
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
16

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Advanced functio
aCellulose & Paper Department, National

12622, Egypt
bDepartment of Polymer and Biomaterials

Technology in Szczecin, Al. Piastow 45, 70-3
cDepartment of Pharmaceutical Chemistry,

107, 80-416 Gdańsk, Poland
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nal Cu–Cr–Co-NPs@gelatin
(GLN)-hydroxyethyl cellulose (HEC)
nanocomposites with antimicrobial and anticancer
activities

Mohamed S. Hasanin, ab Mohammad Reza Saeb, c Mostafa A. Abdel-Maksou,d

Mohamed A. El-Tayeb,d Bushra Hafeez Kiani e and Amr H. Hashem *f

An advanced hybrid nanocomposite based on different metals (copper, cobalt, and chromium) decorated

with sustainable polysaccharides (gelatin, GLN, and hydroxyethyl cellulose, HEC) was developed. The

composite reflects several advantages including a controlled particle size, particle size distribution, along

with promising antimicrobial and anticancer activities. Topographical and elemental analyses were

carried out using field-emission scanning electron microscopy (FE-SEM), high-resolution transmission

electron microscopy (HR-TEM), and energy dispersive X-ray analysis (EDX), demonstrating the formation

of trimetallic nanoparticles (NPs) possessing domain sizes of 169 nm and 102 nm assigned to the free

nanocomposite (Fcomp) and loaded nanocomposite (Lcomp), respectively. Moreover, antimicrobial and

anticancer activities were evaluated for so-called Cu–Cr–Co-NPs@GLN-HEC nanocomposites.

Antimicrobial results revealed that the synthesized Cu–Cr–Co-NPs@GLN-HEC nanocomposite exhibited

outstanding antibacterial activity toward S. typhimurium, P. aeruginosa, S. aureus and S. mutans with

MICs of 125, 62.5, 125 and 7.81 mg mL−1, respectively. Likewise, the synthesized Cu–Cr–Co-NPs@GLN-

HEC nanocomposite showed promising antifungal activity against C. albicans and C. neoformans, with

MICs of 31.25 and 15.62 mg mL−1, respectively. Furthermore, the cytotoxicity of Cu–Cr–Co-NPs@GLN-

HEC was assessed toward the Wi38 normal cell line, labeled for half-maximal inhibitory concentration

(IC50) of 170.8 mg mL−1. Furthermore, the Cu–Cr–Co-NPs@GLN-HEC nanocomposite exhibited strong

anticancer activity toward the MCF7 cancerous cell line with IC50 = 30.4 mg mL−1. In conclusion, the

synthesized Cu–Cr–Co-NPs@GLN-HEC nanocomposite has promising antibacterial, antifungal and

anticancer activities, which can be used in the medical field after excessive experiments in vivo.
Introduction

Materials science has been long practised, but it continues to
grow dynamically through multidisciplinary and interdisci-
plinary channels.1 Biomedical materials, or also known as
biomaterials, are a class of advanced materials with diverse
types, which are growing in an accelerated speed, particulalrly
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because of the need for controlling and minimizing side effects
and resistance to discovered drugs.2,3 In a closer look, microbial
infections resulting from the invasion of microorganisms,
including bacteria, viruses, fungi, and parasites are attacking
and accumulating into different spots of the human body. The
severity of these illnesses can vary, and they can greatly affect
human health.4 Bacterial infections arise when pathogenic
bacteria inltrate the body and proliferate, resulting in diverse
symptoms and consequences.5,6 Fungal infections are caused by
fungal organisms, which are living beings that exist in the
environment.7 The symptoms of microbial infections might
differ based on the specic bacteria and the location of the
infection. Typical symptoms comprise elevated body tempera-
ture, exhaustion, respiratory discomfort, gastrointestinal
disturbance, skin eruption, and discomfort in the abdominal
region.8 The management of microbial infections typically
entails the administration of antimicrobial agents, including
antibiotics, antivirals, antifungals, or antiparasitics, depending
on the nature of the infection.
RSC Adv., 2024, 14, 37633–37643 | 37633
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Scheme 1 Preparation of the nanocomposites.
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Antimicrobial resistance (AMR) is a worldwide issue con-
cerning public health that pertains to the capacity of microor-
ganisms, including bacteria, viruses, fungi, and parasites, to
withstand the impact of antimicrobial medications.9 Microor-
ganisms can develop mechanisms that allow them to survive
and reproduce despite exposure to antimicrobial medications,
even while these treatments are being applied. As a result, the
drug-resistant strains of previously treated microbes would be
sustained.10 Typically, a number of factors can contribute to the
development and dissemination of antibiotic resistance, but
mainly an inappropriate and excessive utilization of antimi-
crobial medications, in both human medicine and animal
farming, poses the greatest impact on antibiotic resistance.11

