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A b s t r ac t
Aim and objective: To evaluate the bactericidal effect of silver nanoparticles and silver nanoparticles in combination with Nd-YAG laser against
Enterococcus faecalis.
Materials and methods: A solution containing 100 μg of silver nanoparticles in 1 mL was prepared by adding 5 mL of 10−4 M solution of AgNO3
with 5 mL of 0.1 M sodium tricitrate. Synthesized silver nanoparticles were characterized using UV-visible spectrophotometer for optical studies
and the transmission electron microscopic analysis for determining the size and shape of the nanoparticles. Groups are as follows: group I—
silver nanoparticles against E. faecalis, group II—silver nanoparticles in combination with Nd-YAG laser against E. faecalis, group III—control, E.
faecalis bacterial culture alone. Optical density was measured periodically at half an hour interval in spectrophotometer in a 96 well plate and
statistically analyzed using one-way ANOVA.
Results: The optical density and turbidity of groups I and II began to decrease in 2 hours in comparison with the control. There was a significant
difference in mean optical density among the three groups after 1½ hours onward. The study also demonstrated the minimal bactericidal
concentration (MBC) as 100 μg/mL of Ag nanoparticles with a size of 15 nm were effective against E. faecalis.
Conclusion: The study concluded that silver nanoparticles individually and in conjunction with Nd:YAG laser irradiation would be an effective
protocol against E. faecalis.
Clinical significance: The combined effect of silver nanoparticles and laser disinfection against E. faecalis holds a promising treatment modality
for eradicating resistant pathogens and biofilms embedded deep inside the dentinal tubules that are not amenable to conventional disinfection
protocols in root canals.
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I n t r o d u c t i o n
Success of endodontic treatment depends on complete
debridement and disinfection of the root canal space.1 Despite the
use of many irrigants and intracanal medicaments, certain microbial
species do survive and cause persistent infections.2 Enterococcus
faecalis has long been implicated in persistent root canal infections
and posttreatment periapical diseases. 3,4
New strategies for disinfection of the root canal system are
being explored, of which the field of nanotechnology has gained
significant attention in endodontics. Nanoparticles display unique
and indispensable properties, representing an important class of
material in the development of novel devices that can be used
in field of endodontics, of which silver nanoparticles gaining
popularity due to their strong bactericidal effects on many
species of bacteria but have low toxicity toward human cells. 5,6
Among the devices developed to aid in endodontics, lasers are
the most sophisticated and effective. Nd:YAG (1,064 nm) lasers are
gaining popularity and are widely being used in endodontics for
disinfection. The antimicrobial effect of the Nd:YAG laser is mainly
because of heating of the bacterial environment, resulting in
increased temperature inside bacteria cell (through chromophores
inside bacteria, which is sensitive to the laser light). The advantage
of the Nd:YAG laser in root canal disinfection is its significant
bactericidal effectiveness up to 1 mm into the dentine.7
Hence by combining these two approaches, the bactericidal
effect of both silver nanoparticles and laser will enhance the root
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canal disinfection. This study is a preliminary step toward developing
integrated nanomedicine, which combines nanotherapeutics with
laser technology for treating endodontic infections in future.

M at e r ia l s

a n d  M e t h o d s

Synthesis of Silver Nanoparticles
A solution containing 100 μg of silver nanoparticles in 1 mL was
prepared by adding 5 mL of 10−4 M solution of AgNO3 with 5 mL
of 0.1 M sodium tricitrate. The solution was brought to higher
temperature of about 45°C and stirred well. Then, a few drops of 0.1
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M sodium borohydride (NaBH4) was added to it till the color of the
solution changed from colorless to yellow. While adding sodium
borohydride, the solution was stirred very fast. After 30 minutes,
the temperature was lowered to room temperature and then the
solution was left for the growth process of homogenized sized
silver nanoparticles.

Characterization Techniques
Basic optical studies of silver nanoparticles were achieved using
a UV-visible spectrophotometer (TECOM Model Number 8,500).
Silver nanoparticle synthesized showed UV absorbance at 419 nm.
Infrared (IR) spectroscopy was used to obtain information on the
virtual molecular structure of samples in any physical state. The FTIR
spectra of (a) pure citrate and (b) silver nanoparticles + citrate were
analyzed. Broad peaks with low transmittance of 3,453 cm−1 indicate
O–H frequency of stretching. A dominant peak of 1,591 cm−1 is
indicated by the presence of the carbonyl (CO) group for silver
nanoparticles + citrate.
Transmission electron microscopy (Hitachi HF-2000) was used
for estimation of crystalline structure, mean size, and morphology
with a resolution of 2–3 Å. Transmission electron micrograph
of silver nanoparticles suspension at 30,000× magnification
demonstrated agglomerated clusters and individually dispersed
particles of spherical shape with an average diameter of 15 ± 0.3
nm (Fig. 1A).

