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The escalating prevalence of antibiotic-resistant bacterial infections represents a critical global health

challenge, necessitating the development of alternative antimicrobial strategies that are both effective and

biocompatible. Nanomaterials offer a versatile platform in this regard, as their physicochemical properties

can be tailored to enhance antibacterial performance. Among these, cobalt ferrite nanoparticles (CFs)

exhibit attractive magnetic properties, chemical stability, and multifunctionality for biomedical appli-

cations; however, their clinical translation is hindered by aggregation, limited colloidal stability, and poten-

tial biocompatibility concerns. Building on our previous work demonstrating the biocompatibility and

imaging potential of chitosan (CH)-coated CFs (CCFs), this study investigates their antibacterial efficacy

against a diverse panel of Gram-positive (Bacillus subtilis RBW and Staphylococcus aureus) and Gram-

negative bacteria (enteropathogenic Escherichia coli EPEC, E. coli DH5α, E. coli K-12, Salmonella typhi

AF-4500, Shigella flexneri 3C, and Vibrio cholerae). Antibacterial activity was evaluated using the zone of

inhibition (ZOI), minimum inhibitory concentration (MIC), and CellTox™ Green assays. CCFs demonstrated

significantly enhanced antibacterial activity compared to CH alone or uncoated CFs, highlighting the

synergistic contribution of the chitosan coating. Notably, S. aureus exhibited the highest susceptibility,

with a maximum ZOI of ∼26.45 mm at 500 µg of CCFs. Elevated levels of malondialdehyde–thiobarbituric

acid adducts following treatment suggest that membrane oxidative damage is a key mechanism under-

lying bacterial killing. Importantly, hemocompatibility assessments using rat and human erythrocytes

revealed concentration-dependent cytotoxicity, indicating that CCFs maintain acceptable blood compat-

ibility within a defined concentration range. Collectively, this study establishes CCFs as a promising dual-

functional platform combining potent broad-spectrum antimicrobial activity with tunable hemocompat-

ibility, underscoring their potential for future biomedical applications, provided that an optimal therapeutic

window is carefully defined.

1. Introduction

The global rise of infectious diseases, compounded by the
emergence of antibiotic-resistant Gram-positive and Gram-nega-
tive bacteria, poses a major public health challenge.1,2 This
threat is further aggravated by the decline in new antibiotic
approvals over the past decade,3 leaving common pathogens

such as Staphylococcus aureus, Enterococcus faecalis, Escherichia
coli EPEC, Salmonella typhi AF-4500, Shigella flexneri 3C, and
Vibrio cholerae increasingly difficult to treat.4–9 The growing
antibiotic resistance of these bacteria underscores the urgent
need for safe and effective alternative therapeutics.2,10 Metal
nanoparticles have emerged as promising antimicrobial agents
due to their ability to disrupt bacterial membranes and limit re-
sistance development pathways.11,12

Among the magnetic nanoparticles, cobalt ferrite nano-
particles (CFs), a class of spinel-type ferrites, possess unique
magnetic and physicochemical properties that enable
applications in magnetic resonance imaging (MRI) contrast
enhancement, hyperthermia, targeted drug delivery, and anti-
microbial therapy.13–15 However, their biomedical application
is often limited by particle agglomeration, poor aqueous dis-
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persibility, and potential cytotoxicity. To address these limit-
ations, surface modification has been widely explored as an
effective strategy to improve their biological performance.

Chitosan (CH), a natural, biocompatible polymer,16,17 is
particularly attractive for this purpose due to its broad appli-
cations in gene delivery, wound healing, tissue engineering
and antimicrobial formulations.18 Beyond serving as a stabiliz-
ing coating, CH can improve nanoparticle dispersion, target
specificity, and biological interactions while reducing aggrega-
tion and clearance by the reticuloendothelial system.12,19,20

Previous studies have also shown that CH may enhance the
antimicrobial activity of CF-based nanomaterials.21,22

Moreover, CFs, CH, and CH-coated CFs (CCFs) have each been
reported to possess antimicrobial potential.19,22–25 However, a
comparative evaluation of their antimicrobial performance
against commercially available FDA-approved antibiotics (e.g.
ampicillin, tetracycline, ciprofloxacin) or disinfectant (e.g.
povidone iodine) remains limited. The effects of CCFs on bac-
terial membrane lipid peroxidation and their hemocompatibil-
ity toward human red blood cells (HRBCs) have also not been
investigated thoroughly. Such investigation is important for
understanding both the antimicrobial potential and the future
translational relevance of CCFs.

