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In the present investigation functional chitosan/silver nanocomposites (CS/Ag NCs) were successfully synthe-
sized and found to possess favorable antibacterial activity against extended spectrumbeta-lactasame (ESBL) pro-
ducing Pseudomonas aeruginosa. Powder X-ray diffraction showed that the obtained CS/Ag NCs are constituted of
highly crystalline Ag nanoparticles (NPs) embedded in an amorphous CS matrix material. Transmission electron
microscopy (TEM) analysis provided structural information about CS/AgNCs, revealing the formation of spherical
cluster structures constituted of Ag NPs with size ranging from 6 to 18 nm embedded in the amorphous CS ma-
trix. Theminimum inhibitory concentration (MIC) andminimumbactericidal concentration (MBC) of AgNPs and
CS/Ag NCswere found to inhibit the ESBL producing P. aeruginosa at 80 μg/mL (76%) and 50 μg/mL (92%), respec-
tively. Confocal laser scanningmicroscope (CLSM) and scanning electronmicroscopy (SEM) images revealed that
P. aeruginosa experienced reduced cell viability andmorphological cellmembrane damage at desiredMIC. The in-
vivo toxicity effect of Ag NPs and CS/AgNCs suggested an increasedmortality ratewhen Artemia franciscanawere
exposed for 24 h to increasing concentrations of Ag NPs and CS/Ag NCs. Anti-ESBL activity and toxicity effect of
CS/Ag NCs revealed that these NCs possess promising antibacterial properties to overcome numerous communi-
cable bacterial strains.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The antibiotic resistance is due to the enhanced evolutionary ability
of microorganisms including bacteria, virus, fungi and parasites to fight
and neutralize antibiotics [1]. Inabilities of antibiotics to kill infectious
pathogens are the most condemnatory challenge to modern medicine
and health care settings [2]. For instance, N40% of the urinary tract infec-
tion (UTI) pathogens seem to be heightening and become a rising ther-
apeutic challenge for clinicians, particularly Gram-negative bacteria
(GNB), which increase their antibiotic resistance nature. This has been
reported to be one of the greatest challenges to public health [3]. Ac-
cording to the World Health Organization (WHO), the extensive uses
of antibiotics, that are sometimes non-prescribed, have led to an expan-
sion of bacterial antibiotic resistance [4]. The WHO outcome with re-
spect to antimicrobial resistance (AMR) surveillance 2014 revealed
that antibiotic resistance is serious and an emerging threat in treating
bacterial infections [5]. Antibiotic resistant bacteria communicate with
each other both by quorum sensing and inside the cell at the
thupandy).
transcriptome level. It obliviously causes many types of asymptomatic
infections leading to the development of multi drug resistance (MDR)
bacteria [6]. In February 2017, the WHO announced first-ever list of
twelve MDR bacteria that needed novel antimicrobial agents. These de-
veloped more resistance against almost all the current antibiotics.
Among the twelve, seven bacteria were reported to possess resistance
against β-lactam antibiotics and categorized as very “critical” [7]. β-
lactam antibiotics have the ability to block bacterial cell wall very effec-
tively. As a result, a drug has been developed against any types of bacte-
rial infections for clinical treatment [8]. In recent years, some bacteria
have developed resistance against β-lactam antibiotics such as penicil-
lin and cephalosporin due to the production of β-lactamase [9]. β-
lactamase is an enzyme produced by bacteria, which they use to hydro-
lyze β-lactam antibiotics. These bacteria contain β-lactamase coding
gene, thereby inactivating the antibiotics and preventing cell lysis [10].

Among the GNB, P. aeruginosa is the second most common Gram-
negative extended spectrum beta-lactamase(ESBL) producing bacteria
causing UTI in hospitalized patients [11]. The WHO listed
carbapenem-resistant P. aeruginosa as a top most critical pathogen,
which desperately requires new treatment options [12]. In the US,
13–19% of MDR P. aeruginosa has been reported in health care related
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Scheme 1. Structure of high molecular weight chitosan.
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hospitalized patients yearly [13]. The MDR P. aeruginosa infections are
associatedwith poor outcomes, including increased resource utilization,
costs, morbidity, and mortality in hospital settings [14]. The patient-to-
patient transmission of resistance strain is a prime factor for increasing
ofMDR P. aeruginosa, aswell as newly acquired resistance owing to pre-
vious antibiotic usage [15].

Metal nanoparticles (gold and silver) show very good biological
properties that are highly relevant for attention anti-bacterial, anti-
fungal, anti-malarial and anti-cancer applications [16–18]. Among
them, silver nanoparticles (Ag NPs) have shown excellent anti-
bacterial activity of altered ESBL producing bacterial pathogens includ-
ing P. mirabilis BDUMS 1 (KY617768), E. coli BDUMS 3 (KY617770),
P. aeruginosa BDUMS4, P. aeruginosa BDU5,K. pnumoniaeBDU6 and En-
terobacter sp. BDU7 [19,20]. Furthermore, the antibacterial activity of Ag
NPs relies on their morphology, size and size-distribution. Conse-
quently, adjusting the size distribution of Ag NPs is challenging.
Hence, progress on the improvement of the Ag NPs size distribution
and dimensional stability have been reported by embedding Ag NPs in
a polymer matrix [21,22].

Chitosan (CS) is a natural polysaccharide, mainly derived from the
shell of marine crustaceans. CS possesses multifunctional properties in-
cluding biodegradability, biocompatibility and antibacterial activity. It
has been used as a matrix material to construct novel composite mate-
rials, while maintaining its efficient activities useful in numerous areas
and particularly biomedical applications [23,24]. CS has been success-
fully used as a matrix material to form CS/Ag nanocomposites (NCs).
CS was found to improve Ag NPs size-distribution as well stabilization
but also promote additional antimicrobial properties to the resulting
NCs [25–27]. Thus, combining CS and Ag NPs is very appropriate for
multiple goals such as for biomedical, textile and food packaging appli-
cations [28,29].

A simple and significant biological path to produce the CS/Ag NCs is
by using acetic acid as a reducing agent and CS as stabilizing agent. In
the present work, the synthesized Ag NPs and CS/Ag NCs were charac-
terized by UV–Visible (UV–Vis) spectrophotometry, Fourier-transform
infrared (FTIR) spectroscopy, powder X-ray diffraction (XRD),
thermagravimetric analysis (TGA) andmorphologically by transmission
electron microscopy (TEM) analysis. The antibacterial activity of syn-
thesized Ag NPs and CS/Ag NCs was assessed against ESBL producing
P. aeruginosa by minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC) and their in-vivo toxicity was
evaluated against Artemia fanciscana.

2. Materials and methods

2.1. Chemicals and glasswares

Acetic acid and chitosan powder with amolecular weightwithin the
range of 310,000–375,000 Da, a viscosity range of 800–2000 cP and a
deacetylation degree N75%were purchased fromAladdin Industrial Cor-
poration and fromRichjoint Chemicals (China), respectively. Themolec-
ular structure of chitosan is reported in Scheme1. Analytical grade silver
nitrate (AgNO3) as well as glucose were obtained from Sinopharm
chemicals (China) and were used as received, without further purifica-
tion. All the glassware used in the present studywas thoroughlywashed
with deionized water prior to use. All the media and chemicals were
purchased from Hi-media laboratory (Mumbai, India) to perform bio-
logical characterization.

