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iangmaiensis SSUT88A mediated
green synthesis of silver nanoparticles:
characterization and evaluation of antibacterial
action against clinical drug-resistant strains†

A'liyatur Rosyidah,ab Oratai Weeranantanapan,ac Nuannoi Chudapongse,ac

Wanwisa Limphiratd and Nawarat Nantapong *ac

This study involved the characterization of AgNPs synthesized from soil isolate Streptomyces sp. SSUT88A

and their antimicrobial activities. The strain SSUT88A revealed 98.8% similarity of the 16s rRNA gene to

Streptomyces chiangmaiensis TA4-1T. The AgNPs were synthesized by mixing either intracellular or

extracellular cell-free supernatant of strain SSUT88A with AgNO3. The synthesized AgNPs from

intracellular cell-free supernatant and extracellular cell-free supernatant were designated as IS-AgNPs

and ES-AgNPs, respectively. The IS-AgNPs showed maximum absorbance of UV-vis spectra at 418 nm,

while ES-AgNPs revealed maximum absorbance at 422 nm. The TEM observation of synthesized AgNPs

revealed a spherical shape with an average diameter of 13.57 nm for IS-AgNPs and 30.47 nm for ES-

AgNPs. The XRD and XANES spectrum profile of both synthesized AgNPs exhibited similar spectrum

energy, which corresponded to AgNPs. The IS-AgNPs revealed antimicrobial activity against clinical

isolate drug-resistant bacteria (Acinetobacter baumannii, Escherichia coli 8465, Klebsiella pneumoniae

1617, and Pseudomonas aeruginosa N90PS), while ES-AgNPs had no antimicrobial activity. When

compared to commercial AgNPs, IS-AgNPs exhibited antibacterial efficacy against all clinical isolate

bacteria including A. baumannii, one of the most threatening multi-drug resistant strains, while

commercial AgNPs did not. Thus, IS-AgNPs has potential to be further developed as an antimicrobial

agent against drug-resistant bacteria.
1. Introduction

Metal nanoparticles has gained increasing attention during the
last decade because of their unique characteristics such as
antimicrobial, anticancer, physicochemical, optical, magnetic,
and electronic properties.1–3 Different metal nanoparticles like
copper, titanium, zinc, gold, magnesium, and silver have been
synthesized. However, silver nanoparticles (AgNPs) are the most
effective for their antimicrobial properties.4 The antimicrobial
properties of silver have been recorded since 1000 BC. The rst
medical use of silver for blood purication, palpitations of the
heart, and offensive breath was reported in 980 AD.2 Nowadays,
silver has been widely used to treat supercial and deep dermal
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45
burn wounds in the form of silver sulfadiazine and silver
nitrate.2,5–7 The silver in nanoscale has different properties from
the bulk material due to its small size, large surface area, and
strong toxicity to a wide range of microorganisms.8

The AgNPs can be synthesized by using chemical, physical,
and biological methods. However, toxic reducing agents such as
2-mercaptoethanol and sodium borohydride are used for the
synthesis by chemical methods. These toxic substances nega-
tively impact the environment. While the physical method
produces a low yield of product and it is difficult to control the
particle size.3,9–12 On the other hand, the biological method
provides a possible option to synthesize AgNPs due to its
simplicity, cost-effective, high-yield production capability, and
eco-friendliness. AgNPs can be synthesized from plants,
bacteria, fungi, and algae.9,13

Streptomycetes are Gram-positive lamentous soil bacteria.
They have been recognized as a major source of antibiotics.14,15

It has been shown that the members in the genus Streptomyces,
Streptomyces rochei MHM13, Streptomyces coelicolor, Strepto-
myces sp. LK3, Streptomyces griseorubens AU2, and Streptomyces
viridodiastaticus SSHH-1, are used to synthesize of AgNPs.16–19

The AgNPs has been reported for their antimicrobial properties
© 2022 The Author(s). Published by the Royal Society of Chemistry
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against Gram-positive and Gram-negative bacteria.20 Morones
et al. reported the antimicrobial activity of AgNPs against Gram-
negative bacteria, Escherichia coli, Vibrio cholera, Pseudomonas
aeruginosa, and Salmonella typhi.21 The antimicrobial activity of
AgNPs was also observed on multidrug-resistant bacteria.4,22,23

Several biological syntheses of AgNPs have been reported to be
effective against multidrug-resistant strains of Acinetobacter
baumannii, Staphylococcus aureus, and P. aeruginosa.24,25 There-
fore, AgNPs provide a potential candidate as an inhibitor for
multidrug-resistant microorganisms.