In the present study, we report the synthesis of CH-coated
CFs by a co-precipitation method26 and systematically evaluate
their antibacterial activity against Gram-positive (B. subtilis,
S. aureus) and Gram-negative (E. coli EPEC, E. coli DH5α,
S. typhi AF-4500, S. flexneri 3C, V. cholerae, and E. coli K-12)
bacterial strains. Their antimicrobial efficacy was compared
with commercially available antibiotics by measuring the zone
of inhibition (ZOI), the clear circular region surrounding an
antimicrobial agent where bacterial growth is suppressed.
Additionally, we examined the bacterial membrane damage
through lipid peroxidation analysis and evaluated the hemo-
compatibility of CFs and CCFs toward HRBCs. Taken together,
this study explores the antimicrobial potential of CCFs while
also assessing their hemocompatibility in a concentration-
dependent manner, thereby providing a more balanced evalu-
ation of their biomedical applicability.

2. Materials and methods
2.1 Chemicals and materials

Peptone, yeast extract, sodium chloride, and EDTA were col-
lected from UNI-CHEM, China. Mueller Hinton Agar was
obtained from Merk, Germany. Enterococcus faecalis,
Staphylococcus aureus, Enteropathogenic Escherichia coli
(EPEC), Salmonella typhi AF-4500, Shigella flexneri 3C, Vibrio
cholera, and Escherichia coli K-12 were obtained from the
department of Biochemistry and Molecular Biology,
Jahangirnagar University, Savar, Dhaka 1342, Bangladesh.
Escherichia coli DH5α and Bacillus subtilis RBW were obtained
from the department of Biotechnology and Genetic
Engineering, Jahangirnagar University, Savar, Dhaka 1342,
Bangladesh.

2.2 Methods

2.2.1 Synthesis and characterization. CFs and CCF
nanocomplexes were synthesized and characterized as
described previously by Shakil et al.26 Briefly, FeCl3·6H2O
(Merck, India, impurity ≤0.01%) and CoCl2·6H2O (Merck,
India, impurity ≤0.01%) were mixed in the required molar
ratio, and 6 M NaOH was added dropwise under constant
stirring to maintain the pH at 11–13, resulting in precipitation.
The precipitate was separated by centrifugation (15 000 rpm,
20 min), washed ten times, and annealed at 90 °C for 72 h to
obtain the CFs.

CoCl2�6H2Oþ 2NaOH ! CoðOHÞ2 þ 2NaClþ 6H2O

2FeCl3�6H2Oþ 6NaOH ! 2FeðOHÞ3 þ 6NaClþ 12H2O

CoðOHÞ2 þ 2FeðOHÞ3 ! CoFe2O4 þ 4H2O

Overall reaction:

CoCl2�6H2Oþ 8NaOHþ 2FeCl3�6H2O
! CoFe2O4 þ 8NaClþ 22H2O

CFs were then coated using a 2% CH solution to prepare
CCFs. 2% CH (w/v) was prepared by adding CH (Sigma-
Aldrich, low molecular weight, quality level 100, 75–85% deace-
tylated) into a mixture of water (94 mL) and an acetic acid solu-
tion (6 mL, Sigma-Aldrich, 2 N). After 48 h of stirring, the CH
solution was centrifuged for 20 minutes at 13 000 rpm. 1 mL
of the clear supernatant was then used to coat 20 mg CFs via
repeated vortexing and ultrasonication.

2.2.2 Antimicrobial activity assay. The antibacterial activi-
ties of CH, CFs, and CCFs were investigated by the disc
diffusion method according to Niloy et al.27 with slight modifi-
cations. Briefly, selected Gram-positive bacteria (Bacillus subti-
lis RBW, Enterococcus faecalis, and Staphylococcus aureus) and
Gram-negative bacteria (Escherichia coli DH5α, enteropatho-
genic E. coli (EPEC), Salmonella typhi AF-4500, Shigella flexneri
3C, Vibrio cholerae, and E. coli K-12) were cultured overnight in
Luria–Bertani (LB) broth at 37 °C with shaking at 120 rpm.
Subsequently, 100 µL of each bacterial suspension was uni-
formly spread onto Mueller–Hinton agar (MHA) plates. Sterile
filter paper discs impregnated with the test samples at concen-
trations of 300, 400, and 500 µg were placed on the inoculated
plates, which were then incubated at 37 °C for 15 h,28 while
ampicillin, tetracycline, ciprofloxacin, and povidone iodine
were used as positive controls. Antibacterial activity was
assessed by measuring the diameter of the clear ZOI (mm)
using slide calipers.

