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Abstract

This work explores the fabrication route of curcumin-loaded carboxymethyl cellulose sodium/sodium alginate/palladium
chloride (CMC-Na/SA/PdCl,) composite hydrogel as localized delivery system for cancer treatment. Herein, an approach
was established for improving encapsulation capacity and exploiting therapeutic efficiency. CMC-Na/SA/PdCl, composite
hydrogels were prepared by gelation method using ionic crosslinker (PdCl,). Results proved that the optimized formula
(CMC-Na:SA (4:1)/PdCl; 0.4%) recorded a gel fraction of 91% with a swelling ratio ~ 3000% after 96 h, while XRD
analysis exhibited no remarks of sharp peaks which confirmed an amorphous phase of tested hydrogel. TGA results showed
that this recipe is thermostable compared to other tested formulae. Moreover, SEM of crosslinked unloaded and curcumin-
loaded hydrogel showed interconnected pores indicating the interior crosslinked chains formed. According to FT-IR analysis,
curcumin was incorporated successfully into CMC-Na/SA via intermolecular hydrogen bonding between curcumin and
hydrogel components. In vitro cytotoxicity of CMC-Na/SA/PdCl, hydrogel exhibited an inhibition proliferation for breast
cancer cells (MDA-MB231), liver cancer cells (HePG-2), and colon cancer cells (CaCo-2) without any toxic effect on the normal
cells. Additionally, curcumin-loaded CMC-Na/SA/PdCl, composite hydrogels exhibited only 50% inhibition proliferation
for HePG-2 with 0.6% curcumin. Also, curcumin-free crosslinked CMC-Na/SA (4:1) hydrogels exhibited 80% inhibition
proliferation for HePG-2 cells. According to antimicrobial bioassay data, CMC-Na:SA (4:1)/PdCl; 0.4%/0.6% Cr hydrogel
has the maximum biofilm inhibition as was recorded against Staphylococcus aureus (77%), followed by Bacillus cereus (74%)
and Candida krusei (66%). Thus, CMC-Na/SA/PdCl, composite hydrogels could be regarded as promising antibacterial and
anticancer biomaterials for multipurpose biomedical applications.
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1 Introduction

Hydrogel is one of biomaterials that is broadly utilized in
different disciplines of biomedical applications due to their
high biocompatibility, controllable swelling manner, flexi-
bility, and their simple procedure conditions. Their unique
properties broaden their application potential in bone and
cartilage regeneration, targeted drug delivery, tissue engi-
neering, electrical and soft robotic components, biosensors
and wound healing [1]. The main downside of hydrophilic
polysaccharide polymers is that they degrade more quickly
with lowering stability in water, while this obstacle could be
improved by adding crosslinker to the system [2]. To increase
the crosslinking density and provide hydrogels with greater
functional qualities, researchers began utilizing chemical
and metal ions as crosslinkers. Covalent bonds produced
by chemical crosslinking give rise to irreversible connec-
tions; in contrast, dynamic crosslinking produced by metal
ion crosslinking is reversible in nature. Even few amounts
of chemical crosslinkers often lead to cell toxicity and unfa-
vorable interaction of other biological components [3]. In
physical crosslinked hydrogels, secondary interactions such
as ionic crosslinks, H-H bonds, and hydrophobic interac-
tions hold the polymeric chains together. On the other hand,
chemical gels have irreversible covalent bonds that hold the
polymeric chains together [4].

Utilizing inorganic metal ions provides crosslinking, sta-
bility, and various benefits for the biological processes in the
body which are primarily compatible with the structure of
proteins (Zn and Ca), nucleic acids (Mn and Mg), charge
balance (Na, K, and Ca), redox catalysis (Fe, Co, Ni, V, Mn,
Cu, and W), acid-base catalysis (Fe, Zn, Mg, Ni, and Mn),
bone structure (Ca, Si), and DNA signaling (Co, Ag, Pb,
As, Sb, Cd, Ni, Hg, Cu, Zn, Fe, and Mn) [3]. Furthermore,
replacing harmful chemical crosslinkers with safe ones leads
to avoiding the risk of cytotoxicity from unreacted chemical
crosslinkers and producing stimuli-responsive, self-healing,
and injectable at room temperature hydrogels [5].

One of the most flexible transition metals palladium is
widely used in academia, health, and industry. Palladium
(Pd) is used as catalyst in the synthesis of a variety of
organic molecules, including medicines, heteroarenes, nat-
ural products, also as a catalyst in C—C coupling, C-H
functionalization, and hydrocarbon oxidation processes [6].
It is commonly employed as a pollution management tool
for eliminating organic pollutants [7]. Hanafy et al. have
reported an excellent catalytic system for the oxidation of
polyphenolic compounds using a variety of Pd-containing
poly(vinyl alcohol) hydrogel samples with varying amounts
of palladium chloride, who proved that PVA can bond with
transition metal ions due to abundance of —OH groups on its
surface [6].
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Recently, palladium complexes have considerable anti-
cancer activity, as well as lower toxicity compared with some
commonly used chemotherapeutics [8]. Palladium nanopar-
ticles (Pd NPs) have been found its potential therapeutic
characteristics for the biomedical applications [9-11]. It has
been reported that designed Pd complexes of types (NHC)
Pd (pyridine) Cl, and (NHC),PdCl, display powerful anti-
cancer activity. It was found that (NHC),PdCl; inhibited the
proliferation of HeLa, MCF -7, and HCT 116 cells in culture
at low micromolar doses, which are noticeably sturdier than
the inhibitory of the most used drug and cisplatin [12].

Sodium alginate (SA) as a natural product has been inten-
sively researched for a wide range of biological applications,
due to its low cost, biocompatibility, biodegradability, and
simplicity of chemical derivatization. SA hydrogels have
been particularly appealing in wound healing and tissue
engineering purposes, owing to their structural likenesses to
extracellular matrices in tissues [13]. SA has been shown
to be a linear hydrophilic polysaccharide composed of 1,4-
linked B-D-mannuronic (M block) and «-L-guluronic acid
(G block) [14].

Moreover, carboxymethyl cellulose (CMC) is a thickener
synthetic cellulose, viscosity modifier, and water retainer
agent, which is non-toxic, biocompatible, and biodegradable.
Physical and chemical properties of CMC can be enhanced
via copolymerization with various polymers which makes
little modifications to its nature. Many studies have shown
that CMC-based hydrogels have the potential for a variety of
biomedical applications, counting drug carriers [15], wound
dressing [16], injectable hydrogels [17], and tissue engineer-
ing scaffolds [18]. The abundance of hydroxyl (-OH™) and
carboxylate (-COO™) groups in CMC gives it an advan-
tage in biomaterials development [19]. Koneru et al. have
prepared sodium carboxymethylcellulose—grapefruit seed
extract nanocomposite hydrogel films and demonstrated that
these films have a proven ability to serve as wound healing
materials since they show an excellent antimicrobial prop-
erty [20].

SA/CMC-Na-based hydrogel beads were previously pre-
pared by calcium chloride as ionic crosslinker for sustained
drug delivery, antibacterial activity, and Pb(Il) adsorption
applications respectively [21, 22]. Also, Zhang et al. used
calcium chloride as ionic crosslinker and demonstrated that
SA/CMC-Na (4:1) combined hydrogel may produce a heal-
ing performance comparable to autologous skin implanting.
It was concluded that under the same deformation condition,
SA/Na-CMC (4:1) had the best compression performance,
followed by SA/CMC-Na (8:1), and both were more effec-
tive than pure SA [23].