Because of their antimicrobial properties, the AgNPs has
been widely used in personal care products, dressing for
external wound treatment, surgical instruments, and oint-
ment.26,27 Furthermore, their applications expand to the bio-
logical and biomedical elds as drug and gene delivery,
biosensors, diagnostics, medical devices, and implantable
materials.1,28 In this research, the AgNPs were synthesized by
a green method using two different cell-free supernatants of S.
chiangmaiensis SSUT88A isolated from soil sample at Sakaerat
Environmental Research Station. The characterization of
synthesized AgNPs and the antimicrobial activity against drug-
resistant pathogens were investigated.

2. Experimental
2.1 Isolation of S. chiangmaiensis SSUT88A

Soil samples were collected from Sakaerat Environmental
Research Station, Thailand. Soil Streptomyces were isolated
using a serial dilution method and cultured on the actinomy-
cete isolation agar (AIA, Himedia) medium. Selected colonies
were transferred to an International Streptomyces Project 2
(ISP2) agar medium for purication.

2.2 Identication of S. chiangmaiensis SSUT88A

Genomic DNA extraction was performed by a method used for
fungi with some modications.29 For PCR amplication, the
universal 16 s rRNA gene primers, 27F (50-AGAGTTT-
GATCCTGGCTCAG-30) and 1525R (50-AAGGAGGTGATCCAGCC-
30) were used. The PCR products were puried using Favor-
Prep™ Gel/PCR Purication Mini Kit (Favorgen). The puried
PCR products were used for DNA sequencing analysis. The ob-
tained 16S rRNA gene sequence was analysed and compared to
the 16s rRNA online gene database, EzBioCloud (http://
www.ezbiocloud.net).

2.3 Preparation of cell-free supernatant

The S. chiangmaiensis SSUT88A was inoculated in a 250 mL
Erlenmeyer ask containing 100 mL ISP2 medium. A ask was
incubated in a rotary shaker at 200 rpm, 37 �C for 4 days. Aer
incubation, the culture was centrifuged at 13 000 rpm for 5 min
to separate bacterial cells and extracellular cell-free superna-
tant.16 To prepare intracellular cell-free supernatant, the
bacterial cells were washed three times with sterile deionized
(DI) water to remove traces of medium. The S. chiangmaiensis
SSUT88A biomass was resuspended in an Erlenmeyer ask
containing 100 mL sterile DI water and incubated at 200 rpm,
© 2022 The Author(s). Published by the Royal Society of Chemistry
37 �C for 24 h. Aer incubation, the culture was centrifuged at
13 000 rpm for 5min to separate bacterial cells and intracellular
cell-free supernatant.30

2.4 Biosynthesis of AgNPs

Fiy-millilitre of Streptomyces cell-free supernatant was mixed
with 50 mL of 1 mM silver nitrate (AgNO3) (POCH SA silver
nitrate 99.9%), and the pH was adjusted to 7. The extracellular
and intracellular cell-free supernatant mixtures were incubated
at 37 �C in the dark under 200 rpm shaking condition for 2 and
5 days, respectively. The ISP2 medium, DI water, and AgNO3

were used as a control experiment.

2.5 Characterization of AgNPs

2.5.1 Ultraviolet-visible spectrophotometry. The bio-
reduction of silver ions was monitored periodically by
measuring the UV-spectrum of AgNPs using a UV-vis spectro-
photometer (Thermo Scientic Multiscan GO, Finland). The
absorbance of AgNPs ranges from 380 to 450 nm, which corre-
sponds to the surface plasmon resonance of AgNPs.

2.5.2 Determination of particle size and zeta potential. The
zeta potential measurement of synthesized AgNPs was recorded
by a zeta potential analyser (Zeta Sizer Malvern Instrument, Ltd,
USA). In contrast, the particle size distribution of synthesized
AgNPs was recorded using the dynamic light scattering (DLS)
technique with the same instrument.

2.5.3 X-ray diffraction (XRD) evaluation. The crystallinity of
biologically synthesized AgNPs was investigated using X-ray
diffraction (XRD) (D Advance, Bruker, Germany). The AgNPs
were prepared by freeze-drying for 48 h. A diffraction pattern
was scanned in the range of 2q from 40� to 80�.31

2.5.4 X-ray absorption near-edge spectroscopy (XANES).
XANES was used to determines the structure of Ag in the
synthesized AgNPs. The samples were placed on the thin poly-
propylene lm (SPEX SampelPrep). The L3 edge of XANES
spectra of Ag were measured in uorescence mode using
a Vortex®-EM silicon dri detector. AgNO3 and commercial
AgNPs (no. 576832 Sigma-Aldrich) were used as a standard. The
photon energy was calibrated using L3 edge of Ag (foil) at
3351 eV. The result of XANES data was averaged and normalized
using the Demeter package, version 8.9.26.32 The XANES anal-
ysis was conducted at beamline 5.2: SUT-NANOTEC-SLRI,
Synchrotron Light Research Institute, Thailand.

