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Abstract
Purpose Bacteria are known to have a high ability to manufacture many compounds with biological functions in a short 
time compared with eukaryotic cells due to the fact that bacterial cells possess efficient metabolic mechanisms for the manu-
facture of these compounds (intracellular or extracellular). Herein, the goal of this study is to use pathogenic Enterococcus 
aerogenes bacteria strains, namely, S1, S2, and S3, isolated from the mouths of individuals with dental decay to produce 
silver nanoparticles in an environmentally friendly and cost-effective manner.
Methods These nanoparticles have been tested for antibacterial activity against Streptococcus mitis, an MDR bacterium, 
either alone or in combination with antibiotics. These bacteria were identified using morphological characteristics and bio-
chemical tests, in addition to molecular methods such as PCR and DNA sequences. Besides, their identification was done 
on the basis of their alignment with the reference strains in the NCBI blast to calculate the degree of similarity among these 
strains (S1, S2, and S3).
Results The results of the current study showed a clear synergistic effect in the inhibition of Streptococcus mitis bacteria 
when mixing silver nanoparticles with some antibiotics, and it was found that there is a synergistic effect when mixing those 
AgNPs with erythromycin, followed by streptomycin and tetracycline. In contrast, the effect was antagonistic in the case of 
streptomycin and tetracycline antibiotics.
Conclusion Enterobacter aerogenes AgNPs demonstrated excellent antibacterial efficacy on Streptococcus mitis isolates. 
Therefore, AgNPs in the dental care area have a wide range of applications.
Lay Summary The current study attempted to show how AgNPs have a broad range of uses in the dental care field. Therefore, 
the study employed AgNPs that were created by Enterobacter aerogenes bacterial strains (S1, S2, and S3) for dental caries 
patients. AgNPs from Enterobacter aerogenes exhibited strong antibacterial activity against Streptococcus mitis isolates.
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Introduction

The discovery of penicillin opened the way for humanity 
to search for new sources of antibiotics due to the action of 
these antibiotics in killing or inhibiting pathogenic bacteria 
that cause diseases in humans or animals. Nevertheless, a 

problem arose after the discovery of antibiotics: the level of 
bacterial resistance to antibiotics and the resulting risks to 
humanity. That would be a threat to humans at the level of 
all countries, whether developed or developing [1, 2]. In this 
regard, because of the distinct properties of silver nanopar-
ticles, they have been the focus of attention for researchers 
during their development and have since been used in many 
fields, for example, in killing or inhibiting pathogenic bac-
teria [3].

According to the study’s statement which was done by 
Parthasarathi and Thilagavathi [4], the use of nanoparticles 
in several disciplines represents the fourth industrial revo-
lution on the scale of inventions that changed the course of 
human history. One of the uses of nanoparticle science is 
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that it is used in many industries, such as sunscreens, antibi-
otic substitutes, or enhancers, and in the production of many 
household appliances, such as refrigerators. Using biological 
approaches in the manufacture of metal nanoparticles gave 
them advantages over other manufacturing methods, being 
less expensive and more environmentally friendly [5].

According to several recent studies, nanotechnology sci-
ence evolved throughout time and entered many industries, 
such as the manufacture of dyes or medical ointments. Here, 
it must be noted that the use of these particles in humans has 
been approved by the US Food and Drug Administration, 
such as in the treatment of many diseases resulting from 
infection with pathogenic bacteria, especially those that 
cause superficial infections [6].

The bacteria that cause human dental caries are part of a 
unique ecosystem of bacteria present in the human mouth. 
One of the most contagious illnesses is dental loss of bac-
terial origin, and the infection may spread to other tissues 
surrounding the tooth, including infection of the gingiva or 
pulp of the tooth [7]. The presence of this bacterium in the 
human mouth and the development of its infection may lead 
to tooth loss as a result of damage to the enamel and cemen-
tum, and it may extend to the gingiva, especially in most 
children of school age, and thus, it will represent a major 
medical problem [8].

