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The combination treatment is considered an approach to attaining synergistic impact while minimizing applied
dosage. Hydrogels are analogous to the tissue environment attributed to hydrophilic and porous structure.
Despite extensive study in biological and biotechnological domains, their restricted mechanical strength and
limited functionalities impede their potential uses. Emerging strategies are centred on research and developing
nanocomposite hydrogels to combat these issues. Herein, we prepared copolymerized hydrogel by grafting poly-
acrylic acid P(AA) onto cellulose nanocrystals (CNC) and adding CNC-g-PAA as dopant (2 and 4 wt%) in calcium
oxide (CaO) nanoparticles to generate an effective hydrogel doped nanocomposite (NCH) (CNC-g-PAA/CaO) for
biomedical applications such as anti-arthritic, anti-cancer, and antibacterial investigations alongside their
comprehensive characterization. CNC-g-PAA/CaO (4 %), compared to other samples, had a substantially higher
antioxidant potential (72.21 %). Doxorubicin, a potential chemotherapeutic drug, was then effectively loaded
into NCH (99 %) via electrostatic interaction, and pH-triggered based release was found to be >57.9 % in 24 h.
Furthermore, molecular docking investigation against targeted protein Cyclin-dependent kinase 2 and in vitro
cytotoxicity study verified the improved antitumor effectiveness of CNC-g-PAA and CNC-g-PAA/CaO. These
outcomes indicated that hydrogels might serve as potential delivery vehicles for innovative multifunctional
biomedical applications.

1. Introduction

Integrating nanotechnology with other scientific disciplines, such as
the fabrication of multifunctional polymer-based matrices for controlled
drug administration, has been the focus of intensive study in the pre-
ceding decades [1]. After multiple attempts to combine nano-scale
procedures with traditional techniques for producing quality
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materials, research shifted toward developing polymers and hydrogels
as intelligent/smart materials [2,3]. Hydrogels or aqua gels are
comprised of natural or synthetic polymer chains, chemically or physi-
cally cross-linked, to form a hydrophilic substance with a mucilaginous
macromolecular structure [4,5]. Also, a water-insoluble, 3-D polymer
matrix may imbibe up to hundreds of times its dry weight in water or
biological fluid without compromising structural integrity. This network
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Fig. 1. (a) Chemical structure of cellulose nanocrystals from Cellulose (Avicel) by acid hydrolysis and further grafting of poly-acrylic acid onto CNC, and then CNC-g-

PAA was doped at CaO for the formation of CNC-g-PAA/CaO

is hydrophilic owing to functional units, including hydroxyl (—OH),
carboxyl (—COOH), amine (NH3), and sulphate groups (SOsH™) [6,7].
Considering the source, natural polymers are advantageous due to
enhanced biodegradability and biocompatibility [8,9] but lack
dependability and consistency because of their natural origin, culmi-
nating in substantial batch-to-batch fluctuations.

Conversely, synthetic polymeric composites are highly repeatable
with precisely controlled chemical and physical characteristics. Never-
theless, these are often less compatible than natural polymers, mainly
because of material characteristics or detrimental residues originating
from production process, that frequently contain cytotoxic or non-
biocompatible chemical solvents, initial monomers, or by-products. By
merging synthetic and natural polymers, one may reap the benefits of
both materials while minimizing or ideally eliminating their specific
drawbacks [10], like many commercially available dressing products are
composed of synthetic and natural polymers [9].

Despite their significant advantages, aqua-gels have numerous
drawbacks, such as low mechanical strength, poor heat stability, and
limitations in biomedical applications like poor anti-tumour capacity,
weak bioimaging capability, inadequate responsiveness, etc., which
restricts the hydrogels' applications and renders them hard to overcome
and load in various body areas [2,11]. A nanocomposite polymer
hydrogel is a chemically (covalent bond) or physically (non-covalent)
cross-linked polymer that inserts nano-sized particles into a matrix of
standard material, which also inflates the presence of nanoparticles or
nanostructures [12]. Incorporating inorganic nanoparticles with a high
surface-to-volume ratio and strength in aqua-gel structure is the most
common and effective method for improving their mechanical charac-
teristics [4,13,14]. Various metallic nanoparticles (NPs), including gold,
silver (Au, Ag), and metal oxide NPs, such as iron oxide (Fe304, Fe203),
titania (TiOs), alumina, and zirconia may be employed to form NC
hydrogels for biomedical applications [12]. The well-defined open areas
between the gel networks are nanoscopic domains that enable the
nanoparticles to develop without aggregating. Nanocomposite hydrogel
networks are much more effective in loading metal/metal oxide

nanoparticles (magnetite), as they stabilize the particles and prevent
oxidation [15]. Various studies revealed nanocomposite hydrogels like
Dil et al. [16] reported the antibacterial potential of innovative porous
gelatine silver/AcA (NPGESNC-AcA) nanocomposite hydrogels by free
radical polymerization. A new drug delivery system of oxidized starch/
CuO nanocomposite hydrogels was reported by Gholamali et al. [17], to
estimate the cumulative release of drug from metallic nanocomposite
hydrogels. Likewise, polyvinyl alcohol/CuO (PVA/CuO) nanocomposite
hydrogels also obtained a similar outcome concerning drug delivery
potential at pH 7.4 [18]. Katas et al. [19] effectively produced Ag NPs
from wasted mushroom substrate (SMS) and incorporated them with
genip-incross-linked gelatine hydrogels as wound dressing.