Plant-derived natural components have become a core area
of interest, due to the growth of drug resistance and efforts to



Arabian Journal for Science and Engineering

improve cancer therapy, especially since the malignant con-
dition endangers the lives of many people worldwide. Cur-
cumin (Cr), also known as diferuloyl methane, is the primary
curcuminoid present in curcuma longa. It is a linear diaryl-
heptanoid (E,E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene3,5-dione [24]. Numerous studies have demon-
strated its potential as a potent antioxidant, chemo-preventive
agent for various malignancies, anti-atherosclerotic, antivi-
ral [25], antifungal [26], and antibacterial [27], hepato-
protective agent [28], general wound healing enhancer [29],
and a variety of other advantageous effects. Curcumin has
powerful antioxidant activity at low concentrations. It para-
doxically acts as a pro-oxidant substance at higher quantities,
which is advantageous for the treatment of cancer [30].
Hussein et al. prepared PVA/CNCs/curcumin membrane,
and these composite membranes showed sustained-release
profile and remarkable anticancer features demonstrated by
its cytotoxic impact on both Huh-7 and MCF-7 cell lines
without upsetting viability fraction of HFB-4 cells, in addi-
tion to notable antimicrobial action beside tested pathogenic
microbes [31].

Herein, we are exploring a simple preparation route
for formation of curcumin-loaded PdCl, crosslinked CMC-
Na/SA composite hydrogels. The results demonstrated the
physicochemical features of all prepared composite hydro-
gels, where their biocompatibility, antimicrobial effect,
anticancer effect, and potential as an alternative and well-
designed biomaterial for cancer treatment were assessed and
discussed in detail.

2 Materials and Methods
2.1 Materials

Sodium alginate (SA, general purpose grade, medium
viscosity) and sodium salt of CMC (granules, Mwt. ~
250,000 g/mol, DS = 0.7) were purchased from Acros
Organic, Belgium. Palladium (II) chloride (PdCl,, analyt-
ically pure > 99.9%) was from Sigma-Aldrich, Germany.
Curcumin (95%, total curcuminoid content) was obtained
from Alfa Aesar, Germany. WI-38 cell line (CCL-25) (normal
epithelial cells, human), MDA-MB-231 cell line (HTB-26)
(mammary gland/breast adenocarcinoma, human), CaCo-
2 cell line (CaCo-2, HTB-37) (colorectal adenocarcinoma,
epithelial cells, human), and HepG-2 (HEPG2, HB-8065)
(human, liver hepatocellular carcinoma) were obtained from
The Global Bioresource Center (ATCC), USA, with afore-
mentioned product catalog of human and animal cell lines for
research purposes. DMEM media was employed to culture
the subsequent cell lines, CaCo-2, and WI-38, while MDA-
MB-231 and HepG-2 cell lines were grown on RBMI media.
All culture media were supplemented with 10.0% fetal

bovine serum (Lonza), 200 mM L-glutamine, and 1.0% peni-
cillin/streptomycin antibiotic solution (Lonza). Cells were
seeded into tissue culture flasks (25.0 cm) and incubated at
37 °C under 5.0% CO; for 24 h or till confluency. In this
work, the tested human pathogens (Salmonella paratyphi,
Escherichia coli, Pseudomonas aeruginosa, Staphylococ-
cus epidermidis, Staphylococcus aureus, Bacillus cereus,
Candida krusei, Candida tropical, and Candida glabrata)
were received from Bioprocess Development Dep., GEBRI,
SRTA-City, Egypt.

2.2 Preparation of Curcumin-Loaded and Unloaded
CMC-Na/SA/PdCl; Composite Hydrogel

First, the stocks of 2% (wt./v) SA and 2% (wt./v) of CMC-
Na were prepared using deionized water at 50 °C, where
the stocks were stored at fridge at 4°C for a maximum three
days. The different composition ratios of SA:CMC-Na were
setat 1:1,2:1,4:1, 1:4, and 1:2, correspondingly. The mixture
solution was agitated at 65°C for two hours until obtaining
homogeneous mixtures. After SA/CMC-Na solutions were
fully mixed, they were removed and achieved degassing by
degasser. Different concentrations of PdCl, dispersed solu-
tions were prepared as follows: 0.1,0.2,0.4, and 0.6% (wt./v).
The different quantities of PdCl, were weighted based on
the specific concentration and then well dispersed into 5 ml
deionized water using water bath sonication for a time, not
less than three hours.

Crosslinked CMC-Na/SA can be obtained immediately
after injection of PdCl, solution as droplets using a plas-
tic syringe into different sites of the bottom of CMC-Na/SA
solution with continuous stirring at 37 °C until complete mis-
cibility and ideal hydrogel formation. This method is similar
to little adjustments to that used by Agarwal et al. [32] and
Tang et al. [33], respectively. The obtained hydrogels were
casted onto transparent glass Petri dishes and then dried at
70 °C for 2 h [34]. Finally, different concentrations of cur-
cumin (0.15, 0.3, and 0.6%, (wt./v)) were added portion-wise
on CMC-Na/SA blends and agitated using harsh stirrer at
65 °C and 200 rpm for 20 min until obtaining completed
dispersed solution. After that, PACI, solution was added as
previously mentioned until ideal curcumin-loaded hydrogel
formation.

2.3 Physicochemical Measurements
of CMC-Na/SA/PdCl; Composite Hydrogels

2.3.1 Gel Fraction (Gf %)
The gel fraction (%) of crosslinked hydrogel is the ratio of
the dry gel weight (Wq) to the initial weight of the polymer

(Wi) [35]. Samples were cut into specific dimensions (0.5
x 0.5 x 0.3 mm?>), allowed to dry to a consistent weight,
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and then placed in distilled water (DW) for 3 days at 25 °C.
The water was changed every single 24 h. After being thor-
oughly cleaned, the proposed hydrogels were allowed to dry
for 2 days at room temperature before being placed at 40 °C
in a vacuum oven to get consistent weight. The following
formula was used to calculate the gel fraction (GF)%.

GF (%) = (Wg/W;) x 100. (1)

where W is the weight of the dry, insoluble portion of hydro-
gel following water extraction and W; is the initial weight of
the hydrogel [36].

2.3.2 Swelling (%)

Water uptake (%) or the swelling % of composite hydro-
gels was determined by assessing the hydrogel’s capacity
to absorb water or other physiological fluids in relation to
time [37]. Distilled water was used to soak the membranes at
37 °C. Hydrogels were weighed separately at regular interval
times. Swelling degree or water absorption (%) of hydro-
gels was determined using the following equation.

Ws—W,
Swelling (%) = ( SW e) x 100. )

e

where the swollen weight sample is represented as W and
dried sample weight after water-logged is represented as W
[38].

2.3.3 Hydrolytic degradation

Membranes were submerged in distilled water to measure
the hydrolytic degradation index of the hydrogels were cal-
culated at 37 °C at interval times versus the weight loss (%),
once the verified films reached the steadiness-swelling state
by utilizing the provided formula.

. Wo—W;
Weight loss (%) = W x 100. 3)

o

where the membrane original weight is represented as W,
the membrane weight at specific incubation time is repre-
sented as W, [31].

