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Abstract

In this study, silver nanoparticles (Ag NPs) were successfully synthesized by using the green chemistry method, which is
simple, environment friendly, and economical by using plant extract obtained from Abelmoschus esculentus. The synthesized
Ag NPs were characterized using ultraviolet—visible (UV—Vis) spectroscopy, thermogravimetric analysis, transmission elec-
tron microscopy, Fourier transform infrared spectroscopy, X-ray crystallography and X-ray photoelectron spectroscopy. The
synthesized Ag NPs showed absorbance peaks at 432 nm in the UV—Vis spectroscopy. The mean particle size of Ag NPs
was found to be 8.96 nm. The antimicrobial activity of Ag NPs was examined on Escherichia coli (E. coli), Staphylococcus
aureus (S. aureus), Bacillus subtilis (B. subtilis) and Methicillin-resistant Staphylococcus aureus. Besides, the antibacterial
activity of Ag NPs was compared with commercially available antibiotics (Penicillin—streptomycin and Ampicillin—sulbac-
tam). Ag NPs exhibited excellent antimicrobial activity against gram-positive and gram-negative bacteria. In addition, Ag
NPs were used in ceramic glaze, and thus, an antibacterial ceramic glaze was developed.
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Introduction In addition to the use of nanotechnology in chemistry, biol-

ogy, physics, computers, electronics, and materials sci-

Nanotechnology gained importance in scientific researches
with the development of technology and led to the advance-
ment of new materials in the nanoscale (Manoharan 2008).

Editorial responsibility: Samareh Mirkia.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s13762-020-02883-x) contains
supplementary material, which is available to authorized users.

X F. Sen
fatihsen1980@ gmail.com

Sen Research Group, Department of Biochemistry,
University of Dumlupinar, 43000 Kiitahya, Turkey

Department of Mining Engineering, Faculty of Engineering,
Dokuz Eylul University, Izmir, Turkey

Keramika Ceramics, Unsa Mining, Tourism, Energy,
Ceramics, Forest Products, Electricity Production Industry,
Kutahya, Turkey

Department of Chemistry, Faculty of Science and Art,
Dumlupinar University, Kutahya, Turkey

ence, it also has a wide range of applications in medicines
(Barkalina et al. 2014). Today, synthesized nanomaterials
are used in areas such as gene therapy applications, ortho-
paedic applications, treatment of cardiological diseases,
cancer treatment, and dental care (Misra et al. 2010). They
are also used in the synthesis of safe, effective, and most
importantly inexpensive and non-toxic drugs. Nanosize
drugs have a specific effect, and they can spread to different
areas in the body, and minimize the side effects (Farokhzad
and Langer 2009). Drugs loaded with nanoparticles can
increase biological activity by directly affecting diseased
tissues and cells (Cho et al. 2008). Nanodrugs provide an
advantage to them by eliminating small stature and immune
responses and increase the ability to cross relatively imper-
meable membranes (Xia et al. 2019). Besides the production
of these drugs, nanorobots with very small dimensions will
be produced soon. These nanorobots can be injected into
human blood to repair damaged organs in the human body
(Ogawa et al. 2017). Also, blockages of brain capillaries
can be eliminated with nanotubes. Accurate diagnosis and
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treatment can be made with nanotubes moving with blood
in brain vessels (Saadeh and Vyas 2015).

Many types of nanoparticles have been successfully syn-
thesized using metal ions (Li et al. 2007; Dubey et al. 2010a;
Sahin et al. 2017; Aygun et al. 2019). In the literature, it
has been reported that nanoporous and mesoporous metallic
nanostructures are synthesized by soft- and hard-temper-
ing methods (Ataee-Esfahani et al. 2011; Li et al. 2019).
Nano-sized metallic particles are used for various purposes
by varying their physical, chemical, and biological proper-
ties depending on their surface-volume ratios (Navya and
Daima 2016). In the literature, different research groups have
reported several method reviews on nanoparticle synthesis
(Lietal. 2018a, b). Ag NPs, one of these nanoparticles, are
gaining interest in various fields of application such as medi-
cine, food, health, personal care, industry, optics, electricity,
thermal, conductivity, and semi-conductivity due to their
unique chemical and physical properties (Khan et al. 2017).
Thanks to these properties, Ag NPs used in dressings, bio-
logical sensor technology, medical device coatings (Osun-
tokun and Onwudiwe 2018; Koskun et al. 2018; Najmeh
Aboutorabi et al. 2019).