Cancer incidence and microbial drug resistance are the world's
leading causes of death. In addition to being a multifactorial illness
caused by a mix of hereditary and environmental variables, cancer also
contributes to tumour heterogeneity. Chemotherapy, which utilises
extremely toxic chemotherapeutic agents against cancer cells, is the
recommended way of treatment. It involves delivering anti-cancer drugs
intravenously at maximum tolerated dosage, resulting in substantial
toxicity to healthy cells, ranging from neutropenia to cardiomyopathy.
The quest for viable therapies for numerous cancers is urgent and
continuing. Most malignancies, including breast, lung, leukaemia, brain,
and lymphoma, respond well to doxorubicin (DOX), commonly known
as adriamycin, one of the most widely used anticancer drugs from its
family (anthracycline derivatives). However, its high therapeutic effects
and clinical applications are hampered by its short half-life, poor
bioavailability, and high volume distribution, which necessitate high
doses for effective treatment and potentially trigger side effects
including cardiotoxicity, extravasation, nephrotoxicity, and myelosup-
pression. In addition, its effectiveness is diminished by drug resistance
ascribed to P-glycoprotein, which may pump DOX out of cells, limiting
its intracellular concentration and therapeutic efficiency [20]. There is a
need to produce powerful doxorubicin hybrid compounds that can
overcome drug resistance with minimised adverse effects [21]. Sub-
stantial comorbidities linked with cancer include infections,
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osteoporosis, and rheumatoid arthritis (RA), which may be explained in
large extent by inflammatory disease process. Symptoms of rheumatoid
arthritis frequently include joint discomfort, swelling, and morning joint
stiffness. It is an inflammatory disorder that has been linked to lym-
phomas. Patients with rheumatoid arthritis have an increased risk of
cancer, with breast and prostate cancer being the most frequent cate-
gories. Cancer development in individuals with arthritis presents sub-
stantial therapeutic hurdles and increases the patient's healthcare
burden [22]. Therefore, in this study, we successfully fabricated CNC-g-
PAA doped CaO NCH by grafting vinyl monomers such as PAA (-COOH)
onto the surface of CNCs to enhance its absorption capacity and then
added these as dopants on CaO nanoparticles to improve the mechanical
property of CNC-g-PAA for efficient drug delivery system. Also, evalu-
ated the potential of copolymerized hydrogel-doped metal oxide for
local delivery of doxorubicin against cancer treatment by in vitro
cytotoxicity. Furthermore, antibacterial, anti-arthritic effects and mo-
lecular docking analysis were conducted to evaluate binding interaction
between targeted proteins and synthesized nano-biomaterials (CNC-g-
PAA, and CNC-g-PAA doped CaO).

2. Experimental section
2.1. Materials and reagents

Calcium chloride dihydrate (CaCly-2H20, 99-101 %), sodium hy-
droxide (NaOH, 98 %), Poly (acrylic acid), Sodium persulfate (NazS20s),
microcrystalline cellulose Avicel PH101 (~50 pM particle size) were
acquired from Sigma-Aldrich (Germany). H>SO4 was obtained from
Analar (USA).

2.2. Synthesis of cellulose nanocrystals (CNC)

CNC was produced by hydrolyzing Avicel with HySO4 according to
described procedure [23,24]. Specifically, 10 g Avicel was hydrolyzed
for 30 min at 45 °C in 64 % (w/w) HoSO4 solution. A substantial volume
(1900 mL) of chilled water was used for quenching the reaction to
yellow-brown mixture. The further reaction was halted, and suspended
particles were allowed to settle overnight at room temperature. The
surplus water was decanted and centrifuged (7100 rpm, 12 min) to
extract residual cellulose. It was repeatedly rinsed with water until the
suspension became transparent, then neutralized by 0.25 M NaOH. The
remnant suspension was sonicated for 15 min using a Vibracell Soni-
cator, and total solid content was measured by drying at 105 °C to attain
constant weight. The CNC stock was produced to 97.5 mg/mL concen-
tration and kept at 4 °C till future use.

2.3. Synthesis of CNC-g-PAA

CNC-g-PAA was synthesized using a slightly modified version [25].
Approximately 5 mL of synthesized CNC was added to 75 mL of DI
water. The final concentration of CNC was 6.25 mg/mL, which was
sonicated for 40 min and degassed under vacuum. Then, 5 mL (13 mg/
mL) sodium persulfate solution was introduced as a reaction initiator,
and mixture was heated at 50-55 °C for 25 min with constant stirring.
Subsequently, drop-by-drop, PAA was added to reaction mixture at a
weight ratio of 1:6 (CNC: PAA) within 1 h under incubation at 60-70 °C.
After addition, the reaction mixture was incubated for an additional
hour. The CNC-g-PAA was harvested by cooling the mixture at room
temperature and centrifuging at 7100 rpm for 10 min to decant surplus
water. Finally, repeated washing preceded with DI water to remove
impurities and unbound polymer, and then sample was lyophilized
before storage. Fig. 1 illustrates the chemical structure of CNC-g-PAA.

2.4. Synthesis of CNC-g-PAA doped CaO

A pure colloidal solution of CaCl,-2H,0 (0.5 M) was agitated for 20

International Journal of Biological Macromolecules 235 (2023) 123874

min. Subsequently, varying concentrations (2 and 4 wt%) of CNC-g-PAA
were introduced to the solution with continuous stirring to achieve a
homogeneous solution. To attain pH ~12, NaOH (1 M) prepared solu-
tion was incorporated gradually and swirled for 60 min at 80 °C.
Centrifugation was employed at 7500 rpm to separate and wash the
product. Finally, samples were dried overnight above 100 °C to acquire
fine powder [26].

