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ABSTRACT 
This study involved preparation of a functionalized glass-AgNP nanocomposite. Its 
antimicrobial effect was tested using a few pathogenic bacteria commonly present in drinking 
water biofilms i.e., Escherichia coli, Pseudomonas aeruginosa, Burkholderia cepacia and 
Acinetobacter baumanii. Functionalized glass-AgNP nanocomposite was prepared through 
immobilization of colloidal AgNPs on a (3-Aminopropyl)-triethoxysilane (APTES) 
functionalized glass substrate. FEG-SEM confirmed uniform and homogenous distribution of 
AgNPs on the surface andEDX confirmed significantloading of silver on the surface. AFM also 
confirmed significant loading of AgNPs on the glass surface showing increase in surface 
roughness from 0.542 nmto 3.29 nm after AgNP immobilization. Complete disinfection of 100 
ml water (103 CFU/ml) was achieved within 60-70 minutes for all the strainsusingthe glass-
AgNPs nanocomposite (1x1 cm2) in a batch reactor.ICP-AES analysis confirmed minimal 
leaching of silver in the treated water(<100 ppb, US EPA). This confirms the applicability of this 
AgNP-immobilized glass substrate as an effective and safeantimicrobial agent for drinking water 
disinfection. 
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INTRODUCTION 
Due to tremendous increase in population and 
rapid urbanization, there is significant 
deterioration in water quality leading to 
scarcity of drinking water. Consumption of 
contaminated waterleads to outbreak of various 
waterborne diseases. Although water is 
disinfectedusing conventional techniques such 
as chlorination, before being distributed to 
consumers these techniques are associated with 
somelimitations, such as, formation of 
carcinogenic disinfection by-products 
(DBPs),development of resistance in 
microorganisms1 and inability to kill microbes 
existing as biofilms in drinking water 
distribution system (DWDS).2These biofilms 
are the primary source of microorganisms in 
drinking water supplied to consumers and are 
thus the prime cause of various 
diseases2.Microorganisms commonly 
associated with drinking waterbiofilms 

includebacteria (i.e., coliform 
bacteria, Pseudomonas aeruginosa, Acineto-
bacter spp.and Burkholderia species) and 
protozoa (i.e., Cryptosporidium spp., Giardia, 
Acanthamoeba spp.3). Recently various 
nanomaterial based products have been 
launched for water disinfection including 
membranes and filters containing carbon nano 
tubes (CNTs) ceramics, zeolites and products 
based on metallic nanoparticles.4Metallic 
nanoparticles ofsilver (Ag), copper (Cu), zinc 
(Zn), cobalt (Co) and titanium (Ti) have been 
reported to show high toxicity against a large 
number of pathogens5-7and have been studied 
as antibacterial agents in various fields. 
Among all these, silver nanoparticles (AgNPs) 
have been reported to be the most effective 
antimicrobial agentdue to their broad-spectrum 
antimicrobial activity and oligodynamic action. 
Other advantages of AgNPs involve minimum 
toxicity to mammalian cells8, no generation of 
DBPsand minimum leaching of silver (Ag) *Author for correspondence 
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into treated water when immobilized AgNPs 
are used6. The antimicrobial activities of 
AgNPshave been attributed to the AgNP 
themselves, the released Ag+ ions and the 
Reactive Oxygen Species (ROS)generated by 
the AgNPs8.However, there are still a lot of 
controversies regarding the mechanism of 
action of AgNPs. It is demonstrated that Ag+ is 
the predominant species, released by oxidation 
of AgNPs under oxic condition, which react 
with thiol (-SH) groups of cellular proteins and 
is responsible for their antimicrobial 
action.9Silver,being a soft acid, can interact 
with soft bases such as, sulphur-containing 
vital enzymes and phosphorus containing 
nucleic acids in the cell. This leads to 
uncoupling of ATP synthesis from respiration, 
loss of proton motive force and alteration in 
DNA structure leading to loss in their 
replication ability and interference with the 
phosphate efflux system.10 ROS generated in 
the system leads to oxidative stress resulting in 
damage of membrane lipids and DNA 
damage.11-13AgNPs can also modulate the 
signal transduction pathway in bacteria.It has 
also been reported that AgNPs perform 
antimicrobial action both via ion-mediated 
killing as well as contact-killing phenomena. 
Although the antimicrobial activityof AgNPs 
depends on various factors,size and shape of 
nanoparticles are the most important attributes 
that control the antimicrobial action.14,15Small 
-er sized nanoparticles exhibit higherantimicro 
-bial action.16The smaller nanoparticles can 
directly penetrate the cell wall and cell 
membrane and initiate a series of intracellular 
changes with increased reactivity.17Due to 
certain limitations associated with the use of 
colloidal AgNPs such as, aggregation of 
AgNPswith time and lack of reusability,use of 
immobilized AgNPs ispreferred for most 
applications. 

