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Our work was devoted to studying the effect of different concentrations ofMentha spicata aqueous extract on the green synthesis of
silver nanoparticles (AgNPs) in order to obtain the most effective of these concentrations for bacteria inhibitory activity. Different
concentrations of the aqueousM. spicata extract (0.25, 0.50, 0.75, and 1.00mM)were used as biological solvent to synthesize AgNPs by
means of the reductionmethod. The crystal structure andmorphology of the NPswere characterized UV–vis spectra, X-ray diffraction
(XRD), and scanning electron microscopy (SEM). The inhibition effect of AgNPs on Escherichia coli was studied to determine the
minimum inhibitory concentration (MIC). The dark yellow color of the M. spicata extract aqueous solution indicates the successful
synthesis of the AgNPs. UV spectra of the NPs show a gradual increase in absorption with increasing concentration of aqueous
M. spicata extract solution from 0.25 to 1.00mM, accompanied by a shift in the wavelength from 455 to 479nm along with a change in
the nanoparticle size from 31 to 9 nm. The tests also showed a high activity of the particles against bacteria (E. coli) ranging between
15.6 and 62.5 µg/ml. From the AgNPs, it was confirmed that aqueousM. spicata extract is an effective biosolvent for the synthesis of
different sizes of AgNPs according to the solvent concentration. The AgNPs also proved effectual for the killing of bacteria.

1. Introduction

Nanotechnology has opened a wide field that includes many
scientific research that revolve around the synthesis, modifica-
tion, and employment of particle structures whose dimensions

are lower than 100 nm for numerous missions [1, 2]. The ratio
between a large surface area to the volume of metallic NPs
enables their application in many fields that include catalytic
processes, biomedicine, and optoelectronics [3]. Recently, the
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distinctive properties of Au, Ag, Pd, and Pt nanometals such as
high stability and conductivity have been exploited [4]. Green
synthesis method is favored because it is nontoxic and eco-
friendly, low charge as no auxiliary reagents are needed, and
very economical [5, 6]. These exceptional properties explain
the increasing production of plant extracts for the purpose of
synthesizing nanoparticles [7, 8].

The synthesis of nanoparticles using plants is of great
advantage and benefits from other biological processes as it
does not suffer from the problem of preserving the cell and is
better than chemical methods because there is no toxicity as
it is environmental friendly and less expensive [9]. One of the
advantages of using green synthesis is that it contains a group
of leaf extracts that act as biological vectors [10]. Alkaloids,
flavonoids, and terpenoid compounds available in the extract
have a potential to be responsible for reduction and stabili-
zation of nanoparticles [11, 12]. One of the disadvantages of
the green synthesis is that some organic compounds which
are not toxic remain on the surface of the nanoparticles and
appear in XRD measurements [13]. Recently, AgNPs have
been of paramount importance as they have a great role in
the fight against cancer in the medical field [14], antioxidant
[10], and antibacterial [1, 15] due to their better photolysis
efficiency compared with organic dyes [16]. Various biologi-
cal precursors such as various parts of plants, plant by-
products, and algae are utilized in the green synthesis of
AgNPs [16]. The leaf aqueous extract plays a significant
role in the stability of AgNPs through surface interaction
with the nanoparticles and then capping to prevent the
aggregation of the synthesized AgNPs. Many plant extracts
used for this purpose such us Limoniaacidissima [17],
Indigofera tinctoria [18], Zingiberofficinale [19], Prosopic
juliflora [20], Lagerstroemia speciosa [21], Azadirachaindica
[22], Avicennia marina [23], and Bauhinia purpurea [24],
have shown great ability to inhibit the action of bacteria.

Synthesis of AgNPs formed using green synthesis:
[25–35], and various chemical and green synthesis methods
[36, 37], biomolecules including DNA [38–42], protein
[43–45], enzyme [26], protein [43–45], and plant extracts
[26, 46–49] with their biological properties [50–52].

The motive of this work is to exploit the large availability
of mint plants in the city of Jeddah, Kingdom of Saudi Arabia,
in the production of different sizes of AgNPs by adding vari-
able proportions of the aqueous extract of mint to a fixed
value of silver nitrate with time and constant temperature in
order to reduce the cost, as the green synthesis is environmen-
tal friendly and safer in terms of health, and studying the
effect of different sizes of silver nanoparticles on the inhibition
of bacterial growth. In the future it is possible to manufacture
liquidmaterials that are used to sterilize places where bacterial
infection spreads.