Minimum inhibitory concentration (MIC) value was deter-
mined using the broth dilution method.27 Overnight bacterial
cultures (10 μL) were diluted in 990 μL fresh LB broth and
incubated at 37 °C with shaking (120 rpm) for 4 h. The cul-
tures were then treated with a range of CH, CF, and CCF con-
centrations and incubated overnight. Bacterial growth was
assessed by measuring OD600 using a UV-vis spectrophoto-
meter to determine MIC values.
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2.2.3 Trypan blue dye exclusion test. The trypan blue dye
exclusion assay was used to determine the number of viable
cells in a bacterial suspension.29 Trypan blue is a negatively
charged dye that selectively stains dead bacterial cells, while
viable cells with intact membranes exclude the dye.30 The
assay was performed according to Sarker et al. with minor
modifications.31 Briefly, 20 µL of the sample (1 µg µL−1) was
mixed with 80 µL of an overnight-grown bacterial culture and
incubated at 37 °C with shaking at 120 rpm for 1.5 h.
Following treatment with CH, CFs, and CCFs, the bacterial cul-
tures were mixed with 0.4% trypan blue solution and incu-
bated at room temperature for 15 min. Images were then cap-
tured using a phase-contrast microscope (Olympus BX50 fluo-
rescence microscope, Olympus, Japan) at 40× magnification.

2.2.4 CellTox™ Green assay. CellTox™ Green fluorescent
dye penetrates cells with compromised membranes and emits
green fluorescence upon binding to DNA.32 The samples
(20 µL; 1 µg µL−1) were mixed separately with 80 µL of the
respective bacterial cultures. Subsequently, 900 µL of fresh
medium was added to the CH-, CF-, and CCF-treated bacterial
suspensions, followed by incubation at 37 °C with shaking at
120 rpm for 2 h. After incubation, 1 µL of CellTox™ Green
reagent (2×) was added to each sample, mixed thoroughly, and
incubated for 30 min in the dark at room temperature. A 20 µL
aliquot of the stained bacterial culture was used to visualize
dead cells under a fluorescence microscope (Olympus BX50,
Olympus, Japan). The fluorescence intensity of the remaining
samples was measured using a spectrofluorophotometer
(Shimadzu RF-6000, Japan) with excitation at 490 nm.

2.2.5 Lipid peroxidation (LPO) assay. The LPO assay was
performed following the method of Sarker et al.31 Briefly, 1 mL
of bacterial culture was mixed with 200 µL (200 µg) of CFs, CH,
or CCFs and incubated at room temperature for 2 h. After incu-
bation, the cultures were centrifuged, and 2 mL of 10% tri-
chloroacetic acid was added. Insoluble cellular components
were removed by centrifugation at 11 000 rpm for 35 min. The
supernatant was collected and centrifuged again at the same
speed for 20 min to remove residual protein precipitates and
dead cells. The resulting supernatant, containing malondialde-
hyde (MDA), was mixed with 4 mL of freshly prepared 0.67%
thiobarbituric acid (TBA) solution and incubated in a hot
water bath for 10 min to allow the formation of the MDA–TBA
adduct. After cooling to room temperature, the absorbance of
the MDA–TBA complex was measured at 532 nm using a UV-
vis spectrophotometer (Specord® 205, Analytik Jena,
Germany).