2.5. Characterization of synthesized nanocomposites

2.5.1. Morphology and microstructure of CNC-g-PAA doped CaO

The morphology and microstructural characterization of synthesized
samples were analyzed using field-emission scanning electron micro-
scopy (FE-SEM, JSM-6460LV, JEOL, Japan) with energy-dispersive X-
ray spectroscopy (EDS, Oxford, UK). The inter-planner d-spacing of
fabricated nanomaterials was evaluated with high-resolution trans-
mission electron microscopy (HR-TEM, JEM2100F, JEOL, Japan).

2.5.2. Characterization using X-ray diffraction (XRD), FTIR, DSC, and UV
spectrophotometer

XRD patterns of nanomaterials were ascertained with a powder
diffractometer (PAN analytical X'pert PRO) and monochromatic Cu Ka
radiation (A ~ 0.0154 nm) to assess the crystalline nature and infor-
mation related to phase. The samples were scanned at 20 ambient
temperature ranging from 10° to 80°.

The infrared spectra of synthesized materials were acquired using a
PerkinElmer attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR). FTIR spectra were detected by completing 16
scans with a resolution of 500-4000 cm L. A spectrum of the ambient air
was acquired before running each sample.

The 200-800 nm wavelength range of UV-Vis spectrophotometer
(Genesys 10S) was used to analyze samples optical properties. Each
sample was diluted 10-fold with DI water and mixed well before placing
it in a cuvette for analysis.

DSC (model Q2000 V24.11, Build 124) was used to estimate the
melting temperature (Tm) of CNC-g-PAA and CNC-g-PAA/CaO. For
analysis, 6-10 mg sample was measured in a thermo-aluminum pan with
1 mm diameter hole in the middle of the lid before being set in furnace.
The heating scan was initiated from 40 °C to 360 °C with a temperature
ramp rate of 20 °C/min in a nitrogenous atmosphere.

2.6. Evaluation of radical scavenging activity:

The radical scavenging activity of synthesized samples was assessed
by a modified version of the DPPH assay described previously [27]. In a
conventional DPPH scavenging experiment, specimen free radical active
species at varying concentrations (10-120 pg/mL) in an equivalent
volume of DPPH solution (1 mM) were examined. The reaction mixture
was vortexed and incubated in the dark at ambient temperature for 1 h.
The ascorbic acid standard solution was utilized as a potent antioxidant
reference sample. As stated in Eq. (1), the scavenging content of every
sample was calculated via monitoring degradation percentage (%) at an
absorbance wavelength of 517 nm.

DPPH scavenging rate (%) = (C,—C,)/C,*100 1)

where C,, absorbance of control sample (methanol + DPPH), and C;
represents absorbance value of synthesized sample after a time interval.

2.7. Anti-arthritic effect of CNC-g-PAA doped CaO on inhibition of
protein denaturation by bovine serum albumin (BSA)

The reaction mixture (0.5 mL) comprised 0.45 mL BSA (5 % agq. so-
lution) and 0.05 mL of varied concentrations of CNC-g-PAA doped CaO
nanocomposite hydrogel (12.5, 25, 50, 100, 200, 400, 800 pg/mL)
respectively. 1 N HCl was used to adjust each solution's pH ~6.3. After
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20 min of incubation at 37 °C, the temperature raised to 57 °C for 30
min. Afterwards, 2.5 mL phosphate buffer was incorporated, and
absorbance was detected at 660 nm spectrophotometrically. In test
control (TC) 0.05 mL distilled water was employed for nanocomposite
hydrogel, whereas product control lacked BSA [28]. Using Eq. (2), the
denatured protein inhibition was estimated:

%age inhibition =100 — (Abs of Test Soln — Abs of Product Control/

2
Abs of Control)*100 @

2.8. Antimicrobial activity

The synthesized CNC, CNC-g-PAA, and CNC-g-PAA/Ca0 were used
to investigate the bactericidal potential using agar-well diffusion assay
(AWD) for Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria. S. aureus and E. coli were effectively recov-
ered from the bovine mastitic fluid by culturing their colonies on
Mannitol salt agar (MSA) and MacConkey agar (MA), respectively [29].
For activity, 1.5 x 108 CFU/mL of bacterial strains was wiped on agar
plates with 6 mm diameter bores punched by sterile cork borer and filled
with two different concentrations (500 and 1000 pg/50 pL) of nano-
material hydrogels. Alternatively, ciprofloxacin and DI water served as
positive and negative controls. Agar plates were incubated at 37 °C for
24 h to cultivate the strains. Then, sensitivity for each sample was
assessed by measuring their zone of inhibition with vernier caliper.

2.9. Doxorubicin (DOX) loading on synthesized nanocomposite

The DOX/CNC-g-PAA and DOX/CNC-g-PAA doped CaO were man-
ufactured with modest modifications to the previously published tech-
nique [30]. In brief, 1000 pL of 2 mg/mL DOX stock solution was
included in a reaction mixture containing 5 mg/mL CNC-g-PAA or CNC-
g-PAA/Ca0, followed by 20 min of ultrasonication for optimum conju-
gation of drug with NCHs. The samples were incubated for 24 h using a
shaker at ambient temperature in the dark. The pellet was obtained by
centrifuging (15,000 rpm for 15 min) the drug-loaded hydrogel nano-
composites. The supernatant was kept in the dark to assess the DOX
loading capacity on NCH. The pellet was then lyophilized and retained
at 4 °C for future use.