Our study aims to define the impact of different ratios of
aqueous extract of Mentha spicata with a fixed percentage of
silver nitrate (AgNO3) solution on the size of AgNPs. This
study also explores the impact of M. spicata extract on
AgNPs via a green synthesis on inhibiting bacteria growth.

2. Methodology

2.1. Materials. The materials used for AgNPs synthesis
includeM. spicata leaves, filter papers, silver nitrate, distilled
water, and glass substrates. A number of researchers studied
the compounds of M. spicata oils, where in the composition
of the essential oil of M. spicata, about 34 compounds were
identified, representing 99.9% of the total compounds [53] as
the main compound Carvone and the secondary compounds
limonene and 1,8-senol [54–56]). In addition, it produces a
large group of natural terpenoids called menthol (C10H20O)
found in the essential oils of the mint family (Mentha spp.)
[57]. The diversity in the proportions of the contents of mint
from one country to another is due to several factors, includ-
ing humidity, agricultural conditions, temperature, photope-
riod, and others [53].

2.2. Prepare the Plant Extract. The leaves of M. spicata were
collected, washed, dehydrated, and grounded until a fine
powder was achieved. Ten grams of M. spicata powder
with 100ml of distilled water was mixed in a glass flask.
The contents in the glass was stirred using a magnetic stirrer
at 27°C for 1 hr. Then, the mixture was subsequently filtered
to obtain the aqueous extract ofM. spicata plant. The extract
was then dried using a dryer. Afterward, 1 g of dry extract
and 100ml of distilled water were mixed for 15min until it
completely dissolved to obtain an original stock solution
with a concentration of 10,000 ppm. From this original solu-
tion, other concentrations were prepared.

2.3. Preparation of Silver Nitrate Solution. Several AgNO3

solutions were prepared. First, 0.179 g of AgNO3 with 100 g
of distilled water was mixed to obtain a concentration of
1mM. Second, 1ml of AgNO3 and 100ml of distilled water
were mixed until completely dissolved. Third, 5ml of AgNO3

and 1ml of plant extract were mixed at room temperature
until the color of the liquid became clear, which indicates the
formation of AgNPs.

2.4. Preparation of Glass Substrates. The glass substrates were
cut into lengths of 2.5× 2.5 cm2, which were then washed
with distilled water and placed in an ultrasonic device for
15min. Afterward, the glass substrates were immersed in
acetone (purity of 99%) to remove impurities on the surface.
The substrates were then returned to the ultrasonic device for
10min.

2.5. Drop Casting. To precipitate the AgNPs on the substrate,
the AgNO3 solution was placed in an ultrasonic device to
ensure homogeneity, and then the liquid was placed in the
dropper. The solution was distilled onto a heated substrate at
50°C to dry.

2.6. Characterization. The prepared samples were character-
ized by various techniques. The optical properties of the sam-
ples were analyzed by recording the diffuse reflectance spectra
using the Cary Series UV–Vis-NIR Spectrophotometer-
Agilent Technologies. The structural properties were exam-
ined by an X-ray diffractometer (Rigaku Ultima IV) equipped
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with Cu Kα X-ray source (λ= 0.15406 nm). The scan rate and
acquisition 2θ range were 0.5 °/min and 20° to 90°, respec-
tively, and the morphology of the prepared samples were
inspected by the field emission scanning electron microscopy
(FESEM, Lyra 3).

2.7. Antibacterial Activity of AgNPs

2.7.1. The Diffusion Measurement of Agar Well. To prepare
the investigation of Agar well diffusion, Escherichia coli
(106 colony-forming units/ml) was injected to Mueller
Hinton Agar (MHA) media. For each cultivation dishes, six
6mm-sized holes were cut out by means of a sterile glass
pipette. Various concentrations of 70μl of AgNPs were pre-
pared and poured into the holes, a negative control was utilized
for the sterilized distilled water (SDW). Afterward, incubation
of the dishes was done for 24hr at 37°C. The inhibition region
was calculated as the meanÆ standard deviation (SD) of trip-
licate investigations [58].