2.2.6 Hemolytic activity assay. The hemolytic activity of
CH, CFs, and CCFs was evaluated following the method of
Hossain et al. with slight modifications.33 Whole blood was
collected from a healthy male volunteer (25 years) and from
male albino Wistar rats (7 weeks old) into tubes containing
10% EDTA and centrifuged at 5000 rpm for 10 min to remove
the serum. The HRBCs and rat red blood cells (RRBCs) were
then washed multiple times with phosphate-buffered saline
(PBS) by centrifugation at 3000 rpm for 3 min and resus-
pended in 10 mL of PBS. Subsequently, 300 µL of the red

blood cell (RBC) suspension was mixed with 1200 µL of CH-,
CF-, or CCF-containing solutions. The final concentrations of
the solutions were 50, 100, 150, 200, 250, 300, 350, and 450 µg
mL−1. The mixtures were incubated at 37 °C with stirring at
150 rpm for 30 min, followed by centrifugation at 4000 rpm
for 5 min. The absorbance of the supernatants was measured
at 570 nm. Positive (RBCs with distilled water) and negative
(RBCs with PBS) controls were included, and percentage hemo-
lysis was calculated using the following formula:

% Hemolysis ¼
sample absorbance � negative control absorbanceð Þ

positive control absorbance � negative control absorbanceð Þ
� 100:

2.2.7 Statistical analysis. Experimental data were analyzed
using Prism-GraphPad 8 (USA). Data were represented as the
mean ± standard error of the mean (SEM). Additionally, a one-
way ANOVA coupled with a Bonferroni post-hoc test was used to
determine a statistically significant difference at P < 0.05.

3. Results and discussion
3.1 Characterization

Previously synthesized CFs (diameter ∼10 nm) were used in
this study.26 The surface of the CFs was modified with CH to
improve their biocompatibility for potential biomedical appli-
cations. Briefly, CFs were prepared via the co-precipitation
method and subsequently coated with CH. The resulting CCFs
were characterized using scanning transmission electron
microscopy (STEM), Raman spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), dynamic light scat-
tering (DLS), and zeta (ζ) potential measurements. CCFs
exhibited higher positive surface charges than CH or CFs
alone (Table S1).26 In the present study, we evaluated the anti-
microbial activity of CH, CFs, and CCFs against two Gram-
positive and seven Gram-negative bacterial strains.

3.2 Antimicrobial activity

The disc diffusion assay was performed to evaluate the anti-
bacterial activity of CH, CFs, and CCFs. CFs alone exhibited
poor antimicrobial activity (Table 1), whereas CH coating sub-
stantially enhanced their efficacy. The highest activity of CCFs
was observed against the Gram-positive Staphylococcus aureus
strain (Table 1), outperforming even commercially available
FDA-approved antimicrobial agents, including ampicillin,
tetracycline, ciprofloxacin and povidone iodine. In contrast,
CCFs were less effective against Bacillus subtilis RBW. Povidone
iodine demonstrated nearly uniform antibacterial activity
across all tested strains. Interestingly, CCFs also showed
activity against amoxicillin-resistant Gram-negative Escherichia
coli EPEC. Consistent with the zones of inhibition, MIC
measurements indicated that CCFs (0.000391–0.000781 µg)
were more potent than CH or CFs, while CFs and CH displayed
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similar MIC values (0.0125 µg) against E. coli DH5α, E. faecalis,
S. aureus, and E. coli K12 (Table S1). Previously, Kajani et al.34

reported that CCFs had higher antibacterial activity against
E. coli than CFs or amoxicillin. The enhanced antimicrobial
activity of CCFs is likely attributable to increased ROS pro-
duction,19 while CH coating promotes the attachment of CCFs
to the bacterial cell wall or membrane, facilitating cell lysis.35

3.3 Compromised bacterial cell membrane

CellTox™ Green is a DNA-binding dye that penetrates bacteria
with compromised cell walls, while intact bacterial membranes
exclude the dye.36 Among the Gram-positive bacteria, S. aureus
treated with CCFs exhibited the highest fluorescence intensity,
followed by E. faecalis (Fig. 1), with intensities approximately
sevenfold higher than those of untreated controls. All Gram-
negative strains showed nearly sixfold increases in fluo-
rescence compared with their respective untreated controls. A
significant increase in fluorescence was also observed in CCF-
treated Gram-positive and Gram-negative bacteria compared
with the untreated group and CF- and CH-treated groups.
These results are consistent with the zones of inhibition data
(Fig. 2). Green fluorescence of dead bacteria treated with CH,
CFs, and CCFs was further confirmed under fluorescence
microscopy (Fig. 2), with the highest level of cell death
observed following CCF treatment. Previously, it has been
reported that treatment with biogenic metal nanoparticles
compromised the bacterial membrane, leading to an increase
in the uptake of CellTox™ Green and fluorescence.27,37

The trypan blue dye exclusion assay confirmed bacterial cell
wall damage. Hydrophobic interactions between the nano-
particles and the bacterial cell wall caused structural disrup-
tion, allowing trypan blue to penetrate the cytosol of damaged
or dead bacteria.38 Cells with compromised walls appeared
blue under a phase-contrast microscope (Fig. S1).