Various methods have also been adopted for the synthesis
of Ag NPs with the highest yield, solubility, and stability
(Dhand et al. 2015; Jayaprakash et al. 2019). In general,
since traditional physical and chemical methods are very
expensive and have problems, researchers adopted the bio-
logical methods as a simple, fast, non-toxic, and safe solu-
tion. In recent years, the “green chemistry” approach based
on the synthesis of metal nanoparticles using plants and
plant extracts has gained importance (Duan et al. 2015).
Biomolecules such as terpenoids, alkaloids, phenolic com-
pounds, enzymes, flavonoids, proteins, and polysaccharides
present in the plant extract are involved in the reduction of
metal salts. Biomolecules found in plant extract have a large
impact on the size and distribution of metallic nanoparti-
cles. Powerful reducing biomolecules in plant extract pro-
vide the synthesis of nanoparticles. Terpenoids, alkaloids,
phenolic compounds, enzymes, flavonoids, proteins, and
polysaccharides present in the plant extract function as cap-
ping agents and photo-components that provide stability to
silver nanoparticles (Mittal et al. 2013; Kiiiinal et al. 2018).
Polyphenols such as flavonoids are capable of H-donating
and contain metal salts of sulfates, nitrates, and chlorides as
powerful antioxidants in the reduction of metal precursors.
The OH group in the reduced form of the polyphenolics is
then converted into a carbonyl group by the reduction of
metal ions due to a redox reaction. C=0 groups in the oxi-
dized form of polyphenol electrostatically stabilize metal
nanoparticles (El-Seedi et al. 2019). Biomolecules in plant
extract provide M° reduction from M*. The mechanism
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of biosynthesis of metal salts is as follows (El-Seedi et al.
2019):

“nAPOH + nM™ — nAPX + nM®”

Abelmoschus esculentus (Okra), the only vegetable crop
in the Malvaceae family, is an important and economic veg-
etable growing in tropical and tropical regions worldwide.
Its main elements are K, Na, Mg, and Ca, and this plant has
important antibacterial, antioxidant, antispasmodic activity
(Duan et al. 2015). In this study, we aimed to synthesize Ag
NPs by using green chemistry method using A. esculentus
plant extract. UV-Vis, TEM, FTIR, TGA, XRD, and XPS
analyses were performed for the characterization of syn-
thesized nanoparticles. For the antibacterial activity of A.
Esculentus mediated Ag NPs, E. coli, S. aureus, B. subtilis,
and MRSA strains were studied and the results were evalu-
ated (Fig. 1).

Materials and methods
Materials

Analytical grade silver nitrate (AgNO;) and all the other
chemicals used in this study were purchased from Sigma-
Aldrich. Fresh A. esculentus (L.) was purchased from the
local market.

Extract of Abelmoschus esculentus

Fresh A. esculentus (L.) was ground in a mortar and pulped.
100 mL of 70% ethanol was added to 5 g of A. esculentus
paste which was taken into 250-mL beaker. This mixture
was heated to boiling in the microwave for 1 min (Tatke
and Jaiswal 2011). This process was repeated until ethanol
turned greenish color. The mixture was filtered through the
filter paper. Subsequently, it was centrifuged at 7000 rpm.
The obtained plant extract was stored at +4 °C for further
experiments (Ravichandran et al. 2019).

