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Nowadays, resistance to antibiotics has developed in bacterial microorganisms related to dental and oral infections, leading to
major problems in public health. Using nanoparticles, particularly silver nanoparticles (AgNPs) may offer a new strategy for
the prevention and treatment of dental infections. In the current study, AgNPs were synthesized using Halomonas elongata at
different conditions according to nine experiments designed by the Taguchi method, and their antibacterial effects were
investigated on a Streptococcus mutans biofilm. The effects of three factors, including silver nitrate (AgNO3) concentration,
incubation time, and temperature at three different levels, were studied to optimize the synthesis of AgNPs under the designed
experiments. Then, the antibacterial effects of these NPs on the S. mutans biofilm were examined by the colony-forming unit
(CFU) method. According to the results, green-synthesized AgNPs under optimal conditions properly inhibit the formation
and growth of the S. mutans biofilm. Furthermore, different analyses were applied to investigate the formation, structural, and
morphological properties of the green-synthesized AgNPs under optimum conditions. The obtained results of this study
indicated that the green-synthesized AgNPs could be a promising antimicrobial agent in the dental and medicinal industry.

1. Introduction

Despite significant therapeutic advances in recent decades, no
effective treatment has been found for autoimmune diseases,
cancer, and microbial infections [1–3]. The emergence of
drug-resistant bacteria has become a main global health con-
cern because it is hard to control these pathogenic strains using
commonly available antibiotics [4, 5]. According to a report
from the World Health Organization (WHO), resistance to
antibiotics has also developed in bacterial microorganisms

related to dental and oral infections [6]. For example, in a study
on antibiotic-resistant bacteria, such as oral Streptococci from
active dental infections, it was shown that 45.9% of S. mutans
were resistant to clindamycin and moxifloxacin [7]. There are
several microorganisms in the oral cavity that may cause oral
diseases including caries, periodontitis, and other dental disor-
ders [8]. The majority of dental diseases are caused by the for-
mation of plaque biofilms by a community of bacteria or
fungi that protects pathogenic microorganisms from foreign
drugs and allows them to escape the host’s defenses [9].
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Therefore, there is an urgent need to develop and produce new
antibacterial agents to control bacterial infections [10]. Due to
their large surface area and high charge density, nanoparticles
(NPs) may offer a new strategy for the prevention and treat-
ment of dental infections. This is because they interact more
with the negatively charged surface of bacterial cells, thereby
increasing their antimicrobial activity [8–11].

Among NPs, silver nanoparticles (AgNPs) were intro-
duced as a strong antimicrobial and antibiofilm agent against
pathogenic microorganisms, including viruses, bacteria, and
eukaryotic microorganisms [4]. Various expensive and envi-
ronmentally hazardous physical and chemical methods can
be used to synthesize AgNPs [12]. Recently, the biological syn-
thesis of NPs using renewable materials (microorganisms and
plants), as a safe alternative method, has received huge atten-
tion [13]. Green-synthesized NPs have received more atten-
tion due to reducing the usage of chemicals, the advantage of
ecological friendliness, easy and cost-effective synthesis,
energy-efficient approach, etc. [14, 15]. Microorganisms pos-
sess the capability to synthesize NPs [16]. Bacteria (the most
commonly used microorganisms) have an extraordinary abil-
ity to reduce heavymetal ions and are hence considered one of
the best candidates for the synthesis of NPs [17]. In recent
research, different bacteria such as Escherichia coli, Bacillus
subtilis, Lactobacillus rhamnosus, and Leucas aspera have been
applied to the synthesis of AgNPs [18–21]. Therefore, the
present study is aimed at the green synthesis of AgNPs using
Halomonas elongata as a nonpathogenic Gram-negative pro-
teobacterium at optimum conditions. In addition to the syn-
thesis and characterization of NPs, their highest antibacterial
activity against the S. mutans biofilm as the main cause of den-
tal caries was investigated in this study.

2. Materials and Methods

2.1. Synthesis of AgNPs using H. elongata. Prior to the syn-
thesis of NPs, the bacterial source of H. elongata (IBRC-M
10433; Iranian biological resource center) was obtained from
the bacterial archive. The obtained strain was cultured in an
appropriate sterilized medium, containing glucose (0.2 g),
NaCl (3 g), K2HPO4 (0.028 g), and FeSO4 (0.0001 g) in an
Erlenmeyer flask, and then was incubated at 37°C for 48h.
After the incubation time, the bacteria solution was isolated
from the culture medium by centrifugation at 5000 rpm for
10min. The supernatant was stored for the synthesis of
AgNPs, which was optimized using the Taguchi method.
According to this method, nine experiments were designed
based on different factors, including silver nitrate (AgNO3)
concentrations (0.3, 0.6, and 0.9mg/mL), incubation times
(48, 72, and 96 h), and incubation temperatures (27, 32,
and 37°C). The synthesis process was started by adding
0.5mL of the bacterial supernatant to the AgNO3 solution
at different concentrations. Then, the reaction solutions were
shaken (120 rpm) in an incubator shaker under different
temperatures and incubation times. A control sample with-
out bacteria was placed under the same conditions. After
the reaction was completed, the formed AgNPs were sepa-
rated by centrifugation for 15min at 5000 rpm.

