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synergistic effect of chitosan
metal ions (Cu2+/Co2+) in combination with
antibiotics to counteract the effects on antibiotic
resistant bacteria

Nouran A. Elbialy, a Heba K. A. Elhakim,b Mona Hassan Mohamedc

and Zainab Zakaria *d

The effectiveness of antibiotics that save millions of lives is in danger due to the increasing rise of resistant

bacteria around the world. We proposed chitosan–copper ions (CSNP–Cu2+) and chitosan–cobalt ion

nanoparticles (CSNP–Co2+) as biodegradable nanoparticles loaded with metal ions synthesized via an ionic

gelation method for treatment of antibiotic resistant bacteria. The nanoparticles were characterized using

TEM, FT-IR, zeta potential and ICP-OES. The MIC was evaluated for the NPs in addition to evaluating the

synergetic effect of the nanoparticles in combination with cefepime or penicillin for five different antibiotic

resistant bacterial strains. In order to investigate the mode of action, MRSA, DSMZ 28766 and Escherichia

coli E0157:H7 were selected for further evaluation of antibiotic resistant genes expression upon treatment

with NPs. Finally, the cytotoxic activities were investigated using MCF7, HEPG2 and A549 and WI-38 cell

lines. The results showed quasi spherical shape and mean particle size of 19.9 ± 5 nm, 21 ± 5 nm and 22.27

± 5 for CSNP, CSNP–Cu2+ and CSNP–Co2+ respectively. FT-IR showed slight shifting of the hydroxyl and

amine group's peaks of chitosan indicating the adsorption of metal ions. Both nanoparticles had antibacterial

activity with MIC ranging between 125 and 62 mg ml−1 for the used standard bacterial strains. Moreover, the

combination of each of the synthesized NP with either cefepime or penicillin not only showed a synergetic

effect as antibacterial activity of each NP or antibiotics alone, but also decreased the fold of antibiotic

resistance genes expression. The NPs showed potent cytotoxic activities for MCF-7, HepG2 and A549

cancer cell lines with lower cytotoxic values for the WI-38 normal cell line. The NPs' antibacterial activity

may be due to penetration and rupture of the cell membrane and the outer membrane of Gram negative

and Gram positive bacteria causing bacterial cell death, in addition to, penetration into the bacterial genes

and blocking gene expression that is vital to bacterial growth. The fabricated nanoparticles can be an

effective, affordable and biodegradable solution to challenge antibiotic resistant bacteria.
1 Introduction

One of themain threats to human health is the rise of pathogenic
bacteria that are resistant to drugs. In the United States,
antibiotic-resistant bacteria are responsible for almost 2 million
cases of serious illness, including 23 000 fatalities each year.1 The
majority of multi-drug-resistant (MDR) infections necessitate
protracted antibiotic therapy, oen coupled with tissue
debridement (i.e., surgical removal), which results in low patient
compliance and high medical expenses. Antibiotic usage obvi-
ously promotes the emergence of resistance. Epidemiological
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studies have shown a link between the use of antibiotics and the
establishment and spread of resistant bacterial species.2

Many identied bacteria by the Centers for Disease Control
and Prevention (CDC) as posing urgent, serious, and worrying
risks already place a signicant clinical and nancial burden on
the American health care system, patients, and their families.3

Due to improper antibiotic use, bacteria can become resistant to
them especially in the middle east region.4 Bacteria produce b-
lactamase and cleave b-lactam rings in antibiotics to cause b-
lactamase resistance, which is one of several categories of
antibiotic resistance.5 Studies have attempted b-lactam antibi-
otics and -lactamase inhibitors to solve this problem. Instances
include clavulanic acid (amoxyclav), sulbactam (ampicillin/
sulbactam), and tazobactam (piperacillin/tazobactam).6

Around the world, several types of antibiotic resistance genes
(ARGs) are frequently discovered in livestock fertilizer are the
fundamental cause of bacterial resistance. Re-potentiating the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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antibiotics by combining them with additional antibiotics or
antibacterial substances, such as nanoparticles in synergistic
ways is one technique to get around this issue.7 Most antibiotic
resistance pathways are irrelevant for the nanoparticles (NPs).
For instance, metallic components NPs that exhibit a potent
capacity to prevent bacterial adherence and proliferation can be
turned into antibacterial nanoparticles and nano-composites by
part alloying, common factor, and heat processing.8–10 As
a result, different types of nanoparticles synthesis have been
used in order to get metal NPs, metal oxide NPs, nano-
composites,11 magnetic NPs12 and biodegradable NPs for
interesting new NP-based materials with antibacterial proper-
ties.13 Nanoparticles with polymer sizes between 10 and
1000 nm composed of natural or synthetic materials exhibit
distinctive physical and chemical characteristics due to
phenomena including the quantum size effect, micro size
effect, surface effect, and macro-quantum tunnel effect.14 Chi-
tosan (CS) has generated a signicant interest due to its special
combination of capabilities, including biocompatibility,
biodegradability, metal complication, and antibacterial
action.15 Consequently, CS has numerous existing and potential
uses in numerous elds including combination to NPs.