Infection can also be transmitted from another person 
or domestic animal, and the situation has been exacerbated 
by the transformation of commensal bacteria in the human 
mouth cavity into bacteria that are pathogenic to him [9]. 
The bacteria that cause tooth decay can adhere to the sur-
face of the tooth through the formation of biofilm, and they 
can be transformed from the mobile form to the stable form 
attached to the surface of the tooth as a result of the forma-
tion of biofilm, which is extracellular secretions that allow 
germs to adhere to the surface of the tooth and cause dam-
age to the teeth and then the occurrence of decay [14]. Fur-
thermore, gingivitis is a disease caused by some types of 
pathogenic bacteria, such as Fusobacterium nucleatum and 
Aggregatibacter actinomyces, which have special mecha-
nisms through which they can penetrate deep into the tis-
sues surrounding the tooth or deeper, causing damage to 
the tissues supporting the tooth and possibly reaching the 
jawbones [12].

Currently, there has been a large trend towards using 
nanotechnology as one of the alternatives to antibiotics 
or as one of the factors that contribute to improving the 
performance of these antibiotics against pathogenic bac-
teria that infect humans or animals. Nanoparticles were 
biosynthesized using live creatures including bacteria, 
algae, fungus, and plants [5]. Silver nanoparticles possess 
a broad spectrum of antibacterial, antifungal, and antiviral 
properties. Silver nanoparticles have the ability to pen-
etrate bacterial cell walls, changing the structure of cell 

membranes and even resulting in cell death. Their efficacy 
is due not only to their nanoscale size but also to their 
large ratio of surface area to volume. They can increase the 
permeability of cell membranes, produce reactive oxygen 
species, and interrupt replication of deoxyribonucleic acid 
by releasing silver ions ([22].

This study belongs to a series of studies that employ the 
use of nanotechnology as one of the alternatives to anti-
biotics or as one of the factors that contribute to improv-
ing the performance of these antibiotics against bacteria 
that cause diseases that affect humans and animals alike. 
Therefore, in the current study, extracellular extract from 
Enterobacter aerogenes S2 strain bacteria that cause den-
tal diseases was used in the biogenic synthesis of silver 
nanoparticles (AgNPs). The role of these AgNPs synthe-
sized in this study in inhibiting dental disease bacteria and 
in enhancing the action of some antibiotics against the 
bacteria collected in the current study

Materials and Procedures

Samples Collection

Bacterial samples were collected from some medical 
dentists in the center of Misan Governorate. Swabs were 
obtained from the mouths of patients suffering from dental 
caries. It was then transferred to the laboratory by means 
of a special container prepared for this purpose. It was 
cultured on special media for these bacteria. Pure cultures 
were purified and diagnosed based on morphological char-
acteristics, biochemical tests, and molecular methods.

Biomass Production

The biomass of the producing bacteria was obtained using 
the bacteria obtained in the previous step. Then, it trans-
ferred sufficient colonies to make the bacterial suspen-
sion. Inoculate 100 mL of nutrient broth medium with the 
bacterial suspension in a conical flask. Forty-eight-hour 
incubation period at 37 °C in a shaking incubator.

Extracellular Extract Collection

After incubation for 48 h, the biomass was centrifuged. To 
ensure that there were no bacterial cells in the supernatant, 
it was filtered through 0.2-m-pore filter paper, collected in 
a sterile flask, and incubated at 40 C. The composition of 
AgNPs was tested on intracellular extract.
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Biogenic AgNP Synthesis

In the current study, AgNPs were bio-manufactured by com-
bining 250 ml of bacterial extract and 250 ml of silver nitrate 
solution (1 mM). For 5 days, the mixture was incubated at 
37 °C in a shaking incubator. The creation of silver nano-
particles was observed on a regular basis until the synthesis 
of silver nanoparticles was completed.

Characterization of Synthesized AgNPs

The change in hue of the reaction mixture indicated the com-
position of silver nanoparticles from light yellow to dark 
brown; this indicates the creation of these particles. The 
mixture was centrifuged, the filtrate was left behind, and 
the precipitate was collected, which represented silver nano-
particles. To remove the bacterial extract that remains, wash 
it multiple times with distilled water. It should be mentioned 
here that it was examined with a UV-Vis spectrophotometer 
with a wavelength of 330–800 nm to make sure that these 
particles were synthesized. The AgNPs that were synthe-
sized in this study were characterized by using FTIR, SEM, 
and XRD methods.