2.4 Characterization of Curcumin-Loaded
and Unloaded CMC-Na/SA/PdCl; Composite
Hydrogels

Samples preparation route and all instrumental characteri-
zation which were used for testing the prepared composite
hydrogels, e.g., FT-IR, XRD, SEM and TGA, were explained
in detail in Supplementary data.
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Table 1 List of formulations tested, along with their constituents and
codes

Codes Samples composition Curcumin (Cr)
concentrations (wt./v,
%)
Ml CMC-Na:SA (4:1) + 0.4% 0
PdCl,
M2 CMC-Na:SA (4:1) + 0.4% 0.15
PdCl; + Cr
M3 CMC-Na:SA (4:1) + 0.4% 0.3
PdCl; + Cr
M4 CMC-Na:SA (4:1) + 0.4% 0.6
PdCl, + Cr
M5 CMC-Na:SA (4:1) + Cr 0.15
M6 CMC-Na:SA (4:1) + Cr 0.3
M7 CMC-Na:SA (4:1) + Cr 0.6

2.5 Bio-evaluation of Curcumin Unloaded
and Loaded CMC-Na/SA/ PdCl; Hydrogels

2.5.1 Safety Assay and Anticancer Activity

An in vitro cell viability test was carried out to assess the
safety profile and the anticancer activity of tested samples
on WISH cell line as a normal cell line and also on Wi-
38, CaCo-2, HepG-2 and MDA-MB-231 as cancerous cell
lines using MTs assay (Promega) according to the manual
instructions. Before the day of the experiment, 1 mL of 6 x
103 cells/ml of the precultured cells was inoculated into 12-
well plates, and then the plates were incubated overnight till
semi-confluence. After cells semi-confluence, the exhausted
media were removed and replaced with new culture media,
and then, the pre-sterilized membrane using UV for 3 h cubic
pieces (2 cm x 2 cm) were added to the plate wells. After
two days of incubation, the cellular viability and cytotoxicity
(%) were calculated by quantifying the solubilized formazan
in DMSO at 570 nm.

2.5.2 Antimicrobial Bioassays

The antimicrobial effectiveness of the formulations under
investigation was estimated in the sections that followed uti-
lizing a range of methods, such as inhibition zones diameters,
turbidity readings, and biofilm inhibition assay.

2.5.2.1 Measurement of Inhibition Zone Diameters The
antimicrobial activities of the tested formulations that coded
in Table 1 were evaluated using the agar well-diffusion
assay [39] against multidrug-resistant human pathogens
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including Salmonella paratyphi, Escherichia coli, and Pseu-
domonas aeruginosa (Gram-negative bacteria), Staphylo-
coccus epidermidis, Staphylococcus aureus, and Bacillus
cereus (Gram-positive bacteria), and Candida krusei, Can-
dida tropical, and Candida glabrata (yeast cells). Microbial
inoculum was initially grown on nutrient broth medium,
which was prepared by mixing (0.5 g peptone, 1.5 g beef
extract, 1.5 g yeast extract, and 0.5 g sodium chloride in
100 ml of DW). On the one hand, the culture suspensions
were prepared by diluting microbial grown cells with 0.85%
saline (w/v) using a McFarland No.l standard (3 X 108
CFU/ml) [40].

On the other hand, 50 ml of sterile nutrient agar medium
was poured into sterile petri plates (140 mm in diameter) and
allowed to solidify. Following that, 100 w1 of each prepared
microbial inoculum was spread uniformly on the plates with
sterile plating swab spreaders. The inoculated petri dishes
were left for 1 h to allow the pathogen to properly absorb into
the medium. Using a sterile cork borer, wells (7 mm in diam-
eter) were aseptically drilled in the inoculated medium. The
prepared wells were filled with 80 1 of the test formulae, and
the plates were left at4 °C for 4 h to allow for diffusion. These
plates were then kept for 24—48 h at 37 °C. Therefore, a sci-
entific region ruler was used to measure the diameter for any
zones of inhibition observed on the plates. The antimicrobial
efficiency of the tested formula was then calculated using
the width differences between the visible inhibition zones
surrounding the wells. Larger inhibition zones are strongly
associated with higher antimicrobial activity. Technical and
biological test replicas were carried out triplicated.

2.5.2.2 Evaluation of the Microbial Inhibitory Rate In brief,
tested human pathogens were cultured in nutrient broth at
37 °C and 200 rpm until exponential growth began. The
diluted microbial cultures (a concentration of (0.2 x 108)
CFU/ml corresponding to an optical density ODgponm of 0.3)
were then treated with various formulations for 24 h at 37 °C
in glass culture tubes. The resulting turbidity was measured
after incubation by measuring the optical density at 600 nm
[39, 41]. Finally, the percentages of microbial growth inhibi-
tion were calculated. This assay was carried out three times
in separate experiments for each of the tested pathogens.

2.5.2.3 Biofilm Inhibitory Assay For this assay, sterile glass
test tubes contained 4.5 ml of microbial culture (3 x 107
CFU/ml) that was mixed with 500 w1 of the tested formula
and then incubated for 24 h at 37 °C and 200 rpm. Follow-
ing incubation, the spread plate method was used to swab
100 w1 of each diluted culture in solid nutrient agar medium
in order to count the biofilm-forming colonies in each repli-
cate (n = 3). Colony-forming units per milliliter (CFU/ml)
were used to tabulate the results. To determine the level of
biofilm inhibition, the logarithm reductions of the pathogen’s

cells exposed to various formulations were computed [39, 42,
43]. The calculated biofilm inhibition was evaluated using
untreated control tubes (100% cell growth) and medium con-
trol tubes (0% cell growth) to determine the efficiency of the
antimicrobial efficacy.

2.6 Statistical Analysis

Each experiment was repeated at least three times. All values
were informed by the mean and standard deviation (M £ SD).
Statistical analysis was conducted using Minitab 18 software,
which included a one-way analysis of variance. Tukey’s test
values were considered significant, as probability values were
less than 0.05 (P < 0.05).

3 Results and Discussion
3.1 Gel Fraction

CMC-Na/SA/PACl; composite hydrogels were prepared by
ionic gelation method. In this process, anionic carboxylic
groups existing in SA and CMC interact with bivalent pal-
ladium ion (Pd2*) to form the gel [32]. The results show
that three hours for PdCl, dispersion could be needed since
the more sonication time produces greater dispersion of
PdCl, particles and therefore further crosslinking effect is
obtained. This is noticed by preparing CMC-Na/SA/PdCl,
hydrogels with different dispersion times of PdCI, (0.5, 1,
and 3 h). It was observed that 0.5 h of PdCl, dispersion
produced faint brownish yellow color producing a partial
gelation, while 1 and 3 h of dispersion times produce light
brown and dark brown color, respectively, giving complete
crosslinked hydrogels. PdCI, is added as a dispersed solu-
tion into CMC-Na/SA blend solution not as crystals due to
it being aggregated on the surface of the blend and cannot
make the polymers-blend solution crosslinked. These con-
centrations of 2% SA and 2% CMC-Na solution have been
selected because 4 wt.% of both polymer solution is very
viscous solution hindering the crosslinking process.

It was found that the needle is the preferable choice for
the addition of PdCI, solution as the addition of PdCl, solu-
tion dropwise without a needle on the surface of blended
polymer solutions made rapid gel formation on the surface.
Figure 1a elucidates that gel fraction increases with rising the
ratio of CMC-Na, since CMC-Na:SA (4:1) and CMC-Na:SA
(2:1) in the formula CMC-Na/SA/0.4%PdCl, produced GF
% approximately 91% and 89%, respectively, because the
highest crosslinking degree is obtained by increasing the
CMC-Na content. However, GF% decreases to be 74% by
increasing the SA content that is reliable with previous
obtained findings of Ibrahim et al. [34]. Figure 1b indicates
that GF% elevates with increasing of PdCl; ionic crosslinker.