2.2. Antibacterial Effects. The antimicrobial effects of the
green-synthesized AgNPs against S. mutans were evaluated
using colony-forming unit (CFU) methods. From the bacterial
archive of the Iranian biological resource center, a strain of S.
mutans (ATCC 35668) was obtained. S. mutans was cultured
on brain heart infusion agar (BHIA) medium for 24h to pre-
pare a new colony. After that, a bacterial suspension (0.5
McFarland) was prepared from the produced colony.

S. mutans was cultured overnight in a BHI broth
medium at 37°C to form a bacterial biofilm. Then, the bacte-
rial suspension was inoculated to a 96-well plate and incu-
bated at 37°C for 72 h. Daily, the culture medium was
replaced with a fresh BHI broth containing 2% sucrose and
1% mannose. After biofilm formation, it was washed three
times with PBS to remove planktonic S. mutans. The synthe-
sized AgNPs were then added to each well according to nine
experiments designed by the Taguchi method, and the pre-
pared plates were incubated for 24 h. To measure the viable
cells in the biofilms, the unattached cells were removed from
the wells after incubation at 37°C for 24 h. The adhering cells
on the wells were washed (three times), and the resulting
suspension was then homogenized using vortex in PBS
buffer for 2min. To test the CFU, the bacterial suspensions
were diluted 10 times with BHI broth as a serial dilution.
Then, each dilution was cultured on BHIA plates and incu-
bated at 37°C for 24h. After the incubation time, the number
of colonies was counted for nine experiments. All tests were
repeated three times.

2.3. Characterization. The characterization of green-
synthesized AgNPs was performed using different analysis
techniques, including UV-vis (ultraviolet-visible spectro-
photometry), FTIR (Fourier transform infrared spectros-
copy), XRD (X-ray powder diffraction), FE-SEM (field
emission scanning electron microscopy), EDX (energy dis-
persive X-ray spectroscopy), and TEM (transmission elec-
tron microscopy). UV-vis analysis was used to track the
bioreduction of silver ions to AgNPs in the wavelength range
of 200–800 nm (Thermo Fisher Scientific Company, Wil-
mington, USA). FTIR spectroscopy between 400 and
4000 cm-1 was used to determine the role of functional
groups in the synthesis of AgNPs (Thermo Fisher Scientific
Company, Wilmington, USA). To determine the crystalline
structure of the green-synthesized NPs, an XRD analysis
(PHILIPS’s PW1730) was performed in the range of 20-
80°. The morphology and size of the formed NPs were deter-
mined by a field emission scanning electron microscope
(FESEM) (TESCAN Company, MIRA III model, Brno,
Czech Republic) and TEM (CM120, Philips Company, Eind-
hoven, Netherlands) analyses. The elemental composition of
the synthesized NPs was determined using the EDX analysis.

3. Results and Discussion

3.1. Antibacterial Analysis. To optimize the synthesis of
AgNPs with the most potent antibacterial properties, nine
Taguchi experiments were designed. Table 1 summarizes the
effects of green-synthesized AgNPs under various conditions
on the growth inhibition of S. mutans biofilms. According to
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the results, green-synthesized AgNPs in experiment 5 (0.6mg/
mL of AgNO3, incubation temperature 32°C, and incubation
time 96h) showed the highest antibacterial effects against S.
mutans. Log CFUs of AgNPs in experiment 5 were the lowest
values among the other groups.

Table 2 presents the effect of AgNO3 concentrations,
incubation temperatures, and incubation times on the
growth inhibition of the S. mutans biofilm. The outcomes
showed that the factors of the AgNO3 concentration and
incubation time at level 3 and incubation temperature at
level 2 had the greatest impact on the growth inhibition of
the S. mutans biofilm.

Table 3 presents the interaction between various factors
and the inhibition of S. mutans biofilm growth. The interac-

tion between AgNO3 concentration at level 2 and incubation
time at level 3 had the greatest effect on the growth inhibi-
tion of S. mutans biofilm (39.13%). With an intensity index
of 12.17%, the interaction between incubation temperature
at level 2 and incubation time at level 3 significantly inhib-
ited the growth of S. mutans biofilm. The lowest interaction
intensity index (8.91%) belonged to the AgNO3 concentra-
tion and incubation temperature at level 2.