Antibacterial Activity of AgNPs

Biogenically synthesized silver nanoparticles were used 
in the current study to evaluate their antibacterial activity 
against multi-drug-resistant (MDR) Streptococcus mitis 
pathogenic bacteria by the agar well diffusion method. These 
particles were also tested to find out their synergistic effect 

Fig. 1  Enterobacter aerogenes 
bacterial strain cultured on a 
Mitis Salivarius agar, b blood 
agar, and c Gram stain of Enter-
obacter aerogenes bacterial 
isolate revealed by microscope 
at 1250× magnification

Fig. 2  UV-visible absorption spectrum of silver nanoparticles pro-
duced by S2 strain
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with some antibiotics, and that was done by adding 10 ml 
of AgNP solution to the antibiotic disks. To test the syner-
getic impact of AgNPs with antibiotics, the diameters of 
the inhibitory zones surrounding the antibiotic disks were 
measured in millimeters. The synergetic effect of AgNPs 
combined with antibiotics was calculated using two of the 
following methods [11]:

1. 

where
a: antibiotic inhibition zone
b: antibiotic + AgNPs [20]

(1)Percentage fold increase area =
[

(b − a)
/

a

]

× 100

Fig. 3  FTIR spectrum of silver nanoparticles produced by S2 strain

Fig. 4  XRD pattern of synthe-
sized of silver nanoparticles 
produced by S2 strain



72 Regenerative Engineering and Translational Medicine (2024) 10:68–77

1 3

2. 

where
FIC index: fractional inhibitory concentration
(identify the interaction between two antibacterial 

combinations)
MIC: minimum inhibitory concentration

Results and Discussion

Characterization Morphologically and Biochemically

One hundred bacterial strains were obtained from 76 patients 
diagnosed using morphological characters, biochemical tests, 

(2)
FIC =

MIC of drug A in the combination

MIC of drug A alone

+
MIC of drug B in the combination

MIC of drug B alone

and molecular methods. The bacterium Enterococcus aero-
genes S2 strain was selected in the manufacture of nanopar-
ticles (Fig. 1).

Physical Characterization

The conformation of silver nanoparticles composed of extracel-
lular extract of E. aerogenes S2 bacteria used in this study was 
determined using a UV-visible spectrophotometer. It is recorded 
that the highest peak was above 400 nm, as seen in Fig. 2, so this 
indicates that the metal nanoparticles synthesized were com-
posed of silver [13, 15]. That happens owing to the excitation of 
the surface plasmons existed on the outer surface of the AgNPs 
that get excited owing to the applied electromagnetic field [16]. 
This result agreed with the result obtained by Roy et al. [17].

The bioactive compounds present in the extracellular 
extract produced by E. aerogenes S2 bacteria, which is respon-
sible for the formation of AgNPs, were identified using FTIR 
analysis. According to the results, the highest peak above 3000 
 cm−1 corresponds to O–H of alcohol or phenolic compounds. 
There were also peaks recorded around 1600  cm−1, which 
represent primary and secondary amines in the extracellular 
extract (Fig. 3). These compounds are known to be the pri-
mary constituents of proteins and to play an important role 
in the formation of silver nanoparticles. These results were in 
agreement with Castro et al. [10], who found that the proteins 
can interact with nanoparticles through cysteine or free amine 
group residues in the proteins.

XRD analysis was used to find out the metallic nature of 
the nanoparticles. In the current study, the values of 2Ɵ ranged 

Table 1  XRD results of Silver nanoparticles produced by S2 strain

Peak no. ɵ2 Sin2 ɵ Sin2ɵ/K H2 + k2 + I2 hkl

1 11.2118 0.009542434 0.487954279 1 100
2 28.0346 0.058668037 3.000001897 3 111
3 29.6334 0.065396578 3.344067201 3 111
4 32.6121 0.078830701 4.031023769 4 200
5 46.5167 0.155928439 7.973432137 8 220
6 55.2731 0.215167274 11.00262188 11 311
7 56.6583 0.225184512 11.51485539 12 222
8 57.7686 0.23333003 11.93137812 12 222
9 77.0906 0.388294983 19.85554217 20 420

Fig. 5  SEM image of silver 
nanoparticles produced by E. 
aerogenes S2 strain
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from 30 to 80, and the FIC values ranged from 100 to 300 
(Fig. 4; Table 1), confirming the crystalline nature of the nano-
particles [21].