Moreover, the incorrect prescription methods, non-compliance
with the whole course of antibiotics, and utilization of antibi-
otics in livestock to promote growth can be named. The use of
antimicrobials creates a selection pressure that provides
support for the survival and multiplication of resiliant
bacteria.11 Antimicrobial management has gained increasing
awareness in recent years due to its signicance in optimizing
the use of antimicrobial medications and reducing the devel-
opment of resistance.12 This encompasses the promotion of
suitable prescribing practices, the dissemination of knowledge
to healthcare professionals and the general public regarding the
responsible utilization of antimicrobials, and the execution of
tactics to minimize the needless utilization of these
medications.9

A complex and multifaceted health issue, cancer affects
millions of people worldwide. From a closer look, cancer refers
to a general term used to describe a group of diseases charac-
terized by the unchecked growth and spread of abnormal cells
throughout the body. Because they are abnormal cells, cancer
cells can invade nearby tissues and organs, causing damage and
interfering with normal body functions.13,14 Reducing the
impact of cancer requires early detection and prevention efforts.
A healthy lifestyle (including regular exercise, eating a balanced
diet, and abstaining from tobacco and excessive alcohol), pro-
tecting oneself from known carcinogens, getting vaccinated
against infections that can cause cancer, and getting regular
cancer screenings are all examples of preventive measures.15,16

On the other hand, success in controlling and curing cancer
depends on advancements in cancer diagnosis and therapy,
which are nowadays of vital importance, particularly combina-
tion therapies improved the survival rates and thereby the
quality of life has increased as per statistics collected from
several cancer patients. Despite such attempts and progresses,
there are still obstacles to overcome, which are social,
economic, and also political to some extent, e.g., discrepancies
in outcomes of treatment of cancer as well as difficulties in
transplantation of personalized data on treatments and clinical
trials.17,18

There has been continued attempt to explore and apply noval
materials possessing multiple biological functions in biomed-
ical applications. Biopolymers are a group of materials known
for their appropriate biomedical functions with minimal side
effects. Gelatin, also known as gelatine, is a transparent,
avorless, and colorless food component that is oen made
37634 | RSC Adv., 2024, 14, 37633–37643
from collagen extracted from animal tissues.19 When dry, it is
brittle; when wet, it becomes rubbery. Aer hydrolysis, it can
also be referred to as hydrolyzed collagen. It is frequently
employed as a GLNling agent in pharmaceutical, food,
beverage, and cosmetic applications.20 In addition, cellulose
and its derivatives present excellent cytocompatibility and
biodegradability.21 Hydroxyethyl cellulose thickening and
GLNling agent are made from cellulose and are extensively
utilized in cleaning products, cosmetics, and other household
goods.22 In capsule formulations, hydroxyethyl and methyl
cellulose are oen combined with hydrophobic medicines to
enhance the medications' breakdown in the gastrointestinal
uids. Accordingly, biopolymers have played a role in the
formulation of bioactive materials to enhance their activity and
reduce their side effects as well.

In addition to biopolymers and their derivatives, several
metal nanoparticles have played a restricted role in antimicro-
bial activity and anti-cancer activity23,24 such as silver nano-
particles (AgNPs),25 gold nanoparticles (AuNPs),26 zinc oxide
nanoparticles (ZnONPs),27 copper and copper oxide nano-
particles (CuNPs, Cu2ONPs and CuONPs),28,29 cobalt nano-
particles (CoNPs),30 and chromium nanoparticles (CrNPs).31