@ Springer




Arabian Journal for Science and Engineering

120 120
@ ﬂrz ®
100 gf 89 100 il5 89
78 80 i ]
80 T T 74 80 e
5 : t :
= =
8 S 60
g ¢° g
— <
3 =
40 8 40
20
20
[
o 0.6% 0.4% 0.2%
1:1 1:2 1:4 4:1 2:1
CMC-Na:SA ratio PdCl, %
78
“ L©
72
i 69 I
70 | |
=
& I
S
<
= 60
L
5]
50
40 : : ;
0.15% 0.3% 0.6%

Curcumin %

Fig. 1 Gel fraction (%) of formed composite hydrogels; a Different ratios of CMC-Na:SA at 0.4% of PdCl,, b Different concentrations of PdCl,
and Na-CMC:SA (4:1), and ¢ Different concentrations of curcumin loading at 0.4% PdCl, and Na-CMC:SA (4:1)

Figure 1b shows that the resulted GFs% of crosslinked CMC-
Na:SA (4:1) are 102, 89, and 76% at 0.6, 0.4, and 0.2% of
PdCly, respectively; however, at 0.1% PdCl, no gel formed.
Figure 1c shows the effect of curcumin loading on gel frac-
tion. Itis observed that the addition of curcumin into hydrogel
membranes reduced the formed gel fraction to a certain
limit at which any increase in the concentration of PdCl,
resulted in higher gel fraction. The resulted gel fractions of
crosslinked curcumin-loaded CMC-Na:SA (4:1) PdClI, 0.4%
are 72, 69, and 78% at 0.15, 0.3, and 0.6% of curcumin,
respectively.

3.2 Swelling Study

The swelling ratio of all fabricated hydrogels was determined
as shown in Fig. 2. Results demonstrate that swelling (%)
estimates of all hydrogels induce gradually with expand-
ing swelling time till accomplishment of the equilibrium
swelling phase after 72 h. The first state of equilibrium
swelling is settled and arranged after 36 h for CMC-Na:SA
(1:1), 48 h for CMC-Na:SA (2:1), 72 h for CMC-Na:SA
(1:2), CMC-Na:SA (1:4), and 96 h for CMC-Na:SA (4:1). As
shown in Fig. 2a, the highest swollen formulais CMC-Na:SA
(4:1), which recorded a swelling % ~ 2900%, while the least
swelling % obtained for CMC-Na:SA (1:4) is around 835%.
It is indicated that the swelling (%) increases with rising of
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CMC-Nacontents in hydrogel components, whichis ascribed
to the abundance of greatly hydrophilic -OH and COOCHj3
groups of CMC-Na, where they enhance the affinity of hydro-
gels network to water molecules. The result of swelling is
coupled with the results of Dai et al. who made a compar-
ison between ionic crosslinked hydrogels of gelatin/sodium
alginate (GL/SA, 4:1.6) prepared with no addition of CMC
secluded from pineapple peel, representing that the blend-
ing of CMC into the hydrogels can improve the swelling
capability [44]. The swelling can be justified by the state-
ment that at the pH 7 of the swelling surrounding, the ratio
COO~/COONa of CMC-Na and SA rises because of improv-
ing ionization of carboxylic groups (COO). The network
quickly relaxes as a result of these anionic electric centers
resisting each other resulting in a rise in swelling % [45].
Sharp swelling is observed significantly at high con-
centrations of CMC-Na, compared to low concentration in
(CMC-Na:SA 1:4) and (CMC-Na:SA 1:2) which recorded
swelling % ~ 600 and 800%, respectively. This may be
attributed to occurrence of termination reaction and complete
consuming of crosslinking moieties, i.e., (COO™) between
Pd and SA. Thus, it induces a simple participation of CMC-
Na with crosslinking moieties, where PdCl, is pretended
to perform as complexing carboxylate anions of methyl-
cellulose and alginate by its divalent palladium ion (Pd*?).
Interestingly, the role of crosslinker degree on swelling ratio
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Fig.2 Swelling ratio (%) of tested composite hydrogels: a Different ratios of CMC-Na:SA at 0.4% of PdCl,, b Different concentrations of PdCl,
and CMC-Na:SA (4:1), and ¢ Different concentrations of curcumin loading at 0.4% PdCl, and CMC-Na:SA (4:1)

(%) of blended (CMC-Na:SA, 4:1) has been studied by vary-
ing the concentration of PdCl; in the range (0.2, 0.4, and
0.6%). Figure 2b demonstrates that swelling ratio reduces
with rising concentration of PdCl,. Accordingly, it is found
that 0.4% PdCl, gives a proper swelling %, especially regard-
ing the handling of the sample. As known, with increasing
PdCl, concentration, the amount of Pd?* ion per unit vol-
ume of the liquid increases and more Pd** could bond to
the copolymer chains. This resulted in a diminished network
space, so a smaller amount of water can enter the beads core.
Meanwhile, -COO™ groups decreased and consumed due
to the combination of Pd?* and ~-COOH groups of SA and
CMC-Na. Thus, the electrostatic repulsion between —-COO™
groups converts weak, giving rise to the decrease of swelling
(%) of hydrogels. In brief, 0.4% and 0.6% of PdCI, solution
produced hydrogels with complete crosslinking and good
mechanical properties. Although 0.2% of PdCl, produced
partially crosslinked hydrogel with very low mechanical
properties, 0.1% of PdCl, solution recorded no gel formed.
This explanation couples with Ibrahim et al. who crosslinked
alginate/CMC beads with CaCl; as a crosslinker [45].

The curcumin grafting into CMC-Na/SA scaffold reduced
the crosslinking density of membranes, due to the non-
miscible state formed as shown in Fig. 2c. This decreasing
perhaps arise from the hydrophobic feature of curcumin
which made it incompatible with other membrane com-
ponents and thus this resulted in increment of the water
capability and facilities the diffusion of water inside the
membrane [46]. The impact of curcumin concentration on
swelling ratio of different hydrogels has been investigated
by altering the concentration of curcumin in the range (0.15,
0.3, and 0.6%). The results demonstrate that swelling %
increases with increasing concentration of curcumin. It is
found that membranes with less concentration of curcumin
(0.15%) showed less swelling capacity unlike membranes
with a higher concentration of curcumin (0.6%) showed
higher swelling capacity.

3.3 Hydrolytic Degradation

It is found that the weight loss of composite hydrogels rises
with increasing the ratios of SA (Fig. 3a). Here, the degree
of ionization of carboxylate groups in SA improves which
creates high number of carboxylate ions (COO™) beside SA
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moieties. These ions of anionic charged carboxylate disgust
each other and result in a fast moderation in the network.
That obviously resulted in an increment in weight loss (%).
Figure 3b shows the impact of different concentrations of
PdCl, on degradation rate of composite hydrogels when
placed in deionized water for a specified period. As seen,
hydrogels crosslinked with 0.2% PdCl, show weight loss
approximately 92%, while other hydrogels crosslinked with
0.4% PdCl, display weight loss approximately 75.6% in the
seventh week. The test records that the more PdCl, content
gave the less weight loss of hydrogel. Figure 3c illustrates
the effect of loading curcumin on weight loss of hydrogels,
where the degradation rate increases with high concentra-
tion of curcumin to a certain limit at which the degradation
rate decreases, as shown at 0.6% curcumin. This may be
attributed to immiscible phase formed due to hydrophobic
nature of curcumin which resulted in reduction of crosslink-
ing density of hydrogels and then facilitating the penetration
of water within hydrogel networks [46].