A scanning electron microscope (SEM) was also used in 
this study to determine the shapes and sizes of the AgNPs 
synthesized by extracellular E. aerogenes S2 strain. It was 
recorded that the AgNPs had spherical shapes, and their 
sizes were lower than 70 nm, as shown in Fig. 5. This is 
consistent with what was recorded by many studies: that 
the size of silver nanoparticles is less than 100 nm, such 
as in a study by Castro et al. [10].

Molecular Identification

Three strains belonging to Enterococcus aerogenes bacteria 
were obtained, named S1, S2, and S3, and identified based 
on their morphological characters, biochemical tests, and 
the diagnostic gene 16SrRNA. Genomic DNA was extracted 
from the bacteria included in this study (Fig.  6). The 
16SrRNA gene was amplified by the PCR technique. The 
PCR products were shipped to Macrogen Company/Korea 
for sequencing. The results of 16SrRNA sequencing were 
aligned with the database found in the NCBI blast GenBank.

Enterobacter aerogenes Strain S2 was selected for pro-
ducing silver nanoparticles. The bacterial filtrate (extracellu-
lar extract) of strain S2 was used in the manufacture of silver 
nanoparticles, where the creation of silver nanoparticles was 

indicated by a shift in solution color from bright yellow to 
dark brown.

Fig. 6  On a 1% agarose gel at 5 
vol. cm for 1.15 h, electropho-
resis patterns of genomic DNA 
extracted from Enterobacter 
aerogenes strains (S1, S2, and 
S3) were electrophoresis

Fig. 7  The effects of nanoparticles on multidrug-resistant Streptococ-
cus mitis isolated from dental caries patients (A), (B) control DDW, 
and (C)  AgNO3 Antibacterial Activity.
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Centrifugation was used to extract the broth culture pel-
let cells’ supernatant. The supernatant is then collected in 
a sterile flask and utilized to generate silver nanoparticles 
in a subsequent step [19]. Silver nanoparticles were cre-
ated by mixing 250 ml of cell-free supernatant from an 
Enterobacter aerogenes 48-h liquid culture with 250 ml of 
a 1 mM silver nitrate (AgNo3) solution. The supernatant 
combination was then cultivated for 5 days at 37 °C in the 
dark on an orbital shaker (200 rpm). The experimenter’s 
control was a flask containing cell-free supernatant free of 
 AgNO3 [18]. As shown in Figs. 7 and 8, AgNPs from the 
Enterobacter aerogenes strain (S2) were effective against 
the multidrug-resistant bacterial isolate Streptococcus 
mitis.

Antibacterial Activity

Disk diffusion was used to assess the antimicrobial activity 
of the antibiotics optochin OP, penicillin P, tetracycline 
TE, cefalexin CN, and streptomycin S alone and in combi-
nation with biogenic AgNPs synthesized by Enterobacter 
aerogenes. It has been evaluated for their antimicrobial 
activity against some pathogenic bacteria isolated from 
dental patients using an agar well and the disk diffusion 
method (Fig. 9).

According to the CLSI Standard, it was determined that, 
at a concentration of 0.009 (mg/ml), the mixed formulation 

of AgNPs exhibited antibacterial activity via a variety of 
antibiotic discs, including optochin, penicillin, tetracycline, 
erythromycin, cephalexin, and streptomycin as shown in 

Fig. 8  Antibiotics' effect on Streptococcus mitis bacterial pathogens (A), and B nanoparticles AgNPs

Fig. 9  Lowest concentrations required to inhibit the growth of bacte-
ria that produce nanoparticle AgNPs
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Fig. 10  Extracellular of AgNP 
synthesis

Fig. 11  Percentage fold 
increases of AgNPs produced 
by S2 strain in combination 
with antibiotics against MDR 
Streptococcus mitis 
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Fig. 10. Based on the assay of the inhibition zone, biosyn-
thesized NPs combined with the antibiotic erythromycin 
showed great synergistic antibacterial activity against the 
bacterial strain Streptococcus mitis, as shown in Fig. 11.

