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aracterization of Mg-
hydroxyapatite and its cellulose hybridized
structure as enhanced bio-carrier of oxaliplatin
drug; equilibrium and release kinetics

Alaa T. Okasha,ab Ahmed A. Abdel-Khalek,b Hassan Ahmed Rudayni,c Wail Al
Zoubi, d Haifa E. Alfassam,e Ahmed A. Allamf and Mostafa R. Abukhadra *ag

An advanced form of magnesium-doped hydroxyapatite (Mg HAP) was synthesized and hybridized with

cellulose fibers, producing a safe biocomposite (CF/Mg HAP) as an enhanced delivery structure of

traditional oxaliplatin (OXPN) chemotherapy drug during the treatment stages of colorectal cancer. The

qualifications of CF/Mg HAP as a carrier for OXPN were followed based on loading, release, and

cytotoxicity as compared to Mg HAP. The CF/Mg HAP composite exhibits a notably higher OXPN

encapsulation capacity (256.2 mg g−1) than the Mg HAP phase (148.9 mg g−1). The OXPN encapsulation

process into CF/Mg HAP displays the isotherm behavior of the Langmuir model (R2 = 0.99) and the

kinetic assumptions of pseudo-first-order kinetics (R2 > 0.95). The steric studies reflect a strong

increment in the quantities of the free sites after the cellulose hybridization steps (Nm = 178.58 mg g−1)

as compared to pure Mg HAP (Nm = 69.39 mg g−1). Also, the capacity of each site was enhanced to be

loaded by 2 OXPN molecules (n = 1.43) in a vertical orientation. The OXPN encapsulation energy into

CF/Mg HAP (<40 kJ mol−1) reflects physical encapsulation reactions involving van der Waals forces and

hydrogen bonding. The OXPN release profiles of CF/Mg HAP exhibit slow and controlled properties for

about 100 h, either at pH 5.5 or pH 7.4. The release kinetics and diffusion exponent (>0.45) signify non-

Fickian transport and a complex erosion/diffusion release mechanism. The free CF/Mg HAP particles

display a considerable cytotoxic effect on the HCT-116 cancer cells (21.82% cell viability), and their

OXPN-loaded product shows a strong cytotoxic effect (1.85% cell viability).
1. Introduction

Non-contagious diseases, particularly cancer, are responsible
for roughly 72% of all recorded deaths worldwide, which is ex-
pected to rise to 75% within the next few years.1,2 Colorectal
cancer is a common malignant type of cancer that affects
approximately 13% of cancer patients worldwide and represents
one of the two major factors causing death and increasing the
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global death rate.3–5 Colorectal cancer begins as a polyp within
the mucosal layers and then spreads to the current submucosa
and adjacent tissues. In the advanced stages of colorectal
cancer, the newly formed neoplastic cells spread to other nearby
organs and lymph nodes.6 Therefore, the production of effective
and safe therapies that can signicantly inhibit the tumor cells
of colorectal cancer without detectable strong side effects
represents a critical issue and a hot research point for the
international health authorities and the scientic
communities.5,7

Various types of chemotherapies drugs are widely used to
conquer the continuous and progressive growth of cancer cells
such as 5-uorouracil, oxaliplatin, cisplatin, cyclophospha-
mide, and altretamine.8,9 The most common chemotherapies
drugs work by causing a lot of oxidative stress and stopping
DNA replication, which kills the infected cancer cells.5,10

Regrettably, the majorities of the commonly used chemother-
apies drugs have toxic effects on normal cells and cause many
serious side effects such as nausea, renal damage, and bone
marrow suppression, especially with increasing the applied
dosages.11,12 Therefore, several studies have been established to
RSC Adv., 2023, 13, 30151–30167 | 30151
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enhance the safety, biocompatibility, therapeutic inuences,
and selectivity of the known species of traditional chemother-
apies drugs.1 This enhancement was suggested to be performed
either by the production of innovative new types of anticancer
therapies or by inducing the activity and biosafety of the
commercially used traditional types.3,13

Oxaliplatin (OXPL) is a drug that is oen used in chemo-
therapy drug to treat cancer cells that have spread to other parts
of the body. This is because it can form reactive species of
platinum complexes that stop cancer cells from copying their
DNA.3,10,11 However, the FAD organization approved of its use as
a highly effective anticancer drug.5,6 But the chemical structure
of OXPN isn't very soluble in human blood, and its metabolites
are very bad for normal tissues. This makes its use and dosages
very limited.5,14,15 Also, the OXPN drug was said to have serious
side effects like problems with the GI tract, nausea, digestive
problems, cardiotoxicity, neurotoxicity, and myelotoxicity.8,10,14

Because of this, researchers looked at a number of advanced
delivery systems as possible ways to improve the therapeutic
activity, solubility, and selectivity of OXPN.5,15 Recent studies of
carriers show that they improve OXPN's solubility, therapeutic
effectiveness, curative value, and rate of release.9,15,16 The
effective encapsulation of the OXPN molecules into advanced
biocompatible carriers was strongly recommended to regulate
the delivered dosages along certain intervals and at controlled
rates to avoid the commonly reported health drawbacks and
expand the interaction duration.9,15

In this regard, several inorganic, organic, and hybrid
organic/inorganic structures such as mesoporous silica, algi-
nate nanogels, polymers, liposomes, bentonite/cellulose
composites, lipid nanoparticles, and hydroxyapatite particles
were evaluated as promising drug carriers for chemotherapies
drugs. The previous materials demonstrated a signicant effect
on inducing the permeability and retention properties of the
drug.5,6,9,15,17 Hydroxyapatite is a promising biomaterial species
of the apatite family that exhibits Ca10(PO4)6(OH)2 and is widely
used in numerous medical industries, including tissue and
bone engineering as well as effective drug delivery
structures.18–21 This was assigned to its signicant chemical
stability, surface area, acid–base adjustability, ion exchange
capacity, long shelf life, exible structure, and adsorption
capacity.22–24 As a biomaterial, it possesses bioactive, biode-
gradable, biocompatible, and osteoconductive characteristics
without generating inammation or toxicity.19,25 However, the
hydrophilic properties of its structure reduce its efficiency as
a carrier of common drugs that have an organic chemical
structure.22,26 Consequently, several studies have been devel-
oped to enhance the physical, chemical, and biological prop-
erties of HAP by controlling its morphology, chemical
composition, and crystallite size, in addition to its surface
functionalization and hybridization by polymers and other
active chemical groups.22,27–29 The hybrid composites of HAP
and reactive natural or synthetic polymers can successfully
overcome the reported drawbacks during the application of
them as delivery systems, including the low encapsulation
capacity, uncontrollable release rate, high brittleness, easy
agglomeration, and poor plasticity.21,30
30152 | RSC Adv., 2023, 13, 30151–30167
Therefore, the objective of the current study is to synthesize
a hybrid structure of cellulose/Mg-hydroxyapatite (CF/Mg HAP)
with enhanced physicochemical, biocompatible, and anticancer
properties while evaluating it as a low-cost and efficient delivery
system of oxaliplatin (OXPN). The cellulose bers were selected
as functionalized polysaccharide biopolymers for their avail-
ability as a natural-based product that is characterized by
signicant surface reactivity, non-toxicity, thermal stability,
biodegradability, chemical stability, and biocompatibility.31–33