S @ Springer

3.4 FT-IR Assessment

Figure 4 displays the spectra of different prepared CMC-
Na/SA composite hydrogels. It is obviously recorded that
for SA and CMC-Na, the wide-ranging peaks at v 3323,
3373 cm™!, respectively, are related to (-OH) stretching
vibration, but the characteristic peak of -OH group is result-
ing from blinding of SA and CMC-Na, which is detected
at v 3419 cm™'. This obvious change is owing to the for-
mation of hydrogen bonds linking of CMC-Na and SA.
The main peak of metallic bond (Pd—o0) was recorded at v
620 cm~! in crosslinked CMC-Na and at v 616, 708 cm™!
in crosslinked SA [47], while the appearance of a shoul-
der peaks at v 2908 cm~!, 2920 cm~! is assigned to —-CH
stretching vibration. A meaningful stretching C-O vibra-
tion of primary ethers and alcohols in cellulose backbone
is observed at v 1023 cm™!.

FT-IR spectra of CMC-Na or SA and CMC-Pd or SA-Pd
hydrogel do not significantly differ from one another, and
no additional peak could be seen in CMC-Na/SA composite
hydrogel. This observation might be because of the truth that
the crosslinking includes the replacement of Na!* with Pd**
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derived from PdCl,. The bidentate of the carboxylate group to
Pd?* very slightly changed the wavenumber once Pd** ionic
linking in Na-CMC/SA chain from v 3350 cm™~! to a higher
v3418 and 1413 cm~! and peak shifted to v 1403 cm~! [48].

In SA and CMC-Na hydrogels, peak of C—C stretching
v 1028 cm~! is more intense, pointing to either a stronger
O-H binding vibration or a stronger binding of Pd** to car-
boxylate group [49]. The peak breadth of hydroxyl (OH)
stretching vibration initially grew, then reduced, and accom-
plished its maximum at CMC-Na:SA (4:1) as CMC-Na
content is increased. The (-COO™) antisymmetric stretching
peaks of CMC-Na and SA are the absorption peaks near at v
1588 and 1598 cm™ !, respectively. However, in CMC-Na/SA
blend, the intensity and position of the -COO™ antisymmet-
ric stretching absorption peak are near v 1592 cm™! which
also has a lower shift, and the intensity changes of all blends
have little difference and decrease successively. Hydrogel
formulas (CMC-Na:SA, 2:1) and (CMC-Na:SA, 4:1) expe-
rience smaller intensity at -COO- antisymmetric stretching
vibration peak than other groups.

Moreover, in SA and CMC-Na, the vibration peak over
v 1417 cm™! is a -COO~ symmetric stretching peak, while
the vibration band near v 1324 cm™! is a -OH bending peak.
The vibration band of the CMC-Na/SA composite hydrogel
at v 1312 cm™! rises, and the regarding strength is higher
than that at v 1410 cm~! (-COO~ symmetric vibration band
was lifted from v1417 cm™!). That is due to the forma-
tion of hydrogen bonds formed by the -OH and —-COO™
in CMC-Na and SA in addition to the crosslinking activity
of PdCl,. These aspects increase the symmetric stretching

absorption of —COO™ and decrease the bending absorp-
tion of —OH. Additionally, compared to the CMC-Na, both
peaks have lower intensities following the ionic crosslinking,
which illustrate hydrogel’s loss of its crystallinity especially
in CMC-Na/SA (4:1 and 2:1) hydrogels. Similarly, the inten-
sity change initially increases and then decreases with the rise
of CMC-Na quantity in CMC-Na/SA. It is clear that CMC-
Na/SA (4:1) has a higher intensity than CMC-Na/SA (1:1),
CMC-Na/SA (1:2), CMC-Na/SA (1:4), and CMC-Na/SA
(1:2) at v 1422 cm™!, and CMC-Na/SA 1:4 has the great-
est intensity fluctuation [23].

The spectrum of curcumin displays a vibration peak at v
3510 cm™! marks to the stretching substitution of phenolic
group. Moreover, sharp vibration peaks ranged from v1450
to 1630 cm~! corresponding separately to groups C=0,—~OH,
and C=C (enol) [50]. Because of the aromatic vibrations
of the benzoate groups and aromatic C—H, extra two peaks
of about v 713 and 950 cm™! are discovered after embed-
ding of curcumin into the fabricated membranes. This theory
supports the fact that curcumin is loaded onto hydrogel. Addi-
tionally, the band’s intensity is seen to be diminishing around
about v 1600 cm™~!. Additionally, a peak that corresponds to
O-H (between v 3600 and 3000 cm ™) is shrunk and moved
from wave number v 3398 to 3356 cm™~!. Notably, the peak
at v 2919 ecm™! in SA/CMC-Na/Cr exhibits distinct inten-
sity compared to unloaded SA/CMC-Na. This is described
by the creation of hydrogen bond inter-molecularly between
membrane components and curcumin [31] as shown in Fig. 4.
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Fig.5 X-ray diffraction patterns of CMC-Na, SA, and different Cr-loaded CMC-Na/SA/PdCl, composite hydrogels

3.5 XRD Investigation

Figure 5 displays XRD spectra of CMC-Na/SA blended
hydrogels. IXRD pattern of pure SA demonstrates charac-
teristic peaks at 20 = 13.9° and 21.7°, respectively [51],
while the diffractogram of pure CMC-Na consisted of a
broad characteristic peak at 260 = 20.5°, indicating that its
structure is amorphous. Aforementioned, three characteris-
tics peaks corresponding to SA and CMC are all present in
XRD profile of CMC-Na/S A hydrogel membranes. However,
the peaks are broadened showing increasing the amorphous
nature of formulations [32]. Meanwhile, diffractogram of dif-
ferent compositions of CMC-Na/SA hydrogels exhibits the
broadband at different values of 26, where it is recorded at
26 = 18.3° for CMC-Na:SA (1:1), CMC-Na:SA (1:2),20 =
15.4° for CMC-Na:SA (1:4), 20 = 20.5° for CMC-Na:SA
(4:1), and 26 = 22° for CMC-Na:SA (2:1). It can be atten-
uated to the amorphous halo state of the polysaccharides of
CMC-Na and SA [52]. Also, Fig. 5 shows a handful of peaks
ranged at 26 = 10° to 30°, albeit they are not particularly
visible. These peaks show that the matrix contains extremely
crystalline curcumin [53].