2.10. Determination of loading capacity (LC) and loading efficiency (LE)

As indicated earlier, the supernatant collected following DOX
loading was utilized to estimate the amount of unloaded drug by
measuring its absorbance at 480 nm via UV-Vis spectroscopy. The
concentration of unloaded DOX was estimated using the calibration
curve. Then amount of loaded DOX on synthesized NCH was quantified
by subtracting unloaded DOX concentration from firstly added DOX. The
percentage of LE and LC was derived from Egs. (3) and (4), respectively.

%Loading Efficiency = [(DOX; — DOX;) /DOX; |*100 3
Loading Capacity (ug mg™') = [(DOX; — DOX;) /Drug ;.. | (@)

where, DOX; and DOX; showing the initial amount (pg) of added DOX in
reaction mixture and unbound DOX in supernatant, respectively.
Drugcarrier display total quantity (mg) of synthesized hydrogels.

2.11. In vitro release of DOX

The DOX release from nanocomposite hydrogel proceeded at two
diverse pH values (7.4 and 5.8) in Phosphate buffer saline (PBS). DOX-
loaded hydrogel-doped metal oxide was disseminated in 3 mL PBS as a
release medium under constant stirring at ambient temperature. At
predetermined intervals, 2 mL of release solution was taken and an equal
amount of fresh buffer was incorporated into reaction mixture to
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maintain the sink condition throughout the experiment. The released
DOX from nanocomposite hydrogels was assessed using UV-Vis spec-
troscopy at Amax of drugs. The cumulative DOX release was plotted
against time, and proportion of the released drug was approximated
using the Eq. (5).

Drug Release (%) = (D,/D,)*100 5)

where, D; is DOX released from nanocomposite hydrogel at a given in-
terval, while D, is total amount of DOX-loaded on nanocomposite
hydrogels [30,31].

2.12. Cell culture and cytotoxicity assessment

The MDA-MB-231 breast cancer cell line was acquired from Centre of
Excellence in Molecular Biology, University of the Punjab, Lahore,
Punjab, Pakistan, and cultured in a T-75 culture flask in DMEM media
along with FBS and antibiotics. The inoculated culture medium was
incubated at 37 °C for 24 h in the presence of 5 % CO and 95 % relative
humidity. When the culture achieved 80 % confluency, cells were
passaged using 0.25 % Trypsin—-EDTA after washing with lukewarm
PBS™ to remove dead cells, followed by incubation at 37 °C for 4-5 min
to detach the cells. The Trypsin—-EDTA was made inactive using serum-
supplemented media and later cell pellet was extracted by centrifugation
(2000 rpm, 10 min) and resuspended in a sterilized fresh medium. For
experimentation passage 19 cells were used briefly; 100 pL cells were
seeded in 96-well microtiter plate (MTP) containing adjusted cell den-
sity (CD) ~10 x 10* and incubated at 37 °C for 24 h under 5 % CO,.
Subsequently, MTT metabolic activity assay was employed to evaluate
the cytotoxicity of NCH using MDA-MB-231 cancer cell line. After
cultivation, divergent DOX concentrations were used under sterile
conditions. For this purpose, 100 pL of 2-fold serial dilution (3.9-500 pL)
of CNC-g-PAA and CNC-g-PAA/CaO was poured into 96-well MTP
containing fermented cells with fresh culture medium and accomplished
incubation at 37 °C for 24 h under 5 % CO;. The control sample con-
tained 100 % cell viability. The culture medium of fermented MTP was
then replenished with 100 pL of fresh PBS, followed by 20 pL of 5 mg/mL
MTT solution and incubated for 4 h. Then, fermented medium was
substituted with 100 uL. DMSO to dissolve formazan crystals and kept in
an incubator for 20 min. Finally, an assay reader (ELISA) was used to
evaluate absorbance at the wavelength of 500-600 nm [30,32], and
calculated percentage viability was using Eq. (6).

Cell viability (%) = (OD of treated cells/OD of control)*100 (6)

2.13. Molecular docking analysis

A molecular docking study was performed to ascertain the molecular
activity of CNC-g-PAA and CNC-g-PAA/CaO on various breast cancer
receptors. This was attained by focusing on proteins involved in cell
development and division. Cyclin-dependent kinase 2 (CDK2), as
intriguing target for anti-cancer drugs [33], interacts with phosphory-
lates proteins in a variety of biological pathways, including DNA
destruction, intracellular transport, protein degradation, signal trans-
duction, DNA and RNA metabolism, and translation [34]. CDK2 plays a
crucial role in cell cycle regulation and engages in vast array of bio-
logical activities. We explored a protein data bank for 3D structure of
CDK2 (PDB ID: 2XMY) [35]. SYBYL-X 2.0 was used to perform molecular
docking study. The 3D structure was generated using SKETCH module of
the software Sybyl-X 2.0 (Fig. S3), accompanied by energy reduction by
Tripos force field with Gasteiger Hiickel atomic charge [36]. The
Surflex-Dock module used to analyze binding interactions of NCH with
active site residues of selected proteins, and missing hydrogens were
introduced. To enhance atomic charges, the AMBER 7 FF99 force field
was employed. Through the Powell method with a convergence gradient
of 0.5 kcal/(molA) for 1000 cycles, the energy was dropped to avoid
steric conflicts. Every ligand-receptor complex was ranked by an
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Fig. 2. (a) FTIR spectra, (b) XRD, and (c—e) SAED pattern of CNC, CNC-PAA, and CNC-PAA doped CaO NCH.

empirical consensus scoring (cScore) based on Hammerhead's scoring
system [37,38], which consisted entirely of the Chem-Score, crash score,
dock-score (D-score), complete score, gold score (G-score), polar score,
and potential mean force (PMF) score, using a molecular similarity
method (morphological similarity).