2.2. Synthesis of Ag NPs and CS/Ag NCs

The synthesis of CS/AgNCswas carried out by stirring 100mLof 0.7%
(w/v) CS in 0.1 M glacial acetic acid until reaching pH 2.6. The viscous
solution was stirred continuously overnight for complete dissolution
of CS. Silver nitrate having a concentration of 0.05 M was subsequently
used for the synthesis. A volume of ~40mLof AgNO3 solutionwas added
to the viscous solution of chitosan and the mixture was stirred. The col-
orless solutionwas heated at 90 °C for 6 h to obtain anorange yellowCS/
Ag NCs colloid. This color change was indicative of the formation of CS/
Ag NCs, whichwas evidenced due to a color change from colorless to or-
ange yellow color and monitored by UV–vis spectroscopy (Model:
Shimadzu, UV-1750). After reaching room temperature, the orange-
yellow solution was centrifuged at 9000 rpm for 30min for eliminating
undesired biggest CS/AgNCs. The supernatant constitutes the CS/AgNCs
stock solution. Before further use, ~10 mL of stock solution was diluted
in 90 mL of distilled water [30]. Ag NPs were prepared under the same
condition, without CS.

2.2.1. Characterization of Ag NPs and CS/Ag NCs
The synthesized Ag and CS/Ag NCs were characterized by UV–Vis

spectrophometry. The spectra were recorded using a Shimadzu UV-
2450 spectrophotometer. FTIR spectra were recorded using a Nicolet
FTIR (NEXUS-) spectrometer in the wavenumber range of
4000–400 cm−1. TGA curves of Ag NPs and CS/Ag NCs were recorded
using TGA-7 Perkin-Elmer under air atmosphere at a heating rate of
20 °C/min from 30 °C up to 800 °C. DTGA curves were obtained from
the first derivative of the TGA curves. Powder XRD measurements
were conducted using an advanced Rigaku D/max-RA X-ray diffractom-
eter, equipped with CuKα radiation (λ = 1.54178 Å). The morphology
and size of the Ag NPs and CS/Ag NCs were examined by TEM (Hitachi
JEM-2100).

2.3. Collection and maintenance

Ten strains of Gram-negative uropathogens P. aeruginosa, which
cause UTIs were obtained from the Department of Microbiology,
K.A.P.V. Government Medical College, Tiruchirappalli, Tamil Nadu,
India. The morphology and biochemical characterization of the selected
strainswere confirmed in our previous study [2]. After confirmation, the
identified strains were streaked on nutrient agar slant and maintained
at 4 °C until further use.

2.4. Detection of MDR strains of P. aeruginosa

All the ten P. aeruginosa strains were detected for their MDRs effect
using specific UTI panel of Psudo 1 UTI 1- HX012, Psudo 2 UTI 2 -
HX053, Pseudo 3 UTI 3- HX103 and Psudo 4 UTI 4- HX033 including
imipenom (IPM-10 μg), aztreonam (AT-30 μg), cefoperazone/
sulbactum (CFS-75/10 μg), piperacillin/tazobactam (PIT-100/10 μg),
ceftazidime (CAZ-30 μg), netillin (NET-30 μg), cefotaxime (CAZ-30 μg),
ciprofloxacin (CIP-5 μg), co-trimoxazole (COT-25 μg), gentamycin
(GEN-10 μg), imipenem (IPM-10 μg), ticarcillin/clavulanic acid (TCC
75/10 μg), ciprofloxacin (CIP-5 μg), imipenem (IPM-10 μg),meropenem
(MRP-10 μg), ertapenem (ETP-10 μg), cefoperazone/sulbactum (CFS-
75/30 μg) piperacillin/tazobactam (PIT-100/10 μg) and nalidixic acid
(NA-30 μg), nitrofurantoin (NT-300 μg), cephalothin (CEP-30 μg),



1223G. Rajivgandhi et al. / International Journal of Biological Macromolecules 132 (2019) 1221–1234
ampicillin (AMP-25 μg), co-Trimoxazole (Cot-25 μg), norfloxacin (NX
10 μg) by Kirby-Bauer disc diffusion method (CLSI Guidelines), follow-
ing our previous study [4].

2.5. Screening of ESBLs producers

The ESBL producing ability of the 10 selected P. aeruginosa strains
were phenotypically identified by agar disc diffusion method using
Hexa G-minus 24 and HX096 disc method (CLSI, Guidelines, 2016)
using cefpodoxime (CPD–10 μg), cefpodoxime/clavulanic acid (CCL–
10/5 μg), ceftazidime (CAZ–30 μg), ceftazidime/clavulanic acid (CAC –
30/10 μg), cefotaxime (CTX – 30 μg), cefotaxime/clavulanic acid (CEC
– 30/10 μg) [6]. In addition, the ESBL production was further confirmed
by E-test MIC strip detection method. The two ends of the MIC gradient
concentration discs were used. One end of each strip was impregnated
with ceftazidime (0.50–32 μg/mL), cefotaxime (0.25–16 μg/mL). The
other ends of the stripswere impregnatedwith ceftazidime/ceftazidime
+ clavulanic acid (0.64–4 μg/mL), ceftazidime/ceftazidime+ clavulanic
acid (0.16–1 μg/mL) and the MIC value was quantified in μg/mL (CLSI
Guidelines, 2016) [31]. For MIC stripe method, each strip between the
inhibition eclipse and zone of edge in the strips containing points
were recorded as MIC. If the ESBL production show positive result, the
microbial isolates exhibited an MIC zone in N0.5 for cefotaxime, N1 for
ceftazidime; and N8 for cefotaxime/cefotaxime+ cefotaxime/clavulanic
acid or ceftazidime/ceftazidime + clavulanic acid [32].

2.6. Antibacterial activity

The antibacterial properties of the resultant Ag NPs, CS/Ag NCs were
tested against ESBL producing P. aeruginosa using agar well diffusion
method previously reported [33]. Briefly, an overnight grown culture
of ESBL producing P. aeruginosawas spread onmuller hinton agar plates
(MHA) using sterile cotton swabs. The wells were cut into the medium
and various concentrations of Ag NPs, CS/Ag NCs were added. Third-
generation cephalosporin disc (ceftazidime, 30 μg) acted as a positive
control for ESBL production and distilledwater served as a negative con-
trol. The plate was incubated at 37 °C for 24 h. After incubation, the in-
hibition zone around thewellswasmeasured in diameter (mm)and the
resulting zones were compared with negative control of the distilled
water wells. The absence or presence of the positive control disc around
the zone was also measured for detection of ESBL production.