3.6 TGA Results

TGA is performed to investigate the degradation and thermal
stability of three formulas of crosslinked CMC-Na/SA (4:1)
with different concentrations of PdCl, (0.2, 0.4, and 0.6%),
as shown in Fig. 6. TGA thermographs exhibit a stepwise
and consecutive weight loss patterns. Basically, the thermal
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decomposition process of hydrogels could be mostly divided
into four stages. The first thermal decomposition is asso-
ciated with all samples attributed to loss of adsorbed water,
humidity or solvents traces, where the weight loss observed is
~15%, 12%, and 13% in the temperature range of 28—190 °C
for hydrogels crosslinked with (0.6, 0.4, and 0.2) PdCl,,
respectively. The second decomposition stage is detected
at 228-305 °C, where weight loss is found 38%, 40%, and
38% was recorded in hydrogels with 0.6, 0.4, and 0.2 PdCl,,
respectively; this weight reduction is regarded to breakdown
of glyosidic bonds. At this stage, approximately 40% of the
tested sample stayed and corresponded to intermediate car-
bonaceous char material. In addition, the weight loss of about
6.1%, 6% and 6.6% is monitored between 305 and 500 °C,
which is associated with oxidation of previously formed
intermediate carbonaceous char material [54]. According to
Kang et al., the main weight loss is detected ~ 257-300 °C
and the further weight loss from 300 to 550 °C both corre-
sponded to the decomposition of oxygen-containing groups
like carboxyl and hydroxyl groups [55]. The superior thermal
stability observed in hydrogel with the lowest concentration
of palladium (II) ions is likely from effective crosslinking of
hydrogel membrane owing to good diffusion of Pd** into the
CMC-Na/SA membrane during formulation [54].

3.7 SEM Investigation

SEM cross-sectional investigation is always developed to
provide the insight of topographical data and structural char-
acteristics of hydrogels. Figure 7 shows the morphological
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Fig.6 TGA thermographs of Cr-loaded CMC-Na/SA/PdCI, composite hydrogels with different concentrations of PdCl,; (0.2, 0.4, and 0.6 wt./v,

%) (a, b and c¢) respectively

Fig.7 SEM images of different Cr-loaded CMC-Na/SA/PdCl, com-
posite hydrogels, a CMC-Na:SA (1:1)/PdCl, 0.4%, b CMC-Na:SA
(1:2)/PdCl, 0.4%, ¢ CMC-Na:SA (1:4)/PdCl, 0.4%, d CMC-Na:SA

(2:1)/PdCl, 0.4%, e CMC-Na:SA (4:1)/PdCl, 0.2%, f CMC-Na:SA

(4:1)/PdCl, 0.4%, g CMC-Na:SA (4:1)/PdCl, 0.6%, h CMC-Na:SA
(4:1)/PdCl; 0.4%/Cr 0.15%,i CMC-Na:SA (4:1)/PdCl 0.4%/ Cr 0.3%,
and (j) CMC-Na:SA (4:1)/PdCl, 0.4%/ Cr 0.6%
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features of different composition of hydrogels and porosity
distribution. It is observed that the regular with good distribu-
tion of porous is observed by increasing the concentration of
CMC-Na, as shown in Fig. 7a, d, e, and f, while Fig. 7b and
¢ shows big porous with irregular cross-sectional structure
according to high concentration of SA in hydrogel compo-
sition. After adding the curcumin, the structure of hydrogels
turned to the fluffy structure with lower porosity as shown in
Fig. 7h, i, and j.

3.8 Cytotoxicity Test

The cytotoxic activity of standard materials (e.g., PdCl,, Cr,
CMC-Na, SA) and different hydrogel formulas (CMC:SA
(1:1)/PdCl, 0.4%, CMC:SA (1:2)/PdCl, 0.4%, CMC:SA
(1:4)/ PdCl, 0.4%, CMC:SA (4:1)/PdCl, 0.4%, and
CMC:SA (2:1)/PdCl; 0.4%), with different concentrations of
PdCI, (CMC:SA (4:1)/PdCl; 0.6% and CMC:SA(4:1)/PdCl,
0.2%) and with different concentrations of loaded cur-
cumin (CMC:SA (4:1)/PdCly 0.4%/0.15% Cr, CMC:SA
(4:1)/PdCl, 0.4%/0.3% Cr, and CMC:SA (4:1)/PdCl,
0.4%/0.6% Cr) are assessed against three carcinoma cell
lines (e.g., human hepatocellular carcinoma HePG-2, human
colon carcinoma CaCO-2, and human breast cancer MDA-
MB231) and diploid human cell line composed of fibroblasts
derived from lung tissue of a 3-month-gestation female fetus
Wi-38 cell lines using colorimetric MTT-assay in vitro at
2 days’ time intervals. ICsq (the concentration of test com-
pounds required to kill 50% of cell population) is determined
from the dose—response curve. The activity was expressed as
1Csp values (mg/ml) &= SD from 3 replicates.

Results reveal that ICsq values for PdCl,, Cr, CMC-Na,
and SA that killed ~ 50% of HePG-2 are 186, 170, 537.2, and
2323.8 mg/ml, of MDA-MB231 are 675, 1940, 38,424.2, and
8.3 x 10'0 mg/ml, of CaCO-2 are 897, 1617.4, 12.5624 x
103, and 420.2912 x 103 mg/ml, and of Wi-38 are 2374.76,
1546, 9433.8, and 30.4799 x 10° mg/ml, respectively, after
2 days of cell exposure, as shown in Fig. 8. From the pre-
viously determined ICsq values, it is observed that PdCl, is
the most cytotoxic component in hydrogel against HePG-2,
CaCO-2, and MDA-MB231 cells in addition to its quite safe
effect, compared to Cr on normal cells. Dose-based curves for
experimented cell lines are displayed in Fig. 8. The mortality
mechanism of PdCl, as anticancer agent can be explained
by the fact that palladium compounds interact with DNA,
induce apoptosis, and cause cell cycle arrest. They show high
selectivity to oligonucleotide end regions and can enter into
non-covalent, electrostatic, and hydrogen bonds with DNA.
Additionally, they can upregulate Bax protein, downregulate
Bcl-2 protein, and cause mitochondrial potential decrease,
leading to apoptosis [56].

The results highlight that formulation with Cr-loaded
crosslinked SA/CMC-Na exhibits significant inhibition of
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tumor death in vitro compared to Cr-free crosslinked
SA/CMC-Na. This indicates that the cytotoxic capabilities
of Cr-free hydrogel are significantly higher than the Cr-
loaded hydrogel even at higher concentrations of Cr. This
can be explained via the expected conflict between Pd ions
and hydroxyl groups of Cr structure to bond with the car-
boxylate groups of SA and CMC-Na. It is also observed that
sample coded: M1 (CMC:SA (4:1)/PdCl, 0.4%) is the most
aggressive biomaterial toward HePG-2, since it increases the
cytotoxicity to 80%, compared to 1.7% for control cell, indi-
cating that M1 has the highest cytotoxic efficiency against
HePG-2 and the safest effect on normal human cell, as shown
in Fig. 9 and Table 1. It is further evident that M4 (CMC:SA
(4:1)/Pdcl2 0.4%/0.6% Cr) which contains 0.6% of cur-
cumin possesses a lethal effect that does not exceed 50.5%
for HePG-2, compared to 31.4% control cells which indi-
cate marked cytotoxicity on human normal cell, as shown in
Fig. 9. Moreover, it is noticed that S4 (CMC:SA (2:1)/PdCl,
0.4%) is the most formula that has cytotoxic effect toward
MDA-MB231 and CaCO-2, but it doesn’t exceed 35% and
33%, respectively, compared to 6.5% for Wi-38 cell which
indicates its safe effect on normal human cell.