However, despite its promising features besides complicated
formulation and optimization, a few has been reported about
the hybridization of biopolymers and medical grade nano-
particles with complementary or synergistic effects. The
formulation of trimetallic nanoparticles loaded in
nanocomposite-based biologically compatible components is
strongly recommended in the scientic community to cover
a broad spectrum of biological activity applications. In this
work, a novel formulation of trimetal nanoparticles based on
copper, chromium and cobalt (Cu–Cr–Co-NPs) were loaded into
the nanocomposite-based gelatin and hydroxyethyl cellulose.
The formulate-free and loaded composites were investigated
using physicochemical and topographical analysis in addition
to the biological prole including antimicrobial activity assay,
anticancer activity and cytotoxicity assays.
Materials and methods

Gelatin Bovine-B (GL) and hydroxyethyl cellulose (HEC) were
obtained from Sigma Aldrich, USA. Chromium(III) acetate,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cobalt(II) acetate, and copper(II) acetate were purchased from
Sigma-Aldrich (Schnell Dorf, Germany).

Preparation of the nanocomposite

In this work, the template of the nanocomposite-based nano-
metal was prepared in two steps, as shown in Scheme 1. The
rst one involved the preparation of the free nanocomposite
using gelatin solution (1% w/v) that was stirred for 2 h with
hydroxyethyl cellulose solution (1% w/v) in equal volumes (100
mL). The collected homogenous solution was ultrasonicated in
an ultrasonic water bath for 1 h at 70 °C and divided into equal
volumes. One of these solutions was lyophilized and called free
nanocomposite (Fcomp) and the other one was subject to
loading with the trimetallic nanoparticles. The second step
involved the loading of the trimetallic nanoparticles into the
nanocomposite (Lcomp) via a green method. The above solu-
tion was stirred at 1500 rpm and copper acetate was added as
100 mg/100 mL of the above solution and allowed to dissolve.
Chromium acetate and cobalt acetate were added as 50 mg
mL−1 of the above solution individually. The solution was stir-
red for 2 h aer the last addition and the temperature decreased
to 40 °C and le for 2 h again. The collected solution was
ultrasonicated for 15 min with an ultrasonic probe and ultra-
sonicated in an ultrasonic water bath for 3 h at 70 °C. Tannic
acid was added in xed amounts in both nanocomposites as
100 mg. The collected nanocomposite was washed several times
with absolute methanol, then resuspended in deionized water
and lyophilized and preserved in a refrigerator for further use.

Characterization

Characterization of the formulated nanocomposite was carried
out for the free and loaded and neat materials as well. The
physicochemical analysis included FTIR (Fourier transform
infrared spectrophotometry) (model FT/IR-6100 type A), which
was used to investigate the chemical functional groups of the
SiNPs and bC-SiNPs nanoparticles. The spectra were recorded
in the wavenumber range of 400–4000 cm−1. XRD (X-ray
diffraction) analysis was carried out in the 2q (Bragg angle)
range of 5–80° using a Bruker D8 Advance X-ray diffractometer
(Germany), and DLS (dynamic laser scattering) measurement
was carried out in triplicate, and the result was recorded as the
average of three trials with standard division using a DLS
instrument (Santa Barbara, CA, USA) to ascertain the average
size in the following conditions: 23 °C, with the incident light
being the 632.8 nm line of a HeNe laser at an angle of 13.9°.
Topographical analysis included SEM-EDX analysis using an
FE-SEM instrument (eld emission scanning electron micros-
copy coupled with an energy dispersive X-ray spectrometer;
Model Quanta 250 FEG (Field Emission Gun)) and HR-TEM
(high-resolution transmission electron microscopy, JEM-2100,
JEOL, Japan).

Antimicrobial activity

The antimicrobial activity of Cu–Cr–Co-NPs@GLN-HEC and
GLN-HEC against Salmonella typhimurium ATCC 14028, Pseu-
domonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC
© 2024 The Author(s). Published by the Royal Society of Chemistry
25922, Streptococcus mutans ATCC 25175, Candida albicans
ATCC 90028, and C. neoformans ATCC 14116 was evaluated
using the agar-well diffusion technique. Minor modications
were made to the M51-A2 document of the Clinical Laboratory
Standard Institute32 when performing the agar diffusion test.
Cu–Cr–Co-NPs@GLN-HEC and GLN-HEC, standard antibiotic
(ampicillin/sulbactam)/standard antifungal (nystatin) were
added to agar wells (8 mm) inoculated plates with bacterial and
fungal strains individually at a concentration of 1000 mg mL−1.