Table 4 reveals the analysis of variance for various fac-
tors influencing the growth inhibition of S. mutans biofilm.
The incubation temperature, incubation time, and AgNO3
concentration with 55.88%, 35.03%, and 8.58% inhibition
rates, respectively, showed the greatest effect on the growth
inhibition of the S. mutans biofilm.

Table 3: The interaction effects of studied factors on growth inhibiting of S. mutans biofilm.

Interacting factor pairs Column Severity index (%) Optimum conditions

AgNO3concentration × incubation time 3 × 1 39.13 [3, 2]

Incubation time × incubation temperature 3 × 2 12.17 [3, 2]

Incubation temperature × AgNO3 concentration 2 × 1 8.91 [2, 2]

Table 4: The analysis of variance of factors affecting the growth inhibition of S. mutans biofilm.

Factors DOF Sum of squares Variance F ratio (F) Pure sum Percent (%)

AgNO3 concentration 2 0.39 0.19 69.14 0.38 8.58

Incubation temperature 2 2.49 1.25 444.77 2.49 55.88

Incubation time 2 1.56 0.78 279.17 1.56 35.03

DOF: degree of freedom.

Table 1: Taguchi design of experiments and bacterial growth inhibition rate of green-synthesized AgNPs.

Experiment
AgNO3

concentration (mg/mL)
Incubation

temperature (°C)
Incubation time (h) Bacterial viability rate

(Log10 CFU/mL)
0.3 0.6 0.9 27 32 37 48 72 96

1 0.3 27 48 2.91

2 0.3 32 72 0.94

3 0.3 37 96 1.31

4 0.6 27 72 2.17

5 0.6 32 96 0.61

6 0.6 37 48 2.34

7 0.9 27 96 1.44

8 0.9 32 48 1.12

9 0.9 37 72 1.26

Table 2: The main effects of different levels of AgNO3 concentration, incubation temperature, and incubation time on growth inhibition of
S. mutans biofilm.

Factors Level 1 Level 2 Level 3

AgNO3 concentration (mg/mL) 1.72 1.71 1.27

Incubation temperature (°C) 2.17 0.89 1.64

Incubation time (h) 2.12 1.46 1.12
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The optimum conditions for the green synthesis of
AgNPs with the maximum antibacterial effects were esti-
mated by analyzing the obtained data from all experiments
and investigating the effect of each factor and their interac-
tion (Table 5). Accordingly, the incubation temperature
and AgNO3 concentration showed the highest and the low-
est contributions, respectively, to the growth inhibition of
the S. mutans biofilm. As shown in Table 5, the effect of
incubation time on the growth inhibition of the S. mutans
biofilm is in the middle of the two mentioned factors and
is closer to the incubation temperature. It was determined
that the third level was ideal for AgNO3 concentration and
incubation time, while the second level was best for incuba-
tion temperature. According to the results, it was assessed
that the green synthesis of AgNPs under optimal conditions
well prevented bacterial activity, which is the closest value to
the results of experiment 5 with the lowest Log10 CFU/mL.

The findings of our research are in line with those of Yin
et al., who indicated a good antimicrobial effect of green-
synthesized spherical AgNPs using epigallocatechin gallate
with a diameter of 17 ± 7nm against the S. mutans biofilm
[22]. Tavaf et al. showed the antibiofilm activity of green-
synthesized AgNPs using E. coli (with an average size of
56.1 nm) against S. mutans [23].

As reported previously, S. mutans is the main oral path-
ogen causing dental caries and is connected with other sys-
temic diseases, including bacteremia and infective
endocarditis. The adhesion of this stain on tooth surfaces

is the main reason for their high cariogenicity [24]. There-
fore, green-synthesized AgNPs in the present study with
good antibiofilm activity can be an effective agent in the
treatment of oral infections or dental caries as well as an
alternative way to overcome multi-drug-resistant bacterial
infections. The size, ion release capacity, the presence of cap-
ping agents, and other physicochemical properties can play a
vital role in the antimicrobial activity of AgNPs against var-
ious microorganisms such as S. mutans [19, 20].