2.6.1. Minimum inhibition concentration
The MIC and MBC of Ag NPs, CS/Ag NCs against ESBL producing

P. aeruginosa were determined using microdilution method using
Luria bertani broth (LB) [34]. In brief, 10 μL of bacterial strain was inoc-
ulated into the previously filled 100 μL of sterile LB broth containing 96
well plates. After, increasing concentration 10, 20, 30, 40, 50, 60, 70, 80,
90, 100 μg/mL of Ag NPs, CS/Ag NCs (the ultra sonication was made for
pure suspension of particles and it acts as a dissolved solution,which ac-
curately reflects the amount of Ag NPs, CS/Ag NCs available in solution
to act on the P. aeruginosa) was filled into the respective wells. The
final volume of the 96-well was 300 μL. The bacterial culture alone in
the sterile broth of the well acted as a control. The plate was incubated
at 37 °C for 24 h. After incubation, the MIC value was identified by
checking the turbidity of the bacterial growth. The MIC value
corresponded to the concentration that inhibited 99% of the tested bac-
terial growth and their optical densities of the plate were read with a
UV–Vis spectrophotometer at a wavelength of 570 nm for inhibition
of growth level quantification. The work was performed in triplicate
and the percentage of inhibition was calculated by using the formula,

Inhibition %ð Þ ¼ Control OD 570 nm−Test OD 570 nmð Þ=Control OD 570 nmð Þ
�100
2.6.2. Minimum bactericidal concentration
The MBC of Ag NPs and CS/Ag NCs against ESBL producing

P. aeruginosa was assessed according to a conventional method [35].
Briefly, an aliquot of 10 μL from all the MIC wells, which showed de-
creased bacterial growth was inoculated in MHA plates without addi-
tion of any nanomaterial and then incubated at 37 °C for 24 h. The
antibacterial inhibition of Ag NPs and CS/Ag NCs were considered
when either MIC and MBC values were equal or when MBC was higher
than MIC [20].

2.6.3. Confocal laser scanning electron microscope
The potential MIC concentration of Ag NPs and CS/Ag NCs induced

intracellular damage in ESBL producing P. aeruginosa was analyzed by
CLSM [36]. Briefly, the log phase culture of ESBL producing
P. aeruginosawas treated withMIC of Ag NPs, CS/Ag NCs into the tryptic
soy broth (TSB) containing a 24 well plate. Non-treated Ag NPs and CS/
AgNCs containing P. aeruginosawell acted as a control and the platewas
maintained at 37 °C for 24 h. After incubation, both the test and control
samples were centrifuged at 10000 rpm for 15 min to promote better
mode of action of thepellets. 10 μL of acridine orange-ethidiumbromide
(AO/EB)were used to stainwith each pellet-containing tube. Finally, the
samples were smeared on a glass slide and covered with cover slides.
The cell death of the Ag NPs, CS/Ag NCs treated ESBL producing
P. aeruginosa or live cells of the tightly arranged non-treated control
sample of the glasses were separately observed by CLSM. The samples
were imaged using a Carl Zeiss CLSM 710 (Carl Zeiss, Jena, Germany)
equipped with a 100 × oil-immersion objective lens.

2.6.4. Scanning electron microscope
The Ag NPs and CS/Ag NCs non-treated or treated ESBL producing

P. aeruginosa morphological differentiation was observed by SEM [37].
Briefly, the 12 h culture of ESBL producing P. aeruginosa was treated
with MIC of Ag NPs, CS/Ag NCs and incubated at 37 °C for 12 h. After in-
cubation, the treated samples were centrifuged at 5000 rpm for 30 min
and then cell suspensions were fixed with 4% glutaraldehyde millonig's
phosphate buffer (pH 7.3) for 4 h, followed by three timewashing in the
same buffer. The fixed cells were vacuum filtered using polycarbonate
membrane filters and dehydrated with ethanol-graded series (10, 20,
30, 40, 50, 60, 70, 80, 90 and 100%). The dehydrated samples were
allowed to air dried and mounted onto aluminum stubs and coated
using gold‑palladium metal (60:40 alloys) with 15 nm thickness. Fi-
nally, the samples were air-dried and analyzed using a Cambridge Ste-
reo scan 200 scanning electron microscope (model: VEGA3 TESCAN,
Brno, Czech Republic) using an accelerating voltage of 20 kV.

2.7. Anti-β-lactamase activity by iodimetric assay

Anti-β-lacamase effect of Ag NPs and CS/Ag NCs against ESBL pro-
ducing P. aeruginosa was assessed by microiodimetric assay using 24-
well plate [38]. Briefly, the log phase culture of ESBL producing
P. aeruginosa was added into TSB with MIC of Ag NPs, CS/Ag NCs in
24-well plate at 37 °C and incubated overnight and supplemented
with amoxicillin to stimulate β-lactamase secretion. After incubation,
the sample was centrifuged by 5000 rpm for 30 min. After centrifuga-
tion, the pellet was collected and resuspended in phosphate buffer at
pH 7 with iodine solution and the sample was incubated for 1 h. After
incubation, the cells were lysed using an ultrasonicator followed by ad-
dition of starch‑iodine reagent. After 30 min incubation, the color
change was monitored, as expected due to the reaction of iodine with
starch. After 10 min incubation, the blue color of the well containing
amoxicillin indicated that beta-lactam ring cleavage did not occur. The
quick decolorization of the sample indicate that amoxicillin molecules
are being hydrolyzed and the amoxicillin play a role in the beta-
lactamase inhibition activity. A microdimetric assay was carried out
separately after preincubating the bacterial cells using various concen-
trations (10–100 μg/mL) of Ag NPs and CS/Ag NCs in starch iodine
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solution to determine anti-β-lactamase activities in 24-well plate. All
the plates were incubated at 37 °C for 24 h. The optical density (OD)
of starch‑iodine solutions was measured based on the color changes at
630 nm using a microplate reader (Rayto, China).

2.8. In-vivo toxicity effect of Ag NPs and CS/Ag NCs against A. fanciscana

The in-vivo toxicity effect of Ag NPs and Ag/Cs NCs were assessed
against brine shrimp adult A. fanciscana as described before in the liter-
ature [39]. The natural seawater was collected from sea and filtered
through a 50 μmnet to remove the organicmatters andmaintained sea-
water salinity at 35 ppt. This salt water was oxygenated using a com-
mon air pump that is used in ornamental fish culture. The
temperature and pH were adjusted within the ranges of 26–29 °C and
7.5–8.5, respectively, in a control room. Commercial brand GSI (Great
Salt Lake) A. franciscana cyst was hatched out in salt water and main-
tained in stock culture under laboratory condition as reported before
in the literature [40]. The Ag NPs and Ag/Cs NCs were solubilized in a
proportion of 0.5 mL to 2 mL and saline solution was taken to obtain
stock solution at concentration of zero (0). Fold dilutions of 10, 20, 30,
40, 50, 60, 70, 80, 90 and 100 μg/mL were used to achieve the detection
ofmortality. Each 30 adult Artemiawere released in experimental setup.
The experiments were protected from light for 24 h and experiments
were performed in triplicate. After 24 h, the number of dead individuals
was counted (eg. inactive condition)using amagnifying glass. The study
of sample toxicity was rated based on the adult Artemia death, which
was classified by observing the absence of swimming activity in the ex-
perimental samples. The toxicity level was considered as follows; 10
μg/mL concentration as nontoxic; 50 μg/mL as moderate toxics and
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Fig. 1. UV–Vis absorption spectra (a), FTIR spectra (b), TGA traces (c
above 60 μg/mL as highly toxic for Ag NPs and Ag/Cs NCs. Further, the
mortality ability of Ag NPs and Ag/Cs NCs was further assessed by
light microscope analysis to observe the internal organs of the
A. franciscana. The affected A. franciscana was recovered with a net
and dissected very carefully with sterile scalpel. The affected parts of
the intestinewere collected separately, and themorphological damages
were observed using a light microscope using crystal violet stain.