The diameter of the inhibition zone for all the treatments
was measured. To determine minimum inhibitory concentra-
tion, Cu–Cr–Co-NPs@GLN-HEC was prepared in different
concentrations ranging from 1000 to 3.9 mg mL−1 and then
tested separately against selected bacterial and fungal
strains.33–35

Cytotoxicity

The cytotoxicity of Cu–Cr–Co-NPs@GLN-HEC and GLN-HEC
was determined using the MTT protocol36 with minor modi-
cations. The normal Wi38 and cancerous MCF7 cell lines were
collected using American-type culture collection (ATCC). The
cell quantity and the percentage of viable cell were determined
by the following formulas.

Viability% ¼ Test OD

Control OD
� 100

Inhibition% = 100 − viability%

Moreove, the selectivity index (SI) was calculated according
to the following formula, in which IC50 stands for the half-
maximal inhibitory concentration.

SI ¼ IC50 of a compound toward normal cell line

IC50 of a compound toward cancer cell line

Results and discussion
Formulation of trimetallic free and loaded nanocomposites

Formulation of the trimetallic nanoparticles into the nano-
composite was carried out via a green method in which the
cross linker and stabilizing and capping agents assisted in
reducing the size of the biopolymers to the nanosize range. The
CuNPs supported the stability of CrNPs and CoNPs.

Physicochemical analysis

The study of functional groups before and before composition
was done using FTIR spectroscopy, as illustrated in Fig. 1. The
ve regions were targeted to understand the effect of composi-
tion. The rst region 3500–3100 cm−1 presented the hydroxyl
group and amino group stretching vibration of GLN at 3439 and
3855 cm−1, respectively. HEC hydroxyl groups were assigned at
3419 cm−1 as a short-intensity band. The effect of composition
was recorded in the Fcomp sample, where the OH band was
RSC Adv., 2024, 14, 37633–37643 | 37635
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Fig. 1 FTIR spectra of the free and loaded nanocomposites and their
neat materials.

Fig. 2 XRD patterns of free and loaded nanocomposites and their neat
materials.

Table 1 DLS measurements of free and loaded nanocomposites

Nanocomposites
Av. zeta potential,
mV PDI

Average particle
size/nm

Fcomp −36 � 3 0.4 169 � 9
Lcomp −24 � 3 0.3 102 � 6

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
16

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
observed at 3296 cm−1 with a high shi to low frequency with
obvious broadness. Moreover, the loading of trimetallic nano-
particles reected a high shiing of hydroxyl groups to low
frequency (3146 cm−1). The above observations affirmed
a signicant effect of neat materials aer composition as well as
aer the loading of trimetallic nanoparticles. The region of CH
stretching vibration (2990–2785 cm−1) was presented as bands
at 2922 and 2849 cm−1 (GLN), 2974 and 2874 cm−1 (HEC), 2970,
2919 and 2850 cm−1 (Fcomp) and 2947 cm−1 (Lcomp), which
reect the interaction of GLN and HECmolecules in Fcomp and
the electron withdrawing interaction of trimetallic nano-
particles in Lcomp. The third region (1747–1219 cm−1) of the
ethyl groups vibration in HEC was not signicantly affected.37

Additionally, the amide I group band in GLN (1517 cm−1) was
shied in Lcomp to 1550 cm−1.38 The region of C–O–C (1180–
930 cm−1) presented the bands at 1027, 1054, 1095, 1054 and
1025 for GLN, HEC, Fcomp and Lcomp, respectively. These
results emphasized that the composition of neat materials does
not affect the C–O_C group while the loading of trimetallic
nanoparticles was signicantly effective. The last region pre-
sented obvious bands at 522 and 438 cm−1 related to CuNPs39 as
well as bands at 814 and 578 cm−1 for M-O cobalt nanoparticles,
respectively,40,41 while CrNPs bands were observed at 767 and
498 cm−1.42 Hence, the FTIR ndings conrmed the formula-
tion of nanocomposites in both free and loaded forms.