2.14. Statistical analysis

GraphPad Prism version 9 used to conduct statistical analysis. All
tests were carried out in triplicate, provided mean =+ standard deviation
(SD) for n = 3, and explored using one-way ANOVA. The degree of
significance was estimated by p-value. *p < 0.05 deemed statistically
significant. While, *p < 0.05, **p < 0.007, and ***p < 0.0005, ****p <
0.0001 were considered highly substantial.

3. Results and discussion
3.1. Characterization of synthesized nanocomposite hydrogels

The chemical composition and functional group identification of
fabricated nanocomposites were analyzed through FTIR analysis
(Fig. 2a). FTIR band nearly 1400 cm~! attributes C—O bond associated
with carbonation of CaO nanostructure and peaks at 871 cm ™, and 712
em ™! correspond to Ca—O stretching of nanoparticles [39-41]. In CNC,
distinctive peaks were observed at 3000-3600 cm ™! (OH stretching) and
1050 em ™! (COC vibration) [42]. While PAA displayed prominent bands
at 2951 cm™! (—CH— stretching), 1711-1721 em™! (C=0 stretching),
and 1570-1600 cm ™! (C=0) peak following oxidation of the carboxylic
group [43-45]. Carboxylate (OC—=0) presented peaks at 1418 em ™! for
symmetrical and asymmetrical stretching vibrations. CNC-g-PAA
exhibited similar FTIR spectra with OH, COC, and C—=0 (COOH) and

indicated PAA graft was successfully polymerized onto CNC backbone
chains, and all expected peaks, COOH (or —COONa), —OH, —CaO, were
seen in CNC-g-PAA/CaO spectra. So, enhanced binding interaction be-
tween CaO and CNC-PAA (hydrogel) suggested an increased intensity of
peaks at 4 %.

X-ray diffraction in 20 range of 10°-80° was carried out to explore
structural parameters and phase composition of CNC, CNC-g-PAA, and
CNC-g-PAA/Ca0 (2, 4 %), as in Fig. 2b. The diffraction peaks discerned
at 20 = 28.6°, 31.5°, 39.5°, 47.5°, 56.6°, 64.2°, 75.3°, contributed
significantly to (111), (114), (200), (102), (202), (410), (311), (400)
planes and, verified cubic phase of CaO (JCPDS Card No. 00-037-1497,
ICDD Card No. 00-017-0912, JCPDS File No. 37-1497, ICDD Card No 00-
003-1123) [46-48]. The major predominant crystalline peaks in CNC
sample were identified at 20 of 12°, 19.5°, 22.4°, and 33.9° [49]. Acid
hydrolysis depolymerized cellulose amorphous part, resulting in a
crystalline area that remained intact in CNC [50,51]. XRD patterns of
CNC-g-PAA displayed substantially all peaks after grafting PAA poly-
merization with CNC backbone chains, although signal intensity was
significantly lowered owing to PAA amorphous pattern [50]. This result
showed that CNC was successfully incorporated into PAA via graft
polymerization [52]. The peaks get broader with increased doping ion
concentration (CNC-g-PAA), which may be ascribed to lattice strain in
samples. The nanoscale size of the crystalline sample, strain, and
experimental variables may contribute to broadening diffraction peaks
[53].

Next, selected area electron diffraction (SAED) analysis label discrete
rings pertaining to planes (101), (002), (112), (114), (202), and (111) of
both pure (CNC, CNC-g-PAA, CaO) and doped CNC-g-PAA/CaO in Fig. 2
(c-e). These rings corroborated polycrystalline phase of synthesized
NCH, and proved that the ring indexing correlated with XRD results to a
great extent.
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Fig. 4. (a—d) TEM, (e-h) d-spacing of synthesized nanocomposites; (a, e) CNC,
(b, f) CNC-g-PAA, (c, g) CNC-g-PAA/Ca0 (2 %), and (d, h) CNC-g-PAA/CaO
(4 %).

UV-Vis spectroscopy was employed to analyze the optical properties
and intense band-to-band absorption (Fig. 3a). In wavelength range of
300-800 nm, CNC spectra did not display a noticeable peak [54]. The
prominent PAA absorption occurs between 210 and 220 nm; conversely,
there is no apparent absorption maxima in longer wavelength ranges
[55,56]. The maximum CaO absorption peak was noticed at ~225 and
251 nm UV range [57]. CNC-g-PAA/CaO composites revealed almost
comparable absorption bands at 210-270 nm and blue shift toward
lower wavelength. Tauc's equation was employed to evaluate band gaps
of pure (CNC, PAA) and grafted materials (CNC-g-PAA) as 3.15, 2.1, and
2.9, respectively. Pure CaO exhibited a band gap of around 4.94 eV [58],
which was reduced to 4.2 and 4.5 for CNC-g-PAA/CaO (2 % and 4 %).

The band energies of CNC-g-PAA/CaO samples declined as crystal size
decreased, which could be due to reduced crystallinity and restricted
orientation realignment of resultant materials [59] as illustrated in
Fig. 3b.

3.2. Size, Surface, and morphology of nanocomposite hydrogel

FESEM was utilized to estimate fabricated samples' surface
morphology with negatively charged electrons (Fig. S1 a-d). CNC image
revealed non-uniform distribution of crystals in form of rods. The
incorporation of CNC-g-PAA into CaO (Fig. S1-c) revealed overlapping
of CNC-g-PAA with CaO agglomeration that increased with CNC-g-PAA
quantity in metal oxide (Fig. 1-d).