2.5.5 Fourier-transform infrared (FTIR). For FTIR spec-
troscopy measurement, the AgNPs and cell-free supernatant
were freeze-dried for 48 h. The possible bioreduction agent of
Ag+ to Ag0 was evaluated by using FTIR (FTIR, Bruker Hyperion
3000, Germany) in the range 4000–800 cm�1. To identify the
functional group in each sample, the spectral data were
compared with the database. The FTIR analysis was conducted
at beamline 4.1 Synchrotron Light Research Institute (SLRI),
Thailand.

2.5.6 Transmission electron microscopy (TEM) and energy
dispersive X-ray uorescence (EDXRF) analysis. The synthesized
AgNPs were lyophilized and mounted on double-sided adhesive
carbon tape. TEM (Tecnai G2 20) was used for the analysis of the
RSC Adv., 2022, 12, 4336–4345 | 4337
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shape and size of AgNPs. EDXRF (OXFORD Instrument)
conrmed the presence of elemental silver and chemical
composition.
2.6 Antimicrobial activity assay and determination of
minimum inhibitory concentration (MIC)

The antibacterial activity of synthesized AgNPs was evaluated
against clinical isolate drug-resistant pathogens, A. baumannii,
E. coli 8465, K. pneumoniae 1617, and P. aeruginosa N90PS, by
using an agar well diffusion assay. The concentration of
synthesized AgNPs was calculated based on the percentage of Ag
in the EDXRF results by following equation:

Concentration ¼ dry weight ðmgÞ
initial volume ðmlÞ �% Ag element

The test pathogens were obtained from Suranaree University
of Technology Hospital, Thailand. The 5 � 105 CFU mL�1 of
mid-log phase test pathogens were seeded onto Mueller Hinton
agar (MHA) plates. Then, a 6 mm hole was punched aseptically
with a sterile cork borer. A volume of 100 mL of 0.2 mg mL�1

AgNPs was introduced into the well. Commercial AgNPs (no.
576832 Sigma-Aldrich) was used as an AgNPs standard. The
plates were incubated at 37 �C. The diameter of the clear zone
was recorded.31 The MIC of synthesized AgNPs was determined
by the microdilution method based on the Clinical and Labo-
ratory Standard Institute (CLSI) guideline. The experiments
were performed in triplicate.
Fig. 1 Visible observation of biosynthesis AgNPs by S. chiangmaiensis
SSUT88A. (a) IS-AgNPs, and (b) ES-AgNPs.
3. Result and discussion
3.1 Identication of Streptomyces sp. SSUT88A

The current study was focused on the synthesis of AgNPs by
Streptomyces sp. SSUT88A using intracellular and extracellular
cell-free supernatant. The Streptomyces sp. SSUT88A was iso-
lated from a soil sample collected at Sakaerat Environmental
Research Station, Thailand by using serial dilution and spread
plate method on a streptomycetes selective medium, AIA agar,
and incubated at 37 �C for 14 days.33 The AIA medium was
developed primarily to increase the yield of an isolation of
Streptomyces spp., subgroup of actinomycetes, from soil and
water.33,34 The isolates were puried and maintained on ISP2
medium.35 From 64 isolates of Streptomyces spp., the percentage
yield of Streptomyces strain SSUT88A was 1.5%. The colony
morphology of strain SSUT88A was velvety with white substrate
mycelium. The grey spore was produced from aerial mycelium
aer nine days of incubation. It produced yellowish diffusible
pigment when cultivated in the Mueller Hinton agar (MHA),
ISP2, and starch casein agar (SCA) media.

A 16s rRNA gene analysis revealed 98.8% similarity to
Streptomyces chiangmaiensis TA4-1T. The bacteria in the Strep-
tomyces genera belong to the Streptomycetaceae family. They
are abundant in soil habitat, especially in alkaline soil and soil
rich in organic matter.36 The members of this genus have
extensively been isolated and screened due to their ability to
produce a variety of bioactive metabolites such as antibacterial,
4338 | RSC Adv., 2022, 12, 4336–4345
antifungal, antiviral, anticancer, as well as several industrial
important enzymes.14,37–39 According to BacDive, the S. chiang-
maiensis belongs to biosafety level 1 (BSL 1) risk group, which
unlikely to causes any human and animal diseases.40 They pose
no threat to individuals, communities, or the environment.41–43

Several species in the genus Streptomyces are widely employed
by pharmaceutical companies as a source of many antibi-
otics.44–46 Therefore, S. chiangmaiensis SSUT88A (BSL1) can be
used safely in the healthcare industry.
3.2 Biosynthesis of AgNPs