AIMS AND OBJECTIVES 
This study focused on thedevelopment of an 
effective nano-antimicrobial agent by 
immobilizing AgNP on a glass substrate 
andapplication of this substrate for inactivation 
of some pathogenic bacteria commonly found 
in drinking water biofilms. 

MATERIAL AND METHODS 
Source of chemicals 
Silver nitrate (AgNO3, >99.9% purity), sodium 
borohydride (NaBH4,>99%purity) and Tri 
Sodium Citrate (TSC) were procured from 
Merck India.The silane coupling agent (3-
aminopropyl)triethoxysilanei.e., (3-APTES) 
was purchased from Sigma-Aldrich (USA). 
Methanol, ethanol, HCl, H2SO4 and glacial 
acetic acid were procured from Merck 
Germany. All the chemicals were of analytical 
grade. The hemocytometer glass slides were 
obtained from a local supplier Mumbai, India. 
Source of bacterial strains 
The disinfection studies were performed using 
some pathogenic bacteria commonly found in 
drinking water biofilms. The microbial strains 
used for these studies involved Escherichia 
coli (MTCC 443), Pseudomonas aeruginosa 
(Gene bank accession No. KF751343), Burkho 
-lderia cepacia(MTCC 5332) and Acinetobac- 
ter baumanii (KF751346).E. coliwas procur- 
ed from IMTECH, Chandigarh, India. All 
strains other than E. coli,were isolated in our 
lab from soil/sediment/oily sludge.18,19Nutrient 
broth was utilized for microbial growth and 
nutrient broth with 2% agar wasused to prepare 
solidified media.  
Synthesis of silver nanoparticles and immob 
-ilization of AgNPs on glass 
Silver nanoparticles were synthesized via 
chemical reduction approach using NaBH4 as 
the primary reducing agent and TSC as the 
secondary reducing agent as well as stabilizing 
agentas reported by Agnihotri et al.16AgNO3 
was used as precursor for AgNP synthesis and 
the molar ratio of precursor to reducing agents 
was maintained as 1:2:3.5 (AgNO3: NaBH4: 
TSC)using two temperature steps (i.e., 60oC 
followed by 90oC) during synthesis. All these 
steps were performed in dark. The 
AgNPssynthesized werewashed, resuspended 
in water and stored at 4oC for further use. 
Hemocytometer glass slides (1x1cm2)were 
used as the substrate for immobilization of 
AgNPs following the procedure described by 
Agnihotri et al.6 with minor modifications. The 
cleaned glass substrates were surface-
functionalizedusing APTES asthe silane coupling 
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agent instead of AEAPTMS(3-(2-
Aminoethylaminopropyl)trimethoxysilane). For 
silanization (Fig.1) the pretreated glass substrates 

were given H2SO4 treatment for 30 minutes, 
followed by heating in an oven at 120oC for 1 
hour.  

 
Fig.1: Schematic representation of the silanization procedure, followed by immobilization of 

silver nanoparticles on the amine-functionalized glass surface 

Subsequently, the dehydrated glass surfaces were 
given APTES (2%) treatment for 30 minutes 
using ethanol-acetic acid mixture (5:2,v/v) as 
solvent, followed byrinsing with excess ethanol, 
heating at 120oC for 1 hour and overnight 
immobilization of AgNPs on to the substrate. All 
the steps were performed under ambient 
atmosphere. The immobilized glass substrates 
were then rinsed thoroughly with deionized 
water and stored in a desiccator after drying. 
Sample characterization  
The absorbance spectra of diluted AgNP 
suspension were obtained using a UV-Vis 
spectrophotometer (Perkin Elmer Lambda 25, 
USA)over the wavelength range 200-800 nm. 
The size and morphology of AgNPs were determ 
-ined using Field Emission Gun-Transmission 
Electron Microscopy (FEG-TEM, JEOL JEM 
2100F, Japan).  The size distribution was analyz 
-ed by preparing a histogram using more than 
200 nanoparticles from multiple TEM microgra- 
phs using imageJsoftware. To determine the 
crystallinity of AgNPs, the Selected Area 
Electron Diffraction (SAED) patterns were 
observed from different areas.The size 
distribution and immobilization density of 
AgNPs on the substrate were characterized using 
FEG-SEM (JEOL, Japan) after applying a gold 
palladium coating. EDX spectra were also 
recorded to confirm the presence and estimate (in 
a semi quantitative fashion) the amount of silver 
on the substrate. The surface was also 
characterized using Atomic Force Microscopy 