3.4 Lipid peroxidation of the bacterial membrane

The LPO assay was performed to assess the oxidative damage
to bacterial cell membrane fatty acids. The formation of the
MDA–TBA adduct indicates cell wall damage induced by the
therapeutic agents. Among the tested strains, treatment of
S. aureus with CCFs resulted in the highest MDA–TBA adduct
formation (Fig. 3a). Notably, E. faecalis also exhibited substan-
tial MDA–TBA levels, indicating significant oxidative damage
among the Gram-positive bacteria with CCFs (Fig. 3a).
Previously, it has been reported that cobalt or iron doping in
silver nanoparticles increased MDA adduct formation in both
Gram-positive bacteria (E. faecalis and B. subtilis) and Gram-
negative bacteria (E. cloacae and Pseudomonas putida).39

The composition of bacterial cell walls varies between
species, resulting in different interactions with the test
samples.40 Consequently, different bacterial strains produced
varying amounts of MDA–TBA adducts following treatment.
LPO occurred due to the oxidation of bacterial cell membrane
fatty acids induced by CH, CFs, or CCFs.

Positive surface charge of CH, CFs or CCFs could facilitate
their interaction with negatively charged bacterial cell mem-T

ab
le

1
Z
o
n
e
s
o
f
in
h
ib
it
io
n
(in

m
ill
im

e
te
rs
)
ex

h
ib
it
e
d
b
y
C
H
,C

Fs
,a

n
d
C
C
Fs

ag
ai
n
st

b
ac

te
ri
al

st
ra
in
s

D
ru
g/
D
ru
g
ca
n
di
da

te
s

B
ac
te
ri
al

st
ra
in

B
ac
il
lu
s
su
bt
il
is

R
B
W

Es
ch
er
ic
hi
a
co
li

D
H
5α

E
n
te
ro
pa

th
og

en
ic

Es
ch
er
ic
hi
a
co
li
(E
PE

C
)

Sa
lm

on
el
la

ty
ph

i
A
F-
45

00
Sh

ig
el
la

fl
ex
ne
ri
3C

Vi
br
io

ch
ol
er
ae

Es
ch
er
ic
hi
a
co
li

K
-1
2

En
te
ro
co
cc
us

fa
ec
al
is

St
ap

hy
lo
co
cc
us

au
re
us

C
H

(3
00

µg
)

—
7.
45

±
0.
05

—
7
±
0

7.
05

±
0

7.
1
±
0.
1

7.
45

±
0.
05

18
.7

±
0.
2

20
.5

±
0.
2

C
H

(4
00

µg
)

6.
9
±
0.
1

7.
85

±
0.
05

—
7.
45

±
0.
05

7.
45

±
0.
05

8.
05

±
0.
05

7.
55

±
0.
05

20
.5
5
±
0.
25

22
.4

±
0.
1

C
H

(5
00

µg
)

7.
05

±
0.
05

8.
15

±
0.
05

7.
45

±
0.
05

8.
05

±
0.
05

8.
1
±
0.
05

9.
9
±
0.
1

10
.0
5
±
0.
05

21
.7

±
0.
4

24
.2
5
±
0.
15

C
Fs

(3
00

µg
)

6.
9
±
0.
1

—
—

—
—

—
—

—
—

C
Fs

(4
00

µg
)

7
±
0

—
—

—
—

—
—

—
—

C
Fs

(5
00

µg
)

7.
1
±
0.
1

—
—

—
7.
45

±
0.
05

—
—

8.
05

±
0.
15

—
C
C
Fs

(3
00

µg
)

7.
45

±
0.
05

15
.4

±
0.
1

8.
55

±
0.
05

9.
05

±
0.
05

6.
9
±
0.
1

9.
05

±
0.
05

8.
05

±
0.
05

18
.1
5
±
0.
05

21
.1

±
0.
3

C
C
Fs

(4
00

µg
)