CS has been shown to produce a number of complexes,
including CS–silver, CS–zinc, and CS–manganese. It is also
effective in vitro against a number of bacterial pathogens,
including Escherichia coli, Salmonella choleraesuis, and Staphy-
lococcus aureus.16,17 Pervious study investigated the synergic
effect of a composites of tetracycline with copper oxide nano-
particles (CuONp) integrated in chitosan micro-particles
(CsMp@CuONp) as antibacterial elements.18 Additionally, it
was noted that the enhanced cytotoxic action of the CS–metal
complex is mostly due to the strong affinity of metal ions for the
cell membrane.19

The aim of the present study is to investigate the use of
chitosan–metal ion NPs to reverse the action of antibiotic
resistance using affordable and biodegradable method.
Furthermore, this research evaluated the synergetic effect of
synthesized nanoparticles on antibiotic resistance bacteria
including Gram positive and Gram negative strains in combi-
nation with b-lactamase antibiotics. The antibiotic resistance
gene expression due to the combination was evaluated in order
to determine nanoparticles mode of action as well as investi-
gating the cytotoxic activities on cancer cell lines.

2 Method
2.1. Nanoparticle synthesis

CSNP and nano-chitosan loaded with metal were purchased from
NanoTech Egypt Company. Briey, CSNP (Chitosan Egypt, Giza,
Egypt) were prepared according to ionotropic gelation method
betweenCS and sodium tripolyphosphate (TPP) (Sigma-Aldrich, St.
Louis, MO, USA) in ratio 4 : 1 respectively. To obtain 1% CSNP
solution, CS was dissolved in 1% acetic acid (v/v) (Dop Organik
Kimya, Ankara, Turkey), while TPP was dissolve in 50 ml distilled
water. The mixture was prepared by adding dropwise of TPP
solution onto CS, then it was stirred for 40 min at room temper-
ature.20 The suspension was centrifuged at 10 000g for 12min, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
then the precipitate was washed three times with water. Finally,
CSNP solution was freeze dried to be obtained in powder form.

Chitosan nanoparticle was loaded to Cu2+ (CSNP–Cu2+) and
Co2+ (CSNP–Co2+) via addition each of 5 ml metal ions solutions
with concentration 120 mg ml−1. Copper sulfate and cobalt
chloride (Loba Chemie Pvt. Ltd) were directly used as sources of
each Cu2+ and Co2+, into nano-chitosan suspensions (0.3%, w/v)
and stirring for 12 h at room temperature.16 Then, CSNP loaded
with metal ions were puried as described for CSNP purication.

2.2. Characterization of nanoparticles

Fourier transform infra-red spectroscopy (FT-IR) spectra were
obtained using the IRAffinity-1 spectrophotometer from Shi-
madzu, Japan. The spectrum was measured between 400 and
4000 cm−1. Focusing on nanoparticles, a transmission electron
microscope (TEM) was used to assess the morphology and
particle size distribution using a JOEL model 2100 from Japan
with an 8000 kV accelerating voltage. CSNP loaded metal ions
was analyzed using an inductively coupled plasma optical
emission spectroscopy using ICP-OES (Ultima Expert, JOBIN
YVON Technology) to quantify the amount of Cu2+ and Co2+

ions. Zetasizer Nano ZS, Malvern, UK was used to characterize
the zeta potential of the synthetized nanoparticles.

2.3. Antibacterial activity of CSNP–Cu2+ and CSNP–Co2+

Micro-dilution broth method was used according to the CLSI
guidelines M100 (ref. 21) for determination of minimum
inhibitory concentration (MIC) for each of the commercial
antibiotic used (cefepime and penicillin), against nano-chitosan
metal solutions, using ve antibiotic resistant Gram positive
and Gram negative bacterial strains. The used bacterial strains
were MRSA DSMZ 28766, MRSA DSMZ 46320, Klebsiella pneu-
monia DSMZ 26371, ESBL2-1 Escherichia coli DSMZ 5923, and
Escherichia coli E0157:H7 standard strain.

Briey, each of bacterial strain were cultured overnight at
37 °C and then the nal bacterial concentration was adjusted to
2 × 106 colony-forming units (CFU ml−1) in nutrient broth
(Difco). Two-fold serial dilutions were prepared of antibiotics to
reach the nal concentration of [78, 156.25, 312.5, 625, 1250,
2500, 5000, 10 000 mg ml−1] meanwhile CSNP, CSNP–Cu2+ and
CSNP–Co2+ solutions were also prepared in two fold serial
dilution to give the nal concentration of [7.8, 15.625, 31.25,
62.5, 125, 250, 500, 1000 mg ml−1]. In sterile 96-well plates, 100
ml of each dilution of antibiotics, CSNP, CSNP–Cu2+ and CSNP–
Co2+ were placed into the well containing 100 ml of bacterial
suspension. Triplicate samples were performed for each treat-
ment, as well as medium and bacteria were used as negative and
positive control, respectively. The MIC was determined using
turbidity measurements for all wells aer overnight incubation
at 37 °C at 630 nm using a micro-plate reader (BioTek, USA).

2.4. CSNP–Cu2+ and CSNP–Co2+ in combination of
antibiotic: synergistic interaction between antibiotics and CS–
metal ions NPs

The checkerboard experiment,22 in which the antibiotics [cefe-
pime and penicillin] and CS metal loaded nanoparticles [CSNP–
RSC Adv., 2023, 13, 17978–17990 | 17979
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Cu2+ and CSNP–Co2+] were serially diluted in all drug combi-
nations and was used to detect the synergistic interaction of the
two medications. A 2-fold serial dilution from 5 mgml−1 MIC to
0.039 mg ml−1 MIC was used to evaluate the fractional inhibi-
tory concentration (FIC) of each antibiotic [cefepime and peni-
cillin] against the concentration for the manufactured
nanoparticles [CSNP–Cu2+ and CSNP–Co2+] varied from 0.25 mg
ml−1 MIC to 0.0019 mg ml−1 MIC using the same bacterial
strains used for MIC determination. Cefepime and penicillin
concentrations were lowered vertically while CS–metal ions NPs
were varied in descending order; a negative control with culture
alone without any antimicrobial agent was used in the plates,
and then kept at 37 °C overnight. The FIC was determined by
dividing its combined MIC by its individual MIC as following
equation: FIC = CNP/MICNP + CAb/MICAb, where MICNP and
MICAb are the MICs of synthesized nanoparticles and antibiotic
drug alone, respectively, and CAb and MICAb are the concen-
trations of the nanoparticles and antibiotic compounds in
combination, respectively. The results were interpreted in
accordance with the European Committee on Antimicrobial
Susceptibility Testing's recommendations.22,23