3. Results and discussion

3.1. Synthesis and characterization of nanomaterials

Typical UV–Vis absorption spectra of Ag NPs and CS/Ag NCs are
shown in Fig. 1a. The spectrum corresponding to the Ag NPs sample dis-
play the distinctive surface plasmon resonance (SPR) absorption peak
located at a wavelength of ~423 nm, suggesting the successful synthesis
of Ag NPs [41]. This result suggests that the concentration of reducing
agent in the reaction solution and temperature play a significant role
for during the reduction procedure for Ag NPs synthesis. This agrees
with earlier findings regarding Ag NPs synthesis [42,43]. In the present
work, CS/Ag NCs were prepared at 90 °C and the starting solution expe-
rienced a color variation from colorless to yellow color within 60 min.
UV–Vis spectrophometry revealed a peak located at a wavelength of
~430 nm, related to the synthesis of CS/Ag NCs (Fig. 1a). When compar-
ing spectra obtained for Ag NPs and Cs/Ag NCs, the intensity of the ab-
sorption peak of CS/Ag NCs decreases (Fig. 1a red line) upon addition
of AgNO3 in the CS solution. At same time, the position of the absorption
peak was found to shift towards a higher wavelength, from ~423 to
430 nm. During CS/Ag NCs synthesis, most of Ag+ ions chemically
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interact with acetic acid, which participate in the formation of CS/Ag
NCs [44].

FTIR spectra for Ag NPs and CS/Ag NCs are shown in Fig. 1b. These
provide information on the molecular structure of Ag NPs and Ag NPs
to CS. The FTIR spectrum of the Ag NPs shows absorption peaks located
at wavenumber positions of ~3531 and 1674 cm−1, which corresponds
to O\\H stretching and N\\H bending vibrational motions, respectively
(Fig. 1b block line). This finding is in agreement with our results pub-
lished earlier [45]. The FTIR spectrum of CS/Ag NCs shows absorption
peaks located at wavenumber positions of ~3464, 1643, 1536, 1384
and 1062 cm−1, which correspond to O\\H stretching, N\\H bending,
N\\H angular deformation in C\\O N\\H plane, C\\N band and
C\\O\\C band stretching vibrational motions, respectively. This result
agrees with our previous report that also involved the synthesis of CS/
Ag NCs [30]. The absorption peak located at a wavenumber position of
~1062 cm−1 more particularly provides information on the interaction
betweenAgNPs and the aminogroups of CS.When comparing the spec-
tra of Ag NPs and CS/Ag NCs, the CS/Ag NCs from Fig. 1b, several shifts
towards higher or lower wavenumber are observed. The peak located
initially at ~3531 cm−1 (for Ag NPs) shifts to a wavenumber position
of ~3464 cm−1 (for CS/Ag NCs). Other peak shifts from ~1674 cm−1

(for Ag NPs) down to ~1643 cm−1 (for CS/Ag NCs), which was also ac-
companied by a decrease in absorption intensity. The CS/Ag NCs spectra
indicate that the vibrational motions of N\\H moieties that belong to
the molecular structure of CS was somehow disturbed by the presence
of Ag NPs in contact with CS. These changes may be due to the interac-
tion of OH groups with Ag+ ions [46]. In our previous report, FTIR spec-
tra of CS/Ag NCs suggested similar information [30].

The thermal stability of Ag NPs and CS/Ag NCs was assessed using
TGA analysis. TGA traces for these materials are shown in Fig. 1c. First
of all, the TGA trace corresponding to Ag NPs show a weight loss of
~2.9% from ~57 up to 430 °C (stage I). This weight loss may occur due
loss of water molecules and impurities (Fig. 1c block line). This stage
of weight loss was relatively small amount, which suggest that rela-
tively highly pure Ag NPs were successfully synthesized. A second
weight loss of ~10.4% is observed (stage II) from ~439 up to 530 °C.
This relatively small weight lossmight be associated to the thermal deg-
radation of organic components. The TGA trace of CS/Ag NCs shows
three weight loss stages. The first weight loss of ~6.1% (stage I) starts
from ~49 °C up to ~157 °C, which may be related to loss of water mole-
cules and volatile impurities from the sample (Fig. 1c red line). A second
weight loss of ~37% (stage II and III) can be seen,which starts from ~204
up to 375 °C. Thisweight loss has been reported to be due to the thermal
degradation of amine and\\CH2OH assembly that belong to themolec-
ular structure of CS [47]. A fourth weight loss can be observed, which
starts from ~402 up to 773 °C. This weight loss has been reported to
occur due to the degradation of glucopyranose of [48].

DTA curves of Ag NPs and CS/Ag NCs have conformed polar groups
and consequently water can be simply adsorbed by hydrogen bonding
[49]. The two peaks of DTA curve of Ag NPs was indicated the first and
second degradation stages (Fig. 1d black line). First degradation tem-
perature of Ag NPs is at 73 °C, for water molecules burning temperature
and the second degradation temperature is at 499 °C for the organic
components' temperature. The second stage of degradation tempera-
ture, peaks are broader with higher intensity. The four peaks of DTA
curve of CS/Ag NPs was indicated the degradation temperature at 65
°C, 233 °C, 307 °C and 578 °C, for water molecules burning temperature,
amine, primary alcohol temperature and carbonization temperature
(Fig. 1d red line). It reveals that with increased amounts of silver parti-
cles into the chitosan matrix lead to enhanced thermal stability.

The powder XRD pattern of Ag NPs is shown in Fig. 2 (black line).
Four main diffraction peaks located at 2θ positions of ~38.1°, 44.2°,
64.5, and 77.3° can be observed, which correspond to the (111),
(200), (220) and (311) crystalline, respectively. This pattern was
found to be an almost perfect match with the JCPDS card no. 040783
[50]. This suggests the successful synthesis of crystalline and pure Ag
NPs. The powder XRD pattern for CS/Ag NCs is reported in Fig. 2 (red
line). One can observe diffraction peaks that occur due to the presence
of CS and Ag NPs This observation agrees with the values reported in
our earlier report on CS/Ag NCs [30]. For the pattern, corresponding to
CS/Ag NCs (Fig. 2), the broad diffraction peaks from CS is highlighted
with a blue dot, while the diffraction peaks occurring from the presence
of Ag NPs are highlighted using red stars. The broad diffraction peak of
CS is located at a 2θ value of ~25.3°, which is typical of an amorphous
polymer. Diffraction peaks of Ag NPs are found to occur at 2θ values of
~37.9°, 44.3°, 64.5° and 77.4°. The powder XRD pattern obtained for
the CS/Ag NPs was found to be consistent with the monoclinic crystal-
line morphology of Ag NPs, even when these are embedded into a CS
matrix. As expected, the intensity of the diffraction peaks that occur
due to the presence of Ag NPs in CS/Ag NCs were found to decrease
when Ag NPs are embedded in the CS matrix (Fig. 2 block line). The
powder XRD pattern obtained for CS/Ag NCs does not contain any addi-
tional diffraction peaks, suggesting that no contamination was present
in the CS/Ag NCs. This result agrees with the previously discussed TGA
data, which also suggested that high purity materials have been
synthesized.