In the biological method of the AgNPs synthesis, the AgNPs can
be synthesized using bacteria, fungi, algae, and plants.9 Bacteria
are good for the study of AgNPs synthesize due to their abun-
dance, fast growing microorganism, inexpensive to cultivate,
easy to adapt in the extreme condition, and easy to manipulate.
On the other hand, the growth condition of the bacteria such as
incubation time, temperature, and oxygenation can be easy
controlled.47 Streptomyces have been proved as nano factories
for developing non-toxic and clean procedures to synthesize
silver and gold nanoparticles.48 In this study, the AgNPs was
synthesized using intracellular and extracellular cell-free
supernatant of S. chiangmaiensis SSUT88A as reducing agents.
The synthesis of AgNPs was performed by mixing either intra-
cellular or extracellular cell-free supernatant with 1 mM AgNO3

and incubated at 37 �C under 200 rpm shaking condition for 2
and 5 days, respectively. The overall processes of AgNPs
synthesis consist of reduction, capping, and stabilization. In the
biological method of AgNPs synthesis, the biological molecules
released by bacteria play an essential role in reducing Ag+ to Ag0

and stabilizing AgNPs.49–51 Aer incubation, the formation of
AgNPs can be visually observed by the change of the mixture
color from light yellow to brown (Fig. 1). The color change from
light yellow to brown during the synthesis of AgNPs was due to
the surface plasmon resonance (SPR). The appearance of colour
change was a clear indicator of the reduction of Ag+ to Ag0.52 In
this study, the S. chiangmaiensis SSUT88A was successfully used
for the biosynthesis of AgNPs because not all Streptomyces can
© 2022 The Author(s). Published by the Royal Society of Chemistry
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be used to synthesize AgNPs. The synthesized AgNPs from
intracellular cell-free supernatant and extracellular cell-free
supernatant were designated as IS-AgNPs and ES-AgNPs,
respectively. To date, this is the rst report of S. chiangmaien-
sis being isolated from soil sample and used for the green
synthesis of AgNPs.
Table 1 Average of hydrodynamic size and zeta potential value of IS-
AgNPs and ES-AgNPs

AgNPs sample

Parameter

Hydrodynamic
size (nm)

Zeta potential
(mV)

IS-AgNPs 77.03 �27.9
ES-AgNPs 82.44 �32.0
3.3 Characterization of AgNPs using UV-vis spectroscopy

The formation of AgNPs was monitored using the UV-vis spec-
troscopy technique from day 0 to day 5. The UV-visible spectra
of synthesized AgNPs from cell-free supernatant at different
points of reaction were recorded (Fig. 2). The results displayed
the maximum absorption peaks corresponded to AgNPs at
418 nm and 422 nm for IS-AgNPs and ES-AgNPs, respectively.
The absorbance of AgNPs ranges from 380 to 450 nm, which
corresponds to the surface plasmon resonance of AgNPs.12,53

The lmax of the samples reects an alteration of size, shape, and
the scattering colour of AgNPs. As diameter increases, the
plasmon resonance peak of AgNPs was broader and shied to
longer wavelength. On the other hand, the plasmon resonance
of AgNPs shied toward longer wavelength as the particle
becomes more oblate. When the AgNPs aggregate and the
conduction electrons near each particle surface become delo-
calized and shared among neighbouring particles, the surface
plasmon resonance shied to lower energies and scattering
peaks shied to longer wavelength.1,53–57 The absorbance of ES-
AgNPs was higher than IS-AgNPs, indicated that the nano-
particle number of ES-AgNPs was higher than that of IS-AgNPs.
The reduction of Ag+ could happen through the reducing agents
that contain in the cell-free supernatants of S. chiangmaiensis
SSUT88A. However, the exact mechanism of Ag+ reduction to
Ag0 by cell-free supernatants remains unclear. Several
researchers proposed that microbial enzymes could play
a signicant role as reducing agents such as NADH-dependent
reductase.3,58–60

In the current study, the synthesis period to obtain
maximum yield of AgNPs was achieved at day 5 with intracel-
lular cell-free supernatant, while that of extracellular cell-free
supernatant was at day 2. Thus, it suggested that the
synthesis process using extracellular cell-free supernatant was
faster than that of intracellular cell-free supernatant. An
Fig. 2 UV-vis spectra of (a) IS-AgNPs and (b) ES-AgNPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
optimum reaction time of synthesis was required to produce
stable AgNPs. As the duration of reaction increases, more AgNPs
are formed. However, the agglomeration of AgNPs can be
formed when the reaction time exceeds the optimum time,
resulting in the larger particle size.61
3.4 Analysis of hydrodynamic size and zeta potential