(AFM). Images were recorded using nanoscope 
IV multi-mode AFM (Veeco Instruments Inc., 
USA) in tapping mode at a scan rate of 1 Hz 
using silicon nitride cantilever having tip radius 
of 10 nm. 
Design of reactor and water disinfection 
The artificially contaminated water with cell 
population of 103 CFU/ml of a selected strain 
was prepared by diluting a 1 O.D. bacterial 
suspension grown up to end log phase. The 
substrate was positioned centrallyin the reactor 
andsamples were collected over a period of 1-2 
hrs. Viable counts were determined by plating 
on nutrient agar plates and incubating at 37oC 
for 24 hours.At the end of the 
experiment,silver leached into treated water 
wasalso determined using ICP-AES (ARCOS 
from M/S. Spectro, Germany). 

RESULTS AND DISCUSSION 
Synthesis of silver nanoparticles 

AgNP synthesis was accompanied by 
transformation of colour from transparent to 
brownish red (wine red) immediately after 
addition of AgNO3to a mixture of NaBH4 and 
TSC at 60oC.UV-Vis absorption spectroscopy 
showed a sharp surface plasmon resonance 
(SPR) peak at around 392 nm confirming the 
synthesis of small spherical 
AgNPs(Fig.2).TheSPRpeak of spherical 
AgNPs is reported to lie in the range 390-420 
nm.20 The morphological details were 
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confirmed using FEG-TEM (Fig. 2).The 
AgNPs were spherical in shape and their size 
was 7.28± 1.78 nm (mean ± SD). The modal 
size was found to be 6.14 nm and the size 
range was 3-14 nm. All the nanoparticles were 
found to be monodispersed and well 
segregated. Theselected (SAED) pattern 

revealed that the AgNPs were crystalline in 
nature. As reported in the literature, the ring 
pattern obtained correspondds to (111), (200), 
(220) and (311) planesofface centred cubic 
(FCC)crystal structure. Such FCC crystal 
structured nanoparticles are reported to 
demonstrate effective antimicrobial activity.21 

  

 

 

Fig.2:Characterization of colloidal AgNPs (a) UV-Vis extinction spectra, (b) FEG-TEM image, 
(c) Histogram demonstrating particle size distribution and (d) SAED ring pattern of AgNPs 

Silver nanoparticle immobilization on ami- 
nefunctionalized glass substrate 

The procedure for preparation of functionalized 
glass surface is illustrated through the schematic 
in Fig. 1. The silanization process involves acid 
hydrolysis followed by dehydration at high 
temperature and poly condensation reaction 
with APTES for the formation of siloxane bond 
(Si-O-Si) within and between the silanol sites 
present on the surfaces when heated at 120oC 
for approximately 2 hrs. Thus amino groups 
were created on the surface of the substrate due 
to proton transfer from the surface –OH group 
of silane in the presence of water. These 
exposed NH4

+ ions favour immobilization of 
AgNPs through covalent bonds, electrostatic 
interactions and van der waal forces.22 The 
AgNP-glass substrate was also characterized 
using FEG-SEM (Fig. 3) which confirmed the 
uniform and homogeneous distribution of 

AgNPs throughout the surface of the substrate 
with a few clusters of AgNPs. However, the 
size of immobilized AgNPswas found 
somewhatlarger than that observed under FEG-
TEM. This may be due to the charging up from 
the non-conducting glass surfaces which may 
have prevented the normal emission of 
secondary electrons. Further, an EDX peak at 3 
keV confirmed the presence of silver on the 
glass substrate.From EDX spectral analysis, 
approximately 4% (by weight) of silver was 
estimated to be present on the surface. 
Elemental mapping also revealed presence of 
other elements i.e. carbon, oxygen and silicon. 
These elements were abundant due to their 
presence on the glass substrate, composed of 
silica and oxygen. We also attempted to 
estimate the percentage of surface occupied by 
the silver nanoparticles. For this purpose, the 
mean size determined from TEM images was 
combined with number of particles counted 
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from the SEM images. This showed a surface 
coverage of approximately 9%. The 

concentration of silver on the glass substrate 
was determined as 3.68 µg/cm2 using ICP-AES. 