For the rst time, the encapsulation behaviors, release proles,
and cytotoxic effects on colorectal cancer cells (HCT-116) of Mg
HAP and its cellulose-functionalized derivative CF/Mg HAP as
potential delivery structures of OXPN molecules were evaluated
in depth in this study. Furthermore, kinetic and equilibrium
investigations were used to depict the mechanisms that affect
the encapsulation and release processes.
2. Experimental work
2.1. Materials

The phosphorite precursors (P2O5 (28 wt%), CaO (46 wt%),
Fe2O3 (2 wt%), SiO2 (12 wt%), Al2O3 (0.8 wt%), F (2.8 wt%), Na2O
(4 wt%), MgO (0.5 wt%), and LOI (7 wt%)) were delivered from
the Quseir area, Red Sea, Egypt. Magnesium nitrate hexahydrate
(99% purity; Sigma-Aldrich, Egypt) was applied as the doped
magnesium ions. Nitric acid (40% purity; Sigma-Aldrich, Egypt)
and ammonium hydroxide (25% NH3; Sigma-Aldrich, Egypt)
were used during the dissolving and precipitation steps. The
cellulose bers that were used during the functionalization
reactions are microcrystalline cellulose of analytical grade
(Sigma-Aldrich; Egypt) in addition to dimethyl sulfoxide
(DMSO) (CAS 67-68-5; >99.5%; Sigma-Aldrich) as a dissolving
reagent. Commercial Oxaliplatin drug with SP-4-2-[(1R-trans)]-
(1,2-cyclohexanediamine-N,N′)-[ethanedioata(2-)-O,O′] platinum
chemical structure and 397.29 MW were used to study the
loading, release, and cytotoxic properties of the structures as
delivery systems and were obtained from Sigma-Aldrich
Company, Egypt.
2.2. Synthesis of magnesium hydroxyapatite (Mg HAP)

The fabrication of Mg HAP was accomplished based on the re-
ported dissolution–precipitation method by Okasha et al.34 The
phosphorite raw samples were rst ground to be within the size
range of 25–150 mm. Then, the ground product (15 g) was dis-
solved completely in nitric acid (200 mL; 1 M) over 24 h at 343 K
by a magnetic stirrer at an adjusted speed of 200 rpm. The
residual solids of the silicate impurities were removed by
ltration utilizing Whatman lter paper (40 mm) remaining
solution of Ca2+ and PO4

3− ions. Aerward, the magnesium
nitrate salt (10 g) was dissolved within the ltered solution
under stirring for 2 h. Then the ammonium solution (25% NH3)
was added to the mixture at a slow rate to ensure the successful
precipitation of the white gel of Mg HAP. Aer that, the
synthesis system was le at room temperature for 24 h, and
then the Mg HAP product was extracted by another cycle of
ltration. Finally, the synthetic Mg HAP particles were washed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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for ve runs and dried for 10 h at 373 K in an electric muffle
furnace to be incorporated into the additional synthesis and
application procedures.

2.3. Synthesis of cellulose functionalized magnesium
hydroxyapatite (CF/Mg HAP)

The functionalization of the obtained Mg HAP product with the
cellulose bers was performed based on the reportedmethod by
Altoom et al.11 2 g of the prepared Mg HAP particles were
homogenized within distilled water (50 mL) for 120 min using
a complex mixing system that involves a magnetic stirrer (500
rpm) supplied with a sonication source (240 W). As a parallel
process, 1 g of the cellulose bers was dispersed within 50 mL of
DMSO for 24 h by stirring at 500 rpm, and homogenization was
induced aer that by a sonication step for 120 min. The ob-
tained cellulose suspension was added to the previously
prepared Mg HAP suspension under continuous homogeniza-
tion processes for 24 h using both a magnetic stirrer (500 rpm)
and sonication irradiation (240 W). Then, the obtained CF/Mg
HAP composite particles were extracted from the residual
solution by centrifugation at 3500 rpm for 15 min, washed
several times to neutralize the surface of the composite, and
dried for 24 h at 60 °C.

2.4. Analytical techniques

The crystalline phases as well as the structural properties
during the synthesis procedures were determined according to
the X-ray diffraction patterns, which were obtained by a PAN-
alytical-Empyrean X-ray diffractometer within the determina-
tion range from 0 up to 70°. The essential chemical groups as
well as the integrated groups during the functionalization steps
were identied according to the FT-IR spectra of the prepared
structures using a Fourier Transform Infrared Spectrometer
(FTIR-8400S; Shimadzu) within an estimation range of
400 cm−1 to 4000 cm−1. The surcial morphologies and their
changes in terms of themodication procedures were inspected
based on the SEM images of the synthetic materials by scanning
electron microscopy (Gemini, Zeiss Ultra 55). Texturally, the
surface area and porosity properties were evaluated according
to the obtained N2 adsorption/desorption isotherm curves of
the raw and prepared materials by a surface area analyzer
(Beckman Coulter SA3100).

2.5. OXP encapsulation studies

The encapsulating studies of OXPN into both Mg HAP and CF/
Mg HAP were evaluated based on the fundamentally investi-
gated factors to control the OXPN encapsulated dosage in
addition to the maximum encapsulation capacities. The
assessed factors are the pH (2–9), encapsulation duration (1–24
h), OXPN concentration (100–800 mg L−1), and temperature
(20–50 °C). The Mg HAP and CF/Mg HAP particles were
homogenized effectively within the prepared OXPN solutions
(50 mL) using a vortex rotator. Aer the equilibration period of
each encapsulation test, the Mg HAP and CF/Mg HAP particles
were removed from the solutions by ltration utilizing What-
man lter paper, and the remaining OXPN concentrations in
© 2023 The Author(s). Published by the Royal Society of Chemistry
the solutions were measured by a UV-Vis spectrophotometer at
a xed determination wavelength (lmax = 209 nm). The deter-
mined remaining OXPN concentrations were applied to calcu-
late the encapsulation capacities of Mg HAP and CF/Mg
HAP particles in mg g−1 according to eqn (1). The
OXPN encapsulation tests into Mg HAP and CF/Mg HAP parti-
cles were accomplished in triplicate, and the estimated
average values were presented in the studies with standard
deviations of 3.8%.