2.7.2. Determining the Minimum Inhibitory Concentrations
of AgNPs (MIC). To assess their capacity to prevent bacterial
growth, the minimum inhibitory concentrations (MICs) of
AgNPs were using micro-broth dilution inspection by means
of a 96-well microtiter dish. The MICs were determined
utilizing the microdiluted broth technique according to
NCCLS [59]. The incubation of samples was done for 24 h
at 37°C. After the incubation procedure, 10 μl Resazurin
sodium salt dye (R7017 Sigma–Aldrich) was added to every
well [60]. Column 12, which holds media as a negative
control, only verifies the absence of contamination on the
plate in the course of preparing the dish. Column 1 is a
positive control that contains cultured strain only with
media, whereas Column 2–10 contains the serial dilution of
the AgNPs with media.

2.7.3. Estimation of Minimal Bactericidal Concentration for
AgNPs Synthesized by Different Aqueous Mentha spicata
Solutions. The lowest concentration of AgNPs at which the
inoculated bacteria was destroyed is referred as minimal bac-
tericidal concentration (MBC). The determination involves
spreading 10 μl of medium from the microplate contents of
MIC that displayed no bacterial growth, which were inocu-
lated again, on nutritive agar dishes. Then for 24 hr at 37°C
the dishes awere incubated. The first well with colony counts
of less than 5 is considered negative for growth and described
as the MBC [60].

2.7.4. Time-Killing Kinetics.To obtain the time-killing kinetics,
the highest MIC of AgNPs and Augmentin for bacterial strain
was measured in Muller–Hinton broth. The cultures were
subjected to aerobic incubation at 37°C. Afterward, to deter-
mine the antibiotic concentrations, the Augmentin and
AgNPs solutions were added to the well at 0, 2, 4, 6, 8, 10,
12, and 24hr followed by incubation of AgNPs and antibiotic
solution into the well. Utilizing sterilized loop, samples of
0.001 µl from the cultures were collected sterilely and streaked
uniformly on blood agar dish and subsequently incubated at
37°CÆ 1 for 24 hr. Afterward, the bacterial colonies in the
cultures were counted by the means of a plate counter [61].

3. Results and Discussion

The extract is prepared by sorting, washing, and drying the
plant parts. The plant extract possesses various biomolecules
such as terpenoids, phenolic acids, sugars, alkalis, polyphe-
nols, alkalis, etc., which play a major role in reducing and
stabilizing silver nanoparticles. It plays a large role in the size
of the plant extract used and the size of silver ions in addition
to other parameters such as temperature and time. These
biological compounds reduce AgNO3 to Ag+. Then, electrons
are supposed to be derived from dehydrogenation of acids
and alcohols (catechol) in hydrophytes, from keto to enol, to
create Ag0 [62, 63].

3.1. UV–Vis Spectra of AgNPs. In AgNPs, the valence bond is
very close to the conduction band, causing the electrons to
move very freely, thus raising the surface plasmon resonance
(SPR) absorption [64, 65], which leads to resonant oscillation
of the AgNPs electrons with the incident light [66]. This
results in a dipole oscillation of all electrons on the surface
with the same phase. The resonance occurs between the
absorption and extinction frequency at different values,
as shown in Figure 1, which is attributable to the difference
in the size of the particles [67, 68]. Figure 1 shows the for-
mation of AgNPs caused by the reduction process; its forma-
tion is conclusively indicated in the presence of the solution
color and its gradation from light yellow to dark yellow. The
negative surface charges of the suspended NPs prevent their
aggregation according to Coulomb’s law. In Figure 1,
it appears that the saturated reaction resulted from the addi-
tion of different proportions of aqueous extract ofM. spicata
plant. The UV spectra of the NPs show a gradient of increas-
ing absorption with the concentration of the extract, with
accompanition of a shift in the wavelength from 455 to
479 nm. This is due to the varying sizes and shapes of the
particles as well as the availability of phytochemical com-
pounds in the extract [69, 70]. The characteristic peaks of
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FIGURE 1: UV–vis spectra of AgNPs biosynthesized using Mentha
spicata aqueous plant extracts.
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these compounds are discernible in the XRD spectra. As
observed, the full-width at half maximum (FWHM) increased
with extract concentration. The increase in intensity indicates
a decrease in the bandwidth [71].