The surface morphology of the synthesized Ag NPs and CS/Ag NCs
was examined by TEM analysis. The corresponding images are shown
in Fig. 3. TEM micrographs of Ag NPs show that the particles were
closely packed and possess sphere-like morphology as well as
nanosized dimensions (Fig. 3a,b). The sphere-like morphology and
size of the synthesized Ag NPs was found to be relatively uniform with
size ranging from 10 up to 35 nm. The TEM images (Fig. 3c,d) of CS/Ag
NCs confirmed that the NCs possess two phases, one being CS and the
other Ag NPs, due to their different densities, which results in generat-
ing contrasts. The Ag NPs were found to form aggregates, which are
surrounded by the CS matrix [51]. During the reduction process, the ag-
glomeration of Ag NPs may occur due to diffusion effects, while the CS
matrix was allowed to dissolve for extensive time. For CS/Ag NCs, Ag
NPs aggregates were surrounded by the CS matrix and the Ag NPs
were found to possess dimensions in the nanosized range. The size of



Fig. 3. TEM micrographs of Ag NPs (a,b) and CS/Ag NCs (c,d).
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the Ag NPs that formed these aggregates embedded in the CS matrix
were found to range from6up to 18nm. ComparedwithAgNPs synthe-
sized without CS, the Ag NPs obtained with the presence CS were
smaller (Fig. 3). This observation may be related to the stabilizing effect
of CS during the reduction reaction.

3.2. Detection of MDR effect of P. aeruginosa

Based on the rod shaped Gram-negative, motile colonies of the 10
collected strains were morphologically recorded by oil immersion lens
of light microscope. The positive oxidative and cetrimide result con-
firmed that the tested strains were P. aeruginosa. After confirmation,
all the strains were named as BDU 1, BDU 2, BDU 3, BDU 4, BDU 5,
BDU 6, BDU 7, BDU 8, BDU 9, BDU 10. Among the 10 strains of
P. aeruginosa, BDU1, BDU3 andBDU5 exhibitedmore resistance against
almost all testedHEXAdisc containing antibiotics. The BDU2 and BDU4
strains also developed resistance against most of the HEXA disc antibi-
otics, except against ciprofloxacin, piperacillin/tazobactam and
cefoperazone/sulbactum (Table 2). The BDU 2 and BDU 4 strains exhib-
ited 20mm, 19mm, 17mm, and 20mm18mm17mm inhibition zone,
respectively. On the other hand, BDU 6, BDU 7, BDU 8, BDU 9 and BDU
10 were found to be generally more sensitive to antibiotics. Based on
the highest degree of resistance, the BDU 5 strain exhibited smaller in-
hibition zone against all the tested antibiotics, compared to BDU 1 and
BDU 3 strains. The zone did not exceed the standard zone level of CLSI
guidelines. The BDU 1 and BDU 3 strains exhibited 14mm, 16 mm inhi-
bition zone against ciprofloxacin, 19 mm, 21 mm against piperacillin/
tazobactam and 18 mm, 19 mm against cefoperazone/sulbactum, re-
spectively. These values were found to be a little high compared to the
BDU5 strain. In particular, the selected P. aeruginosa BDU 5 strain devel-
oped resistance against carbapenems such as imipenem, meropenem
and ertapenem, which showed no inhibition zone against tested antibi-
otics. This result was found to correlate with theWHO report [1] where
the selected P. aeruginosa BDU 5 was reported for its carbapenems
resistance character. The exhibited zones of the antibiotics could not
complete their role against selected P. aeruginosaBDU5 strains by target
site modification. It revealed that the zone producing antibiotics were
ineffective against BDU 5, due to the minimum level of inhibition
(CLSI guidelines, 2016). The Hexa discs zone interpretation was com-
pared with CLSI guidelines against P. aeruginosa and is summarized in
Table 1. Hence, our result demonstrated that the P. aeruginosa BDU 5
strain is a MDR uropathogens, especially carbapenems resistant and it
developed resistant against all the current antibiotics, which may lead
to ESBL production. The MDRs of the P. aeruginosa BDU 5 strain against
tested HEXA discs are shown in Fig. 4a–d. The zone variations of BDU 1,
BDU 3 and BDU 5 strains against tested HEXA discs are presented in
Table 2. The results obtained in the present study agree with our earlier
findings [52]. A previous study reported that 80% of UTI pathogens de-
veloped resistance to antibiotics due to the unusual environment due
to unprescribed and over use of antibiotics [53]. In our recent report,
minimum zone of HEXA discs antibiotics against GNB developed resis-
tance against tested antibiotics (CLSI guidelines) meaning that it could
not be used against any infections due to the previous usage failure [54].

3.3. Detection of carbapenems resistant ESBL producing P. aeruginosa

After 24 h incubation of the carbapenems resistant P. aeruginosa BDU
5 strain with Hexa G-minus 24 disc antibiotics, results revealed no inhi-
bition zone around all the discs, except with cefotaximewhere a 14mm
inhibition zonewas produced (Fig. 4e). Clearance zoneswithin N22mm
for ceftazidime, N27 mm for cefotaxime, N21 mm for cefpodoxime and
no zone of double discs in the cefpodoxime/clavulanic acid, ceftazi-
dime/clavulanic acid, cefotaxime/clavulanic acid were observed and as
a result, the BDU 5 strain was considered as ESBL producer (CLSI Guide-
lines). The P. aeruginosa BDU 1 and BDU 3 strains exhibited 14, 24,
20 mm and 13, 20, 22 mm clearance zone against ceftazidime, cefotax-
ime and cefpodoxime, respectively. The increasing zone of 5 mm of
cefpodoxime/clavulanic acid, ceftazidime/clavulanic acid and
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Table 1
The Hexa discs zone interpretation chart against P. aeruginosa based on the CLSI guidelines.

S. no Antibiotics CLSI guidelines for MDRs of enterobacteriacea (CLSI) Test pathogens

S (mm) I (mm) R (mm)

1 Ceftazidime (CAZ-30 μg) 21 18–20 19 P. aeruginosa
2 Cefotaxime (CTX-30 μg) 24 21–23 20 P. aeruginosa
3 Ciprofloxacin (Cip-5 μg) 21 16–20 15 P. aeruginosa
4 Co-Trimoxazole (Cot-25 μg) 16 11–15 10 P. aeruginosa
5 Gentamycin (GEN-10 μg) 13 9–11 10 P. aeruginosa
6 Imipenom (IMP-10 μg) 26 23–25 22 P. aeruginosa
7 Ticarcillin/clavulanic acid (TCC-75/10 μg) 24 21–23 21 P. aeruginosa
8 Meropenem (MRP-10 μg) 26 21–22 22 P. aeruginosa
9 Ertapenem (ETP-10 μg) 20 17–19 21 P. aeruginosa
10 Cefoperazone/sulbactum (CFS-75/10 μg) 22 13–16 13 P. aeruginosa
11 Piperacill/tazobactam (PIT-100/10 μg) 23 14–17 14 P. aeruginosa
12 Nalidixic acid (NA-30 μg) 23 18–21 13 P. aeruginosa
13 Ampicillin (AMP-30 μg) 22 17–19 12 P. aeruginosa
14 Cephalothin (CEP-30 μg) 22 22–23 16 P. aeruginosa
15 Ampicillin (AMP-10 μg) 18 14–17 13 P. aeruginosa
16 Aztreonam (AT-10 μg) 18 14–17 13 P. aeruginosa
17 Norfloxacin (NF-10 μg) 17 13–16 12 P. aeruginosa
18 Netillin (NET-10 μg) 16 12–14 10 P. aeruginosa
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Table 2
Detection of MDRs effect in P. aeruginosa by specific HEXA Discs for P. aeruginosa.