3.9 Antimicrobial Activities

Various methods including the estimation of inhibition zones,
turbidity readings, and a biofilm inhibition assay are used to
evaluate the antimicrobial efficacy of tested hydrogel for-
mulations. The generated inhibitory zones are produced by
applying these formulations against tested human pathogens
that are screened (Fig. 10). Significantly, as indicated in
Table 2, Escherichia coli appear the widest zone of inhibition
(24.36 £ 3.49 mm) after exposure to M4 formula. Notably,
none of pathogens under investigation showed any zone of
inhibition when exposed to M7 formula, as shown in Table 2.
Among Gram-positive bacteria, M3 formula produces the
maximum inhibition zone (17.35 =4.21 mm) against Staphy-
lococcus epidermidis. Furthermore, in yeast cell cases, none
of formulae under examination showed any zone of inhibi-
tion against Candida krusei. Meanwhile, Candida glabrata
indicate a low zone of inhibition (8.36 £ 3.01 mm) when
exposed to M2 formula. The results of inhibitory zones assay
are influenced by the formulation’s toxicity, as well as the vis-
cosity and the toxin’s size-dependent diffusion ratio. So, to
assess the direct interaction between human pathogens and
the investigated formulation, macro-dilution bioassays were
employed. In the experiments below, turbidity and biofilm
inhibitory assays are applied to evaluate the antimicrobial
activities of tested formulations against multidrug-resistant
human pathogens [57]. Accordingly, the antimicrobial activ-
ities are evaluated by culturing pathogens loaded with those
formulations alongside pathogens that were not loaded as a
control.
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As shown in Table 3 and Fig. 111, all tested formulations
inhibited the growth of tested human pathogens significantly,
compared to the optical densities produced by controls. The
M4 formula significantly reduced the turbidity of all tested
pathogens, with the strongest effects seen with Staphylo-
coccus epidermidis ODs ca. (0.56 £ 0.02), Bacillus cereus
(0.57 £ 0.35), and Staphylococcus aureus (0.98 = 0.58), fol-
lowed by Pseudomonas aeruginosa (0.92 & 0.32). Notably,

S2 S3 M1 sS4 S5 sS6 M2 M3 M4
Treatment formula

Cytotoxicity (%)

Wi-38 I

S1 S2 S3 M1 S4 S5 S6 M2 M3 M4
Treatment formula

Staphylococcus epidermidis treated with M4 formula pro-
vided the lowest optical density because the control’s optical
density dropped sharply from 3.06 £ 0.014 to 0.56 £ 0.02.
Besides, the optical density of control Bacillus cereus is
sharply reduced from 3.09 £ 0.38 to 0.57 £ 0.35, nearly
just like in the case of the M4-treated Staphylococcus epi-
dermidis. Experts previously concluded that a palladium
complex was linked via oxygen atoms of §-diketone group.

@ Springer



Arabian Journal for Science and Engineering

Fig. 10 Photos and histogram
indicate the zone of inhibition
(mm = SE) against Salmonella
paratyphi (A), Escherichia coli
(B), Pseudomonas aeruginosa
(C), Staphylococcus epidermidis
(D), Staphylococcus aureus (E),
Bacillus cereus (F), Candida
krusei (G), Candida tropicals
(H), and Candida glabrata (J)

% ML SM2 EM3 BM4 EMS EM6 EM7
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~
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® e 5

—
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Table 2 Formed inhibition zones of tested composite hydrogels against human pathogens

Multidrug-resistant human pathogens  Zone of inhibition (mm =+ SD)

M1 M2 M3 M4 M5 M6 M7
Salmonella paratyphi 0 0 2.03 £0.36 1536 +£2.74 336+098 0 0
Escherichia coli 2.36 + .04 836+ 1.64 14.12+523 2436+349 O 0 0
Pseudomonas aeruginosa 356 +£098 456+2.84 5.84+0.85 1635+ 036 635+397 304£154 O
Staphylococcus epidermidis 123 £0.05 894+254 1735+421 O 0 0 0
Staphylococcus aureus 0 0 0 548 +£1.24 0 0 0
Bacillus cereus 3.07+£0.07 523+251 9.23+0.09 0 0 0 0
Candida krusei 0 0 0 0 0 0 0
Candida tropicals 0 0 2.08 £ 0.07 6.23 £3.12 0 0 0
Candida glabrata 536 +347 836+3.01 4.85+2.08 2.51 £ 0.08 0 0 0

Accordingly, this structure, having a variety of biological
properties, could be utilized as a powerful antimicrobial agent
[58].

Various palladium (II) complexes have previously been
explored as potential antibacterial agents. These complexes
have also been shown to be more efficient against Gram-
positive bacteria than Gram-negative bacteria [58]. As shown
in Table 4 and Fig. 1111, the M4 formula significantly reduced
the growth rate for all tested pathogens, but the strongest
effects are seen against Staphylococcus epidermidis, Bacillus
cereus, and Staphylococcus aureus (81.69 £ 9.34%, 81.55 +
3.39%, and 78.50 % 8.77%, respectively), followed by Pseu-
domonas aeruginosa (77.50 £ 6.11%), and Escherichia coli
(72.75 £ 3.62%). The M4 formula (CMC-Na:SA 4:1/0.4%
PdCl,/0.6%Cr) has shown proficient antibacterial activity
against all studied Gram-positive and Gram-negative bac-
teria, with the highest level of growth rate inhibition ranging
from 81% (Table 4). However, in the case of yeast cells,
Candida krusei is shown to have the highest inhibition

@ Springer

percentage of growth rate (65.63 £+ 8.76%), followed by
Candida glabrata (62.42 + 2.99%), and Candida tropicals
(46.91 £ 3.58%). These results are validated by quantify-
ing the CFU/ml and determining the percentage of biofilm
inhibitory (Table 5 and Fig. 12). In general, there are no sig-
nificant effects against all tested human pathogens among
the tested M3, M5, and M6 formulas as shown in Table 5
and Fig. 12. Besides, the maximum biofilm inhibition %
is recorded by M4 formula against Staphylococcus aureus
(76.63 £ 2.43%), followed by Bacillus cereus (73.97 +
6.82%) and Candida krusei (65.70 £ 3.72%). However,
by using the same formula, the lowest biofilm inhibition
is recorded against Candida tropicals (50.40 + 6.28), and
Candida glabrata (51.61 % 3.45%), followed by Salmonella
paratyphi (53.06 & 1.94%), and Escherichia coli (56.70
+ 2.03%). In conclusion, M4 formula is more active in
adjusting Gram-positive bacteria than Gram-negative bacte-
ria or yeast cells. According to earlier studies, palladium and



Arabian Journal for Science and Engineering

280 F 6£C 2960 F 6C°C T FvCT OL6'0 F €81 2960 F vS'e qeL6'0 F 86'¢ Bre F Sy BOL'T F L8Y DIDAGD]S DPIPULY)
SLOT F66°1 6’0 F 961 O16'0 F ¥6'1 2610 F CL'1 4690 F L6C qe60C F S0'c BL6OF VI BLOCF VCC sppordouy vpipun)y
%601 F 661 200 F o'l O1€°0 F L8'T 9L6'0 F 9¢°1 RRIRA VR ol e qeL6'0 + 90% BT F9¢¥ B86'l + ¥S'¥ 1osn.yf bpIpuny)
2600 F 811 60 FOI'L 9¢T F60'1 60 F LSO 2re0 F SY'1 qeLe’0 F 68°C BI6'0 F 2O B8E'0 F 60°¢ §natao snjovg
SL0'T F90C Me0F CS'T Y0 F IP'1 985°086°0 2q10°0 F 8¥'1L qeL6'0 F 1TC BOL0 F LEE B60'l F 96V SnaAND $122020]ydvig
60 F C6'1 9T F €6'1 WSO0F 16°1 9200 F9¢°0 2q6e0 + 960 qesTl + +v6°C BCTT F60°¢C 100 F90°¢ siprutiapids sn22020iKydoig
9600 F 8C'1 SL6'0 F 8T'1 SIT0OF 6I'L CE0F 60 29160 F L¥'C qe9¢’0 + v0°¢ BOE'l F86'¢ BL9'0 F 60'Y DSOULSNIID SDUOUIOPNDS ]
200 F9rI'1 RBIOFCL'L LT'0O F 01 RI'0OF¥60 94800 F ¥0'C qQeyel FCeC BOE'0 F 60°¢ BIOC F SPv'e 109 DIYOUYISH
9600 F 60 MeE0F 660 6I'0F 160 200 F ¢80 24600 F CO'l qe600 F €I'L BR800 F o611 BOT0 F9¢°L mydSpand vljauouvg
LN 9N SN YN EN N IIN [onuo)