The spectrum also indicates an incensement in the con-
centration of M. spicata extract works to control the reduc-
tion process due to the phytochemical compounds available
in the leaves, which subsequently increases the concentration
of AgNPs and thereby increases the intensity of absorption.
Thus, the increased concentration of M. spicata extract con-
comitantly increases the number of vital compounds respon-
sible for Ag+ conversion to Ag0. The absence of combined
bands in Figure 1 indicates the nonaggregation of AgNPs [67].

It appears that the color of the aqueous AgNPs changed
from light yellow to dark yellow, which is because of the
different sizes of the synthesized NPs (Figure 2). As observed
in Figure 2, higher the percentage of M. spicata extract,
higher the antioxidants, which work to continue the reaction
and increase the concentration of particles, thus increasing
the intensity of the UV–vis spectra [72].

3.2. XRD Measurement. The X-ray diffraction measurements
of AgNPs synthesized byM. spicata leaf extract are presented
in Figure 3. The XRD spectra show the Bragg reflections
represented by the fcc structure. The XRD was presented
as a function of the extract concentration while the sample
of 0.5mM ofM. spicata extract concentrations appear differ-
ent for the control group; the reason for this is the presence of
cracks on the surface of the sample or perhaps the presence of
a few defects or contaminations on the surface during the
deposition process. The discernible peaks at 2θ values of
37.80° and 77.1°, which were reflected from the (111) and
(311) planes, respectively, matches with the study by Ahmad
et al. [73] and Jemal et al. [74]. The (111) and (311) crystal
phases were observed in the samples synthesized with 0.25
and 0.50mM ofM. spicata extract concentrations, while only
(111) phase was identified for the sample synthesized with
0.75 and 1mM M. spicata extract concentrations.

The particle sizes of AgNPs calculated via Scherer for-
mula are presented in the Table 1 [13]. The highest intensity
XRD peak was observed at 37.89°, denoting (111) crystal
phase. This indicates that most of the synthesized AgNPs
accumulate and grow at the (111) plane, while the remainder
of NPs grow in the direction of the (311) plane [73]. As
deduced from the table, higher the percentage of M. spicata
aqueous extract, lower the percentage of Ag ions in the
M. spicata aqueous solution, resulting in reduced the NPs
size [75]. As shown in Figure 3, the sample synthesized with

1.00mM aqueousM. spicata solution has the lowest intensity
peak, due to its relatively smaller particle size compared
with the other samples. This confirms that the size and
aggregation of AgNPs are following the concentration of the
M. spicata solution. This is corroborated by the narrow XRD
peak and SEM image (Figure 5) of the sample. Two unspeci-
fied peaks were also observed at 32.25 and 46.21, which may
be attributable to the bio-organic compounds that remain
attached to the surface of the NPs or possibly because of
the availability of organic compounds in M. spicata leaf
extract [13, 76]. Jeeva et al. [77] reported that the XRD peaks
that appear at 32.28°, 46.28°, 54.83°, 67.47°, and 76.69°
denote phytochemical compounds in leaf extracts [77].

3.3. Scanning Electron Microscopy (SEM) Measurement. In
this part, theAgNPsmorphology of the samplewith the smallest
nanoparticle size and least aggregation (i.e., sample synthesized
with 0.25mM M. spicata extract) was investigated using SEM.
It is clear that the AgNPs form clusters (Figure 4(a)) of different
dimensions and shapes (Figure 4(b)) and are less than 100nm.
This strongly confirms that M. spicata extract is effective as a
solvent in the formation of AgNPs. The histogram distribution
of the focused area presented in Figure 4(c) indicates that the
AgNPs sizes generally vary from 40 to 50nm.