S. no Antibiotics BDU 1 BDU 2 BDU 3 BDU 4 BDU 5

1 Cefoperazone/sulbactum (CFS) 18 14 19 17 4
2 Piperacillin/tazobactam (PIT) 19 17 21 20 4
3 Ticarcillin/clavulanic acid (TCC) 4 10 11 9 5
4 Co-trimoxazole (COT) 0 14 12 0 6
5 Ciprofloxacin (CIP) 14 20 16 19 2
6 Nitrofurantoin (NT) 0 0 8 0 0
7 Nalidixic acid (NA) 2 0 8 0 2
8 Cephalothin (CEP) 0 6 7 0 0
9 Ampicillin (AMP) 0 8 9 0 0
10 Norfloxacin (NX) 4 0 0 0 2
11 Meropenem (MRP) 0 0 0 8 0
12 Ceftazidime (CAZ) 6 0 0 6 2
13 Cefotaxime (CTX) 0 4 0 4 0
14 Ertapenem (ETP) 2 0 0 3 2
15 Gentamycin (GEN) 0 0 0 6 2
16 Aztreonam (AT) 0 0 9 10 2
17 Imipenom (IPM) 0 0 6 10 9
18 Netillin (NET) 2 0 8 10 6
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cefotaxime/clavulanic acid was also observed against both the BDU 1
andBDU3 strains. Based on the CLSI Guidelines, all the results suggested
that the P. aeruginosa BDU 1, BDU 3 and BDU 5 strains were ESBL pro-
ducers. In particular, carbapenems resistant P. aeruginosa BDU 5 was
more resistant to all the tested antibiotics than any other andwere con-
firmed by phenotypic identification method. The inhibition zone varia-
tion of BDU 1, BDU 3 and BDU 5 is shown in Fig. 4f. Among the 3 strains,
the carbapenems resistant P. aeruginosa BDU 5 strain was easily suscep-
tible to other infections like obstruction of UTI, blockage of urinary cath-
eters, bladder, kidney stone and bacteriuria [55]. A previous study
suggested that P. aeruginosa is the secondmost ESBL producing bacteria.
Its MDR behavior is often attributed to patient-to-patient transmission
of resistant strains as well as newly acquired resistance owing to previ-
ous antibiotic exposure [13]. Recently, another study reported that the
MDR of P. aeruginiosa is non-susceptible to at least one antibiotic in
three or more antimicrobial categories [56]. The Hexa disc result, how-
ever, confirmed that the isolated P. aeruginosa strains of BDU 1, BDU 3
and BDU 5 are ESBL producers and possess enhanced ability against all
current antibiotics.

In addition, the HEXA disc method of ESBL positive P. aeruginosa
strains of BDU 1, BDU 3 and BDU 5 was further confirmed by combina-
tion MIC E-stripe method. The E-stripe produced 0.38, 0.40, 0.36 mm
zones of inhibition for ceftazidime/ceftazidime + clavulanic acid and
0.34, 0.39, 0.42 mm zones for cefotaxime/ceftazidime + clavulanic
acid against BDU 1, BDU 3 and BDU 5 strains, respectively. Interestingly,
carbapenems resistant P. aeruginosa BDU 5 exhibited the lowest zone of
inhibition than the two strains against ceftazidime/ceftazidime +
clavulanic acid cefotaxime/ceftazidime + clavulanic acid as observed
in Fig. 5a–b. On the contrary, no inhibition zone on the opposite end
of the MIC-stripe containing ceftazidime and cefotaxime was observed
against the three P. aeruginosa strains. The test result confirmed the
zone of inhibition is below the range of MIC N8 mm value. Therefore,
the MIC-stripe method cardinally indicates that the selected bacterial
strains were ESBL producer (CLSI guidelines, 2016). The inhibition
zone variation of MIC stripe against BDU 1, BDU 3 and BDU 5 strains is
reported in Fig. 5c. The MIC stripe result revealed that P. aeruginosa
strains developed resistance against maximum level of antibiotic
usage [57]. Based on the complete resistance characteristic features of
the carbapenems resistant P. aeruginosa BDU 5 strain against all the
tested antibiotics, it was chosen for this study. Our result was found to
agree with previous reports [2,58] where theMIX+ stripe result exhib-
ited 0.32, 0.39 mm zone against ESBL producing P. aeruginosa and
K. pneumoniae, respectively. On February 2017, the WHO stated that
three types of resistance pathogens are “critical” such as carbapenems,
imipenem and fluoroquinolones [59]. The range of MIC value was
N8 mm, which is a positive result for ESBL production in Gram-
negative bacteria (CLSI guidelines) as previously evidenced [60]. The ex-
hibited result confirmed that the carbapenems resistant P. aeruginosa
BDU 5 strain has the multi drug resistant ability that leads to ESBL pro-
duction. Hence, there is an emerging need to identify new types of anti-
bacterial agents to eradicate infections generated by P. aeruginosa.
Furthermore, there is a high demand for novel strategies to detect the
appropriate inhibitors against ESBL producing pathogens and β-
lactamase, which has been very challenging. During the past few
years, the emergence of CS/metal NCs and its efficiency against various
antibiotic resistance infections have shown promises.

3.4. Antibacterial activity

Based on its ESBL producing ability, the carbapenems resistant
P. aeruginosa BDU 5 strain was chosen for this study and identify its in-
hibition ability using synthesized AgNPs and CS/AgNCs. After 24h incu-
bation, the Ag NPs and CS/Ag NCs treated carbapenems resistant
P. aeruginosa BDU 5 strain showed 16mmand 20mmzone of inhibition
at concentrations of 80 μg/mL and 50 μg/mL, respectively. Theminimum
7mm and 11mm zone of inhibition was observed at a concentration of
25 μg/mL for bothmaterials. The result revealed that the CS/Ag NCs pos-
sess more antibacterial efficiency than Ag NPs alone. On the other hand,
the positive control of ceftazidime for ESBL production showed 10 mm
zone and distilled water did not exhibit zone of inhibition (Fig. 6a–c).
Here, the viability of the carbapenems resistant P. aeruginosa BDU 5
strain decreased due to the presence of silver ions. The outermembrane
of the P. aeruginosa is covered by lipopolysaccharides and is electrostat-
ically linked with divalent bond that produces a stable structure at the
surface of the outermembrane [61]. This bonding region is aweak bind-
ing site of the outer membrane for Ag+ ions. Ag+ ions, however, easily
bind to this region of outer membrane and form various complex reac-
tions with nitrogen and other substituents. This is how Ag NPs effec-
tively damage the lipopolysaccharides and collapse the outer
membrane of the target cell [62]. The inhibition ability of NPs can be fur-
ther improved by polymers including CS, gelatin, collagen etc. [63,64].
Polymersmay offer a promising solution as they can also act as a carrier
for antibiotics, NPs and natural compounds [65]. Themost successful re-
search evidence of the excellent activity of CS/Ag NCs against efflux
pumps, biofilms biofilm, quorum sensing and β-lactamase production
in MDR producing bacterial pathogens has been report in a previous
study [66]. An important current issue of CS/Ag NCs is to overcome
their toxicity in MDR bacteria [67].

3.4.1. Minimum inhibition concentration
After 24 h incubation, the strong dose-dependent antibacterial activ-

ity of AgNPs and CS/AgNCs treated ESBL positive carbapenems resistant
P. aeruginosa BDU 5 culturewas observed at various concentrations. The
strongest growth decrease of P. aeruginosa showed 76 and 92% of inhi-
bition at 80 μg/mL and 50 μg/mL of Ag NPs and CS/Ag NCs, respectively
(Fig. 6b). It was found that, as the concentration of Ag NPs and CS/Ag
NCs increases, the growth of carbapenems resistant P. aeruginosa BDU
5 also decreases. This result reflected that theMICof both nanomaterials
has potential in fighting the growth of carbapenems resistant
P. aeruginosa BDU 5 at increasing concentration. After 12 h incubation,
the initiation of inhibition was not reached for Ag NPs treated
P. aeruginosa until a 25 μg/mL concentration was used. No minimum
time was required for CS/Ag NCs to achieve desired inhibition effect.
CS/Ag NCs initiated their role against P. aeruginosa at a concentration
of 5 μg/mL. The result revealed that both nanomaterials were effective
against the chosen carbapenems resistant P. aeruginosa, but that CS/Ag
NCs were even more efficient that Ag NPs.