2.5. Cytotoxicity evaluation of CSNP–Cu2+ and CSNP–Co2+

Normal human fetal lung broblast (WI-38), human breast
carcinoma (MCF-7), hepatocellular carcinoma (HepG-2) and
pulmonary epithelial cell carcinoma (A549) cell lines were
purchased from The Holding Company for Biological Products
& Vaccines (VACSERA, Cairo, Egypt, https://www.vacsera.com/).
A549 and WI-38 cells were maintained in Dulbecco's modied
Eagle's medium supplemented with 10% fetal bovine serum,
100 mg streptomycin and 100 units penicillin, while HepG-2 and
MCF-7 were maintained in RPMI medium supplemented with
10% fetal bovine serum, 100 mg streptomycin and 100 units
penicillin. Temperature was adjusted at 37 °C in a humidied
atmosphere consisting of 95% O2 and 5% CO2 for cell culture
conditions.
Table 1 Primers used in genes expression study for MRSA DSMZ 46320

Bacteria Genes name

MRSA DSMZ 46320 MecA

Blaz

PBP-4

PBP-1

16S rRNA

E. coli E0157:H7 blaTEM

blaCMY

blaSHV

16s rRNA

17980 | RSC Adv., 2023, 13, 17978–17990
The synthesized CSNP–Cu2+ and CSNP–Co2+ ions were
prepared in two fold serial dilution to a concentration range of
[3.9, 7.8, 15.625, 31.25, 62.5, 125, 250, 500 mg ml−1] in sterile
phosphate buffer saline (PBS). Cytotoxicity was measured for cell
lines using MTT assay, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (Serva Electrophores, Germany). For cell
monolayers, 100 ml of cell suspension aliquot (104 cells per well)
were plated in 96-well tissue culture plate, then incubated at 37 °
C for 24 h in a humidied incubator with 5% CO2 in order to
allow attachment of cells to the plate. Negative control with no
cells and positive control cell culture was included. Aerwards,
cells were incubated for another 48 h at 37 °C with the prepared
CSNP–Cu2+ and CSNP–Co2+ NP, then washed twice by PBS (Lonza
Bioproducts, Belgium). The reduction of MTT to formazan was
achieved by adding to each well 50 ml of 0.5 mg ml−1 MTT, and
then incubated for 4 h. Finally, cells were treated with 50 ml of
DMSO to solubilize the purple crystals of formazan. Absorbance
of the cells was measured at 570 nm with microplate ELISA
reader (BioTek, USA). Control and samples were assayed in
quadrates for each concentration. The relative viability of cells
was expressed as follows: % cell viability = (A570 of treated cells/
A570 of positive control cells) × 100. The 50% inhibitory
concentration (IC50) was estimated from graphic plots of the
dose–response curve for each concentration using GraphPad
Prism soware (San Diego, CA, USA).

2.6. Antibiotic resistant genes expression modulation by the
effect of CSNP–Cu2+ and CSNP–Co2+ in combination with
antibiotics

MRSA DSMZ 28766 was selected as one of the Gram positive
bacterial strains and E. coli E0157:H7 was selected as one of the
Gram negative bacterial strains for further evaluation of antibi-
otic resistant genes expression. Bacterial isolates were cultured
in 10 ml aliquots in nutrient broth medium overnight at 37 °C
containing CSNP–Cu2+, CSNP–Co2+ in combination with antibi-
otics at the corresponding sub-MIC concentrations; then, the
, E. coli E0157:H7 standard strain

Primer sequence Reference

F-ACTGATTAACCCAGTACAGATCCTTTC 46
R-TCCAAACTTTGTTTTTCGTGTCTTT
F-CCTAAGGGCCAATCTGAACC Designed
R-ACACTCTTGGCGGTTTCACT
F-AATGAGTTTGCCGGGTACAG Designed
R-CCATTAATGCATTCCCCATC
F-AATGGCAATTTTGCATCACA Designed
R-CCACGTTTAGGCTGCTTCTC
F-GTGACAAACCGGAGGAAGGT 47
R-ATCCGAACTGAGAACAACTTTATGG
F-GCATCTTACGGATGGCATGA 48
R-GTCCTCCGATCGTTGTCAGAA
F-GGCAAACAGTGGCAGGGTAT 48
R-AATGCGGCTTTATCCCTAACG
F-TTCAAAGGCCGGCATTTTCA Designed
R-CAGCGGTAAATCGTGGAGTG Designed
F-CATGCCGCGTGTATGAAGAA 49
R-CGGGTAACGTCAATGAGCAAA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cell pellets of each treatment were harvested by centrifugation at
14 000 rpm for 10min and stored at−80 °C until RNA extraction.