3.3.1. Antibacterial Test using Agar Diffusion Assay. Antibac-
terial impact of AgNPs was determined for one species of
Gram-negative pathogen, E. coli ATCC 35218. The results
for the well diffusion test, MBC, and MIC were presented
separately of AgNPs. For well diffusion test, the clear zone
around the AgNPs well suggests that the AgNPs exhibit anti-
bacterial activity against the growth of the Gram-negative
pathogen. The bacteria inhibition zones against E. coli ATCC
35218 vary from 12Æ 0.5mm to 15Æ 0.5mm for M. spicata
extract concentration range of 0.25–1.00mM, successively,
as shown in Figure 5. The findings of this study is consistent
with previous reports [60].

3.3.2. Antibacterial Test using MIC and MBC. The well
diffusion test is a preliminary procedure for screening the
antibacterial activity of an antimicrobial agent, while determi-
nation of MIC value is a more detailed evaluation. By serial
dilution, the antibacterial agent with a low concentration that
resists the growth and reproduction of bacteria is known as
MIC. On the other hand, the antibacterial agent with lowest
concentration that is needed to kill bacteria is known asMBC.
As shown in Figure 6, the AgNPs haveMIC values against the
pathogen (E. coli) between 15.36 and 62.5 µg/ml for aqueous
M. spicata extract concentration range of 0.25–1.00mM. The
MBC values for E. coli ranged between 31.25 and 125 µg/ml
for M. spicata extract concentration of 0.25–1.00mM, as
shown in Table 2. These findings are consistent with previous
studies [60].

3.3.3. Time-Killing Kinetics. The time-killing curves revealed
that the synthesized AgNPs are less effective than Augmentin
Table 3. Moreover, according to MIC test, the sample pre-
pared with 1.00mM M. spicata aqueous solution was the
most effective. After the incubation period of 6–12 hr, all
the bacterial cells were totally destroyed. However, it was

FIGURE 2: Color gradient in AgNPs liquid.
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FIGURE 3: XRD of AgNPs biosynthesized using Mentha spicata aqueous plant extracts.

TABLE 1: The size of AgNPs biosynthesized using Mentha spicata aqueous plant extracts.

Sample (mM) 2θ (°) FWHM (°) d (angle) Phase name AgNPs size (nm) Average size (nm)

0.25
37.88 0.295 2.374 (1,1,1) 29.7

31.1
77.13 0.327 1.235 (3,1,1) 32.5

0.50
37.88 0.412 2.373 (111) 21.3

15.8
77.17 1.031 1.236 (3,1,1) 10.3

0.75 37.83 0.886 2.378 (111) 9.9 9.9

1.00 37.85 0.62 2.377 (111) 9.1 9.1
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observed that the bacteria density for strain increased rapidly
to a peak of 5× 105 bacteria/ml. For the sample prepared
with 1.00mM M. spicata aqueous solution, it was noted
that after 6 hr of incubation, the pathogenic bacteria were
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FIGURE 4: SEM image of AgNPs prepared by 0.25mM of aqueous Mentha spicata solution.
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FIGURE 5: Inhibition zone (mm) of AgNPs using Mentha spicata
aqueous plant extracts at different concentrations by Agar well
diffusion method against Escherichia coli ATCC 35218. The zone
of inhibitions are, respectively, 12Æ 0.5, 13.5Æ 0.5, 14Æ 0.5,
15Æ 0.5, 14Æ 0.5, 13Æ 0.5. Key: 1 : 0.0625, 2 : 0.125, 3 : 0.250,
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FIGURE 6: Determination of MIC and MBC NPs against pathogenic
bacteria (Escherichia coli) using Resazurin dye. The rows A–G each
represent samples from one to six with pathogenic bacterium
(Escherichia coli).

TABLE 2: MIC and MBC values of AgNPs prepared with different
aqueous solution of Mentha spicata against the pathogen (E. coli).

0.25 mM 0.50mM 0.75mM 1.00mM

MIC (µg/ml) 15.63 31.25 46.88 62.5
MBC (µg/ml) 31.25 62.5 93.75 125
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killed, while during 12–24 hr, the growth of bacteria was
zero. This is compatible with the abovementioned tests.
This phenomenon is explained as follows: the 1mM of
M. spicata extract solution results in smaller AgNPs, which
enables their penetration through the cell wall of bacteria and
destroys them completely, whereas the larger particles pene-
trate the cell wall of bacteria with difficulty [78]. One of the
common and important applications of AgNPs is that they
are highly efficient in inhibiting Gram-positive and negative
bacteria. It depends on physical properties such as surface
morphology and size that enable it to travel through the
wall of the cell and membranes into the cell [79]. AgNPs
inhibit the action of bacteria through three essential stages
associated with multiple mechanism shown in Figure 7.
In the first stage, the AgNPs are supposed to work at the
membrane level, where they have the ability to break through