Capacity
�
mg g�1

� ¼
ðinitial concentration� residual concentrationÞ� solvent volume

carrier weight

(1)

2.6. The release studies

The OXPN release proles of Mg HAP and CF/Mg HAP particles
were evaluated within two types of chemical buffers (phosphate
buffer (pH 7.4) and acetate buffer (pH 5.5)), considering the
experimental temperature of 37.5 °C. The OXPN-encapsulated
Mg HAP and CF/Mg HAP particles (100 mg g−1) were carefully
dispersed separately within 500 mL of the prepared chemical
release buffers. The homogenization processes between the
OXPN-loaded Mg HAP and CF/Mg HAP particles and the two
buffers were accomplished by the DISTEK dissolution appa-
ratus for 120 h at 200 rpm as the rotation speed of the vessels.
Samples of the two buffers (5 mL) were regularly extracted from
the bulk release solutions at specic time intervals to follow the
percentages of the diffused OXPN molecules from the Mg HAP
and CF/Mg HAP particles by a UV-Vis spectrophotometer at
a xed determination wavelength (lmax = 209 nm). The regu-
larly obtained samples during the release tests of OXPN from
Mg HAP and CF/Mg HAP particles were re-added immediately
aer the measurements to the bulk release buffers to maintain
the volume at the same values throughout the total investigated
release period. The OXPN release tests into Mg HAP and CF/Mg
HAP particles were accomplished in triplicate, and the esti-
mated average values were presented in the studies considering
eqn (2) to determine the release percentages with standard
deviations <3.66%.

OXPN release ð%Þ ¼ the amount of released OXPN

amount of loaded OXPN
� 100

(2)

2.7. In vitro cytotoxicity

2.7.1. Cell lines. The anti-cancer and cytotoxicity properties
of free Mg HAP and CF/Mg HAP particles and their OXPN
loading samples were evaluated against fresh colorectal cells
and colorectal cancer cells. The tests were conducted at the
Regional Center for Microbiology & Biotechnology, Al-Azhar
University, Egypt. The incorporated chemicals and reagents
during the tests are Gentamycin, colorectal malignant cell lines
(HCT-116) (American Type Culture Collection), 0.25% trypsin–
EDTA, dimethyl sulfoxide (DMSO), RPMI-1640, DMEM, fetal
RSC Adv., 2023, 13, 30151–30167 | 30153
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Fig. 1 XRD pattern of synthetic magnesium hydroxyapatite (Mg HAP)
(A), cellulose fibers (B), and synthetic CF/Mg HAP (C).
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bovine serum, HEPES buffer, and 3-(4,5-dimethylthiazol-2-yl)-
2.5 diphenyltetrazolium bromide (MTT 99%).

2.7.2. In vitro cytotoxicity. The cancer cell lines (HCT-116)
were rst carefully immersed within RPMI-1640 as the incor-
porated culturing medium at specic conditions of temperature
(37 °C) and atmosphere of 5% of CO2. Aerward, the incorpo-
rated culturing medium was signicantly supplemented with
gentamycin (50 mg mL−1) in addition to fetal calf serum (10%).
The previously reported procedures were carefully repeated
three times per week, and then the HCT-116 cell lines (5 × 104

cell per well) were immersed for 24 h within specic Corning®
96-well plates. Aer that, the free Mg HAP and CF/Mg HAP
particles and their OXPN loading samples were homogenized
with the cell lines in a series of separate tests and incubated for
24 h. During this period, the generated viable cells were
measured according to the criteria of the MTT cell proliferation
assay. By the end of the incubation process (aer 24 h), the
previously incorporated culturing medium was removed and
replaced immediately with a mixture of 100 mL of fresh RPMI
medium and 10 mL of MTT (12 mM). This mixture was incu-
bated for 5 h, and the purple formazan generated during this
incubation was dissolved by DMSO (50 mL). The optical density
of the treated HCT-116 cell lines, either by the free Mg HAP and
CF/Mg HAP particles or their OXPN loading samples, was
measured using a microplate at 590 nm as the measuring
wavelength. The measured values were applied directly to
calculate the cell viability percentage as in eqn (3).

Cell viability ð%Þ ¼ mean OD

control OD
� 100 (3)
3. Results and discussion
3.1. Characterization of the carrier

3.1.1. XRD analysis. The XRD patterns reected the
structural effect of the integration procedures on the indi-
vidual components (Fig. 1). The recognized diffraction
pattern of Mg HAP reects the successful synthesis of
hydroxyapatite with an average crystallite size of 11.8 nm. The
identication peaks of Mg HAP were detected at 26.28°,
28.63°, 32.29°, 40°, 47.1°, 50.29°, 3.55°, and 64.28° (JCPSD 00-
001-1008) (Fig. 1A). The remarkable upshiing of these peaks
as compared to the reference pattern of hydroxyapatite was
assigned to the structural impact of the doped Mg2+.28,35 The
diffraction pattern of the hybridized cellulose bers reveals
its crystalline properties, with common peaks of commercial
cellulose at 14.6° (11�0), 16.62° (110), 22.7° (200), and 34.6°
(004) (JCPDS card no. 00-056-1718) (Fig. 1B). The observed
pattern of CF/Mg HAP demonstrates the existence of the
diffraction peaks of hydroxyapatite (25.97°, 39.65°, and
49.66°) in addition to the hybridized cellulose (16.47° and
22.77°) but at notably deviated positions (Fig. 1C). This
pattern demonstrates the hybridization and functionaliza-
tion of Mg HAP with the cellulose chains, which might be
involved in the graing of the cellulose chains and/or the
formation of chemical complexes or hydrogen bonding.
30154 | RSC Adv., 2023, 13, 30151–30167
3.1.2. SEM analysis. The synthetic Mg HAP was detected as
needle-like structure that connected with each other, forming
branches or bundles (Fig. 2A and B). The random orientation of
the Mg HAP bundles in addition to their intersection as network
or web structure resulted in a porous matrix in addition to the
structural porosity of Mg HAP (Fig. 2B). The high SEM magni-
cation image of the Mg HAP bundles revealed the decoration
of the particles with numerous nano-dots (Fig. 2C). The
synthetic Mg HAP bundles display a 20–60 nm average diameter
and 50–250 nm average length. Whereas the individual partic-
ulates of the bundles exhibit an average diameter from 2 to
10 nm and an average length between 20 and >100 nm. More-
over, the EDX spectrum of the detected bundles reected its
composition as magnesium-rich hydroxyapatite (Ca, P, Mg, and
O) (Fig. 2D). Regarding the observed SEM images of the
synthetic CF/Mg HAP, the recognized particles reected signif-
icant orientation of the prepared Mg HAP particles on the
surface of the needle like particles of the cellulose bers (Fig. 2E
and F). This orientation gives the surface of cellulose an irreg-
ular and rugged topography, which increases the surface area.
Moreover, such morphological properties enhance the exposure
properties of the Mg HAP particles and reduce their agglomer-
ation affinity, giving them a high interactive interface and more
active sites during the encapsulation and release processes of
the OXPN drug. Additionally, the textural properties reected
a signicant effect of the described morphological features on
the porosity and surface area of the composite. The determined
surface area of Mg HAP (93.7 m2 g−1) is enhanced at a consid-
erable rate aer hybridization with cellulose to be 98.3 m2 g−1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the synthetic magnesium hydroxyapatite (Mg HAP) (A–C), EDX spectrum of the synthetic Mg HAP (D), and SEM images of
the synthetic CF/Mg HAP (E and F).
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3.1.3. FT-IR analysis. The FT-IR spectra of Mg.HPA, cellu-
lose bers, CF/Mg HAP, and OXPN-encapsulated CF/Mg HAP
were evaluated to follow the expected changes in the essential
chemical groups during the functionalization procedures
(Fig. 3). The essential functional groups of hydroxyapatite were
clearly identied from the spectrum of Mg HAP (Fig. 3A). This
involved the essential phosphorus bearing chemical groups
Fig. 3 FT-IR spectra of synthetic magnesium hydroxyapatite (Mg HAP)
(A), integrated cellulose fibers (B), synthetic CF/Mg HAP (C), and OXPN
loaded CF/Mg HAP (D).