As mentioned earlier, the antibacterial activity of the 
manufactured silver nanoparticles in this study was deter-
mined by using an extracellular extract of the bacterium E. 
aerogenes S2. In the first method that AgNPs were used to 
inhibit the antibiotic-resistant Streptococcus mitis MDR by 
the agar well diffusion method, it was found that these par-
ticles contributed to the inhibition of the growth of MDR S. 
mitis bacteria with an 8-mm diameter inhibition zone.

The second method involved combining silver nanopar-
ticles prepared in the current study with antibiotics used to 
treat dental caries bacteria in order to determine the syner-
getic effect when these silver nanoparticles were combined. 
To determine the synergy in the current study, two methods 
were used: knowing the increase in inhibition or calculat-
ing the fractional inhibitory concentration (FIC).The cur-
rent study found that when silver nanoparticles were added 
to the antibiotic erythromycin, the percentage of inhibition 
increased, followed by the antibiotic penicillin, and a slight 
increase with the antibiotic optochin (Fig. 11).

The same is the case when calculating the FIC, where the 
results were similar to what was previously recorded in the 
percentage, where the best values of synergy were with the 
antibiotic erythromycin, followed by penicillin, and the low-
est with the antibiotic optochin, as shown in Fig. 12. These 
results are the same as those of Birla et al. (2009), where the 
green synthesized AgNPs were estimated with antibiotics 
against gram-positive and gram-negative bacteria.

Lastly, the results of this study show that the silver nano-
particles made in this study have helped some of the antibiot-
ics used in this study to work better. Researchers like Sme-
kalova et al. [20] and Fayaz et al. [11] found similar results 
when they added AgNPs to antibiotics made from fungi or 
by the chemical makeup of silver nanoparticles, respectively. 
The inhibitory action of the silver nanoparticles is still not 
known accurately, but the most acceptable explanation is that 
the silver nanoparticles, due to their small size, will penetrate 
the cell wall of bacteria that are resistant to antibiotics. So, 
either go inside the bacterial cell by yourself or let antibiotics 
go inside the cell. This may explain the synergistic effect of 
silver nanoparticles when mixed with antibiotics.

After AgNPs break through the cell wall and enter a bac-
terial cell, they produce reactive oxygen species (ROS), bind 
to DNA, or interact with messenger RNA (mRNA). This 
may stop the cell from making proteins, which kills the cell 
(Skvitek et al., 2008).

Conclusion

The findings of the current study suggest that the silver 
nanoparticles manufactured during this study have helped 
to improve the efficacy of some of the antibiotics that were 
investigated in this study. Similar results have been reported 
by some researchers, such as Smekalova et al. [20] and Fayaz 
et al. [11], when they added AgNPs to antibiotics produced 
from fungi or by the chemical composition of silver nano-
particles, respectively. In light of this, the previous findings 
were validated by the current findings.

The results of this study also show that Enterobacter 
aerogenes nanoparticles may help treat oral infections 
caused by MDR Streptococcus mitis bacterial isolates, either 
on their own or with antibiotics.

The inhibitory action of the silver nanoparticles is still 
not known accurately, but the most acceptable explanation 
is that the silver nanoparticles, due to their small size, 
will penetrate the cell wall of bacteria that are resistant to 
antibiotics. Therefore, enter inside the bacterial cell alone 
or allow the entry of antibiotics inside the bacterial cell. 
This may explain the synergistic effect of silver nanopar-
ticles when mixed with antibiotics. After AgNPs enter the 
bacterial cell after penetrating the cell wall, they produce 
reactive oxygen species (ROS), bind to DNA, or interact 
with mRNA, which may cause the inhibition of the cell 
replication process or stop the protein synthesis process, 
leading to cell death.
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