The XRD patterns of GLN, HEC, Fcomp, and Lcomp are
presented in Fig. 2. GLN and HEC showed an amorphous
monotonous behavior with peaks at 2q = 17° (ref. 43) and
20°.44,45 In addition, Fcomp presented one peak at 2q = 22° with
a kind of sharpness that could be due to the crystalline structure
obtained from the nanoformulation. Moreover, the Lcomp
pattern illustrated the new structure aer the loading of tri-
metallic nanoparticles, where the biopolymers region was
observed at a small peak at 2q = 15°, which was less sharp in
comparison with that of Fcomp at 20°. However, the trimetallic
components were observed at 2q = 30° and 33°, which could be
the result of the overlap of CuNPs and CrNPs.46,47 The peaks at
2q = 39° are related to CuNPs and CoNPs overlapping. The
37636 | RSC Adv., 2024, 14, 37633–37643
peaks at 2q = 46° and 77° are related to the overlap of CuNPs,
CrNPs, and CoNPs.48 Consequently, CuNPs, CrNPs, and CoNPs
were observed individually at 2q = 69°,47 59°,46 and 43°,48

respectively. The crystal planes of the metals were compared to
the reference cards for Cu (card no. 04-012-7238),47 Cr (card no.
73-2134 23)49 and Co (card no. 73-2134 23).50 Finally, the XRD
pattern ndings emphasized the research hypothesis and
conrmed the interaction of the nanocomposite components.

DLS

The DLS data tabulated in Table 1 includes the average zeta
potential in mV, particle size in nm and polydispersity index
(PDI). Fcomp showed a good average zeta potential of about
−36 mV, which indicated excellent stability.51 On the other side,
Lcomp revealed about−24mV, which is less than that of Fcomp
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06216g


Fig. 3 SEM images and EDX results of the free composite (EDX (a) and SEM (b)) and loaded nanocomposite (EDX (c) and SEM (d)) and the
elemental mapping of the loaded nanocomposite for Co (e), Cr (f), and Cu (g).
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according to the dual phases and also conrmed the good
stability. In addition, the particle size for Fcomp and Lcomp was
169 and 102 nm, respectively. On the other hand, the PDI of
Fcomp was observed to be less than that of Lcomp, which may
be because the trimetallic nanoparticles have good homoge-
neity and Lcomp has decreased surface charge, according to the
interaction between the formulated nanoparticles and the
biopolymers' active components.
Fig. 4 TEM images of the loaded nanocomposite at low (a) and high (b

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 3 shows the topographical and EDX analysis of Fcomp
and Lcomp. The Fcomp surface texture showed a porous and
rough appearance with many wrinkles (Fig. 3b). Meanwhile, the
Lcomp surface was similar to that of Fcomp surface, which was
lled up with nanoparticles (Fig. 3c). Moreover, many crystals
are homogeneously distributed on Lcomp (Fig. 3d). These
crystals are clusters of aggregated trimetallic nanoparticles,
according to the SEM results. On the other hand, the EDX
results showed carbon, oxygen, and nitrogen atoms in the
) magnification, and the SAED pattern (c).

RSC Adv., 2024, 14, 37633–37643 | 37637
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Fcomp sample (Fig. 3a). The Lcomp sample elemental compo-
sition was the same as that of Fcomp, in addition to copper,
cobalt and chromium (Fig. 3c). Furthermore, elemental
mapping images of Co ions (Fig. 3e) show a good distribution,
similar to that of Cr ions (Fig. 3f) but with a lower amount in
comparison with Cu (Fig. 3g), which was observed in a higher
amount in comparison with Cr and Co elements. This could be
related to the molecular weight of the elements. These obser-
vations are in a good agreement with the XRD ndings.

The low and high magnication TEM images for Lcomp are
presented in Fig. 4 with the SAED pattern. The low magnica-
tion image (Fig. 4a) shows the molecular structure of Lcomp,
which presents nano-sized matrix biopolymers and trimetallic
nanoparticles with size of about 113 nm. The high magnica-
tion image (Fig. 4b) illustrates the trimetallic nanoparticles with
size of about 13 nm. Additionally, the SAED pattern (Fig. 4c)
presents three circles with two polar positional points as
a mirror and image. The polycrystalline behavior of Lcomp was
affirmed by the ring diffractogram. Moreover, the polar spots
could be related to the metal crystallinity as well.52 These could
be according to the dual phase composition of Lcomp and is in
a good agreement with the DLS measurements.
Antimicrobial activity