© 2023 The Author(s). Published by the Royal Society of Chemistry
such as asymmetric P–O bonds of the PO4
3− group

(1039.4 cm−1), HPO4
2− groups (871.2 cm−1), symmetric

(570.8 cm−1) and asymmetric (603.3 cm−1) O–P–O bonds of the
PO4

3− groups in addition to the hydroxyl groups (O–H)
(3434.4 cm−1) (Fig. 3A).22,28,36,37 The corresponding bands of N–H
bonds (1390.6 cm−1) and CO3

2− groups (2376.19 cm−1) were
assigned to the trapped ions during the dissolution of the
precursor by nitric acid and the evolved CO2 gas from the dis-
solved carbonate impurities, respectively (Fig. 3A).34,38,39 The
spectrum of separated cellulose bers demonstrates clearly the
bands of the structural organic groups such as –CH-bearing
chemical groups (2914 and 1367 cm−1), –C–O–C bonds within
the pyranose rings (1057 cm−1), and the b-glycosidic linkages
(897 cm−1)11,40 (Fig. 3B).

The spectrum of the CF/Mg HAP composite involves the
bands of the organic structure of cellulose as well as inorganic
hydroxyapatite (Fig. 3C). The detected chemical groups of Mg
HAP are 3352 cm−1 (OH stretching), 1048 cm−1 (P–O stretching
vibration for PO4

3−), and 573.78 (P–O bending vibration for
PO4

3−) (Fig. 3C). The identied chemical groups of cellulose
that form the spectrum of the CF/Mg HAP composite are 2900.5
and 1369 cm−1 (–CH bearing groups) and 1048.5 cm−1 (–C–O–C
of the pyranose ring) (Fig. 3C). The previously identied hybrid
organic/inorganic chemical groups, in addition to the consid-
erable uctuation in the positions of their identication bands,
validate the effective integration between cellulose and Mg HAP
in composite and the considerable chemical interaction
between their reactive functional groups. Regarding the spec-
trum of the OXPN-encapsulated CF/Mg HAP composite, there is
observable shiing in the previously described bands of the
present organic and inorganic chemical groups (Fig. 3D).
Additionally, the appearance of two new bands related to the
symmetric (828.7 cm−1) and asymmetric (1290.4 cm−1)
stretching of Pt–O within the structure of the OXPN drug signify
RSC Adv., 2023, 13, 30151–30167 | 30155
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the effective trapping and encapsulation of the drug molecules
within the structure of the CF/Mg HAP composite5,41,42 (Fig. 3D).

3.2. Encapsulation of OXPN drug

3.2.1. Inuence of the encapsulation parameters
3.2.1.1. Effect of pH. The effect of the solution's pH on the

achieved encapsulation capacities by both Mg HAP and CF/Mg
HAP was followed within a tested range from pH 2 until pH 8 at
adjusted values of the other affecting variables [OXPN concen-
tration: 200 mg L−1; dosage: 20 mg; temperature: 20 °C; dura-
tion: 6 h; volume: 50 mL]. The experimentally detected
encapsulation of OXPN into Mg HAP and CF/Mg HAP exhibits
remarkable enhancement when performing the tests at high pH
conditions (Fig. 4A). This can be detected from pH 3 (Mg HAP
(2.3 mg g−1) and CF/Mg HAP (44.8 mg g−1)) until pH 8 (Mg HAP
(26.8 mg g−1) and CF/Mg HAP (96.2 mg g−1)) (Fig. 4A). There-
fore, the encapsulation reactions at the basic pH values were
recommended during the loading of OXPN into both Mg HAP
and CF/Mg HAP. Generally, the solution's pH signicantly
inuences the ionization behavior of OXPN, a dissolved chem-
ical compound, as well as the dominant surcial charges of Mg
Fig. 4 Effect of the solutions pH on the encapsulation of OXPN (A), effect
(B), effect of OXPN initial concentration on the capacities of Mg HAP and
results by Mg HAP and CF/Mg HAP (D), fitting of the OXPN encapsula
encapsulation process with the classic isothermmodels (G and H), and fit
(monolayer model of one energy) (I).

30156 | RSC Adv., 2023, 13, 30151–30167
HAP and CF/Mg HAP. Regarding OXPN, it is characterized by
signicant mobility and solubility in acidic conditions, which
decreases its effective encapsulation properties.11,16 Moreover,
the dissolved OXPN molecules exist in two basic forms
([Pt(dach)(H2O)Cl]

+ and [Pt(dach)(H2O)2]
2+) of positive charges

at acidic pH values. Therefore, they display notable competitive
and electrostatic repulsion with hydronium ions, which are
distributed extensively on the surfaces of Mg HAP and CF/Mg
HAP.43,44

3.2.1.2. Encapsulation duration. The effect of encapsulation
time on the capacities reached by both Mg HAP and CF/Mg HAP
was tested in a range from 1 h to 24 h. The other inuencing
factors (OXPN concentration: 200 mg L−1; dosage: 20 mg;
temperature: 20 °C; pH: 8; volume: 50 mL) were constant during
the conducting of the tests. The OXPN encapsulation efficien-
cies of Mg HAP and CF/Mg HAP demonstrate remarkable
enhancement in terms of both the encapsulation rates and
OXPN encapsulated quantities in mg g−1 with regular expan-
sion in the evaluated time interval (Fig. 4B). This enhancement
impact can be observed from 1 h until 10 h; aerward, the
increment in the test duration exhibits no considerable impact
of encapsulation duration on the capacities of Mg HAP and CF/MgHAP
CF/Mg HAP (C), intra-particle diffusion curves of OXPN encapsulation
tion process with the kinetic models (E and F), fitting of the OXPN

ting of the OXPN encapsulation process with advanced isothermmodel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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either on the loading rate or the OXPN encapsulated quantities,
and the curves reect stability states of nearly xed values
(Fig. 4B). Such properties signify the equilibration states of the
loading systems of Mg HAP and CF/MgHAP as potential carriers
of OXPN (Mg. HAP (64.8 mg g−1) and CF/Mg HAP (96.2 mg g−1)).
The existence of active encapsulation sites in their free states
and extensive quantities of Mg HAP and CF/Mg HAP at the
starting intervals of the encapsulation reactions resulted in the
detected high loading rates and the abrupt increase in the
OXPN encapsulated quantities.45 The progressive encapsulation
of OXPN into the existing free sites of Mg HAP and CF/Mg HAP
with the rising duration of the tests causes occupation and
consumption of these sites, which strongly declines their
availability. Therefore, the experimental encapsulation rate of
OXPN dropped clearly aer certain time intervals, and the
incorporated Mg HAP and CF/Mg HAP particles showed an
ignored enhancement in OXPN loading capacities. The loading
equilibration states of Mg HAP and CF/Mg HAP were identied
aer the complete occupation of all the existing sites with the
encapsulated OXPN molecules.46