The surface morphology of pure (CNC), grafted (CNC-g-PAA), and
doped (CNC-g-PA/CaO 2, 4 %) samples were examined by HR-TEM
(Fig. 4 a—d). TEM image exhibited the rod shape of CNC and CNC-g-
PAA as highly porous structures. Agglomeration was seen in CNC-g-
PAA/CaO (Fig. 4 ¢, d), attributing to CaO particle's strong interactions
at nanoscale [60]. As illustrated in (Fig. 4 e-h), highly magnified
interlayer d-spacing of synthesized samples was computed by displaying
lattice fringes for crystallographic planes using TEM images (10 nm).
The calculated d-spacing for CNC, CNC-g-PAA, and CNC-g-PAA/CaO
was ~0.283, 0.287, 0.296, and 0.303 nm, correspondingly, which
satisfied the theoretical d-spacing of CaO (2, 4 %), (002, 111) planes
(JCPDS File. 01-085-0514).

EDS was used to ascertain the constituent components of pure,
grafted, and doped samples (Fig. 5). CaO was successfully integrated
into CNC-g-PAA nanocomposites, as shown with the presence of Ca and
O peaks. Similarly, peaks in C and O signals indicate the successful
incorporation of PAA and CNC into lattice. Furthermore, the presence of
Na peak comes from NaOH solution during nanocomposite hydrogel
synthesis to adjust the pH. The appearance of extra elements (Au and Cl)
may be attributed to EDS detector's high background count.

3.3. Thermoanalytical analysis of NCHs

The thermal behaviour of CNC-g-PAA and successful CNC-g-PAA/
CaO (2, 4 %) was investigated using DSC at a temperature ranging
from 40 to 350 °C (Fig. 6), with samples processed to 350 °C and then
cooled at ambient temperature. The CNC-g-PAA hydrogel thermo-gram
displayed two endothermic curves. The first curve at crystalline melting
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Fig. 5. (a—d) EDS analysis of CNC, CNC-g-PAA, CNC-g-PAA/CaO 2 % and 4 %, (e-g) Elemental mapping of (e) CNC-g-PAA/CaO, (f) O, and (g) Ca.

temperature (Tm) of ~123 °C depicted a phase transition from hard to
soft elastic state, comprising water evaporation. At ~275 °C, the second
broad curve suggested a breakdown of cross-linking due to polymer
disintegration. Whereas glass transition temperature (Tg) of CNC-g-
PAA/Ca0 (2 %) was found near 65 °C and reached 71 °C in CNC-g-
PAA/Ca0 (4 %), followed by a steep endothermic curve at 112 °C
temperature. Primarily, mass loss happened below 200 °C owing to
hydration of water contents. The exothermic curve at 296 °C in (4 %
CNC-g-PAA/Ca0) depicts the degradation of CNC-g-PAA/CaO. The
sharp endothermic curves represent crystal homogeneity, as crystalline
Tm is relatively high, signifying that the structure is more stable and
heat resistant [61].

3.4. Free radical scavenging activity

The capacity of a substance to donate electrons or hydrogen atoms
toward the DPPH free radical governs its antioxidant properties. Free
radical scavenging actions are critical for preventing the detrimental
effects of various diseases, including cancer and arthritis [62]. Antiox-
idants may reduce the oxidative stress in joints, which contributes to the
development of arthritis, and they can also maintain more of the body's

cells healthy and less likely to develop cancer [63]. Free radical scav-
enging activity of all produced nanocomposites was evaluated by a dose-
dependent pattern (Fig. 7a). CNC-g-PAA doped CaO (4 %) yielded the
highest radical scavenging efficiency up to 72.21 % at concentration of
120 pg/mL and scavenged DPPH radicals through their hydrogen
donating capability. According to the IC5 data, CNC-PAA/CaO (2 and 4
%) revealed ICsg values of 94.43 pg/mL and 47.203 pg/mL, respectively
(Fig. 7b). The formation of powerful oxidizing *OH and *O5 species may
interact with DPPH free radicals and lead to its degradation. These
findings revealed that all CNC-g-PAA and CNC-g-PAA doped CaO NCH
contained scavenging activity by their electron transfer or hydrogen
donating capacity to neutralise radical production, however, scavenging
antioxidant activity of NCH was highly correlated with ascorbic acid,
used as standard compound [64].

3.5. Anti-arthritic activity

Bovine serum albumin (BSA) was used to assess the inhibitory effects
of protein denaturation for CNC, CNC-g-PAA, and CNC-g-PAA-doped
CaO (2 % and 4 %) depicted in Fig. 8. Across the concentration ranges
(25, 50, 100, 200, and 400 pg/mL), the results exhibited concentration-
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Fig. 7. (a) DPPH radical scavenging potential (b) ICs¢ of synthesized samples.

dependent attenuation of protein denaturation by NCH. At 400 pg/mL,
CNC-g-PAA/CaO (2 %) inhibited protein denaturation by 59.41 % in
contrast to CNC-g-PAA/Ca0 (4 %) as 71.13 %. It was observed that
antioxidants could also function as anti-inflammatory agents [65]. It is
generally acknowledged that reactive oxygen species (ROS) stimulate
many intracellular signalling pathways, therefore triggering numerous
pro-inflammatory cytokines. ROS also function as secondary messengers
and stimulate other inflammatory mediators [66]. By modulating cell
signalling and gene expression, these components (CNC-g-PAA/CaO)
reduce the formation of inflammatory mediators and oxidants [67].