Metal nanoparticles have gained signicant attention as anti-
microbial agents due to their unique physicochemical proper-
ties and broad-spectrum antimicrobial activity.53 Recently,
trimetallic nanoparticles composed of three different metals
have received much attention due to their antimicrobial
Fig. 5 Antimicrobial activity of the Cu–Cr–Co-NPs@GLN-HEC nanoco
aeruginosa (b), S. aureus (c), S. mutans (d), C. albicans (e) and C. neoform

37638 | RSC Adv., 2024, 14, 37633–37643
properties. While research on trimetallic nanoparticles as
antimicrobial agents is relatively limited compared to mono-
metallic nanoparticles, in this study, a nanocomposite based on
trimetallic Cr–Co-CuNPs was synthesized. The synthesized Cu–
Cr–Co-NPs@GLN-HEC nanocomposite and GLN-HEC were
evaluated for antimicrobial activity, as illustrated in Fig. 5.
Results showed that the synthesized Cu–Cr–Co-NPs@GLN-HEC
nanocomposite exhibited antimicrobial activity toward the
tested bacterial and fungal strains. Fig. 5 shows that the
synthesized nanocomposite had outstanding antibacterial
activity against S. typhimurium, P. aeruginosa, S. aureus and S.
mutans with inhibition zones of 16, 17, 14 and 31 mm, respec-
tively. Furthermore, the MIC of the CuNPs@GLN-HEC nano-
composite toward all bacterial strains was performed, whose
results illustrated that the MICs of the CuNPs@GLN-HEC
nanocomposite toward S. typhimurium, P. aeruginosa, S. aureus
and S. mutans were 125, 62.5, 125 and 7.81 mg mL−1, respectively
(Table 2). From these data, the bacterial strain most affected by
the synthesized CuNPs@GLN-HEC nanocomposite is S. mutans,
while least sensitive bacterial strains are S. typhimurium and S.
aureus.

The synthesized CuNPs@GLN-HEC nanocomposite also
showed antifungal activity against C. albicans and C. neofor-
mans, as shown in Fig. 5. Results showed that the synthesized
CuNPs@GLN-HEC nanocomposite showed antifungal activity
toward C. albicans and C. neoformans with inhibition zones of 16
and 19 mm, respectively. Furthermore, the MICs of the
CuNPs@GLN-HEC nanocomposite toward both the strains were
31.25 and 15.62 mg mL−1, respectively, where C. neoformans was
mposite (1C), GLN-HEC (1) and SAM/NS toward S. typhimurium (a), P.
ans (f) using the agar-well diffusion method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Minimum inhibitory concentrations of the Cu–Cr–Co-
NPs@GLN-HEC nanocomposite toward all the tested strains

Microbial strain

MIC (mg mL−1)

Cu–Cr–Co-NPs@GLN-HEC

S. typhimurium 125
P. aeruginosa 62.5
S. aureus 125
S. mutans 7.81
C. albicans 31.25
C. neoformans 15.62
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more sensitive to C1 than C. albicans. Hashem, Al-Askar54

successfully conducted the mycosynthesis of trimetallic copper
oxide–selenium–zinc oxide nanoparticles. These nanoparticles
demonstrated antifungal properties against fungi that cause
mucormycosis, with minimum inhibitory concentrations
(MICs) ranging from 1.95 to 62.5 mg mL−1. Cu/Cr/Ni trimetallic
oxide nanoparticles were synthesised using aqueous leaf
extracts of Eryngium campestre and Froriepia subpinnata. The
antimicrobial activity of these nanoparticles was evaluated, and
the results demonstrated that they exhibited antibacterial
effects against E. coli and S. aureus.55 utilised garlic leaf to create
a ruthenium/silver/palladium trimetallic nanocomposite (Ru/
Ag/Pd)-Np. The antimicrobial ndings veried that this nano-
composite displayed antibacterial effects against E. coli and B.
cereus as well as antifungal properties against Aspergillus avus,
Aspergillus niger, Candida albicans, and C. glabrata.