Synthesis of silver nanoparticles

The different concentration of silver nitrate solution (0.5, 1,
3 and 5 mM) was added to the A. esculentus (L.) extract (1,
3,5 and 10 mL) taken in a round bottom flask to bring the
final volume to 100 mL (Sahni et al. 2015; Sana and Dogi-
parthi 2018). The round bottom flask containing the sample
was kept under reflux (25, 50, 75, and 100 °C) until the reac-
tion was completed, and the mixture turned dark. UV-Vis
absorbance values were measured at specific time intervals
(0, 6, 12, and 24 h). The dark-colored extract mixture was
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Fig. 1 Schematic representation of the synthesis of Ag NPs by green chemistry method using A. esculentus extract

washed several times with 90% ethanol until the supernatant
was clear. The washed Ag NPs were poured into a petri dish
and dried in an oven. Obtained particles were stored in an
Eppendorf tube at room temperature.

Characterization

UV-Vis absorption spectroscopy

The formation of Ag NPs was controlled by UV-Vis spec-
trometer (Lambda 750 UV/VIS/NIR) at a wavelength range
from 300 to 700 nm.

Transmission electron microscopy (TEM)

TEM was used for the analysis of synthesized Ag NPs mor-

phology. The poured sample suspension on a carbon-coated
copper grid was dried overnight at room temperature. The

TEM analysis was performed in the JEM JEOL 2100 F at an
acceleration voltage of 200 kV.

X-ray diffraction (XRD)

The crystal structure of Ag NPs synthesized by green chem-
istry method was confirmed by XRD analysis. For this pur-
pose, the solid Ag NPs were analyzed in the 20°-90° range
with a 40 kV voltage using the Rigaku Ultima-IV X-ray
diffraction device with CuKa radiation.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was used to elucidate the
chemical status and near-surface composition of A. escu-
lentus (L.) mediated Ag NPs. The scanning spectra of the
sample surface were analyzed with the PHI 5000 VersaProbe
instrument.
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Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed to determine the functional
groups of biomolecules in plant extracts which were respon-
sible for the reduction of Ag* ions and stabilization of Ag
NPs. FTIR analysis of nanoparticles was performed with
Spectrum Two FTIR spectrometer at 4 cm™' resolution in
the range of 4000400 cm™".

Thermogravimetric analysis

Thermogravimetry is generally used to determine mass loss
and/or gains in materials as a function of temperature or
time. PerkinElmer Pyris 1 device was used for TGA analysis.

Antimicrobial assay
Disk diffusion assay

The disk diffusion method was used to investigate the anti-
bacterial activity of Ag NPs. For this, single colony bacterial
suspension was inoculated into nutrient agar. After pipetting
Ag NPs (concentration 200 pg/mL and 100 pg/mL) onto
6-mm sterile paper disks, the inoculated agar was placed
on the surface (Balouiri et al. 2016). Negative control was
used as plant aqueous extract on the surface of each plate.
Two commercial antibiotics, Penicillin—streptomycin (PS)
(10,000 U + 10 mg) and Ampicillin—sulbactam (AS) were
also tested as positive controls on the surface of a separate
plate. Plates were then incubated at 37 °C for 24 h. The
diameters of zones were measured and compared (Farzana
et al. 2017). In addition, two different concentrations of Ag
NPs were added into the ceramic glaze and tested with the
same procedure.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) test

The MIC of the synthesized Ag NPs was determined by
a two-layer serial dilution method. Ag NPs dissolved in
DMSO were diluted to concentrations of 200, 100, 50, 25,
12.5,6.25, and 3.125 pg/mL, and a 24-h fresh bacterial sus-
pension prepared the day before was added according to the
0.5 McFarland constant. The microplates were incubated
at 37 °C for 24 h. The macroscopic evaluation of the wells
that did not observe the growth of the organism was then
determined as the MIC (Farzana et al. 2017).

Microscopic wells without bacterial growth were added
to sterile agar plates and incubated for 24 h (37 °C). After
the incubation period, wells that did not allow bacterial
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colonies to grow were recorded as MBC values (Olajuyigbe
and Afolayan 2012).