3.2.1.3. OXPN concentration. The experimental impact of the
assessed OXPN concentration on the achieved capacities by Mg
HAP and CF/Mg HAP was followed within a tested range of 100
to 800 mg L−1 at adjusted values of the other affecting variables
[duration: 24 h; dosage: 20 mg; temperature: 20 °C; pH: 8;
volume: 50 mL]. The initial OXPN concentrations as an experi-
mental variable during the loading processes are an essential
factor in determining the maximum capacities of Mg HAP and
CF/Mg HAP carriers as well as their equilibrium properties.
Experimentally, the quantities of the encapsulated OXPN in Mg
HAP and CF/Mg HAP increase strongly in the presence of high
OXPN initial concentrations (Fig. 4C). The existence of OXPN at
high concentrations within a certain volume strongly acceler-
ates the diffusion and mobility properties of its ions, and their
driving forces prompt collision chances as well as chemical
interaction between the active sites of the Mg HAP and CF/Mg
HAP solid particles and dissolved drug molecules.47,48 This in
turn induces the OXPN encapsulation efficiencies of Mg HAP
and CF/Mg HAP until certain concentrations (500 mg L−1 (Mg
HAP) and 700 mg L−1 (CF/Mg HAP) (Fig. 4C). Aer testing these
concentrations, any increase in the evaluated OXPN concen-
tration exhibits a neglected inuence on the determined
quantities of the encapsulated OXPN, which normally denote
the equilibrium loading states of Mg HAP and CF/Mg HAP as
potential carriers (Fig. 4C). Consequently, both Mg HAP and CF/
Mg HAP reach their maximum OXPN encapsulation capacities
(137.8 mg g−1) (Mg HAP) and 210.8 mg g−1 (CF/Mg HAP). The
signicantly higher OXPN encapsulation capacity of Mg HAP
and CF/Mg HAP was assigned to several parameters, such as (1)
the reported enhancement in the surface area aer the cellulose
functionalization step, (2) the organophilic properties of the CF/
Mg HAP as compared to hydrophilic Mg HAP, which induces its
affinity to the dissolved organic molecules of OXPN, and (3)
a remarkable increase in the quantities of the present and
effective encapsulation sites aer the integration of the cellu-
lose chains.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Encapsulation mechanism
3.2.2.1. Kinetic properties
3.2.2.1.1. Intra-particle diffusion behavior. The encapsula-

tion of OXPN into Mg HAP and CF/Mg HAP exhibits intra-
particle diffusion properties of segmental shape and three
visible stages without notable intersections with the original
points (Fig. 4D). This demonstrates the cooperation of more
than one mechanism in addition to the major impact of the ion
diffusion processes on the distributed active receptors of Mg
HAP and CF/Mg HAP.48,49 These mechanisms include (A) sur-
cial encapsulation by the active sites over the external surfaces
(border), (B) the intra-particle diffusion effect, and (C) the
encapsulation impact of the equilibrium state.50 The rst stage,
which was reported in the curves, denotes the operation and
dominant mechanistic effect of the external encapsulation,
especially within the starting intervals of the reactions, and the
efficiency during this stage depends mainly on the availability
of the surcial active and free receptors (Fig. 4D).51 Expanding
the reaction duration results in the second segment, which
signies the operation of the OXPN diffusion processes in
addition to the layered encapsulation mechanisms (Fig. 4D).43,50

By the end of the encapsulation duration, the third stage or
segment of the curves represents the equilibrium states of Mg
HAP and CF/Mg HAP. This state validates the complete occu-
pation or consumption of all the present effective binding sites
with the loaded OXPN ions (Fig. 4D).48 The encapsulation
processes during this state are affected by other operating
mechanisms, such as molecular interaction and/or interionic
attraction processes.47

3.2.2.1.2. Kinetic modeling. The kinetic properties of the
OXPN encapsulation process into (Mg HAP) and CF/Mg HAP
were illustrated based on the kinetic assumptions of both the
pseudo-rst-order mode (P.F.) (eqn (4)) and the pseudo-second-
order (P.S.) (eqn (5)) models. The agreement between the
encapsulation processes and the kinetic models was assessed
based on the non-linear tting with their equations, consid-
ering both the correlation coefficient (R2) and chi-squared (c2)
as the essential indicators of the tting degree (Table 1; Fig. 4E
and F).

Qt = Qe(1 − e−k1t) (4)

Qt ¼ Qe
2k2t

1þQek2t
(5)

The detected values of R2 and c2 indicate a higher tting of
the OXPN encapsulation processes into CF/Mg HAP with the
kinetic properties of the P.F. model than the evaluated P.S.
model. These tting results were conrmed also based on the
notable agreement between the previously detected experi-
mental equilibrium capacities (Mg HAP) (64.8 mg g−1) and CF/
Mg HAP (96.2 mg g−1) and theoretically obtained values as
a mathematical parameter of the P.F. model (Mg HAP) (67.1 mg
g−1) and CF/Mg HAP (98.5 mg g−1) (Table 1). According to the
kinetic properties of the P.F. model, the encapsulation of OXPN
into Mg HAP and CF/Mg HAP occurred mainly by physical
RSC Adv., 2023, 13, 30151–30167 | 30157
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Table 1 The fitting parameters of the evaluated kinetic models, classic isotherm, advanced isotherm, van't Hof formula, and release kinetic
models

Model Parameters Mg HAP CF/Mg HAP

Kinetic models
Pseudo-rst-order K1 (min−1) 0.247 0.285

Qe (Cal) (mg g−1) 67.1 98.5
R2 0.97 0.98
X2 0.41 0.45

Pseudo-second-order k2 (g mg−1 min−1) 0.0027 0.0023
Qe (Cal) (mg g−1) 84.1 120.4
R2 0.95 0.95
X2 0.84 1.07

Isotherm models
Langmuir Qmax (mg g−1) 287.1 355.0

b (L mg−1) 0.0015 0.0024
R2 0.94 0.98
X2 2.10 0.59
RL 0.45 0.34

Freundlich 1/n 0.70 0.60
kF (mg g−1) 1.52 4.58
R2 0.90 0.94
X2 3.58 1.97

D–R model b (mol2 kJ−2) 0.0446 0.0371
Qm (mg g−1) 287.4 385.4
R2 0.94 0.977
X2 2.01 0.82
E (kJ mol−1) 3.35 3.67