9.
05

±
0.
05

17
.1

±
0.
1

10
.0
5
±
0.
05

10
.1

±
0.
1

9.
45

±
0.
05

9.
95

±
0.
05

8.
95

±
0.
05

19
.5
5
±
0.
15

23
.4
5
±
0.
65

C
C
Fs

(5
00

µg
)

9.
1
±
0.
1

20
.0
5
±
0.
05

12
.0
15

±
0.
01

5
11

.1
±
0.
1

11
.0
5
±
0.
05

11
.4

±
0.
1

11
.1

±
0.
1

23
.5
5
±
0.
05

26
.4
5
±
0.
05

A
m
pi
ci
lli
n
(1
0
µg

)
10

.9
5
±
0.
05

12
.9

±
0.
1

—
23

.9
5
±
0.
05

23
.1

±
0.
1

14
.2

±
0.
1

15
.9

±
0.
1

7.
95

±
0.
15

8.
35

±
0.
15

Te
tr
ac
yc
li
n
e
(1
0
µg

)
17

.1
5
±
0.
15

17
.1

±
0.
1

20
.0
5
±
0.
05

15
.1

±
0.
1

19
.9
5
±
0.
05

8.
1
±
0.
1

17
.1

±
0.
1

12
.3

±
0.
1

11
.4
5
±
0.
05

C
ip
ro
fl
ox
ac
in

(5
µg

)
24

.9
±
0.
1

34
.2

±
0.
1

36
.9

±
0.
1

38
.9

±
0.
1

32
.0
5
±
0.
05

22
.0
5
±
0.
05

29
.4

±
0.
05

19
.3
5
±
0.
15

19
.3
5
±
0.
15

Po
vi
do

n
e
io
di
n
e
(2
00

0
µg

)
10

.1
±
0.
1

10
.9
5
±
0.
05

9.
55

±
0.
05

10
.4
5
±
0.
05

10
.5

±
0

10
.0
5
±
0.
05

12
.0
5
±
0.
05

19
.5
5
±
0.
15

17
.4

±
0.
2

C
Fs
:c
ob

al
t
fe
rr
it
e
n
an

op
ar
ti
cl
es
,C

H
:c
h
it
os
an

,C
C
Fs
:c
h
it
os
an

-c
oa

te
d
co
ba

lt
fe
rr
it
e
n
an

op
ar
ti
cl
es
.

Paper RSC Pharmaceutics

RSC Pharm. © 2026 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:5

7:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6pm00045b


branes. After CF internalization, ROS can be generated via the
Fenton reaction and oxidize membrane polyunsaturated fatty
acids.41 Membrane LPO can disrupt the integrity of the cell
membrane (Fig. 3b).27 Additionally, ROS-mediated oxidative
stress disrupts the electron transport chain and alters bacterial
metabolic processes. Such disruptions can trigger the
expression of apoptotic genes and oxidative stress-related pro-
teins, ultimately leading to bacterial cell apoptosis.42,43

3.5 In vitro hemolytic activity

In vivo application of nanocomplexes requires excellent
blood compatibility, including minimal hemolytic activity.14

Due to ethical concerns surrounding the direct human
exposure without prior animal studies, we evaluated the
blood compatibility of CH, CFs, and CCFs using
HRBCs and RRBCs to predict their potential effects in vivo

Fig. 2 CellTox™ Green uptake assay confirms CH or CCFs damage the bacterial membrane. Bacteria were treated with CFs, CH, and CCFs, and the
fluorescence intensity was measured at 490 nm (a). The values presented are mean ± SEM (n = 3). Data were analysed using a one-way ANOVA
coupled with a Bonferroni post-hoc test. *Significantly different from untreated control, *p < 0.05; # Significantly different from CFs, #p < 0.05 and
▲ significantly different from CH, ▲ p < 0.05. Bright field and white field image of CH, CFs, and CCFs (b). CFs: cobalt ferrite nanoparticles, CH: chito-
san, CCFs: chitosan-coated cobalt ferrite nanoparticles.