RNA extraction was performed by, Total RNA Extraction Kit
(easy-spin™ (DNA-free, iNtRON BIOTECHNOLOGY, USA))
according to manufacturer instructions. RNA was treated with
DNase in order to remove any genomic DNA impurities by
DNase I, RNase-free (Thermo Fisher Scientic, USA). RNA
concentration was determined using the NanoDrop instrument
(Nano-100, UK). The Maxime RT PreMix Kit (iNtRON
BIOTECHNOLOGY, USA) was used to synthesize cDNA from 50
ng of RNA using a PCR thermocycler (A & E Lab, UK) according
to manufacturer instructions.

Relative quantication of gene expression was carried out
using the Cycle Threshold (CT) comparative method. Quantita-
tive PCR amplication was done by Maxima SYBR Green qPCR
Master Mix (2×) ROX solution (Thermo Scientic, USA) using
thermo cycler Mx 3005 pro (Agilent Technologies). The thermal
prole was: pre-treatment at 50 °C for 2 min, initial denaturation
at 95 °C for 10min, followed by 40 cycles of denaturation at 95 °C
for 15 s, annealing at specic annealing temperature for 30 s, and
extension at 72 °C for 30 s. Samples were prepared in a 25 ml
reaction mixture containing 12.5 ml Maxima SYBR Green qPCR
Master Mix (2×), primer forward and reverse both were 1 pmol
ml−1, template cDNA 50 ng, and RNase free water up to nal
volume 25 ml, all PCR reactions were performed in duplicate. The
specic primers of genes are listed in Table 1. The fold of gene
expression level were calculated with Ct value relative to 16s RNA
gene using the equation, fold = 2−(DDCt).
2.7. Statistical analysis

All the data was expressed as mean ± standard deviation (SD).
Statistical analysis was performed using Graphpad Prizm so-
ware version 6.1. Histograms were graphed using OriginPro 8.5.
A value of p less than 0.05 was considered as statistically
signicant.
Fig. 1 FT-IR of the synthesized nanoparticles illustrates the peaks of
the hydroxyl and amine groups of chitosan ((A) CSNP) were slightly
shifted indicating the adsorption of Cu2+ and Co2+ ((B) CSNP–Cu2+)
and ((C) CSNP–Co2+).
3 Result
3.1. Characterization of CSNP–Cu2+ and CSNP–Co2+

3.1.1 Fourier transform infra-red spectroscopy of CSNP–
Cu2+ and CSNP–Co2+. The most important peaks that charac-
terize CSNP are the peaks of the hydroxyl and amine groups as
illustrated in Fig. 1A. Strong absorption in the area of wave-
number 3425.92 cm−1 which is a stretching vibration of the
hydroxyl group (–OH). C–H stretching vibration of the polymer
backbone is manifested through peaks at 2918.73 and
2851.52 cm−1 absorption peaks at 1638.81 cm−1 (C–N
stretching of amide I), 1568.81 cm−1 (C–N stretching of amide
II). The strong peak at 1413.57 cm−1 is due to C–H bending
vibration of the alkyl group. The absorption at 1150.85 cm−1

was attributed to P]O, cross-linked between the phosphoric
groups of TPP and ammonium ions of the CS within the
nanoparticles that serves to enhance both the inter- and intra-
molecular interaction in chitosan nanoparticles.24 The
absorption peaks at 1093.44 and 896.757 cm−1 are recognized
due to the anti-symmetric stretching vibration of C–O–C
© 2023 The Author(s). Published by the Royal Society of Chemistry
bridges and assigned to glucopyranose ring in CS matrix. As
shown in Fig. 1B, the peaks at 1638.81 cm−1, 1568.81 cm−1

corresponding to the vibration of NH2 in amine groups shis
to 1620.52 and 1574.59 cm−1, respectively, indicating that NH2

took part in adsorption Cu2+. Also, the peak corresponding to
the stretching vibration of OH-group shis from 3425.92 cm−1

to 3430.74 cm−1 aer Cu2+ sorption, indicating that –OH
RSC Adv., 2023, 13, 17978–17990 | 17981
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group also take part in sorption. FT-IR results in Fig. 1C
illustrates that same shiing peaks related to hydroxyl slightly
shied to 3426.89 cm−1 and amine groups shied to 1626.66
and 1555.62 cm−1 indicate that they were the two major
functional groups responsible for adsorption of Co2+.25
Fig. 2 TEM images of the synthesized nanoparticles (A) CSNP, (B)
CSNP–Cu2+ and (C) CSNP–Co2+ illustrates that the nanoparticles
were almost spherical in shape, not uniformly arranged and similar to
each other.

17982 | RSC Adv., 2023, 13, 17978–17990
3.1.2 Transmission electron microscopy of CSNP–Cu2+ and
CSNP–Co2+. TEM images of the synthesized CSNP, CSNP–Cu2+

and CSNP–Co2+ are shown in Fig. 2 respectively. Morphological
analyses revealed that the nanoparticles were almost spherical
in shape and not uniformly arranged. The particle size of both
synthesized nanoparticle was similar to each other. Therefore,
the size distribution of the synthesized nanoparticles was taken
along the diameter of the particles while was 9–33 nm with the
mean particle size of 19.9 ± 5 nm, 21 ± 5 nm and 22.27 ± 5 for
CSNP, CSNP–Cu2+ and CSNP–Co2+ respectively as shown in
Fig. 3.

3.1.3 Metal ions concentration using ICP-OES of CSNP–
Cu2+ and CSNP–Co2+. In order to determine the accurate metal
ions concentration that adsorbed on CSNP, Cu2+ and Co2+

were analyzed in CSNP–Cu2+ and CSNP–Co2+ samples using
emission wavelengths of 324.754 and 228.616 nm, respec-
tively. The lyophilized CS–metal ion nanoparticle was
analyzed and the total amount of copper ions adsorbed onto
CSNP was 0.188 mg ml−1 while cobalt ions concentration was
0.297 mg ml−1.