Monolayer model of one energy n 2.15 1.43
Nm (mg g−1) 69.39 178.58
Qsat (mg g−1) 148.9 256.2
DE (kJ mol−1) −8.98 −8.74

Thermodynamics
DG° (kJ mol−1) 293.13 −12.50 −13.68

303.13 −12.55 −13.94
313.13 −12.60 −14.19
323.13 −12.64 −14.44

DH° (kJ mol−1) −11.17 −6.27
DS° (J K−1 mol−1) 4.55 25.29

Release kinetics

Determination coefficient

Mg HAP CF/Mg HAP

Models
Acetate buffer
(pH 5.5)

Phosphate buffer
(pH 7.4)

Acetate buffer
(pH 5.5)

Phosphate buffer
(pH 7.4)

Zero-order 0.82 0.75 0.69 0.75
First order 0.95 0.97 0.95 0.99
Higuchi 0.95 0.97 0.90 0.92
Hixson–Crowell 0.92 0.94 0.99 0.98
Korsmeyer–Peppas 0.96 0.94 0.96 0.95
n 0.57 0.70 0.48 0.56
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mechanisms that might involve strong effects of van der Waals
forces and electrostatic attractions.52,53 However, the OXPN
encapsulation processes are highly tted with the P.F. model as
compared to the P.S. model, and the processes that occur still
show considerable agreement with the kinetic behavior of the
P.S. model. Therefore, it was expected that there would be
a minor impact or assistant effect for some weak chemical
30158 | RSC Adv., 2023, 13, 30151–30167
processes during the OXPN encapsulation processes into Mg
HAP and CF/Mg HAP, such as hydrogen bonding, hydrophobic
interactions, electron sharing, and chemical complexes.48,52 The
cooperation of both physical and chemical mechanisms
involved the formation of a chemically encapsulated layer of the
drug, followed by the formation of a physically encapsulated
layer using the rst layer as substrate.54
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2.2.2. Equilibrium properties
3.2.2.2.1. Classic isotherm models. The equilibrium proper-

ties of the OXPN encapsulation processes into Mg HAP and CF/
Mg HAP were illustrated based on the isotherm assumptions of
the Langmuir model (eqn (6)), Freundlich model (eqn (7)), and
Dubinin–Radushkevich (D–R) model (eqn (8)). The agreement
between the encapsulation processes and the isotherm models
was assessed based on the non-linear tting with their equa-
tions, considering both the correlation coefficient (R2) and chi-
squared (c2) as the essential indicators of the tting degree
(Table 1; Fig. 4G (Mg HAP) and H (CF/Mg HAP)).

Qe ¼ Qmax bCe

ð1þ bCeÞ (6)

Qe = KfCe
1/n (7)

Qe = Qme
−b32 (8)

The detected values of R2 and c2 indicate a higher tting of
the OXPN encapsulation processes into both Mg HAP and CF/
Mg HAP with the equilibrium properties of the Langmuir
model than the Freundlich model. This agreement with the
Langmuir isotherm suggests the homogeneous encapsulation
of OXPN into the Mg HAP and CF/Mg HAP particles and in
Monolayer forms.52,53 Moreover, the estimated RL parameter of
the OXPN encapsulation reaction exhibits a value less than
unity, which is normally an indicator of the favorable properties
of the reactions.22,51 As an estimated parameter from the Lang-
muir isotherm study, the expected maximum OXPN encapsu-
lation capacities (Qmax) of Mg HAP and CF/Mg HAP are 287 mg
g−1 and 355 mg g−1, respectively.

The D–Rmodel as an equilibriummodel is highly effective to
elucidate the energetic heterogeneity of Mg HAP and CF/Mg
HAP during the OXPN encapsulation processes regardless of
the types of surfaces, either homogenous or heterogeneous.55

The Gaussian energy (E), which was obtained as a mathematical
parameter of the D–R model, considerably contributes to the
nature of the OXPN encapsulation mechanisms (chemical or
physical). Encapsulation processes that display an E value
<8 kJ mol−1, from 8 to 16 kJ mol−1, and >16 kJ mol−1 suggest the
operation of strong physical, weak chemical, complex physical/
chemical, and strong chemical encapsulation mechanisms,
respectively.22,55 The values of the E parameter estimated for Mg
HAP (3.35 kJ mol−1) and CF/Mg HAP (3.67 kJ mol−1) are within
the reported range of physical mechanisms but also within the
signied range of ion exchange mechanisms (0.6–25 kJ mol−1),
which match the theoretical ndings of the kinetic studies
(Table 1).

3.2.2.2.2. Advanced isotherm models. The assumptions of the
advanced isotherm models according to the mathematical and
physical basics of statistical physics theory strongly signify the
encapsulation mechanism in terms of the surcial properties of
Mg HAP and CF/Mg HAP in addition to their interactive inter-
face with the OXPN molecules. Here, a monolayer isotherm
model with one energy site (eqn (9)) was applied to describe the
equilibrium properties of Mg HAP and CF/Mg HAP as potential
© 2023 The Author(s). Published by the Royal Society of Chemistry
carriers of OXPN based on their related steric and energetic
parameters (Fig. 4I and Table 1).

Q ¼ nNo ¼ nNM

1þ
�
C1=2

Ce

�n ¼ Qo

1þ
�
C1=2

Ce

�n (9)

The steric parameters active OXPN encapsulation sites
density of Mg HAP and CF/Mg HAP (Nm(OXPN)), number of
encapsulated OXPN per one active site (n(OXPN)), encapsula-
tion capacities of OXPN at the saturation states of Mg HAP
and CF/Mg HAP (Qsat(OXPN)) and energetic parameter (OXPN
encapsulation energy) were presented in Table 1. Based on
the steric parameters, the functionalization of Mg HAP with
cellulose resulted in a notable enhancement in its qualica-
tion as a potential carrier of OXPN as compared to the pure
phase. The quantities of the effective free active site during
the OXPN encapsulation increased strongly aer the inte-
gration of cellulose (Nm(OXPN) = 69.4 mg g−1) (Mg HAP) and
178.5 mg g−1 (CF/Mg HAP), which might be related to the
integrated new active functional groups of cellulose or the
increase in the interaction interface with the notable increase
in the surface area (Table 1). The signicant increase in the
values of Nm(OXPN) of CF/Mg HAP strongly induced its loading
capacity at the saturation states of its incorporated particles
to be 233.6 mg g−1 as compared to 144.5 mg g−1 for Mg HAP.
The detected numbers of the encapsulated OXPN ion in each
free site of Mg HAP and CF/Mg HAP (n(OXPN) = 2.1 (Mg HAP)
and 1.43 (CF/Mg HAP)) are >1, suggesting the vertical orien-
tation of the loaded ions and their encapsulation by multi-
molecular mechanisms (Table 1).56,57

The energies of the OXPN encapsulation processes (DE) into
Mg HAP and CF/Mg HAP were determined based on eqn (10)
considering OXPN rest concentration at the half saturations of
Mg HAP and CF/Mg HAP (C1/2) as well as the absolute solubility
of OXPN (Table 1).