The hydrodynamic size distributions of IS-AgNPs and ES-AgNPs
were determined using dynamic light scattering (DLS) tech-
nique (Table 1). For IS-AgNPs, DLS analysis showed nano-
particles with 77.03 nm average hydrodynamic size, while that
of the ES-AgNPs was bigger, 82.44 nm. The stability of AgNPs is
important since it can directly impact their biological activity.62

The stability of synthesized AgNPs was conrmed by measuring
their zeta potential. The zeta potential value of the IS-AgNPs and
ES-AgNPs were �32.0 and �27.9 mV, respectively, which indi-
cated the presence of negative repulsion among the nano-
particles (Table 1). It has been known that stable nanoparticles
exhibit more than +30 mV or less than �30 mV of zeta potential
value.63–65 The negative or positive value of zeta potential is
dened by capping or stabilizing agent used during the
synthesis.66 In this study, the zeta potential values of IS-AgNPs
and ES-AgNPs were negative. The negative zeta potential of
microbial-based biosynthesis of AgNPs was recorded from the
synthesis of AgNPs using Fusarium oxysporum and Aspergillus
niger.22,67 The different zeta potential value of IS-AgNPs and ES-
AgNPs might attribute to the difference of capping and stabi-
lizing molecules presented in cell-free supernatants. The results
of this study indicated that the ES-AgNPs were less stable than
IS-AgNPs since the zeta potential value of ES-AgNPs was higher.
RSC Adv., 2022, 12, 4336–4345 | 4339

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08238h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:1

2:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.5 Analysis of XRD

The crystalline structure of synthesized AgNPs were conrmed
by XRD (Fig. 3). Both of the synthesized AgNPs expressed the
intense peaks at 38.11�, 44.27�, 64.42�, and 77.47�, which were
corresponded to (111), (200), (220), and (311) planes of face-
centered cubic (fcc) of metallic silver Standard Joint
Committee for Powdered Diffraction Set (JCPDS les). The
crystalline prole of AgNPs expressed four intense peaks that
corresponded to the face-centred cubic structure of metallic
silver.13,68–72
Fig. 4 XANES spectra of AgNO3, commercial AgNPs, IS-AgNPs, and
ES-AgNPs.
3.6 Analysis of XANES

The XANES analysis was conducted to investigate the oxidation
state of the synthesized AgNPs. XANES spectroscopy is
a powerful tool for proving the oxidation state.73–75 AgNO3 and
commercial AgNPs were used as a standard for Ag+ and Ag0,
respectively. Different spectra energy of AgNO3 and commercial
AgNPs obtained from the XANES measurement are shown in
Fig. 4. This result proved that the silver in AgNO3 and
commercial AgNPs were in a different oxidation state and
spectrum. The spectra of IS-AgNPs and ES-AgNPs showed clear
spectrum energy which were similar to commercial AgNPs. The
result indicated that Ag that present in the synthesized AgNPs
was completely reduced to nanoparticles during the synthesis.
3.7 Analysis of FTIR

In the biological method, the biomolecules present in the cell-
free supernatant of bacteria, such as protein, enzymes, inor-
ganic complexes, and biosurfactants, can be served as reducing,
capping, and stabilizing agents.11,95 The FTIR was carried out to
determine the biomolecules responsible for reducing, capping,
and stabilizing agents of AgNPs. The intracellular cell-free
supernatant of S. chiangmaiensis SSUT88A showed
a maximum peak at 3386 cm�1 correspond to the O–H
stretching. The peaks at 1660, 1630, and 1600 cm�1 were
a broad peak that correspond to C]O, C–N stretching and N–H
stretching. The C–N stretching peak was observed at 1404 cm�1.
Also, the C–O–C stretching was observed at 1075 cm�1 (Fig. 5).
In contrast, the IS-AgNPs showed shied O–H stretching peak
from 3386 to 3286 cm�1 and the peak at 2543 cm�1 which
represented C–H stretching. The peaks at 1660 and 1630 cm �1

correspond to the C]O stretching of amide I, 1404 cm�1
Fig. 3 X-ray diffraction pattern of (a) IS-AgNPs and (b) ES-AgNPs.

4340 | RSC Adv., 2022, 12, 4336–4345
correspond to the C–N stretching of amide III, 1047 cm �1

correspond to the C–O–C stretching, and 835 cm�1 correspond
to the C–N stretching.