3.4.2. Minimum bactericidal concentration
The desired MIC was validated by MBC to avoid any misinterpreta-

tion. All the turbidity of insoluble MIC solution was suppressed by dilu-
tion on the MHA plates. After 24 h incubation, the inhibition
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concentration of both nanomaterial concentrations was noted, where
no visible growth appears on the MHA plate when nanomaterial treat-
ment was utilized. The MBC result exhibited similar MIC of Ag NPs
and CS/Ag NCs in treated carbapenems resistant P. aeruginosa BDU 5
in diluted MBC plate (6 d, e). Hence, both MIC and MBC results were
confirmed meaning that concentrations of 80 μg/mL and 50 μg/mL of
Ag NPs and CS/Ag NCs have the potential to inhibit ESBL producing
P. aeruginosa and these concentrations was used as a MIC for further in-
hibition study.

The identified results of MIC andMBC suggest that the growth of the
carbapenems resistant P. aeruginosa BDU 5 strain stopped in the log
phase due to the intracellular penetration of both nanomaterials, acting
as bactericidal agents, into the bacterial cells that altered their bacterial
activity [68]. The results can be clearly explained on the basis of the dif-
ferences in the cell wall of P. aeruginosa. The cell wall of GNB is made up
of peptidoglycan layer, which acts a selective permeability barrier to
protect bacteria from harmful agents, such as drugs, toxins, and degra-
dative enzymes and penetrating nutrients to sustain bacterial growth
[69]. The structure and chemical nature of the outer cell membrane in
P. aeruginosa arranged in lipid bilayer and the presence of phospholipid
chains act as a potential barrier to GNB [70]. Our result suggests that Ag
NPs and CS/Ag NCs may alter the outer membrane of the lipopolysac-
charide at desired MIC. The altered outer membrane of P. aeruginosa
possesses rough surface, mucoid or butyrous damage due to the exter-
nal cleavage of cell wall. The accumulation of the nanomaterial inside
the bacterial cell was shown due to blockage of bactericidal effect and
protein synthesis mediated by the 30S ribosomal subunit or nucleic
acids synthesis [71]. The inner and outer membrane damage result of
Ag NPs and CS/Ag NCs treated P. aeruginosamorphology was clearly vi-
sualized by CLSM and SEM images. Previous MIC reports of Ag NPs and
CS/Ag NCs against MDR bacterial strains is summarized in Table 3.

3.4.3. Confocal laser scanning electron microscope
The uptake of Ag NPs and CS/Ag NCs binding into the intracellular of

ESBL positive carbapenems resistant P. aeruginosa was visualized by
CLSM. The result of Ag NPs and CS/Ag NCs treated P. aeruginosa cell
show the complete and successful uptake of the nanomaterials by
P. aeruginosa cell at their respective MIC. The uptake was more particu-
larly high for CS/Ag NCs treated P. aeruginosa compared to Ag NPs.Max-
ima cell disruption of damaged cells of 100% and 72% were observed for
CS/Ag NCs and Ag NPs at their respective MIC, respectively (Fig. 7a–c).
After 24 h treatment at MIC, the attachment of both nanomaterials pro-
duced damages of surface integrity in P. aeruginosa. After their entry into
the cell membrane, both nanomaterials collapsed the aggregation of
cells and also showed crashed cell membrane with dispersed cell ar-
rangement. The clear morphology with tightly packed aggregation of
cells with intense adherent ability was, however, observed in untreated
control cells. Acridine orange/Ethidium bromide are coloring dyes,
which are used for detection of live cell death in nanomaterials treated
or untreated bacteria. Here, the EtBr of treated cells indicate that nega-
tive charges of the P. aeruginosa cell membrane was easily affected by
neutral charges of the Ag NPs, and the maximum uptake of
nanomaterials was shown in treated P. aeruginosa. Due to this defect,
the death cell rate gradually increased, and the colonies experienced
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morphological damage as seen in red color images by uptake of EtBr.
The untreated control cells of the P. aeruginosa cells, however, uptaked
the AO stain, which showed smooth, clear membrane structure with
green color morphology. Hence, the result demonstrated that the ESBL
producing carbapenems resistant P. aeruginosa is highly sensitive to
Ag NPs and CS/Ag NCs. A previous study reported that Ag NPs act as
an effective antibiotic and altered the protein or metabolic pathway in
MDR strains [78]. Our result agrees with another study where Ag+ ion
from Ag NPs were shown to exert their activity against MDR bacterial
strains with broad range of mechanism, including 30S ribosome sub
unit, decreasing the expression of enzymes and protein essential to
ATP production [79]. CLSM was used to detect the live, death cells of
both nanomaterials treated, and untreated bacteria due to the uptake
of AO/EB dye, coloring agents used to penetrate the damaged or smooth
bacterial cells [80].

3.4.4. Scanning electron microscope
The morphological alteration of Ag NPs and CS/Ag NCs treated and

untreated carbapenems resistant P. aeruginosa cell wall as well as its in-
terior is shown in Fig. 7d,e. After treatment of the bacteria with both
nanomaterials, the intracellular distribution and binding location of
both nanomaterials as well as damaged morphology of bacteria was
Table 3
Previous reports of MIC compared to Ag NPs and CS/Ag NCs obtained from the present study a

S. no Material ESBL producing bacteria

1 Ag NPs E. coli, Klebsiella sp. and Proteus sp.
2 Ag NPs E. coli
3 Ag NPs E. coli
4 Ag NPs KPC-positive K. pneumoniae
5 Ag NPs P. aeruginosa
6 CS/Ag NCs Methicillin-Resistant S. aureus
7 CS/Ag NCs S. aureus, P. aeruginosa and methicillin resistant S. aure
8 CS/Ag NCs P. aeruginosa
observed by using SEM. SEM images suggest that the treated cells pos-
sess a relatively rough surface, disorganized structure with distorted
membrane morphology, large leakage of cellular content, irregular sur-
face, collapsedmembrane and bleb formation. Themisshapen and frag-
mentary morphology of some cells with partially degraded intracellular
damagewas observed at theMIC of AgNPs treated cells. The rod shaped,
smooth, native cells and cleared filaments around the cells were, how-
ever, observed in the control images. The SEM results, however, re-
vealed that CS/Ag NCs has a better ability to inhibit and intracellular
modification in ESBL producing carbapenems resistant P. aeruginosa
compared to Ag NPs. Recently, a study reported than many pis and
gaps appeared in SEMmicrographs and thatmembrane attack occurred
in GNB, where it could penetrate inside the cell and finally act at various
sites [81]. SEM images of CS/Ag NCs confirmed the cell wall or folic acid
damage and alteredmetabolic pathways, including protein or DNA rep-
lication,which has been observed inMDRbacteria [82]. The SEM images
of CS/Ag NCs treated bacterial cells show that big gaps appeared in the
cell membrane, and that bacteria were almost disorganized or
fragmented into several parts. Permeability of Ag NPs causes damage
in bacteria due to the phosphorus and sulfur containing compounds
such as DNA, regulating enzymes [83].
gainst MDR bacterial strains.