3.1.4 Zeta potential of CSNP–Cu2+ and CSNP–Co2+. Zeta
potential is one of the fundamental factors inuence nano-
particle stability that measures the strength of the electrostatic
or charge repulsion/attraction between particles. Zeta potential
curve represented by Fig. 4 indicated surface charge of +34.2,
+42.2 and +45.8 mV for CSNP, CSNP–Cu2+ and CSNP–Co2+,
respectively. High zeta potential (+ or −) values are a measure-
ment or an indication of the dispersion stability of SPIONs due
to the electrostatic interaction, according to the Helmholtz–
Smoluchowski equation. This increase in the positive value of
the surface charge indicates the presence of copper or cobalt
ions.

3.2. Antibacterial activity of CSNP–Cu2+ and CSNP–Co2+

As represented in Table 2, MIC of cefepime was 2.5 mg ml−1 for
MRSADSMZ 28766 and Klebsiella pneumoniaDSMZ 26371, while
the MIC for both E. coli strains was 5 mgml−1 and 1.25 mgml−1

for MRSA DSMZ 46320. Moreover, penicillin MIC values against
all tested bacterial strains were 5 mg ml−1, except for (MRSA)
DSMZ 46320 the MIC was 2.5 mg ml−1 indicated that those
strains are resistant to the used antibiotics as shown in Table 3.

Synthesized nanoparticles showed antibacterial activity as
shown in Table 3. The recorded results also clearly showed that
the MIC of CSNP–Co2+ for MRSA DSMZ 28766, MRSA DSMZ
46320, and ESBL2-1 E. coli DSMZ 5923 was 0.125 mg ml−1 while
for Klebsiella pneumonia DSMZ 26371 and E. coli E0157:H7 was
0.0625 mg ml−1. Also CSNP–Cu2+ MIC obtained forMRSA DSMZ
28766, MRSA DSMZ 46320, ESBL2-1 E. coli DSMZ 5923, and E.
coli E0157:H7 was 0.0625 mg ml−1, while for Klebsiella pneu-
monia DSMZ 26371 was 0.125 mg ml−1.

3.3. CSNP–Cu2+ and CSNP–Co2+ in combination of
antibiotic: synergistic interaction between antibiotics and CS–
metal ions NPs

Upon the combination of each of the synthesized NP with either
cefepime or penicillin, the MIC of each combination was
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Histogram of the mean size distribution for the synthesized nanoparticles. The mean size distribution were 19.9± 5 nm for (A) CSNP, 21±
5 nm for (B) CSNP–Cu2+ and 22.27 ± 5 for (C) CSNP–Co2+.
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lowered greatly as shown in Table 3. MIC of cefepime in
combination with CSNP–Co2+ and CSNP–Cu2+ against MRSA
DSMZ 28766, MRSA DSMZ 46320, Klebsiella pneumonia DSMZ
26371 and E. coli E0157:H7, reduced from 8 up to 32 folds, while
© 2023 The Author(s). Published by the Royal Society of Chemistry
the MIC for penicillin in combination with the synthesized
nanoparticle lowered 8–16 fold.

The calculated FIC for each combination revealed that the
combination of each of the synthesized NP with either
RSC Adv., 2023, 13, 17978–17990 | 17983



Fig. 4 Zeta potential analysis for (A) CSNP, (B) CSNP–Cu2+ and (C) CSNP–Co2+ illustrates increase in the positive value of the surface charge
indicates the presence of copper or cobalt ions comparable to chitosan alone.

Table 2 MIC (mg ml−1) value for the used bacterial strains

Drug
MRSA
DSMZ 28766

MRSA
DSMZ 46320

Klebsiella
pneumonia DSMZ 26371

E. coli
DSMZ 5923

E. coli
E0157:H7

Cefepime 2.5 1.25 2.5 5 5
Penicillin 5 2.5 5 5 5
CSNP–Co2+ 0.125 0.125 0.0625 0.125 0.125
CSNP–Cu2+ 0.0625 0.0625 0.125 0.0625 0.125

17984 | RSC Adv., 2023, 13, 17978–17990 © 2023 The Author(s). Published by the Royal Society of Chemistry
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cefepime or penicillin had a synergetic effect as antibacterial
activity of each NP or antibiotics alone, except for the
combination of penicillin and both types of nanoparticles
had an additive effect upon treatment with MRSA, DSMZ
46320, as well as the combination of cefepime and CSNP–Co2+

upon treatment with Klebsiella pneumonia DSMZ 26371.
When the FIC index is less than 0.5, the combination works
synergistically; when it is between 0.5 and 2, it behaves
additively; when it is between 2 but and 4, it performs indif-
ferently; and when it is greater than 4, it responds
antagonistically.
3.4. Cytotoxicity evaluation of CSNP–Cu2+ and CSNP–Co2+

Results presented in Fig. 5 indicated that the synthesized
nanoparticles had a potent cytotoxic effect for the malignant
A549, MCF-7 and HepG-2 cancer cell lines with lower cyto-
toxicity to the nonmalignant WI-38 cell line. The recorded
IC50 values of CSNP–Cu2+ were found to be 163.5 mg ml−1,
49.8 mg ml−1, 62.5 mg ml−1 and 52.4 mg ml−1 for WI-38, MCF7,
HEPG2 and A549, respectively. While the measured IC50

values of CSNP–Co2+ for WI-38, MCF7, HEPG2 and A549 were
166.3 mg ml−1, 66.7 mg ml−1, 53.4 mg ml−1, and 61.8 mg ml−1,
respectively. This indicates a targeting effect of CSNP–Cu2+

and CSNP–Co2+ to cancer cell line comparable to normal cell
line.
3.5. Antibiotic resistant genes expression modulation by the
effect of the of CSNP–Cu2+ and CSNP–Co2+ in combination
with antibiotics