Fig. 1 Schematic representation of the synthesis of CCFs. FeCl3·6H2O and CoCl2·6H2O were dissolved in a beaker under constant stirring. Then,
NaOH was added to initiate CF synthesis (i). Following precipitation, CFs were purified by washing and drying (ii). A 2% CH solution was then added
to CFs (iii), and CFs were coated via repeated sonication and vortexing (iv). CFs: cobalt ferrite nanoparticles; CH: chitosan; CCFs: chitosan-coated
cobalt ferrite nanoparticles. The illustration was created using BioRender (https://www.biorender.com).
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(Fig. 4). Lee et al.44 reported that acetylated CH nanoparticles
exhibit negligible hemolytic activity, which can vary with
their chemical modifications. In our study, CCFs induced
higher hemolytic activity in both HRBCs and RRBCs com-
pared to pristine CFs, likely due to differences in particle dis-
tribution and interaction with RBCs. While CFs tended to
aggregate and precipitate at the bottom of the tube, CCFs
remained homogeneously dispersed with altered particle size
and surface area. RRBC membrane integrity was affected
differently from that of HRBC with increasing concentrations
of the test samples. These observations are consistent with
the model proposed by Thomassen et al.,45 in which RBC

membranes locally induce curvature and exhibit reduced
adhesion energy upon interaction with aggregated nano-
particles, resulting in lower hemolytic activity compared with
monodispersed particles of the same size. Additionally, particle
size and surface area contribute significantly to hemolysis.46

Interestingly, CCFs showed higher cytotoxicity toward RRBCs
than HRBCs in terms of HC50 values, which is less than the
amount (500 μg) that exhibits the highest antibacterial activity
against S. aureus (Fig. 4). In vivo studies also indicated that
CCFs are well tolerated by RRBCs at lower concentrations.26

Given the observed in vitro toxicity at higher concentrations,
establishing a safe therapeutic window for CCFs is essential
before considering direct human applications.

4. Conclusion

CCFs exhibited potent antimicrobial activity against both
Gram-positive and Gram-negative bacteria, outperforming CH
and CFs alone, as shown by larger zones of inhibition, lower
MICs, and enhanced cytotoxicity in the CellTox™ Green assay.
Among other bacterial strains, Staphylococcus aureus was the
most susceptible strain, while LPO studies suggested that oxi-
dative membrane damage is involved in the bactericidal
mechanism. Overall, CH functionalization is an effective strat-
egy for improving the antimicrobial performance of CFs.
However, the hemolytic activity of CCFs is concentration-
dependent, underscoring the need for careful dose optimiz-
ation. Further work should, therefore, focus on defining a safe
therapeutic window, establishing the behavior of these nano-
complexes in physiologically relevant systems, and validating
their efficacy in vivo.

Fig. 3 Lipid peroxidation of the bacterial membrane and proposed
mechanism of antibacterial activity. Bacteria were treated with CFs, CH
and CCFs, and the MDA-TBA adduct was measured using a UV-vis
spectrophotometer at 532 nm (a). The values presented are mean ± SEM
(n = 3). Data were analysed using a one-way ANOVA coupled with a
Bonferroni post-hoc test. *Significantly different from untreated control,
*p < 0.05; #Significantly different from CFs, #p < 0.05 and ▲ significantly
different from CH, ▲ p < 0.05. Proposed mechanism of the antimicrobial
activity of CCFs (b). Positively charged CCFs interact with the negatively
charged bacterial membrane, leading to membrane destabilization and
increased permeability. This interaction also facilitates CFs’ release from
CCFs. Following CF internalization, ROS can be produced via the Fenton
reaction and induce membrane LPO. CFs: cobalt ferrite nanoparticles,
CH: chitosan, CCFs: chitosan-coated cobalt ferrite nanoparticles,
MDA-TBA: malondialdehyde-thiobarbituric acid. The mechanistic
scheme in (b) was drawn using BioRender (https://www.biorender.com).

Fig. 4 Hemocompatibility of CFs, CH, and CCFs with human and rat
red blood cells. The HC50 values of CCF for HRBCs and RRBCs were 383
and 420 µg mL−1, respectively. The values presented are mean ± SEM
(n = 3). HRBC: human red blood cells, RRBC: rat red blood cell, CFs: cobalt
ferrite nanoparticles, CH: chitosan, CCFs: chitosan-coated cobalt ferrite
nanoparticles.
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