DE ¼ �RT ln

�
S

C1=2

�
(10)

The estimated values of DE during the OXPN processes using
Mg HAP and CF/Mg HAP are −8.98 kJ mol−1 and
−8.74 kJ mol−1, respectively. These energetic values signi-
cantly match the previously reported suggestion based on the
kinetic and classic isotherm studies about the essential mech-
anistic impact of the physical processes and weak chemical
reactions, as the DE values are #40 kJ mol−1.56 The effective
mechanistic processes might involve van der Waals forces (DE=

4 to 10 kJ mol−1), dipole bonding forces (DE = 2 to 29 kJ mol−1),
and hydrogen bonding (DE < 30 kJ mol−1).58,59 This might
involve electrostatic attractions and hydrogen bonding between
the OXPN amino groups and hydroxyl groups of hydroxyapatite
and cellulose bers.

3.2.2.3. Thermodynamic properties. The thermodynamic
properties of the OXPN encapsulation reactions by Mg HAP and
CF/Mg HAP were evaluated considering the temperature range
from 20 °C to 50 °C at adjusted values of the other affecting
RSC Adv., 2023, 13, 30151–30167 | 30159
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variables [duration: 24 h; dosage: 20 mg; concentration:
800 mg L−1; pH: 8; volume: 50 mL]. The thermodynamic prop-
erties involved essential functions such as Gibbs free energy
(DG°) (eqn (12)) in addition to the entropy (DS°) and enthalpy
(DH°) of the reactions, which were determined as parameters
from the linear regression tting with the vant Hof equation
(eqn (12)) (Fig. 5).60

lnðKcÞ ¼ DS�

R
� DH�

RT
(11)

DG˚ = −RT lnKc (12)

The detection of DG° and DH° with negatively signed values
reveals the spontaneous, exothermic, and favorable behaviors
of the OXPN encapsulation reactions either by Mg HAP or CF/
Mg HAP (Table 1). Moreover, the positively signed DS° values
using both Mg HAP and CF/Mg HAP declared the increment in
Fig. 5 Fitting of the OXPN encapsulation results with van't Hof ther-
modynamic equation.

Fig. 6 The OXPN release profiles of Mg HAP and CF/Mg HAP at the ace

30160 | RSC Adv., 2023, 13, 30151–30167
the randomness of the OXPN encapsulation reactions in terms
of the tested temperature.
3.3. In vitro release proles

The OXPN release properties from the structures of Mg HAP and
CF/Mg HAP were assessed based on the determined percentage
of the drug released within the two buffers used (phosphate (pH
7.4) and acetate (pH 5.5)) to simulate the environment and
conditions of the tumor cells (Fig. 6). The measured determined
percentage of the drug released from both Mg HAP and CF/Mg
HAP with the two studied buffers validates observable changes
in the recognized rates with a signicant increment in the
assessed release duration (Fig. 6A and B). The OXPN release
rates from Mg HAP and CF/Mg HAP exhibit fast properties,
which are associated with remarkable changes in the released
quantities of OXPN. Aer certain release intervals, the actual
OXPN diffusion rates weakened notably, and no considerable
increase in released qualities could be detected. This nally
appeared to be xed by the end of the tests. The rapid OXPN
diffusion rates during the beginning release intervals were
assigned to the fast desorption of the molecules of the drug
immediately from the weakly bonded and physically encapsu-
lated OXPN ions by the surcial adsorption sites of Mg HAP and
CF/Mg HAP.61–63 Aer the complete desorption of the weakly
bonded and surcially loaded OXPN molecules, the release
properties became controlled by the diffusion of the strongly
bonded molecules in chemically complexed forms, in addition
to the trapped OXPN ions within the structural pores of
hydroxyapatite, which adversely affected the determined diffu-
sion rates.5,60,64 Furthermore, the observed OXPN release
proles of Mg HAP and CF/Mg HAP reected a signicant
accelerating impact of the acidic conditions (pH 5.5 (acetate
buffer)) on the release process as compared to the basic
conditions (pH 7.4 (phosphate buffer)). The faster OXPN release
properties at pH 5.5 than at pH 7.4 were attributed to the
notable enhancement in the drug's mobility, solubility, and
diffusion properties with the decline in pH.16 Additionally, the
expected degradation effect of the low pH condition on the
structure of HAP induces its fast-release properties.65
tate buffer (pH 5.5) (A) and phosphate buffer (pH 7.4) (B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The experimental OXPN release proles of Mg HAP either in
the phosphate buffer or the acetate buffer extended to about
200 h without any experimental detection of the complete
release states (100% release percentage) (Fig. 6A and B). About
50% of the encapsulated quantity of OXPN was diffused from
the structure of Mg HAP aer 40 h and 50 h at pH 5.5 and pH
7.4, respectively. The maximum OXPN release percentages in
the phosphate buffer and the acetate buffer aer 200 h are
92.3% and 87.2%, respectively. Regarding the proles of CF/Mg
HAP and Mg HAP, CF/Mg HAP shows notably faster release
properties than Mg HAP (Fig. 6A and B). About 50% of the
encapsulated quantity of OXPN was diffused from the structure
of CF/Mg HAP aer 22 h and 30 h at pH 5.5 and pH 7.4,
respectively. However, the complete diffusion in the acetate
buffer was detected aer about 120 h, and the complete diffu-
sion in the phosphate buffer was detected aer 160 h.

The higher release rate property of OXPN from Mg HAP and
CF/Mg HAP signies strongly the remarkable impact of the
integrated cellulose structure on the properties of hydroxyapa-
tite (Fig. 6A and B). The common formation of chemical
complexes and hydrogen bonds between the active functional
groups of OXPN and the reactive hydroxyl groups of hydroxy-
apatite, in addition to the expected trapping of the drug ions
within its structural nanopores, exhibits a strong adverse effect
on the efficiency of the diffusion or desorption reactions of the
encapsulated ions.4,65 Therefore, the functionalization process
of Mg HAP with cellulose provides considerable barriers
between the drug and the reactive groups of hydroxyapatite,
which reduce the quantities of the formed complexes as well as
the quantities of the trapped ions.4,63,65 Moreover, the integrated
cellulose bers provided additional free sites for surcial
loading processes, which also prompt the release properties.
The slow and controlled delivery of OXPN as anticancer
chemotherapy drug was recommended in specic cases that
required long-term interaction and exposure between the drug
ions and the tumor cells.5,6 Also, very fast and abrupt delivery
processes are recommended in some cases that require certain
therapeutic dosages within short intervals. Therefore, the
synthetic CF/Mg HAP as a potential carrier of OXPN can provide
a favorable delivery system that exhibits controlled encapsula-
tion and release properties.