The antimicrobial mechanisms of trimetallic Cr–Co–Cu
nanoparticles can be attributed to the individual antimicrobial
properties of each metal component as well as the potential
synergistic effects arising from their combination. Trimetallic
nanoparticles containing chromium (Cr), cobalt (Co), and
copper (Cu) can exhibit antimicrobial effects through various
mechanisms. These metal nanoparticles can release metal ions,
which have been shown to induce oxidative stress and damage
microbial cells. Metal ions can disrupt cell membranes, inhibit
enzyme activity, and interfere with the DNA replication and
Fig. 6 Cytotoxicity of Cu–Cr–Co-NPs@GLN-HEC (1C) and GLN-HEC
(1) at different concentrations against the Wi38 normal cell line.

© 2024 The Author(s). Published by the Royal Society of Chemistry
protein synthesis of microorganisms, leading to their growth
inhibition or death.53,56

Evaluation of the cytotoxicity of Cu–Cr–Co-NPs@GLN-HEC
and GLN-HEC on the normal cell line

As an essential component of preclinical research, assessing the
cytotoxicity of compounds on normal cell lines requires the
determination of a compound's potential toxicity to healthy
cells.57 In this regard, determining the biosafety of compounds
is regarded as the initial step toward their implementation in
various disciplines. In the current study, the cytotoxicity of Cu–
Cr–Co-NPs@GLN-HEC and GLN-HEC was assessed toward
Wi38 normal cell line, as illustrated in Fig. 6. Results showed
that the IC50 of the Cu–Cr–Co-NPs@GLN-HEC nanocomposite
toward the Wi38 cell line was 170.8 mg mL−1, and the cell
viability of Cu–Cr–Co-NPs@GLN-HEC at concentrations of
31.25, 62.5 and 125 mg mL−1 was 99.3, 88.49 and 61.8%,
respectively. In general, if the IC50 is$ 90 mg mL−1, the material
is classied as non-cytotoxic.58 Therefore, the synthesized Cu–
Cr–Co-NPs@GLN-HEC nanocomposite is considered safe to
use. Thus, safe concentrations and maximum non-toxic
concentrations of this nanocomposite were checked for anti-
cancer activity.

Anticancer activity of Cu–Cr–Co-NPs@GLN-HEC and GLN-
HEC

The synthesis of anticancer compounds is critical because it
facilitates the identication and advancement of novel phar-
maceuticals, which may result in signicant advances in the
treatment of cancer.59 By synthesizing and modifying
compounds, researchers can establish the structure–activity
relationship, optimize drug properties, and overcome drug
resistance, providing alternative options for patients.60 In this
study, the anticancer activity of the synthesized Cu–Cr–Co-
NPs@GLN-HEC nanocomposite and its start materials were
evaluated toward the MCF7 cancerous cell line, as shown in
Fig. 7. Results illustrated that the IC50 of the Cu–Cr–Co-
NPs@GLN-HEC nanocomposite was 30.4 mg mL−1, which
conrms that this nanocomposite has promising anticancer
activity. Moreover, the anticancer activity of Cu–Cr–Co-
NPs@GLN-HEC at safe concentrations of 125, 62.5 and 31.25
Fig. 7 Anticancer activity of Cu–Cr–Co-NPs@GLN-HEC (1C) and
GLN-HEC (1) against the MCf7 cell line.
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were 90.9, 80.83 and 50.69%, respectively. Also, the SI was
calculated for the nanocomposite, where it was 5.61. This result
conrms that the synthesized Cu–Cr–Co-NPs@GLN-HEC
nanocomposite is safe for use because the compounds pos-
sessing SI values greater than two are considered to have
acceptable selectivity toward cancer cells.61

Nanometals have received much attention due to their high
efficacy as antimicrobial as well as anticancer agents.62–64 Khan
et al.65 reported that cobalt oxide nanoparticles exhibited
promising anticancer activity toward the colorectal cancerous
cell line HT29, where the IC50 was 2.26 mg mL−1. Moreover,
cobalt oxide nanoparticles, which were functionalized by glu-
tamic acid and conjugated with thiosemicarbazide, showed
anticancer activity against the gastric cancer (AGS) cell line with
IC50 = 107.5 mg mL−1.66 Likewise, chromium oxide nano-
particles displayed promising anticancer activity toward the
MCF7 cancerous cell line.67 Also, Adnan and Mohammed68

conrmed that chromium oxide nanoparticles have
outstanding anticancer activity against the A549 cancerous cell
line where the cytotoxicity was greater than 70% at concentra-
tions of 6.25–100 mg mL−1. Additionally,69 reported that the
nanocomposite based on mycosynthesized nanoparticles with
starch displayed anticancer activity toward the MCF7 cancerous
cell line where the IC50 was 62.8 mg mL−1.