Results and discussion
UV-Vis absorption spectroscopy analysis

Figure 2 shows the absorbance spectrum of Ag NPs (syn-
thesized using 1 mM AgNO; and 10 mL plant extract) after
48 h at room temperature. The absorbance spectrum of Ag
NPs showed an absorbance band at approximately 432 nm as
shown in Fig. 2. Results were consistent with the literature
(Jayaprakash et al. 2017; Fatimah and Indriani 2018; Aygiin
et al. 2019; Vyas et al. 2019). The effect of different concen-
trations of AgNOj; salt (0.5, 1, 3, and 5 mM) against the syn-
thesis of Ag NPs in 5 mL of plant extract was examined for
1 hat75 °C (Fig. 3a). In the spectrum, it was observed that
with the increase of AgNOj; salt concentration, the reduc-
tion of Ag* to Ag0 was increased, and as a result of this, the
peak density increased (Kolya et al. 2015; Miri et al. 2018).
Figure 3b shows the effect of different amounts of aqueous
extract volumes on the synthesis of Ag NPs. The shifting of
the plasmon resonance peak toward higher wavelengths with
increasing plant extract volumes indicates that a decrease
in the particle size of Ag NPs occurs (Dubey et al. 2010b;
Balashanmugam et al. 2016; Kahsay et al. 2018; Samari
et al. 2019). Figure 3c shows the effect of different reaction
temperatures (25, 50, 75, and 100 °C) on the synthesis of Ag
NPs (5 mM AgNO;, 5 mL extract, and 1 h). With increasing
reaction temperature, an increase in peak intensity and a
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Fig.2 UV-Vis analysis of Ag NPs synthesized by the green chemis-
try method using A. esculentus extract
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shift toward low wavelengths are observed. This means that
more nanoparticles are synthesized or the size of the nano-
particles decreases (Gavade et al. 2015; Ndikau et al. 2017).
Figure 3d shows the effects of different reaction times (0, 6,
12, and 24 h) on the synthesis of Ag NPs (5 mM AgNO;,
5 mL extract, and 75 °C). It is seen that as the reaction times
increase, the resulting peaks become stronger. Also, as the
reaction time increases, the shifts in the peaks indicate the
reduced size of Ag NPs (Mashrai et al. 2018; Zafar and Zafar
2019).

X-ray diffraction (XRD) analysis

The crystal structure of Ag NPs synthesized using A. escu-
lentus (L.) plant extract was determined by XRD analysis.
As shown in Fig. 4, peaks of 38.11°, 44.22°, 64.35°,77.33°
and 81.14° were observed corresponding to the lattice planes
(111), (200), (220), (311) and (322), respectively (Mostafa
et al. 2015; Panja et al. 2016). The average crystalline size
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Fig.4 XRD image of Ag NPs
method using A. esculentus extract

synthesized by green chemistry
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of Ag NPs was calculated using the Debye—Scherrer formula
and was found to be 11.51 nm. It was observed that the
results of this study were compatible with the XRD results
in the literature.

X-ray photoelectron spectroscopy (XPS) analysis

In the XPS image of Ag NPs (Fig. 5), Ag 3ds/, and Ag 3d;,
peaks can be divided into two peak pairs, respectively, at
366.5 and 372.7 eV which confirming the presence of silver
nanoparticles (Chairam and Somsook 2016; Quites et al.
2017; Sharma et al. 2018).

Transmission electron microscopy (TEM) analysis

The morphology, mean particle size, and shape of Ag NPs
synthesized using plant extract were determined by TEM

—=— Raw data
- Ag (0) 3ds),
\:I Ag (0) 3d,,
—— Fitting

Intensity (a.u.)

360 365 370 375 380
Binding Energy

Fig.5 XPS analysis of Ag NPs synthesized by green chemistry
method using A. esculentus extract

Fig.6 a TEM image, b particle
size histogram of Ag NPs
synthesized by green chemistry
method using A. esculentus
extract
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(Hamouda et al. 2019). The TEM image of the synthesized
Ag NPs is shown in Fig. 6a; it was observed that the par-
ticles did not contain any agglomeration and consisted of
spherical particles. The particle size of Ag NPs was cal-
culated to be 8.96 nm on average (Fig. 6b). The particle
distribution was observed that most of the joints ranged
from 4 to 15 nm.