The FTIR spectra of extracellular cell-free supernatant of S.
chiangmaiensis SSUT88A and ES-AgNPs are shown in Fig. 6. In
the extracellular cell-free supernatant, the absorption peaks at
3386 cm�1 corresponds to the O–H stretching, whereas the
peaks at 1660, 1630, and 1600 cm�1 are C]O, C–N stretching
and N–H stretching, respectively. The peaks at 1404 cm�1 of C–
H, and 1075 cm�1 of C–O–C stretching were also observed. On
the other hand, the main FTIR spectrum of ES-AgNPs remains
the same except for the spectrum around 1600–1700 cm�1

which represents C]O and N–H stretching. In Based on the
FTIR results (Fig. 5 and 6), the structural change of peaks
around 1600–1700 cm�1 in the synthesized AgNPs indicated the
presence of amide group that might be responsible for capping
and stabilizing the AgNPs. Similar results were reported by
Mohamedin et al., Abirami & Kanabiran, and Abd-Elnaby
et al.16,19,31 The FTIR result suggests that amide groups of
protein can bind to the metal, indicating that proteins play
a role in the capping and stabilizing of AgNPs. The amide group
of protein could form a layer covering the AgNPs to prevent
agglomeration and stabilize the particles.16,31,76 Moreover, the
presence of peaks at 2543 and 835 cm�1 corresponded to C–H
stretching and C–N stretching of the IS-AgNPs might also
function as capping and stabilizing agents.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of IS-AgNPs and intracellular cell-free supernatant
of S. chiangmaiensis SSUT88A.

Fig. 6 FTIR spectra of ES-AgNPs and extracellular cell-free superna-
tant of S. chiangmaiensis SUT88A.
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3.8 Analysis of TEM and EDXRF

TEM was used to conrm the size and shape of synthesized
AgNPs. The TEM image of synthesized AgNPs from cell-free
supernatant of S. chiangmaiensis SSUT88A showed a spherical
form. A spherical shape is a common form of biological
synthesis AgNPs by microbes.19,77 A spherical shape of AgNPs
has been reported to synthesize from S. ghanaensis VITHM1, S.
rochei MHM13, and Streptomyces sp. LK3.16,17,31 Our results also
indicated that different cell-free supernatant used for
a synthesis produced different sizes of AgNPs. The size of the IS-
AgNPs was varied, ranging from 6.1 to 23.75 nm, with an
average size around 13.57 nm. While the size of the ES-AgNPs
was larger than that of the IS-AgNPs. It was varied between
15.35 and 47.68 nm, with 30.47 nm average (Fig. 7). The size of
ES-AgNPs observed under TEM was two times larger than IS-
AgNPs, while the size measurement of synthesized AgNPs
using DLS are larger than those from TEM (77.03 nm for IS-
AgNPs and 82.44 nm for ES-AgNPs). TEM was considered as
the gold standard technique for nanoparticle sizing. Typically,
TEM measurements represent only the core particle and
exclude the size of capping agents or other molecules associated
with AgNPs that would increase the size. On the other hand,
DLS measured the hydrodynamic diameter of the AgNPs, which
include Ag core, capping agents, and other molecules that
absorbed to the surface. The presence of aggregates in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
suspensions also be measured and contribute to the higher size
values. Therefore, the size obtained from TEM measurements
oen converges more accurately than DLS.78–80 The factors that
could affect the size and shape of nanoparticles are the type and
concentration of reducing agents as well as the temperature
used during the synthesis.81,82 Therefore, the different sizes
between IS-AgNPs and ES-AgNPs might cause by the reducing
agents presented in the cell-free supernatant.

The dispersive energy of XRF was used to determine the
elemental composition of synthesized AgNPs. The result
exhibited clear identication of an elemental Ag at 3 kV in both
IS-AgNPs and ES-AgNPs (Fig. 8). According to the EDXRF, the
amount of Ag in the IS-AgNPs and ES-AgNPs were 21.93% and
49.09%, respectively. The signal of carbon (C), nitrogen (N),
oxygen (O), silicon (Si), and phosphorus (P) were able to detect
from both IS-AgNPs and ES-AgNPs (Fig. 8). The EDXRF analysis
also showed the presence of Ag spectrum at 3 kV, which indi-
cated a signal for metallic silver.19 The presence of Ag in ES-
AgNPs was two times higher than IS-AgNPs. This result was
correlated to the UV-vis spectroscopy. Other components, such
as carbon, nitrogen, sodium, and silica detected in the colloidal
sample of AgNPs might be due to a signal of biological mole-
cules in the cell-free supernatant.
3.9 Antimicrobial activity of AgNPs