(@s F wupp9 o) Ansusp eondo

suagoyyed uewny Jue)ISISAI-SNIPHNIA

suagoyjed uewny jsurede sjp301pAy asodwod paisa) Jo (S F WUOO9 O) ANpIqIn} paInsedJN € djqel

pringer

al




Arabian Journal for Science and Engineering

= Control M1 @ M2

—_—
EN

» w &~ »n

Optical density (600nm=SE)

B A N B @ C mD

g

40.00

20.00

Growth inhibition rate (%+SE)

14
e
S

-20.00

Fig. 11 Histograms of the measured turbidity (ODggonm £ SE) (I) and
growth inhibition rates (% + SE) (II) that were achieved using of
tested human pathogens controlled by M1( CMC-Na:SA (4:1)/0.4%
PdCl), M2 (CMC-Na:SA (4:1)/0.4% PdCl1,/0.15%Cr), M3 (CMC-
Na:SA (4:1)/0.4% PdCl1,/0.3%Cr), M4 (CMC-Na:SA (4:1)/0.4%
PdC1,/0.6%Cr), M5 (CMC-Na:SA (4:1)/0.15%Cr), M6 (CMC-Na:SA
(4:1)/0.3%Cr), M7 (CMC-Na:SA (4:1)/0.6% Cr); against human
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pathogens: Salmonella paratyphi (A), Escherichia coli (B), Pseu-
domonas aeruginosa (C), Staphylococcus epidermidis (D), Staphylo-
coccus aureus (E), Bacillus cereus (F), Candida krusei (G), Candida
tropicals (H), and Candida glabrata (J). Asterisks signify a difference
that was around 5% significant. Two stars (**) indicate statistically
significant differences (P-value < 0.05), whereas one star denotes (*)
differences that seem to be statistically significant (P-value = 0.05)

Table 4 Calculated growth inhibition rate (% =+ SD) of tested composite hydrogels against human pathogens

Multidrug- Growth inhibition rate (% £ SD)
resistant human
pathogens Ml M2 M3 M4** M5* M6 M7
Salmonella 125 +234c 1691 + 25 +£0.25b 37.5 +201a 33.08 + 27.20 + 30.14 + 7.05ab
paratyphi 1.76¢ 8.23ab 5.88ab
Escherichia coli 1043 + 3275+ 40.86 £9.56b  72.75 + 69.85 + 67.53 £ 66.37 £ 6.81ab
4.78¢ 3.62¢ 3.62a 5.07ab 6.23ab
Pseudomonas 2.68 £9.48c 25.67+ 39.60 £8.80b 77.50 £ 70.90 £+ 68.70 £ 68.48 £ 4.10ab
aeruginosa 2.37c 6.11a 4.64ab 4.15ab
Staphylococcus 0.32 £ 0.67c 1699 £ 68.62 +£7.45b  81.69 £ 3758 £ 36.92 + 37.25 £+ 4.90ab
epidermidis 3.46¢ 9.34a 1.69ab 8.10ab
Staphylococcus 26.09 + 51.53 + 67.54 £3.85b 7850 £ 69.07 £ 66.66 + 54.82 + 4.56ab
aureus 6.49¢ 5.08¢ 8.77a 8.94ab 7.66ab
Bacillus cereus 2.26 +£0.53¢ 647 +249c 53.07+443b 8155+ 64.72 + 62.45 + 61.81 £ 2.29ab
3.39a 4.91ab 9.54ab
Candida krusei 396+ 047¢ 10.57 £ 50.88 + 65.63 £ 58.81 £ 57.70 £ 56.16 + 7.41ab
2.68¢ 10.57b 8.76a 5.72ab 9.25ab
Candida tropicals ~ 3.08 £ 0.64c  5.86 £4.19c  8.33 £3.33b 4691 £+ 40.12 £+ 39.50 £ 38.58 £ 0.24ab
3.58a 3.45ab 6.17ab
Candida glabrata  6.77 £ 1.61c ~ 18.27 + 273 +£10.06b 62.42 + 54.00 £ 5297 £ 50.92 £ 4.02ab
5.15¢ 2.99a 4.10ab 7.41ab

A symbol (*) indicates 5% significant difference. One star (*) implies statistically significant differences (P-value = 0.05), whereas two stars (**)

signify significant differences (P-value < 0.05)
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Fig. 12 Calculated biofilm inhibition (%) of tested human pathogens:
Salmonella paratyphi (A), Escherichia coli (B), Pseudomonas aerugi-
nosa (C), Staphylococcus epidermidis (D), Staphylococcus aureus (E),
Bacillus cereus (F), Candida krusei (G), Candida tropicals (H), and
Candida glabrata (J ) that controlled by tested formulations M1( CMC-
Na:SA 4:1 + 0.4% PdCI2), M2 (CMC-Na:SA 4:1 + 0.4% PdCI2 +
0.15%Cr), M3 (CMC-Na:SA 4:1 + 0.4% PdCI2 + 0.3%Cr), M4 (CMC-
Na:SA 4:1+0.4% PdCI12 +0.6%Cr), M5 (CMC-Na:SA 4:1 +0.15%Cr),
M6 (CMC-Na:SA 4:1 + 0.3%Cr), M7 (CMC-Na:SA 4:1 + 0.6%Cr)

curcumin might have stronger antibacterial effects than anti-
fungal efficacy, although the mechanism of action remained
unclear [59-61].

4 Conclusions

Microporous CMC-Na/SA/PdCl, composite hydrogel was
effectively prepared and optimized by the gelation method.
The valuable condition of optimization to fabricate
crosslinked CMC-Na/SA hydrogel membrane with a best
percentage of gel fraction was CMC-Na:SA (4:1)/0.4%
PdCl,. The optimum formula produced a gel fraction of 91%
with the swelling ratio of 3040% at 96 h. The present study
supplied a promising localized candidate with anticancer
activity against propagation of liver cancer, when employing
an optimized composite membrane. It is noticed that CMC-
Na/SA/PdACl; hydrogel membrane demonstrated more anti-
cancer activity than curcumin-loaded CMC-Na/SA/PdCl,.
The cytotoxic effect on HePG-2 is more than MDA-MB231
and CaCo-2. Also, this current study provided a promising
localized antimicrobial activity when applying CMC-Na:SA
(4:1)/0.4% PdCl,/0.6% curcumin. It has the maximum
biofilm inhibition that was recorded against Staphylococcus
aureus (77%), followed by Bacillus cereus (74%) and Can-
dida krusei (66%).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13369-024-09233-w.
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