3.6. Anti-microbial evaluation

The in-vitro bactericidal efficiency for CNC, CNC-g-PAA, and CNC-g-
PAA doped CaO (2, 4 %) against E. coli and S. aureus was evaluated by
measuring inhibition regions (mm) diameter using well diffusion tech-
nique depicted in Table 1. CNC, PAA, and CNC-g-PAA presented null
efficacy against both bacterial isolates at least concentrations. Signifi-
cant inhibition areas (p < 0.05) for E. coli were detected (0.55-4.75 mm)
and (1.05-6.05 mm), respectively, and (4.25-5.05 mm) for S. aureus at
maximal concentrations (1000 pg/50 pL) however, (1.90-2.80 mm) was
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Fig. 8. Effect of CNC, CNC-g-PAA, CNC-g-PAA/CaO (2, 4 %) on the inactivation of protein employing bovine serum albumin. Every values presented as mean + S-D
(n = 3), using one-way ANOVA. **** = p < 0.0001, ** =p < 0.001, * = p < 0.05.

Table 1
Antimicrobial activity of NCH.

Sample Inhibition zones (mm) of Inhibition zones (mm) of
S. aureus E. coli
500 pg/50 1000 pg/50 500 pg/50 1000 pg/50
uL pL pL pL
CNC 0 0.35 0 0
PAA 0 0.90 0 0
CNC-g-PAA 0 1.10 0.55 1.05
CNC-g-PAA/CaO (2 1.90 4.25 3.95 5.45
%)
CNC-g-PAA/CaO (4 2.80 5.05 4.75 6.05
%)
Ciprofloxacin 6.50 6.50 7.15 7.15
DI water 0 0 0 0

recorded at minimal (500 pg/50 pL) concentration for doped NCH. DIW
(0 mm) as negative and ciprofloxacin (6.50 and 7.15 mm) as positive
control were used to compare E. coli and S. aureus inhibition regions.
NCH antibacterial activity can be attributed to numerous phenomena,
such as electrostatic interactions with OH~ and H,O fascinated at the
surface, resulting in reactive oxygen species (ROS) production. Primar-
ily, a reaction between cations Ca?* and negatively charged regions of

(2)

—DOX

e CNC-PAA

wwe CNC-PAA/CaO 2%
= CNC-PAA/Ca0 4%

Absorbance (Arb. Units)

T
400 450 500 550 600
A (nm)

collapsing bacterial cells causes electronic excitation of CaO valance
band surfaces upon irradiation, resulting in a bactericidal effect. Addi-
tional O reactions yield 02 radicals, leading to the production of Hy0».
The resultant O~2 species play crucial functions in the breakdown of
lipid or protein molecules on the bacteria's outer cell surface [68]. Due
to variations in bacterial membrane structure, CNC-g-PAA/CaO (4 %)
showed considerable antibacterial efficacy against E. coli in contrast
with S. aureus.

3.7. DOX loading and releasing efficiency

DOX was entrapped in synthesized hydrogels (CNC-g-PAA and CNC-
g-PAA/Ca0 (2, 4 %)) by electrostatic interaction between the positive
and negative charges of DOX and —-CaO-based NCH, respectively. In the
UV-vis range (Fig. 9a), the distinct absorption bands of free DOX versus
DOX-loaded samples are apparent. Free DOX exhibited a strong ab-
sorption band at 482 nm, also detected in produced NCH. After loading
hydrophilic drug on NCH, the absorption band of DOX-loaded NCH
showed maximum loading into (CNC-g-PAA/CaO 4 %) as 99.31 %.
Releasing of DOX from CNC-g-PAA/Ca0O NCH was found at 480 nm. A
strong binding interaction of DOX with CNC-g-PAA/CaO complex could
be potentially helpful in preventing premature drug release prior to its
target location [69]. The predicted LE values of DOX for CNC-g-PAA and

7 110

CNC-g-PAA

CNC-g-PAA/Ca0 2% CNC-g-PAA/Ca0 4%

Fig. 9. (a) UV-vis spectra-based drug loading profile of DOX into NCH (b) LC and LE of loaded drug.
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bars depict the standard deviation of three independent trials. One-way ANOVA was used to compare various groups, *p < 0.05, **p < 0.007, ***p < 0.0005,

< 0.0001.

CNC-g-PAA/CaO (2 and 4 %) were 24.75, 94.48, and 99.35 %, accord-
ingly (Fig. 9b). LC of the grafted sample, on the other hand, was 1.76 pg
mg !, while for doped NCH 6.16 and 6.48 g mg ™! revealed consider-
ably higher LC and LE values in doped sample (CNC-g-PAA/Ca0) than
CNC-g-PAA.

The pH-triggered based DOX release from DOX-loaded NCH was

10

p

evaluated using PBS having two different conditions (pH 7.4 and 5.8),
chosen correspondingly to provide mimic neutral and mild acidic en-
vironments for healthy and intratumoral cells (endosomes). Conse-
quently, the releasing rate of DOX was significantly lower for pH 7.4 in
contrast to pH 5.8, as seen in Fig. 10. Regarding the DOX releasing ef-
ficiency, CNC-g-PAA/CaO (4 %) exhibited a higher release rate



1. Shahzadi et al.

International Journal of Biological Macromolecules 235 (2023) 123874

Fig. 12. (a), (b) Binding site and binding interaction pattern of CNC-g-PAA/CaO inside CDK2; (c), (d) Binding site and binding interaction pattern of CNC-g-PAA.