Microbiological Analysis
Culture of E. faecalis
Enterococcus faecalis (ATCC 29212) culture was streaked in sheep
blood agar to check for its purity. The culture inoculated plate was
incubated at 37°C for 24 hours. After incubation gram’s staining was
done for the colonies, which showed gram+ve cocci in short chains.
The plates were stored at 4°C under refrigeration till use. Followed
by which the brain heart infusion (BHI) broth was prepared as per
the manufacturer’s recommendation. The flask was closed and was
stored at 4°C till use.

Inoculation of E. faecalis in Brain Heart Infusion
The isolated colonies of E. faecalis were collected using a sterile
loop and suspended in the BHI broth in a centrifugation tube and
mixed. It was harvested by centrifugation at 7,000 rpm for 4 minutes
to obtain bacterial pellet. The pellet was again resuspended in the
BHI broth to make a volume of approximately 10 mL. The bacterial
pellet was dispersed by vortexing. Cell numbers were measured
in a spectrophotometer in 1 mL cuvettes (666 nm, 0.1 mL optical
density equals approximately 108 cells/mL). Serial dilutions were
prepared by taking 1 mL solution containing 108 cells and diluted
in 9 mL of sterile distilled water and the tube was marked as 10−1 .
The solution was thus serially diluted to a concentration of 10−7
dilution. The 10−4 dilution of the suspension was taken for further
bacteriological study.

Test Groups
Aliquots of the bacterial culture were taken in three test tubes, each
measuring 2 mL. The groups were designated as follows:
Group I: 2 mL of culture to which 2 mL of silver nanoparticle
suspension was added to make a volume of 4 mL.
Group II: 2 mL of culture to which 2 mL of silver nanoparticles was
added to make a volume of 4 mL, which was to be irradiated.
Group III: 2 mL of bacterial culture served as a control.
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All the groups were kept in a rotor for binding; two samples
were taken from each group and optical density as a function
of time was measured periodically at half an hour intervals in a
spectrophotometer in a 96-well plate.

Nd:YAG Laser Irradiation
Approximately after 2 hours, 2 mL solution from group II (silver
nanoparticles + E. faecalis suspension) was pipetted and dispensed
in an Eppendorf tube. The sample was irradiated by Nd:YAG laser
(Fotana Fiddiles Plus) with the energy settings, 100 millijoules of
current at a frequency of 15 Hz, an output power of 1.5 W. A fiber
tip with a diameter of 200 nm was inserted into the solution. A
spiral movement of optical fiber from the bottom to the top was
performed manually to deliver the laser into the sample at six cycles
with a time interval of 3 seconds between each cycle.

Plating of Bacterial Culture
All the groups were serially diluted. The 10−3 and 10−4 dilutions
from the three groups were taken and 100 μL was spread using a
sterile loop in trypticase soy agar plates. All the samples that were
incubated for 24 hours and the colony count was evaluated after
24 hours.

Statistical Analysis
Results of Bacterial Culture Study
Data collected were statistically analyzed using one-way ANOVA.
It was observed that initially there was an enhanced turbidity in all
the three groups with increased absorption values (Table 1). The
optical density and turbidity of groups I and II began to decrease
in 2 hours in comparison with the control. It was assumed that
this might be the time taken by the silver nanoparticles to bind to
the bacterial cell and initiation of bactericidal activity. The results
of the present study indicate AgNPs alone and in combination
with Nd-YAG were effective when compared to the control group.
There was a significant difference in mean optical density among
the three groups after 1½ hour onward. The optical density of
group III (control—bacterial culture) was significantly higher
than other two groups (Table 2 and Fig. 2). This study also
demonstrated the minimal bactericidal concentration (MBC) as
100 μg/mL of Ag nanoparticles with a size of 15 nm was effective
against E. faecalis.