Antimicrobial activity MIC References

20 μg/mL 20 μg/mL [72]
50 μg/mL 50 μg/mL [73]
50 mmol/L 10.9–16.9 mmol/L [74]
6.75 mg/mL 6.75 mg/mL [75]
80 μg/mL 80 μg/mL Present study
9.6 μg/mL 9.6 μg/mL [76]

us 184.5 μg/mL 184.5 μg/mL [77]
40 μg/mL 40 μg/mL Present study
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3.5. Anti-β-lactamase activity by iodimetric assay

MIC of Ag NPs and CS/Ag NCs treated carbapenems resistant
P. aeruginosa culture was observed in decolorization of dark blue color
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Fig. 8. Inhibition of β-lactamase by Ag NPs treated or control cells of the P. aeruginosa BDU 5 (
P. aeruginosa BDU 5 (24well plate) plate was observed (b) and percentage of β-lactamase inhib
at 1 h incubation. The result indicated that the nanomaterial is involved
in theβ-lactam ring cleavage and induceβ-lactamase inhibition activity
in ESBL positive carbapenems resistant P. aeruginosa (Fig. 8a,b). The per-
sistent blue color in the amoxicillin treated positive control indicate that
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ition at various concentration using Ag NPs and CS/Ag NCs against P. aeruginosa BDU 5 (c).
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the antibiotics did not undergo the β-lactam ring cleavage activity,
which indicated that the ESBL production was not altered in
P. aeruginosa culture. The result suggested that both nanomaterials
had efficient β-lactamase inhibition activity. In the mechanism of β-
lactamase inhibition, the oxidation process was initiated in Ag NPs
and CS/Ag NCs treated samples due to the penicilloic acid degradation.
Penicilloic acid is a punch of acids which formed from the penicillins
by the hydrolytic opening of the lactam ring [39]. However, the free io-
dine easily binds to starchmolecules of Ag NPs and CS/AgNCs by degra-
dation and produces blue color, indicating the nanomaterials possess β-
lactamase inhibition activity. Furthermore, the anti-β-lactamase activity
of Ag NPs and CS/Ag NCs treated bacterial culture was measured spec-
troscopically for detection of inhibition percentage. β-lactamase inhibi-
tion levels of 80% and 92% against ESBL positive carbapenems resistant
P. aeruginosa were observed at concentrations of 70 and 50 μg/mL of
nanomaterial, respectively. Before, the initiation of inhibition level in
the Ag NPs and CS/Ag NCs against carbapenems resistant P. aeruginosa
culture was observed at 10 and 5 μg/mL, respectively. This result
allowed demonstrating that the Ag NPs and CS/Ag NCs have the ability
to inhibit the β-lactamases production in ESBL positive P. aeruginosa.
Furthermore, the β-lactamase inhibition percentages of the control
and test samples were obtained by OD values using ELIZA reader and
the result are shown in Fig. 8c. The outer membrane of proteins is the
prime target for β-lactamase producing bacteria was found to contain
large molecules of penicillin binding protein. Ag NPs and CS/Ag NCs
may degrade the synthesis of penicillinase in ESBL producing bacteria
due to the diffusion of nanomaterials through porins [84]. It is generally
a reduction of the amount of these proteins, or some other components
of the outermembrane, which causes the non-enzymaticmechanism of
resistance. This may offer a chance to abolish the ESBL producing bacte-
ria in urinary tract infected patients [1].

3.6. In-vivo toxicity analysis of Ag NPs and CS/Ag NCs

The toxicity study performed using adult A. franciscana allowed the
determination of the lethal doses or minimum lethal concentrations
(50%) of the Ag NPs and CS/Ag NCs treated animals (LD50 or LC50),
which was observed at 24 h. The mortality was reported based on the
concentration of the nanomaterials, which showedminimummortality
at 10 μg/mL (3nos) andmaximum(22 nos) at 100 μg/mL of AgNPs after
24 h. 8 no adult Artemiamortality were, however, recorded at 10 μg/mL
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Fig. 9.Mortality rate of Ag NPs and CS/Ag NCs treated (a, b) against A. franciscana, internal dam
treatment at 100 μg/mL of Ag NPs and CS/Ag NCs (e, g), respectively.
concentration and 29 adult Artemia death was observed at 100 μg/mL
concentration of CS/Ag NCs. Consequently, the optimum mortality of
Ag NPs treated adult Artemia was 20 at concentrations of 70 and 80
μg/mL. Similar mortality rate was observed at concentrations of 40
and 60 μg/mL of CS/Ag NCs. The CS/Ag NCs concentration was compar-
atively very low compared to Ag NPs alone (Fig. 9a,b). The result re-
vealed that the Ag NPs and CS/Ag NCs were highly toxicity against
model marine organisms of A. franciscana, and that CS/Ag NCs possess
stronger toxicity effect than Ag NPs alone. Furthermore, based on the
minimum and maximum lethal concentration, the internal parts of the
A. franciscana intestine was found to be heavily affected by CS/Ag NCs
and the affected parts imaged by light microscopic analysis are shown
in Fig. 9c–g. The internal parts of the partial damage of A. franciscana in-
testine was observed at 10 μg/mL treatment for both Ag NPs and CS/Ag
NCs (Fig. 9d,f). The entire damage, however, was observed at a concen-
tration of 100 μg/mL for both AgNPs and CS/AgNCs (Fig. 9e,g). The clear,
unaffected control A. franciscana internal parts are reported in Fig. 9c.

4. Conclusion

In summary, AgNPs and CS/AgNCswere successfully synthesized by
a simple chemical approach. The powder XRD patterns and TGA traces
of Ag NPs and CS/Ag NCs suggested that highly pure Ag NPs and CS/Ag
NCs were obtained. The TEM images of the CS/Ag NCs showed that Ag
NPs formclusters that are surrounded by the CSmatrix. CS/AgNCs dem-
onstrated excellent antibacterial activity against ESBL positive carba-
penems resistant P. aeruginosa BDU 5 strain with a 20 mm ZOI at a
concentration of 50 μg/mL, which was higher than for Ag NPs (16 mm
at 80 μg/mL). MIC and MBC of CS/Ag NCs showed 92% of inhibition at
concentrations of 50 μg/mL and 76% at 80 μg/mL, respectively. A
syngergetic effects between Ag NPs and CS might explain why CS/Ag
NCs exhibit greater antibacterial activity compared to when Ag NPs
are used alone. CS controls the release of Ag+ and promotes prolonged
effect of Ag+as a function of time. CSmacromolecules present in CS/Ag
NCsmay induce a positive charge to AgNPs external side,whichmay in-
crease their attaching to the negative charges of the bacterial cell sur-
face. CLASM and SEM images allowed observing live death cell and
intercellular damage of ESBL positive carbapenems resistant
P. aeruginosa BDU 5 using CS/Ag NCs. The toxicity study of CS/Ag NCs
against adult A. franciscana assay suggested that thematerial was highly
toxic. Overall, CS/AgNCs exhibited sufficient antibacterial and anti-ESBL
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properties against ESBL positive carbapenems resistant P. aeruginosa
strain as well as toxicity against adult A. franciscana showing good po-
tential to be used as antimicrobial agent in the biomedical sector.
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