The increasing phenomena of antibiotic-resistant bacteria
happen due to the continuous use of antibiotics throughout the
world. With the emergence of antibiotic-resistant bacterial
infection, it is essential to look for a novel alternative antimi-
crobial agent.9,83 Currently, nanotechnology is used to control
the consumption of antibiotics and combat antibiotic-resistant
microorganisms.84 Nowadays, the AgNPs is gaining signicant
interest due to their unique properties. The AgNPs are known
that they are relatively more toxic than bulk silver.85 The anti-
microbial activities of synthesized AgNPs from cell-free super-
natant of S. chiangmaiensis SSUT88A against clinical isolate
drug-resistant bacteria are shown in Table 2. The antimicro-
bial activity was performed using an agar well diffusion method
with the concentration of 0.2 mg mL�1. The inhibition zone of
IS-AgNPs against A. baumannii, K. pneumoniae 1617, P. aerugi-
nosa N90PS, and E. coli 8465 was 20.3� 1.7 mm, 12.6� 1.5 mm,
20.3 � 0.5 mm, and 22 � 1.7 mm, respectively. While ES-AgNPs
and commercial AgNPs showed no clear zone, suggesting that
there was no antimicrobial action against the tested pathogens.
The MIC values of IS-AgNPs against clinical isolate drug-
resistant bacteria were also investigated (Table 2). The MIC
values of IS-AgNPs against A. baumannii, K. pneumoniae 1617, P.
aeruginosa N90PS, and E. coli 8564 were 0.0068, 0.027, 0.013,
and 0.027 mg mL�1, respectively. In the current study, the ES-
AgNPs showed no antimicrobial activity against tested path-
ogen, while IS-AgNPs inhibit all tested drug-resistant bacteria
(A. baumannii, K. pneumoniae 1617, P. aeruginosa N90PS, and E.
coli 8465). The different capping and stabilizing agents of IS-
AgNPs and ES-AgNPs might provide a different antimicrobial
activity. Compared with the commercial AgNPs, IS-AgNPs had
better antimicrobial activity with lower MIC against drug-
RSC Adv., 2022, 12, 4336–4345 | 4341
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Fig. 7 Morphology and size distribution of AgNPs observed under TEM. (a) Morphology of IS-AgNPs; (b) size distribution of IS-AgNPs; (c)
morphology of ES-AgNPs; and (d) size distribution of ES-AgNPs. Scale bar ¼ 50 nm, n ¼ 35.

Fig. 8 Energy dispersive spectra of (a) IS-AgNPs and (b) ES-AgNPs.
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resistant bacteria (Table 2). Because commercial AgNPs has
greater particle sizes (�100 nm) than IS-AgNPs which may
impair their antibacterial effectiveness. As previously stated, the
4342 | RSC Adv., 2022, 12, 4336–4345
smaller particles have a higher bactericidal effect due to their
increased surface area. Previously, commercial AgNPs was re-
ported to have antimicrobial activity against methicillin-
resistant Staphylococcus aureus (MRSA) with a MIC of 1.35 mg
mL�1.86 However, in this study, IS-AgNPs exhibited antibacterial
activity against clinical isolate drug-resistant strains, whereas
commercial AgNPs did not show any antibacterial activity. It can
therefore be concluded that IS-AgNPs is a promising candidate
for controlling nosocomial infections caused by drug-resistant
strains. Among all tested bacteria, A. baumannii was one of
the major causes of nosocomial infections. In recent years, with
the development of antimicrobial resistance, A. baumannii
became resistant to numerous commonly used antibiotics, such
as aminopenicillin, rst- and second-generation cephalosporin.
Therefore, A. baumannii become one of the most MDR organism
threatening current antibiotics therapy.76,87–89 The WHO has
assigned this bacterium as critical priority pathogen in which
new antimicrobial agents are urgently needed.90 Thus, the
AgNPs has more potential to be further developed as antimi-
crobial agent against A. baumannii. Previously, the antimicro-
bial activity of green synthesized AgNPs from Penicillium
polonicum against MDR A. baumannii was reported by Neethu
et al. with the MIC of 15.62 mg mL�1.91 Compared to the current
study, the MIC of IS-AgNPs was two time lower than those
AgNPs synthesized from P. polonicum. Therefore, the IS-AgNPs
has more potential to be further developed as antimicrobial
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antimicrobial activity test of IS-AgNPs, ES-AgNPs and commercial AgNPsa

Clinical isolate pathogen

Antimicrobial activity

IS-AgNPs ES-AgNPs Commercial AgNPs

Inhibition zone (mm) MIC (mg mL�1)
Inhibition
zone (mm) MIC (mg mL�1) Inhibition zone (mm) MIC (mg mL�1)

MDR A. baumannii 20.3 � 1.7 0.0068 — Not determined — $1.35
K. pneumoniae 1617 12.6 � 1.5 0.027 — Not determined — $1.35
P. aeruginosa N90PS 20.3 � 0.5 0.013 — Not determined — $1.35
E. coli 8465 21.0 � 1.7 0.027 — Not determined — $1.35

a — ¼ no clear zone; measurements were performed in triplicate.
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agent against A. baumannii. The antimicrobial action of AgNPs
was to attach to the cell membrane, penetrate the bacteria,
generate ROS, and modulate signal transduction
pathways.9,11,18,92