 

 

 

 

 

 
Fig.3: FEG-SEM characterization of (a) plane silanized glass substrate, (b) AgNP immobilized 

glass surfacesand (c) EDX spectra of AgNP immobilized glass substrate 

The topographical feature of AgNP-glass 
surfaces was also characterized usingAFM. 
The AFM images confirmed significant 
deposition of nanoparticles on the silanized 
glass surfaces(Fig.4). This was demonstrated 
from the estimation of surface roughness for 
the AgNP-immobilized surface (3.29 
nm)andthe silanized glass surface(0.54 nm). 
Such a substrate may be expected to show 
good antimicrobial activity. 

Antimicrobial effectiveness of AgNP- immo 
-bilized glass substrate  
The AgNP-immobilized substrate was 
utilized for testing its effectiveness for 
inactivation of pathogenic bacteria with 
initial concentration of 103 CFU/ml in a 100 
ml batch reactor. The AgNP immobilized 
glass substrate was found to be effective for 
inactivation of all the bacterial 
strains.Complete disinfection was achieved 
within 60-75 minutes for all the strains (Fig.5). 

 
(a) 

 
(b) 

Fig.4: AFM images of (a) silanized glass surface and (b) AgNP immobilized glass surface

 

 

 

 

 

 

 

 
 

Fig.5: Antibacterial activity of AgNP immobilized glass for pathogenic bacteria  
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Complete kill was achieved within 60 minutes 
for the three strains, E. coli,B.cepacia and A. 
baumanii.In contrast, the rate of bactericidal 
action on P. aeruginosa was slower i.e., 
complete kill occurred within 75 minutes. This 
is also consistent with the results reported by 
Agnihotri etal.6, where complete disinfection of 
103 CFU/ml E. coli (MTCC 443) could be 
achieved within 50 minutes using AgNPs 
immobilized on a glass surface functionalized 
with AEAPTMS. 

In this study, slightly longer time was taken for 
achieving complete inactivation. The reason 
may be explained due to less interaction 
between AgNPs and bacterial cells due to lack 
of multilayered AgNP deposition in this case. 
The cross-linking agent AEAPTMS has two 
amino groups (one primary amine and another 
secondary amine group) that might be 
responsible for enhanced antimicrobial activity 
due to greater interaction between multilayered 
AgNP and bacterial cells. In contrast, APTES 

has a single primary amine group.The amount 
of silver loading on the substrate wasalmost 
comparable for APTES-functionalized 
(3.68µg/cm2) as well as AEAPTMS 
functionalizedsubstrate(3.26µg/cm2).TheAPTE
S functionalized substrate was found to leach 
less than 25ppb of silver into the aqueous phase 
at the end of the study thus meetingthe US EPA 
specified standard for silver and enhancing the 
feasibility of reuse of the substrate. After 
treatment using the AgNP immobilized glass 
substrate the bacterial cells showed significant 
morphological changes when observed under 
FEG-TEM and FEG-SEM. In the AgNP treated 
cells, damaged cell walls and pores were 
observed. Thus the cells were adversely affected 
by increase in membrane permeability, leakage 
of cytoplasm and release of intracellular contents 
through the pores (Fig. 6). Similar results were 
observed for other strains also. The images 
depicting morphological changes induced by 
AgNPs were similar to those reported by other 
researchers.11,14,23 

 

Fig.6: Change in cellular morphology of P. aeruginosaSEM images  

CONCLUSION 

Silver nanoparticles were synthesized using the 
chemical reduction approach and were 
characterized using various techniques such as, 
UV-Vis spectroscopy, FEG-TEM, FEG-SEM, 
EDX and ICP-AES. UV-Vis spectra indicated 
formation of small sized AgNPs with SPR peak 
at around 392 nm. The smaller size (7.28 ±1.78 
nm)and spherical shape of nanoparticles was 
confirmed from FEG-TEM.Immobilization of 
AgNPs on amine functionalized glass surface 
was found to have promising ability in retaining  

AgNPs on the surfaces. The surface morphology 
was analyzed using FEG-SEM technique. This 
showed uniform distribution of AgNPs on the 
glass surfaces. The amount of silver loaded on 
the glass surface was determined as 3.68 
μg/cm2 using ICP-AES. This AgNP 
immobilized glass surface was found to show 
good disinfection ability.Complete disinfection 
was achieved within 60 min forE. coli, B. 
cepacia and A. baumanii while 75 min was 
required forP. aeruginosa. Thus,this glass 

Creation of pores and 
excretion of intracellular 
components 
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substrate immobilized with AgNPs can act as 
good antimicrobial agentsfor a wide range of 
microorganisms commonly found in drinking 
water biofilms. 
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