3.2. Physicochemical Characterization of Green-Synthesized
AgNPs. In the current study, the bioreduction of Ag+ ions to
AgNPs using H. elongata occurred by changing the color of
reaction solutions to brown. The physicochemical properties
of green-synthesized AgNPs were analyzed by different tech-
niques such as UV-vis, FTIR, XRD, EDX, FE-SEM, and
TEM. Figure 1(a) shows the UV-vis spectrum of AgNPs.
The characteristic surface plasmon resonance (SPR) peak for
the green-synthesized AgNPs was examined by observing
the color change and then by analyzing the maximum absor-
bance in the range of 400–450nm, which is evidence of the
presence of AgNPs SPR [13]. The maximum absorbance peak
of the green-synthesized AgNPs was recorded at 435nm,
which confirmed the production of AgNPs using H. elongate
strain. The XRD pattern of green-synthesized AgNPs is shown
in Figure 1(b). The diffraction peaks at 2θ values of 39.12°,
44.46°, 64.51°, and 77.41° corresponding to reflection peaks
of (111), (200), (220), and (311) planes, respectively, revealed
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Figure 1: (a) UV-vis spectra and (b) XRD pattern of green-synthesized AgNPs by H. elongate.

Table 5: The optimum conditions for the synthesis of AgNPs with the highest antibiofilm activity.

Factors Level Contribution

AgNO3 concentration 3 0.29

Incubation temperature 2 0.68

Incubation time 3 0.45

Total contribution from all factors 1.42

Current grand average of performance 1.57

Bacterial growth inhibition at optimum condition 0.15
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the crystalline nature of these AgNPs with a face-centered
cubic (fcc) structure. All peaksmatch with the JCPDS database
card No. 04-0783. As shown in Figure 1(b), no additional
peaks were observed in the XRD pattern, which confirms the
purity of the green-synthesized AgNPs. The highest was found
corresponding to the plane (111); thus, this will be the pre-
ferred orientation of the cubic structure.

The FTIR spectra of the green-synthesized AgNPs in the
range of 400-4000 cm-1 are shown in Figure 2. The peaks
observed at 3413 and 1591 cm-1 correspond to OH and
C=O groups, which may be related to bacterial proteins.
The peak at 624 cm-1 indicates the -CH bond of amino acids
in the proteins. The FTIR analysis provides evidence of pro-
tein coating on the surface of green-synthesized AgNPs. This
means that the proteins in the bacterial extract have more

affinity to bind with Ag+ ions and act as capping and stabi-
lizing agents, thus reducing the aggregation of produced
AgNPs [25, 26]. The peaks in the range of 1380-1410 cm−1

belong to strong S=O stretching for sulfonyl chloride [27].
In addition, a band at 1117 cm-1 is due to the C–N stretch
of aliphatic amines. The peak at 523 cm-1 may be due to
the presence of Ag-O or pure AgNPs [28].

The morphological and structural features of the green-
synthesized AgNPs from H. elongate, studied by the FESEM
images (Figures 3(a) and 3(b)), showed a high density of
green-synthesized AgNPs. According to this analysis, the
green-synthesized AgNPs with crystalline nature repre-
sented nearly spherical morphology with some aggregates.
Images showed that the size of AgNPs ranged between 10
and 80nm. Furthermore, the TEM images (Figures 3(c)
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Figure 2: FTIR spectrum of green-synthesized AgNPs by H. elongate.
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Figure 3: The FESEM (a and b) and TEM images (c and d) of green-synthesized AgNPs by H. elongate.
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and 3(d)) confirmed the spherical (mostly) and cubic mor-
phologies of the prepared AgNPs. Larger particles are
observed from the aggregation of small particles, which
may be due to small amounts of observed biological agents
or proteins on the surface of AgNPs. Based on the micro-
scopic analyses and the size distribution histogram of
green-synthesized AgNPs (Figure 4(a)), the average diame-
ter of nanoparticles was 45 nm. The EDX analysis
(Figure 4(b)) revealed the presence of the constituent ele-
ments and the purity of the AgNPs produced by green syn-
thesis. These elements included a high amount of silver
(80.62%w) and low amounts of carbon (14.75%w) and nitro-
gen (4.64%w).

4. Conclusion

In the current study, the Taguchi method was applied to
optimize the green synthesis process of AgNPs using H.
elongate as a nonpathogenic bacterial material. At optimal
conditions, various techniques (UV-vis, XRD, FTIR,
FESEM, and TEM) were used to characterize these NPs.
The antibacterial effects of green-synthesized AgNPs were
also evaluated against the S. mutans biofilm as the famous
pathogen of dental caries based on the CFU. The average
diameter of these NPs with the most spherical shape mea-
sured 45 nm. According to the results of this study, green-
synthesized AgNPs in optimal conditions showed higher
antibacterial effects. The result confirmed the effective func-
tion of these NPs as antibacterial or antibiofilm agents.
Therefore, these NPs can be used in dentistry, especially in
the treatment of oral infections or dental caries.
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