As MRSA DSMZ 28766 was chosen as one of the Gram positive
bacterial strains and E. coli E0157:H7 was chosen as one of the
Gram negative bacterial strains for further evaluation of anti-
biotic resistant genes expression, Fig. 6 illustrates that for both
types of bacterial genes expression fold had the greatest
expression fold value in the presence of penicillin and cefe-
pime alone that was reected by the antibiotics resistance and
bacterial growth. In contrast the presence of the synthesized
nanoparticle alone or in combination with both antibiotics
affected on the fold of antibiotic gene expression for both type
of bacterial strains. For MRSA DSMZ 28766, the expression
value of MecA, Blaz, PBP-4 and PBP-1 genes were decrease
almost 80% in the presence of nanoparticle in comparison to
the presence of antibiotics. Meanwhile, the fold of expression
of blaTEM, blaCMY, blaSHV genes for E. coli E0157:H7
decreased about 30% by the effect of nanoparticles comparable
to the value of antibiotics. Moreover, the combination of
antibiotics with the synthesized nanoparticles (CSNP–Co2+ +
penicillin, CSNP–Cu2+ + penicillin, CSNP–Co2+ + cefepime and
CSNP–Cu2+ + cefepime) have the greatest effect to decrease the
fold of genes expression for both bacterial strains. However,
the drug combination almost silenced the antibiotic resistance
genes expression for Gram positive bacterial strain, MRSA
DSMZ 28766, and to Gram negative bacterial strain, E. coli
E0157:H7, which was reected by antibiotics sensitivity and
bacterial growth inhibition.
RSC Adv., 2023, 13, 17978–17990 | 17985



Fig. 5 MTT cytotoxicity curve for mean% of viability ± standard error (SE) of (A) CSNP–Cu2+ and (B) CSNP–Co2+ for A549, MCF-7, HepG-2 and
Hbf-4 cell line.
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Fig. 6 Illustrates comparative genes expression after application of each antibiotics and CSNP–Cu2+ & CSNP–Co2+ alone and combination of
antibiotics with nanoparticles against (A) MRSA DSMZ 28766 and (B) E. coli E0157:H7.
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4 Discussion

In the present study, a novel CSNP loaded with copper ions or
cobalt ions with biological activities displaying potential uses in
the medical, pharmaceutical, and industrial domains was effec-
tively synthetized and characterized. Both CSNP–Cu2+ & CSNP–
Co2+ were successfully synthesized via ionic gelation method,
then characterized using FT-IR, TEM, ICP-OES and zeta potential
to approve the alteration in size, shape and total charges of syn-
thetized nanoparticles. Previous study indicated that metal ions
could be effectively adsorbed on the CS surface at pH 6 (ref. 26)
and the high affinity of the –NH2 or –OH groups of CSNP towards
copper increases the stability of the metal ion.27 Throughout the
synthesis steps of nanoparticles, the addition of TPP solution
induces the formation of CSNP particles, which range in size from
© 2023 The Author(s). Published by the Royal Society of Chemistry
9–33 nm and exhibit a zeta potential of 30 to 50 mV, depending
on themass ratio of CS to TPP or the molecular weight of CS. The
particle size of synthesized nanoparticle was similar to each other
as represented in Fig. 2 and 3. As the size distribution of the
synthesized nanoparticles was taken along the diameter of the
particles, it showed the mean particle size of 19.9 ± 5 nm for
CSNP 21 ± 5 nm for CSNP–Cu2+ and 22.27 ± 5 for CSNP–Co2+.
Also, zeta potential curve that represented in Fig. 4 indicated
surface charge of +34.2, +42.2 and +45.8mV for CSNP, CSNP–Cu2+

and CSNP–Co2+. Since our study focus on synthesis of metal ions
loading onto chitosan nanoparticle, FT-IR & ICP-OES analyses
were used to conrm the proper metal ions binding to CSNPs
with quantication of metal ions concentrations. Meanwhile, FT-
IR gures shows shiing peaks for –NH2 or –OH groups of CSNPs
as illustrated in Fig. 4.
RSC Adv., 2023, 13, 17978–17990 | 17987
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In the present study, the synthesized nanoparticles had high
antibacterial activity of, as indicated by MIC values, for tested
antibiotic resistant bacteria, while those bacteria were resistant
to penicillin and cefepime antibiotics. Moreover, the combi-
nation of each of the synthesized NP with either cefepime or
penicillin had a synergetic effect as antibacterial activity of each
NP or antibiotics alone, except for the combination of penicillin
and both types of nanoparticles had an additive effect upon
treatment with MRSA, as well as the combination of cefepime
and CSNP–Co2+ upon treatment with Klebsiella pneumonia.
Since our study focused on synthesized nanoparticle made from
CS, many studies reported CSNP alone has demonstrated a wide
spectrum of antimicrobial activity against Gram-positive and
Gram-negative bacteria through different mechanisms.28 Posi-
tively charged CS can interact electrostatically with the nega-
tively charged teichoic acid with peptidoglycans in Gram-
positive bacteria, causing the cell membrane to rupture,
internal components to leak out, and CS to enter the microbial
cells. A previous work established that CS causes the leaking of
proteins and other intracellular components.29 Also, CS's posi-
tive charges can disrupt the outer membrane (OM) in Gram-
negative bacteria, allowing it to permeate the cell membrane
and cause bacterial cell death. High negative charges from LPS
can be countered by positive charges from CS.30 Previous
research revealed that peptidoglycan hydrolysis can result in an
improved electrostatic interaction, which is supported by
measurements of the bacteria mixture's electric conductivity
and the release of cytoplasmic b-galactosidase activities from E.
coli into the growth media.31