compared to CNC-g-PAA/Ca0O (2 %) and CNC-g-PAA. Under neutral
conditions (pH 7.4), DOX loaded CNC-g-PAA/CaO (4 %) hydrogel
released drug merely up to 14.13 % within the first hour and < 40 %
after 24 h Fig. 10(a). In comparison, the system revealed a relatively
rapid drug release rate in slightly acidic environment (pH 5.8), as shown
in Fig. 10(b). Initially observed rate of released DOX was around 14.83
% and increased to 70.19 % when the period was extended to >24 h,
which was relatively higher than pH 7.4. DOX releasing from NC
hydrogels under mild acidic conditions contribute toward enhanced
drug hydrophilicity by increased protonated amine groups and reduced
electrostatic interactions. However, strong electrostatic interaction be-
tween positively charged DOX molecules and negatively charged
—COOH will impede DOX release from hydrogel at pH 7.4. DOX was
first released from hydrophobic core area of polymeric nanocomposite,
then diffused out of hydrophilic outer shell, and finally entered the in-
cubation medium. This release demonstrates utility of NCH as potent
drug carrier that minimises the exposure of healthy tissues while
increasing accumulation of therapeutic drugs at the tumour site, thereby
eliminating the need for recurrent DOX therapy, the major cause of
cardiotoxicity. So, NCH could be stable carriers for targeted drug de-
livery with minimal leakage through blood circulation (pH 7.4);
conversely, a significant amount of drug released at moderately acidic
pH as in intratumoral cells of lysosomes (pH 4-5) and endosomes (pH
5-6).
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3.8. In vitro cytotoxicity and in silico analysis

The MTT assay was conducted on MDA-MB-231 breast cancer cells
for 24 h to evaluate the biocompatibility and anti-tumour potential of
DOX and CaO-based NCH. The dose-dependent potential of cells treated
with unloaded and loaded NCH were assessed between concentration
ranges (3.9-500 pg/mL) as shown in Fig. 11(a, b). The cytotoxic action
of drug-loaded nanocomposites, found to be greater than unloaded
composites, implied the potential of nanocarriers to improve drug up-
take through an endocytic mechanism coupled with the reduction in
cancer cells' survival. As depicted in Fig. 11c, the amount of ICsq for
nanocarriers was much lower than free and unbound drug nano-
composites (NCH), representing the enhanced cytotoxic effect DOX in
combination with each other. The IC50 amount of nanocomposites in
MDA-MB-231 cells was 33.70 and 26.31 pg/mL of CNC-PAA/CaO (2 %
ad 4 %), while when the cells were treated with NCH along with DOX, it
decreased to 11.63 and 10.7 pg/mL, respectively. The findings suggest
that CNC-g-PAA/CaO could enhance therapeutic effectiveness of
cancerous drug DOX by binding with DNA through intercalation and
triggering a cascade of biochemical reactions causing apoptotic cell
death. After 24 h of treatment, cell proliferation of varied drug con-
centrations revealed a substantial dose-dependent pattern. CNC-g-PAA
and its composites act as an agonist in conjunction with the chemo-
therapeutic drug DOX to achieve a synergetic impact against MDA-MB-
231 cancer cells. The simultaneous DOX and CNC-g-PAA released after
internalization and amplified accumulation toward the tumour site may
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account for improved cytotoxicity [70]. According to in vitro cytotox-
icity experiments, the DOX and CNC-g-PAA/CaO formulation exhibited
synergistic effectiveness and enhanced cytotoxicity than CNC-g-PAA
hydrogel [25].

The use of in silico molecular docking studies in determining the
probable mechanism behind diverse biological activities is well recog-
nized. The docking score, as well as interaction pattern within the active
pocket of CDK2 enzyme, revealed CNC-g-PAA and CNC-g-PAA/CaO
NCH as prospective inhibitors of this enzyme. For CDK2 enzyme,
optimal docked conformation reported for CNC-g-PAA exhibited H-
bonding interactions with E81, L83, H84, K89, and 110 with a binding
score of 5.34 (Fig. 12¢ and d), whereas CNC-g-PAA/CaO displayed a
metal-contact interaction with L83 in addition to H-bonding interactions
with E81, L83, H84, K89, and I10 (Fig. 12a and b) and 6.70 overall
cumulative binding score.

4. Conclusion

A novel hydrogel doped metal oxide (CNC-g-PAA/Ca0) was suc-
cessfully fabricated and evaluated for bactericidal, arthritic activities
and controlled drug delivery. FTIR, XRD, and TGA were used to inves-
tigate the chemical composition and heat stability of synthesized NCH.
Morphological analysis revealed that generated CNC from crystalline
cellulose by strong acid hydrolysis retained rod-shaped structures, and
CNC-g-PAA presented porous sponge-like morphology. UV-vis absorp-
tions spectroscopy reported decrease in band gap after addition of CNC-
g-PAA into CaO. The free radical scavenging activity-based results
confirmed CNC-g-PAA/CaO (4 %) highest scavenging performance up to
72.21 %. The inflammatory potential of samples was found to be com-
parable with standard (diclofenac sodium). NCHs revealed significant
bactericidal efficiency against gram-negative bacteria. After this, these
negatively charged hydrogels effectively entrapped hydrophilic drug
DOX with positive charges by electrostatic interactions with LE of 99.3
%. In vitro release behaviour from DOX-loaded nanocomposite hydro-
gels revealed an adequate, stable, and controlled release at pH 5.8.
Finally, in vitro cytotoxicity study illustrated the synergistic effect of
DOX and CNC-g-PAA/CaO to induce apoptosis in breast cancer cells
(MDA-MB-231). In silico analysis for validation of cytotoxicity mecha-
nism revealed these NCH as potent inhibitor of CDK2. Based on these
findings, CNC-g-PAA/CaO hydrogels are viable candidates for targeted
and controlled release of the hydrophilic drug.
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