the outer permeable membrane, while the inner membrane
collapses upon the adhesion of AgNPs, which in turn leads to
destabilization and increased membrane permeability, so the
cell content leaks outside, resulting into cell damage and
death [80, 81]. The second stage likely involves the interaction
of AgNPs with the phosphorous and sulfur groups available in
the cell-like proteins and DNA, which changes their functions
and structure. Alternatively, the interaction with the thiol
group in the enzymes leads the change in the respiratory
system in the inner membrane, which then leads to the for-
mation of free radicals and reactive oxygen species, resulting
in injury to the machinery intracellular. Third stage is initi-
ated when Ag ions are released from the NPs, and this
depends on their size and charge. This will change the meta-
bolic pathway [82, 80]. It was clear from the measurements of
MIC that the inhibition of bacterial action is strongly depen-
dent on the size of particles, where the majority of the surface
that becomes in direct touch with the cell of bacteria results
from the smaller size silver nanoparticles [82]. The research-
ers also noted that smaller the size of AgNPs, higher the
stimulation of the reactive oxygen species, which increases
the killing effect on E. coli [83]. It is also noted that the
charged particles have a relatively high activity against bacte-
ria of smaller sizes, as they have a greater solubility in different
media, which accompanies the liberation of positive Ag ions;
and here, the electrical attraction between the positive charge
of AgNPs and the negative charge of bacterial cell strengthens
this interaction [84, 85].

4. Conclusion

AgNPs were successfully prepared in less costly, environ-
mental friendly, and less toxic conditions using the green
synthesis method. Different proportions of aqueous extract
of M. spicata acted as reducing agent to function as biosol-
vent. The sizes of the AgNPs varied from 30 to 9 nm with
increasing concentration of aqueous extract from 0.25 to
1.00mM, which confirms the possibility of tuning the size
of AgNPs during its synthesis. The spherical-shaped AgNPs
exhibited an absorption peak in the visible spectrum. The
smallest size and least aggregation of AgNPs were achieved
atM. spicata-extract concentration of 1mM. At this concen-
tration, the AgNPs were able to penetrate the wall of bacterial
cell and destroy it completely. The AgNPs antibacterial activ-
ity against E. coli ATCC 35218 was significant. Based on the
results, AgNPs can be considered as antibacterial agents

TABLE 3: Time-killing curve for Escherichia coli ATCC 35218 of Mentha spicata and Augmentin as control.

Time (hr) Normal growth of E. coli Mentha extract Augmentin (as control)

0 5× 105 5× 105 5× 105

2 6.4× 105 4.5× 105 3× 105

4 8.6× 105 3.2× 105 1.8× 105

6 9× 105 2.8× 105 8.× 104

8 1× 106 1.6× 105 7× 104

10 1.05× 106 1× 104 0
12 1.18× 106 0 0
24 1.2× 106 0 0

AgNPs

AgNPs antibacterial mechanismsAntibiotic resistance mechanisms
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Ag+

Ag+
Ag+

Ag+

Ag+Ag+

Ag+

ROS
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?
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FIGURE 7: Comparative scheme between resistance mechanisms in
bacteria and antibacterial mechanisms of AgNPs. Antibiotic resis-
tance mechanisms include (1) permeation barriers, (2) efflux
pumps, (3) inactivation of antibiotic, and (4) structural changes
in antibiotic targets (represented as “?”) avoiding its recognition.
On the other side, AgNPs antibacterial mechanisms includes (6)
alteration of efflux pumps, (7) disruption of membrane proteins
and electron transport chains, (8) accumulation in membrane
affecting permeation, (9) disruption of membrane and leakage of
intracellular content, and (5) interaction and damage in DNA. A
similar figure was published in the study by Bruna et al. [79].
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against pathogenic microorganisms. The use of AgNPs in
various fields, such as medical devices and antimicrobial
systems, could lead to beneficial discoveries.
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