Trimetallic nanoparticles have recently become a subject of
great interest in the eld of anticancer research because of their
distinct characteristics and potential use in therapy.70 con-
ducted the production of trimetallic nanoparticles consisting of
gold (Au), platinum (Pt), and silver (Ag) using Pleurotus orida.
These nanoparticles exhibited a spherical morphology and
varied in size, ranging from 4 to 10 nm. Trimetallic nano-
particles were synthesized and evaluated against the mda-
mb-231 triple negative breast cancer cell line. The maximum
cell viability, reaching 10%, was seen at a nanoparticle
concentration of 100 mg mL−1. According to a report by Hussein
et al.71 the synthesized trimetallic Ru/Ag/Pd nanoparticles
exhibited anti-cancer properties against the HepG2, Caco-2, and
K562 cell lines.66 conducted a study where they produced silver–
cobalt–ferrite nanoparticles utilizing Citrus limon. These nano-
particles were found to possess anticancer properties against
HEPG2 and MCF7 cell lines, with an IC50 value of 43.5 and
35.5 mg mL−1, respectively.

Nanocomposites based on trimetallic nanoparticles, gelatin,
and hydroxyethyl cellulose can exhibit several anticancer
mechanisms. The nanocomposite structure allows for the
encapsulation or conjugation of anticancer drugs within the
gelatin and hydroxyethyl cellulose matrix. This enables
controlled and targeted drug delivery to the cancer cells.72 The
trimetallic nanoparticles incorporated into the nanocomposite
can further enhance drug delivery by facilitating cellular uptake
and improving drug release kinetics, leading to increased drug
concentration at the tumor site.73 Trimetallic nanoparticles
within the nanocomposite can exhibit inherent anticancer
properties.74 The combination of different metals, such as
cobalt, chromium, and copper, can induce synergistic effects,
resulting in enhanced cytotoxicity against cancer cells. The
nanoparticles can interact with cellular components, disrupt
37640 | RSC Adv., 2024, 14, 37633–37643
cellular processes, and induce cell death through various
mechanisms, including oxidative stress, DNA damage, and
apoptosis.75
Conclusion

This study successfully synthesized a novel trimetallic nano-
composite (Cu–Cr–Co-NPs@GLN-HEC) by integrating copper,
cobalt, chromium, gelatin, and hydroxyethyl cellulose. The
nanocomposite's structure and dimensions were thoroughly
characterized using a range of techniques, conrming its
formation as trimetallic nanoparticles with sizes ranging from
102 nm to 169 nm. These ndings demonstrate the successful
fabrication of a novel nanocomposite with controlled size and
composition. The synthesized Cu–Cr–Co-NPs@GLN-HEC
nanocomposite displayed remarkable antimicrobial properties
against a diverse range of bacteria and fungi. The nano-
composite exhibited potent antibacterial activity against S.
typhimurium, P. aeruginosa, S. aureus, and S. mutans, with MICs
ranging from 7.81 to 125 mg mL−1. Additionally, the nano-
composite demonstrated promising antifungal activity against
C. albicans and C. neoformans, with MICs of 15.62 and 31.25 mg
mL−1, respectively. These results highlight the potential of this
nanocomposite for combating a broad spectrum of microbial
infections. Furthermore, the study explored the anticancer
potential of the synthesized nanocomposite. Cu–Cr–Co-
NPs@GLN-HEC exhibited strong anticancer activity against
MCF7 breast cancer cells, with an IC50 value of 30.4 mg mL−1.
Importantly, the nanocomposite demonstrated relatively low
cytotoxicity against normal Wi38 cells, suggesting a promising
therapeutic window for cancer treatment. The observed anti-
cancer activity, coupled with the nanocomposite's antimicrobial
properties, positions it as a promising candidate for future
development in the medical eld. Although the elaborated
hybrid system based on three metal nanoparticles and
sustainable polymers brought about considerable performance
and properties, the surface and bulk engineering of such
sustainable structures with bimetallic or trimetallic supports
and other biopolymers may result in a wider spectrum of
possibilities in antibacterial and anticancer activities, which
can be a topic for future investigations.
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