Fourier transform infrared (FTIR) spectroscopy
analysis

The FTIR spectrum of Ag NPs synthesized using A. escu-
lentus (L.) extract contains a plurality of characteristic bands
as shown in Fig. 7. The peak of 3260 cm™! in the spectrum
of A. esculentus (L.) extract corresponds to the stress and
bending vibrations of N—H bonds in amines from proteins
in plants and O—H bonds in alcohols (Zia et al. 2016). The
peak at 2979 cm™! is responsible for the stretching vibra-
tion of the CH; groups. The peak at 1635 cm~! belongs to
the amide I protein group. The peak at 1044 cm™' results
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Fig.7 FTIR analysis of Ag NPs synthesized by green chemistry

method using A. esculentus extract
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from the C—O—C group antisymmetric tensile vibrations of
polysaccharides (Mollick et al. 2015; Abraham et al. 2017).
Finally, the peak at 680 cm™! corresponds to C-H flexion,
which proves the presence of aromatic compounds. These
FTIR peaks clearly show the presence of proteins, terpe-
noids, and flavonoids in the aqueous extract of A. esculentus
(L.) (AbuDalo et al. 2019). According to the FTIR spectrum
of Ag NPs synthesized from A. esculentus (L.) extract, the
peaks of the plant extract are similar with a slight shift. This
indicates that A. esculentus (L.) extract is reduced by metal
ions and plays an important role in the stabilization of nano-
particles. The flavonoids and terpenoids contained in the
plant extracts play a role in the reduction of silver metals and
the synthesis of Ag NPs, while proteins have stabilized the
nanoparticles synthesized by coating them around Ag NPs

Thermogravimetric analysis

TGA and DTA results show that the first gradual weight
loss around 100 °C is due to the moisture adsorbed on the
surface. The first significant weight loss at 259 °C is related
to the evaporation of organic content which doped on Ag
particles. The second weight-loss step is also related to the
desorption of bioorganic compounds, which has higher boil-
ing points, from plant extract.

Since the weight of the Ag NPs is not changed by the
temperature increase, weight loss indicates the existence of
organic compounds on the Ag surface. Therefore, we can
conclude that organic compound doped on the Ag NPs is
around 35%. Also, TGA analysis proves that biosynthesized
Ag NPs are applicable up to 200 °C (Figure S1).

(Singh et al. 2018).

Table 1 Zone diameters of Ag
NPs synthesized by the green
chemistry method using A.
esculentus extract

Zone of inhibition (mm)

S. aureus

Control (water): 0
PS (100 pg/ml): 35
AS (100 ug/ml): 28

Control (extract): 10
Ag NPs (100 pg/ml): 18
Ag NPs (200 pg/ml): 20

E. coli

Control (water): 0
PS (100 pg/ml): 20
AS (100 pg/ml): 10

Control (extract): 11
Ag NPs (100 pg/ml): 17
Ag NPs (200 pug/ml): 18

MRSA

Control (water): 0
PS (100 pg/ml): 12
AS (100 pg/ml): 0

Control (extract): 0
Ag NPs (100 pg/ml): 16
Ag NPs (200 pg/ml): 20

B. subtilis

Control (water): 0
PS (100 pg/ml): 20
AS (100 pg/ml): 18

Control (extract): 10
Ag NPs (100 pg/ml): 16
Ag NPs (200 pg/ml): 17
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Antimicrobial activity of silver nanoparticles
against microorganisms

Ag NPs showed high antibacterial activity against B. sub-
tilis, E. coli, S. Aureus, and MRSA. The diameters obtained
from Ag NPs at the concentration of 200 pg/mL by disk dif-
fusion method are 17, 18, 20, and 20 mm, respectively. Ag
NPs at a concentration of 100 pg/mL obtained 16, 17, 18,
and 16 mm values (Nanda and Saravanan 2009; Arul et al.
2017; Qais et al. 2019). When clear regions (zone diameters)
from Ag NPs synthesized as shown in Table 1 are compared
to commercial antibiotics, zone diameters of Ag NPs are
very close. The reason is that commercial antibiotics used
are thought to be from a mixture of two strong antibiot-
ics. However, Ag NPs seem to limit bacterial growth better
than commercial antibiotics against MRSA bacteria and have
higher antibacterial activity.