R e s u lts o f  T r a n s mi s s i o n  E l e c t r o n
M i c r o s co p i c  S t u dy
For transmission electron microscopic analysis, a drop of the
suspension was placed on the carbon-coated copper grids and
dried. Group I was evaluated for binding of nanoparticle with
bacteria approximately after 2 hours, which showed bacteria
were surrounded by large number of silver nanoparticles and
nanoparticles were adhering to the cell surface and few particles
were also present in the cytoplasm (Fig. 1B). Transmission electron
microscopic observation of group II showed fragmentation of the
cytoplasm and plasma membrane abrasions of the bacterial cells
(Fig. 1C).

D i s c u s s i o n
Bacteria in biofilms are 1,000–1,500 times resistant to antibiotics
than planktonic forms of bacteria. Despite extensive irrigation,
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Figs 1A to C: (A) Transmission electron microscopy (TEM) image of silver nanoparticle; (B) Group I–TEM image shows silver nanoparticles adhering
to the bacterial cell wall; (C) Group II–TEM image shows fragmentation of cytoplasm and plasma membrane abrasion of bacterial cell
Table 1: Mean optical density values at half an hour intervals for group I, group II, group III
Time
Groups
Group I
Group II
Group III

0 hour
0.230
0.233
0.233
0.231
0.231
0.246

½ hour
0.231
0.236
0.234
0.232
0.234
0.233

1 hour
0.246
0.241
0.244
0.243
0.239
0.243

1½ hours
0.252
0.255
0.253
0.252
0.260
0.258

2 hours
0.250
0.248
0.249
0.250
0.261
0.263

2½ hours
0.248
0.249
0.250
0.247
0.262
0.264

3 hours
0.244
0.238
0.241
0.244
0.261
0.265

3½ hours
0.238
0.238
0.236
0.236
0.262
0.262

4 hours
0.234
0.233
0.234
0.233
0.270
0.264

Table 2: One-way ANOVA—denoting the mean optical density and SD
at half an hour intervals for all three groups

0 hour

½ hour

1 hour

1½ hours*

2 hours*

2½ hours*

3 hours*

3½ hours*

4 hours*

Group
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III
Group I
Group II
Group III

Mean optical
density
0.231
0.232
0.238
0.233
0.233
0.233
0.243
0.243
0.241
0.253
0.252
0.259
0.249
0.249
0.262
0.248
0.248
0.263
0.241
0.242
0.263
0.238
0.236
0.262
0.233
0.233
0.267

SD
0.0021
0.0014
0.0106
0.0035
0.0014
0.0007
0.0035
0.0007
0.0028
0.0021
0.0007
0.0014
0.0014
0.0007
0.0014
0.0007
0.0021
0.0014
0.0042
0.0021
0.0028
0.0000
0.0000
0.0000
0.0007
0.0007
0.0042

*Denotes the difference in mean optical density between the groups was
significant

