et al. 1999).

Morphological studies by SEM

The SEM studies reveal an interaction of put-AgNPs (at the

respective MIC) with the cell wall of the bacteria showing

a distorted or irregular morphology which in turn might

affect the cytosolic fluidity along with osmotic balance and

causes cytoplasmic leakage. Thus, destroying the bacteria

finally. The morphological changes of seven different put-

AgNPs treated bacterial strains; B. cereus, B. subtilis, M.

luteus, S. aureus, E. cloacae, S. marcescens and S. dysen-

tery were portrayed by SEM images (Fig. 7).

Influence of AgNPs on bacterial growth kinetics

The graphs (Fig. 8a–g) of bacterial growth decay over time

when treated with synthesized silver nanoparticles (both

Fig. 6 a Comparative study of bacterial zone of inhibition (diameter

in mm) for AgNO3, bare-AgNPs, put-AgNPs, against Bacillus cereus,

Bacillus subtilis, Micrococcus luteus, Staphylococcus aureus, Enter-

obacter cloacae, Serratia marcescens and Shigella dysentery. Three

independent experiments were held. ±SD are shown as the error bar.

b Portraying of bacterial zone of inhibition by disc diffusion method
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uncapped and capped) at their respective MIC levels,

portray a strong interference of nanosilver with bacteria at

their exponential or log phase, compared to the control set

(without nanosilver). The results at the 24th h of bacterial

growth kinetics were not shown in the figure because there

was no such denotable change in the optical density (OD)

with respect to time. The results of experiment were

repeated thrice and have been plotted along with their

standard deviation values. Moreover, influence of

nanosilver at the lag phase of the bacterial growth curve

reveals more or less no distinguishable feature. The effect

of nanosilver was observed at later part of the exponential

phase of the Gram-positive strains (B. cereus, B. subtilis, S.

aureus) than compared to the Gram-negative ones (E.

cloacae, S. marcescens) withM. luteus (Gram positive) and

S. dysentery (Gram negative) as exceptions. The effective

growth decay due to put-AgNPs treatment as shown by rod

shaped Bacillus sp. (both B. cereus and B. subtilis) took a

Table 1 Minimum inhibitory concentration (MIC) values (in lg/ml)

of bare-AgNPs, spd-AgNPs and spm-AgNPs against different mul-

tidrug-resistant (MDR) Gram-positive and Gram-negative bacteria

MDR bacterial

strains

MIC of

bare-AgNPs

(lg/ml)

MIC of

put-AgNPs

(lg/ml)

Bacillus cereus 60 56

Bacillus subtilis 58 55

Staphylococcus aureus 59 57

Micrococcus luteus 60 58

Enterobacter cloacae 49 43

Serratia marcescens 50 46

Shigella dysentery 48 45

Data represents the average of three replicate

Fig. 7 SEM images showing the bacterial susceptibility towards the

put-AgNPs. The distortion and degradation of the cell wall (shown by

black arrows) of a Bacillus cereus, b Bacillus subtilis, c Micrococcus

luteus, d Staphylococcus aureus, e Enterobacter cloacae, f Serratia
marcescens and g Shigella dysentery are portrayed

cFig. 8 Effect of both uncapped and capped silver nanoparticles

(bare-AgNPs and put-AgNPs) on bacterial growth kinetics of

a Bacillus cereus, b Bacillus subtilis, c Micrococcus luteus,

d Staphylococcus aureus, e Enterbacter cloacae, f Serratia marces-

cens and g Shigella dysentery. Three independent experiments were

held. ±SD are shown as the error bar
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longer time to occur than by the spherical Coccus group of

bacteria. This might be effect of the bacterial cellular

shape, spherical gaining more surface area of contact. The

growth decay curve for the other remaining Gram negative

bacterial strains might differ from each other in its affec-

tive time due the variation of cell shape, surface proteins

and other biomolecules concerned. The inhibition of bac-

terial growth rate by the capped nanoparticles (put-AgNPs)

was much more effective than compared to the bare one

which might be due to the biomimic action of the di-amine

capping. The capped silver nanoparticles in suspension

slowly release some Ag? ions into the bacterial growth

media (culture broth) during application of it. These

released ions may cause a metal stress to the bacteria,

influencing them to recognize and uptake cationic poly-

amine (Igarashi and Kashiwagi 1999) which are present in

the media as capped-AgNPs. Moreover, silver has also

been reported to interfere with the sulfhydryl groups of

bacterial proteins (both membrane and intracellular ones).

Proteins (also in the form of enzymes) are one of the

essential biomolecules for cell division, growth and

reproduction of living organisms. Consequently, due to the

more effective interference by silver ions released from

put-AgNPs than from bare-AgNPs (due to biomimic

action) with the bacterial proteins, growth, division and

reproduction are ceased and inhibited. Thus, bacterial cells

may internalize the capped nanosilver (put-AgNPs)

expressing biomimic activity and its growth can be ceased

effectively with time. This will be lacking in case of bare-

AgNPs, due to absence of the polyamine. Thus, the inhi-

bition of bacterial growth rate by the capped nanoparticles

(put-AgNPs) showed much more effectiveness than com-

pared to the bare one which might be due to the biomimic

action of the di-amine capping.

Conclusions

The present study discloses a successful synthesis of plant

natural polyamine (putrescine) capped spherical silver

nanoparticles (put-AgNPs) by chemiadsorbtion, attaining a

diameter of 10–25 ± 1.5 nm. It also conveys better bac-

terial susceptibility towards the newly synthesized capped

nanosilver than the bare ones. Consequently, the synthe-

sized polyamine-capped silver nanoparticles proved to be a

persuasive antibacterial agent against both Gram-positive

and Gram-negative strains of bacteria. The comparative

study about the interactions and antibacterial potentiality

(observed through MICs) of both types of nanosilver

reflects improved bacterial susceptibility by cations present

in the capping materials i.e., bare-AgNPs\ put-AgNPs.

The kinetic study with capped silver nanoparticles reveals a

successful bacterial growth rate inhibition which is

denotable mainly at their log phase. Thus, it could be

concluded that these putrescine-capped silver nanoparticles

could be used in developing antimicrobial agents which

may find its prospective applications mainly in the field of

agronomy, also as packaging materials and water

purification.
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