Ag NPs examined by the Dilution Method on B. subtilis,
E. coli, S. aureus, and MRSA bacteria showed 77, 74, 72, and
67% inhibition, respectively, at 200 pg/mL concentration as
shown in Fig. 8. Proportional results were obtained depend-
ing on the concentration of Ag NPs.

In addition, MIC and MBC values of all tested bacterial
strains were determined as shown in Fig. 9. The recorded
MIC and MBC values are shown in Table 2 (Omara et al.
2017; Loo et al. 2018).

Finally, the results of antimicrobial ceramic glaze devel-
opment were obtained as shown in Table 3. Ceramic glaze
containing Ag NPs (100 pg/mL), respectively, produced
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E.coli

W S.aurcus

50 -
40 +
30 - MRSA
20

% Bacterial Inhibition

con. 200 100 50 25 125 6.25 3.125
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Fig.8 %Bacterial inhibition of Ag NPs synthesized by the green
chemistry method using A. esculentus extract
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6 7 Control

Fig.9 Microplate image of microbroth dilution test result of Ag NPs
synthesized by green chemistry method using A. esculentus extract

Table 2 Microplate image of microbroth dilution test result of Ag
NPs synthesized by green chemistry method using A. esculentus
extract

Bacteria MIC (pg/mL) MBC (pg/mL)
B. subtilis 6.25 6.25

MRSA 12.5 25

E. coli 12.5 125

S. aures 6.25 12.5

zone diameters of 22, 18, 17, and 20 mm against S. aureus,
E. coli, MRSA, and B. subtilis bacterias.

Conclusion

The synthesis of small size Ag NPs using A.esculentus (L.)
extract was carried out by the green chemistry method,
which is environmentally friendly and cost-effective. The
formation of Ag NPs was confirmed by FTIR, UV-Vis,
TGA, TEM, XRD, and XPS. The TEM analysis result
showed that the synthesized Ag NPs were stable with an
average size of 8.96 nm. The particle size calculated as a
result of XRD analysis supports the TEM analysis result.
TGA results showed that approximately 35% of organic
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Zone of inhibition (mm)

Ceramic glaze (50 pg/ml Ag NPs): 20
Ceramic glaze (100 pg/ml Ag NPs): 22

Ceramic glaze (50 pg/ml Ag NPs): 15
Ceramic glaze (100 pg/ml Ag NPs): 18

Ceramic glaze (50 pg/ml Ag NPs): 15
Ceramic glaze (100 pg/ml Ag NPs): 17

Ceramic glaze (50 pg/ml Ag NPs): 16

Table 3 Zone diameters of
antibacterial ceramic glaze with
Ag NP synthesized by green
chemistry method using A.
esculentus extract
% | Control: 0
S
5
S
%)
.~ | Control: 0
~
)
3
=
- Control: 0
75}
S
g% Control: 0
=
=
=
=)

Ceramic glaze (100 pg/ml Ag NPs): 20

compounds from plant extract was doped on as-synthesized
Ag NPs. Ag NPs investigated for their biological activity
on B. subtilis, E. coli, S. Aureus and MRSA bacterial strains
proved to have a very good antimicrobial activity compared
to commercial antibiotics, and their effect on MRSA bacteria
was greater than that of commercial antibiotics. Also, Ag
NPs added to the ceramic glaze structure were observed to
have high antibacterial activity. It is considered that molecu-
lar studies should be carried out to understand this in future
studies. Furthermore, according to the data obtained in this
study, Ag NPs can be a promising candidate for medical and
biomedical applications.
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