Fig. 2: Graphical representation of mean optical density in the groups
over time

residual bacteria are still resides in approximately one half of
the teeth at the time of obturation. Enterococcus faecalis is more
frequently found in cases of endodontic retreatment than in primary
root canal infections and has been shown to repeatedly resist
chemomechanical procedures. Various irrigants and medicaments
were proven to be ineffective against E. faecalis. Though NaOCl is
a more effective antimicrobial agent against E. faecalis, its toxicity
to periapical tissues is of principle concern.8
The field of nanotechnology is emerging science. The
use of silver nanoparticles as bactericidal agents is a field of
great interest in endodontics. Silver has a significant potential
as an antifungal, antibacterial, and antiviral agent. Although
they exhibit strong bactericidal effects, they have low toxicity
toward human cells and hence their use in this study is justified.9
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Colloidal silver nanoparticles with narrow size distribution of
25 nm showed good bactericidal activity against gram+ve and
gram–ve bacteria including highly multiresistant strains such as
methicillin-resistant Staphylococcus aureus, vancomycin-resistant
Enterococcus faecium, at a very low concentration of 2 μg/mL.10
Hence, this study demonstrated the bactericidal effect of silver
nanoparticles alone and silver nanoparticles in conjunction with
Nd-YAG laser against E. faecalis. The nanoparticles undergo a
size- and shape-dependent interaction with bacteria. Smaller
the size better the antibacterial property.11–13 In this study, the
transmission electron microscopic characterization determined
the size of Ag nanoparticles to be 15 ± 0.3 nm with spherical
shape.
The growth of E. faecalis indexed by measuring optical density
using a spectrophotometer revealed an initial increase in optical
density values in all the three groups. This could be due to the
exponential growth of bacteria in all the three samples. However,
the optical density values in groups I and II started to decrease in 2
hours in comparison with group III, which might be attributable to
the initiation of the bactericidal effect. Further transmission electron
microscopic studies done to verify the binding of bacterial cells
to the silver nanoparticles showed large number of nanoparticles
were adhering to the cell wall and few were also seen localizing in
the cytoplasm. This might have been attributable to the smaller
size of nanoparticles, enhancing their penetration. Transmission
electron microscopic studies done for group I in a time equivalent
to irradiation of group II also demonstrated killing of E. faecalis.
Various possible mechanisms of killing of bacteria by silver
nanoparticles cited in literature are cell proteins denaturation,
inactivation of enzymes, disturbance in respiratory chains of
bacteria, and degradation of the bacterial membrane.14 This study
also demonstrated the minimal bactericidal concentration (MBC)
as 100 μg/mL of Ag nanoparticle with a size of 15 nm was effective
against E. faecalis at the end of 24 hours. The initial decrease in
optical density values was observed at about 2 hours in both groups
I and II. It was assumed that this might be the time taken by the silver
nanoparticles to bind to the bacterial cell and initiate bactericidal
activity. The time required for initiation and killing might be due to
the difference in the structure of the cell wall between gram+ve and
gram–ve bacteria, which affected the penetration of nanoparticles
into the bacterial cell. However, the extent of inhibition was also
dependent on the concentration of the nanoparticles.15
Among various modalities used to disinfect the root canal
system, laser technology is at the leading edge. Lasers improve
removal of dentinal smear layer, debris, and provide greater
accessibility to formerly unreachable parts due to their enhanced
penetration into dentinal tubules.16 RamsKold et al. reported that
an unlimited number of Nd-YAG laser cycles do not damage the
surrounding tissues because the temperature never increased
more than 8°C. This laser has been found to reduce periapical
inflammation and promote healing in addition to its bactericidal
effects.17
Nanoparticle bacterial suspension that was irradiated with
the pulsed Nd:YAG laser was analyzed using transmission electron
microscopy and revealed disintegration of the bacterial cell wall
with the complete fragmentation of bacteria. The suspension
inoculated in trypticase soy agar for the bacteriological study
revealed no growth of bacteria at the end of 24 hours. The literature
states the following mechanisms likely to be involved in killing of
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bacteria using laser-activated disinfection using gold nanoparticles.
An increase in laser energy led to bubble formation around the hot
nanoparticles due to the overheating of the surrounding medium.
High temperature rise by nanoparticles can cause physical damage
to the bacteria cell.7,18 It has been demonstrated that the pattern of
bacterial cell death and fragmentation observed in this study using
Nd:YAG lasers in combination with silver nanoparticles might be in
correlation with the previous study using gold nanoparticles.19–21
Various studies have suggested that silver/gold nanoparticles
may act as an anchor point for light-activated disinfection. However,
this study was a preliminary step in integrating nanosilver-based
antibacterial effects to optimize thermal-based laser treatment.
This study was an extension of the previous studies with gold
nanoparticles whether the same could be applicable for silver
nanoparticles. However, further studies are needed to explore
the exact time of initiation of laser-activated nanothermolysis
and also to verify whether the bacteria develop resistance toward
the nanoparticles. Studies are also needed to probe into the
cytotoxicity of nanoparticles toward human cells before proposing
their therapeutic use.

C o n c lu s i o n
Results of this study concluded that silver nanoparticles in a
size of 15 ± 0.3 nm and a concentration of 100 μg/mL exhibited
significant killing of E. faecalis and pulsed Nd:YAG laser irradiation
in conjunction with silver nanoparticles also showed significant
killing of E. faecalis. This study suggests that silver nanoparticles
individually or in conjunction with Nd:YAG laser irradiation would
be an effective protocol against eradication of pathogens like E.
faecalis that resist many antimicrobial agents.

C l i n i c a l  S i g n i f i c a n c e
The combined effect of silver nanoparticles and laser disinfection
against E. faecalis holds a promising treatment modality for
eradicating resistant pathogens and biofilms embedded deep
inside the dentinal tubules that are not amenable to conventional
disinfection protocols in root canals.
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