The antimicrobial activity of AgNPs depends on the size,
shape, coating or capping agent, stability, and type of bacteria.11

It has been showed that the smaller the nanoparticles, the
higher the bactericidal effect. Since the small nanoparticles
contain a large surface area for interaction with bacterial cells,
thus they can easily adhere to the bacterial cell
components.9,11,92

The stability of AgNPs is affected not only by the capping
agents but also by storage time and conditions.93 In this study,
the IS-AgNPs were stored at room temperature (30–35 �C) for
one month and examined their antimicrobial activity. The
antimicrobial activity of IS-AgNPs was not considerably affected
aer storage for one month at room temperature (Table S1†).
On the other hand, IS-AgNPs was also tested for stability under
4 �C storage for ve months by examining their antibacterial
activity and UV-vis spectrum. The results showed that there was
no signicant change in antibacterial activity or UV-vis spec-
trum (Table S1 and Fig. S1†). As a result of these ndings, IS-
AgNPs can be stored at 30–35 �C for at least one month or at
4 �C for at least ve months. Velgosova et al. demonstrated that
AgNPs synthesized from green method exhibited mild particle
agglomeration aer 100 days of storage at room temperature
but remained stable aer six months at 5 �C. Therefore, they
proposed that the green synthesized AgNPs should be kept at
5 �C in a dark condition.94 Thus, our data is in agreement with
Velgosova et al. that the refrigerator is an ideal storage setting
for AgNPs.

4. Conclusions

The soil isolated S. chiangmaiensis SSUT88A has been exploited
for the synthesis of AgNPs. The ES-AgNPs showed a larger size
compared to IS-AgNPs. The IS-AgNPs showed antimicrobial
activity against drug-resistant bacteria A. baumannii, K. pneu-
moniae 1617, P. aeruginosa N90PS, and E. coli 8465, while ES-
AgNPs and commercial AgNPs showed no antimicrobial
activity against all tested pathogens. This study revealed that IS-
AgNPs synthesized from S. chiangmaiensis SSUT88A was an
effective antimicrobial agent against drug-resistant pathogens.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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F. S. T. Maria, Afr. J. Biotechnol., 2017, 16, 2072–2082.

71 S. Baker, P. M. N. Nagendra, B. L. Dhananjaya, K. K. Mohan,
S. Yallappa and S. Satish, Enzyme Microb. Technol., 2016, 95,
128–136.

72 S. Z. Naqvi, U. Kiran, M. I. Ali, A. Jamal, A. Hameed,
S. Ahmed and N. Ali, Int. J. Nanomed., 2013, 8, 3187–3195.

73 S. Calvin, XAFS for everyone, CRC Press, Boca Raton, 2013.
74 J. P. Berumen, E. Gallegos-Loya, H. Esparza-Ponce,

R. Gonzalez-Valenzuela, C. Gonzalez-Valenzuela and
A. Duarte-Moller, Phys. Sci. Int. J., 2009, 1, 138–147.

75 D. Koningsberger and R. Prins, X-ray absorption: principles,
applications, techniques of EXAFS, SEXAFS, and XANES,
Wiley, 1988.
© 2022 The Author(s). Published by the Royal Society of Chemistry
76 C. A. Moubareck and D. H. Halat, Antibiotics, 2020, 9, 1–29.
77 S. Shivaji, S. Madhu and S. Singh, Process Biochem., 2011, 46,

1800–1807.
78 C. H. N. de Barros, G. C. F. Cruz, W. Mayrink and L. Tasic,

Nanotechnol., Sci. Appl., 2018, 11, 1–14.
79 T. G. F. Souza, V. S. T. Ciminelli and N. D. S. Mohallem, J.

Phys.: Conf. Ser., 2016, 733, 1–5.
80 R. I. MacCuspie, K. Rogers, M. Patra, Z. Suo, A. J. Allen,

M. N. Martin and V. A. Hackley, J. Environ. Monit., 2011,
13, 1212–1226.

81 H. S. Kim, Y. S. Seo, K. Kim, J. W. Han, Y. Park and S. Cho,
Nanoscale Res. Lett., 2016, 11, 1–9.

82 Z. S. Pillai and P. V. Kamat, J. Phys. Chem. B, 2004, 103, 945–
951.

83 N. Thongkrachang, S. Chanama and M. Chanama, J. Public
Health Dev, 2016, 14, 59–68.

84 E. Banin, D. Hughes and O. P. Kuipers, FEMS Microbiol. Rev.,
2017, 41, 450–452.

85 C. Batchelor-McAuley, K. Tschulik, C. C. M. Neumann,
E. Laborda and R. G. Compton, Int. J. Electrochem. Sci.,
2014, 9, 1132–1138.
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