Besides antibacterial activities of CS which has strong
affinity towards metal ions because of the presence of
numerous amine and hydroxyl groups, it can chelate with many
metal ions. Indeed chelating metal ions properties can boost
the antimicrobial activity of CS. The excellent antibacterial
property of copper and cobalt for Gram positive and negative
bacteria,32,33 as well as, cytotoxicity activity for multiple cancer
cell lines have been reported previously.28 Previous study aimed
to load different metal ions such as Ag+, Cu2+, Zn2+, Mn2+ or Fe2+

onto CSNPs, showed that antibacterial activity was signicantly
enhanced by the metal ions loaded, except for Fe2+. Especially
for CSNP loaded Cu2+, the MIC for E. coli 25922, S. choleraesuis
ATCC 50020 and S. aureus 25923 were 21–42 times lower than
that of Cu2+.16 Another study focused on antibacterial behavior
of CS-bivalent metal chelates (Co and Ni) against standard
bacteria, Staphylococcus aureus ATCC 4533, S. faecalis ATCC
8043 and Escherichia coli ATCC 25923. They indicated that the
inhibitory effects of the chelates were dependent not only on the
property of the coordinated metal ion, but also on the molar
ratio of the metal ion.34 Also Badawy et al., investigated anti-
bacterial activity of synthesized CS and CS–AgNPs for E. coli and
S. typhimurium in vitro which revealed that E. coli was more
susceptible to CS–AgNPs than S. typhimurium and CS–AgNPs
have more inuence with increasing silver concentrations.35 A
recent study discussed the synergetic effect between nano-
particle and antibiotics by Z. Assadi et al. which indicated
antibacterial activity of CuONp and a synergistic effect of
tetracycline/CuONp and tetracycline/CsMp@CuONp were
17988 | RSC Adv., 2023, 13, 17978–17990
investigated for MDR coagulase negative Staphylococcus, MDR
Pseudomonas p41, MDR Pseudomonas p21, Staphylococcus aureus
ATCC 6538 and Pseudomonas aeruginosa ATCC 9027. The
average FIC of tetracycline with CuONp was 0.85 and for tetra-
cycline with CsMp@CuONp reduced to 0.44 which indicated the
additive and synergic effect respectively.18

Till now, there is no enough studies had been conducted to
explore the antimicrobial activities of CSNP loaded with metal
ions combination with certain antibiotics against MDR bacteria
or antibiotic resistance bacteria. In contrast, few studies have
previously been done to investigate the antibacterial properties
of either antibiotic, metal ions in combination with beta-
lactamase antibiotics or the combination of CSNPs with
specic antibiotics when used against clinical infections of
MDR.36,37 A study conducted metal–antibiotic complex using
Ag+, Zn2+ and Cu2+ which was proven to be successful improving
the activity of the antibiotic against b-lactamase-producing
bacteria.37 Lamia Benhalima and Sandra Amri et al., showed
a synergistic effects for antibiotic complexes with Ag+ and Cu2+.
Furthermore, 25 different bacterial clinical isolates (16 Enter-
obacteriaceae, 5 Staphylococci, and 4 Pseudomonas), were tested
for susceptibility to copper sulfate and y two percent of
isolates were very susceptible to copper sulfate, with MICs
ranging from 100 to 200 mg ml−1.38 Besides copper ions, cobalt
metal ions form an important group of antimicrobial agent
which have different active target from most bacteriostatic
polymer.34,39 Moreover, a study focused on the chelation of CS
with Co2+ and subsequent growth inhibitory studies against
standard bacteria proved the effects of the metal coordination
to CS with ratio 1 : 3 inhibit the bacterial growth of Staphylo-
coccus aureus ATCC 4533, S. faecalis ATCC 8043 and Escherichia
coli ATCC 25923 with MIC value 125, 82.5 and 82.5 mg ml−1,
respectively.34

In order to understand the mechanism of nanoparticles
mode of action at molecular level, we studied the synthesized
nanoparticles and their combination with antibiotics on resis-
tant genes expression (MecA, Blaz, PBP-4 and PBP-1, for MRSA
strain) and (blaTEM, blaCMY and blaSHV, for E. coli strain). The
nanoparticles were effective alone in decreasing the fold of
genes expression in comparison to antibiotics alone. Moreover,
the combinations (CSNP–Co2+ + penicillin, CSNP–Cu2+ + peni-
cillin, CSNP–Co2+ + cefepime and CSNP–Cu2+ + cefepime) have
the greatest effect to decrease the fold of genes expression for
both bacterial strains. However, the combination almost
silenced the fold of MecA, Blaz, PBP-4 and PBP-1 genes
expression for Gram positive bacterial strain, MRSA DSMZ
28766, in addition to blaTEM, blaCMY and blaSHV genes
expression for Gram negative bacterial strain, E. coli E0157:H7.
This ndings support previous suggestion that the synthesized
nanoparticles may penetrate the bacterial cell membrane,
causing disturbance in resistant bacterial genes expressions
and block gene expression vital to bacterial growth. In addition
to gene expression silencing, also CS may electrostatically bind
to peptidoglycans in Gram-positive bacteria, causing the cell
membrane to rupture, while CS's positive charges can disrupt
the outer membrane in Gram-negative bacteria, allowing it to
permeate the cell membrane and cause bacterial cell death.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recently, the synergistic antibacterial potential of conventional
b-lactam antibiotics combined with N-alkylaminated CSNPs
against multidrug-resistant pathogen with blaCTX-M gene was
investigate by Kaur et al. who showed that the developed nano-
formulation resensitized the studied E. coli MDR strain to
ampicillin and piperacillin by causing a 1000–10 000-fold
decrease in their MIC values (5000–50 000 mg l−1 to 5 mg l−1).
Also, the combination of CS with cefoxitin and ceazidime
demonstrated a comparatively lower synergistic inhibitory
effect owing to the higher susceptibility (MIC value = 0.5–5 mg
l−1) to these antibiotics.40

Furthermore, when evaluating the cytotoxic activities of
CSNP–Cu2+ & CSNP–Co2+, recorded IC50 values of CSNP–Cu2+

were found to be 163.5 mg ml−1, 49.8 mg ml−1, 62.5 mg ml−1 and
52.4 mg ml−1 for WI-38, MCF7, HEPG2 and A549, respectively.
While the measured IC50 values of CSNP–Co

2+ for WI-38, MCF7,
HEPG2 and A549 were 166.3 mg ml−1, 66.7 mg ml−1, 53.4 mg
ml−1, 61.8 mg ml−1, respectively. This indicating a potent cyto-
toxic activity for cancer cell lines compared to a lower cytotox-
icity for normal cell line. As an anticancer agent, CS, CS
derivatives, or CSNPs have demonstrated their cytotoxic
potential. The main mechanism of antibacterial effect of CS is
linked to disruptions of the cell cycle's normal operation,
interference with the biological system's key tenets of protein or
enzyme synthesis, disruption of the hormonal pathway to
biosynthesis, and inhibition of the proliferation of cancer
cells.41 The interaction between CS and metal complexes and
free radical scavenging behavior is what gives these compounds
their cytotoxic properties. Complexes with various copper to CS
ratios were evaluated in vitro with 293 cells and HeLa cells as
possible anticancer agents by Yong Zheng and his group.42 The
compound showed more anticancer activity and less toxicity
than other copper–CS complexes evaluated at a ratio of 0.11 mol
copper for one CS residue. Cytotoxicity (IC50) of the complex was
calculated to be 48 ± 4 and 34 ± 2 mmol l−1 for HeLa cells and
293 cell lines, respectively. This research also shown that the
copper–CS compound reduced tumour cell growth by arresting
the cell cycle in 293 cells at the S phase.42 It has been established
that copper nanoparticles loaded with CS are biocompatible
compound for the execution of the enhanced retention and
permeation (EPR) effect to be preferentially accumulated in
cancer cells in vivo. Their remarkable anticancer effects have
been shown by maximum damage and apoptotic body forma-
tion in cancer cells. The selective uptake and accumulation of
tiny nanoparticles (<200 nm) by cancer cells has been the focus
of recent advancements in research. A greater expression of
caspase 3 in an experimental setting has demonstrated
enhanced apoptotic activity caused by an increase in caspase 3/7
activity.42,43 Chattopadhyay et al. developed CS-based delivery of
cobalt oxide nanoparticles (CS–CoO NPs) to human leukemic
cells and investigate their specic induction of apoptosis and
CS–CoO NPs exhibit toxicity toward the Jurkat cell line in a dose-
dependent fashion. It was observed from their experiment that
NPs kill Jurkat cells in proportions of 3.66, 7.25, 15.16, 21.81,
28.84, and 46.84%, respectively, at doses of 1, 5, 10, 25, 50, and
100 mg ml−1. But CS–CoO NPs at a dose of 200 mg ml−1 kill
Jurkat cells signicantly (p = 0.05), in a proportion of 67.58%.44
© 2023 The Author(s). Published by the Royal Society of Chemistry
In addition, Ambika, et al., studied the synthesis, character-
ization and anticancer activity of CS–cobalt nanoparticles upon
the addition of noni fruit extract as a reducing agent using A549
cell line and the LD50 value was 97.83 mg ml−1.45
5 Conclusion

Chitosan–copper ions (CSNP–Cu2+) and chitosan–cobalt ions
(CSNP–Co2+) biodegradable nanoparticles was synthesized by
ionic gelation method to challenge antibiotic resistant bacteria.
The synthesized nanoparticles showed synergetic antibacterial
activities against ve antibiotic resistant Gram positive and
Gram negative bacterial strains in combination with cefepime
and penicillin antibiotics. The antibiotics with NPs inhibited
antibiotic resistant genes expressions ofMRSA and E. coli strains
suggesting that the NPs antibacterial activity is due to: (a) CSmay
electrostatically bind to peptidoglycans in Gram-positive
bacteria, causing the cell membrane to rupture, while CS's
positive charges can disrupt the outer membrane (OM) in Gram-
negative bacteria, allowing it to permeate the cell membrane and
cause bacterial cell death, (b) NPs penetration into the bacterial
genetic content and blocking some gene expression vital to
bacterial growth. Moreover, the NPs showed potent cytotoxic
activities against MCF-7, HepG2 and A549 cancer cell lines with
lower cytotoxic values against WI-38 normal cell line. Finally,
CSNPs loaded with Cu2+ and Co2+ metal ions can be an effective,
affordable and biodegradable solution to ght antibiotic resis-
tant bacteria. Further investigations could be explored for
various biomedical applications of the synthesized CSNP–Cu2+

and chitosan–cobalt ions CSNP–Co2+.
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