3.4. Release kinetic studies

The kinetic studies of the OXPN release processes fromMg HAP
and CF/Mg HAP were performed as indications about the
controlled mechanistic processes. Modeling of the release
processes according to zero-order (Z–O) (eqn (13)), rst-order
(F–O) (eqn (14)), Higuchi (H–G) (eqn (15)), Hixson–Crowell
(H–C) (eqn (16)), and Korsmeyer–Peppas (K–P) (eqn (17)) release
kinetic models was used to illustrate the mechanisms based on
the linear regression tting degrees with these models.5

Wt − W0 = K0t (13)

ln(WN/Wt) = K1t (14)

Wt = Kht
1/2 (15)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Wo
1/3 − Wt

1/3 = KHCt (16)

Wt/WN = Kpt
n (17)

The zero-order kinetic properties validate the occurrence of
the release at constant rates without the considerable impact of
the dosages of the loaded OXPN drug on the release efficiencies
of Mg HAP and CF/Mg HAP.4 Regarding the F–O release
kinetics, the OXPN-encapsulated dosages into Mg HAP and CF/
Mg HAP strongly affect the release efficiencies.1 The mecha-
nistic assumption of Higuchi kinetics (H–G) determines the
dominant impact of the diffusion mechanisms during the
release processes.1,66 The diffusion mechanisms, according to
the Higuchi kinetics, occurred at a xed rate, which is lower
than the encapsulated OXPN quantities. Moreover, the used
carriers must exhibit sink properties, and their swelling and
solubility display a neglected impact on the release behaviors.4

The mechanistic assumption of the Hixson–Crowell model (H–

C) involves erosion rather than diffusion, with signicant
inuence on the surface area and diameter of the tested parti-
cles of the carriers.4,67 Regarding the mechanistic assumption of
Korsmeyer–Peppas kinetics, the release processes involve the
cooperation of diffusion and erosion mechanisms.1,68

Based on the determination coefficients (R2), the OXPN
release mechanisms of Mg HAP and CF/Mg HAP follow the
properties of the F–O (Fig. 7C and D; Table 1) model rather than
the Z–O model (Fig. 7A and B; Table 1) reecting the strong
inuence of the encapsulated OXPN dosages on the release
performances. The release behaviors show excellent agreement
with both Higuchi (H–G) (Fig. 7E and F; Table 1) and Hixson–
Crowell (H–C) models (Fig. 7G and H; Table 1). These kinetic
assessment results suggested the cooperation of diffusion and
erosion processes during the OXPN release. However, while the
release prole of Mg HAP exhibits a slightly higher agreement
with Higuchi kinetics, reected by the dominant effect of
diffusion mechanisms, the prole of CF/Mg HAP slightly
follows Hixson–Crowell kinetics and is affected essentially by
erosion mechanisms. This mechanistic suggestion was sup-
ported by the recognized signicant tting degrees of the
Korsmeyer–Peppas and the estimated values of the diffusion
exponent (n) as a tting parameter (Fig. 7I; Table 1). The values
of the diffusion exponent (n) are higher than 0.45, validating
non-Fickian transport properties of the release processes of Mg
HAP and CF/Mg HAP delivery systems.45
3.5. Cytotoxicity properties

The cytotoxic effect of the freeMg HAP and CF/Mg HAP particles
on normal colorectal broblast cells (CCD-18Co) was evaluated
as an essential factor to assess the biocompatibility and safety
value of the studied cancer on normal and non-infected cells.
The cytotoxicity of free CF/Mg HAP particles, as well as their
OXPN-loaded products, was evaluated against the target human
colorectal cancer cell (HCT-116) to determine its value as an
anticancer agent and as a carrier of enhanced impact on the
therapeutic effect of the loaded OXPN drug. Regarding the
cytotoxic effect of free CF/Mg HAP particles on the CCD-18Co
RSC Adv., 2023, 13, 30151–30167 | 30161
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Fig. 7 Fitting of the OXPN release results with zero-order model (A and B), first-order model (C and D), higuchi model (E and F), Hixson–Crowell
model (G and H), and Korsmeyer–Peppas model (I).
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normal cells, the composite particles display high biocompat-
ible and safe properties on the normal cell lines within the
evaluated experimental range of the applied dosages (20 to 120
mg L−1). The measured cell viability percentages during the
treatment of the CCD-18Co normal cells with the highest tested
dosage of the free Mg HAP and CF/Mg HAP particles (120 mg
L−1) are 92.3% and 87.6%, respectively.

Regarding the cytotoxic impacts of the free Mg HAP and
CF/Mg HAP particles on the infected HCT-116 cells, the
synthetic composite as free particles displays considerable
cytotoxicity against the tumor cells, especially at the applied
dosages higher than 50 mg mL−1 (Fig. 8). The measured cell
viability percentage, inhibitory percentage, and IC-50 value in
the presence of 500 mg mL−1 of free Mg HAP particles are
33.62%, 66.38%, and 157.18 mg mL−1 respectively (Fig. 8A),
while the reported values of free CF/Mg HAP are 21.82% (cell
viability), 78.18% (inhibitory percentage), and 121.15 mg
mL−1 (IC-50 value) (Fig. 8B). Such cytotoxic results validate
the promising biological activity of Mg HAP, which is
enhanced at a considerable rate aer its functionalization
with cellulose (CF/Mg HAP). Regarding the cytotoxicity
properties of OXPN-encapsulated CF/Mg HAP against HCT-
30162 | RSC Adv., 2023, 13, 30151–30167
116 cancer cells, the application of the same dosage of the
free particles (500 mg mL−1) resulted in 1.85% cell viability
percentage, 98.15% inhibitory percentage, and 30.7 mg mL−1

as IC-50 (Fig. 8C). Such cytotoxic results demonstrate the
remarkable enhancement impact of the used CF/Mg HAP
carrier on the cytotoxic effects and the therapeutic impact of
the loaded OXPN drug as common chemotherapy drug, in
addition to its previously determined controlling effects on
the loading and release behaviors.69
3.6. Comparative study

The comparative analysis of loading capacities and release
proles of CF/Mg HAP as a potential carrier for OXPN was
conducted in relation to other carriers explored in previous
studies (Table 2). In terms of loading capacity, the synthetic CF/
Mg HAP composite exhibits superior loading capabilities for
OXPN in comparison to pure HAP and magnesium modied
HAP, as well as most of the presented structures (Table 2). The
release patterns of the CF/Mg HAP composite exhibit notable
faster properties in comparison to the release proles of HAP
and Mg HAP and considerable rate considering the properties
of the other investigated structure.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The cytotoxicity effect of free Mg HAP (A), free CF/Mg HAP composite (B), and OXPN encapsulated CF/Mg HAP (C) on colorectal cancer
cell (HCT-116).

Table 2 Comparison between the loading and release properties of
CS/Di composite and other investigated carriers in literature

Carrier
Loading capacity
(mg g−1)

Release period
(h) References

Hydroxyapatite 49.1 — 70
Cellulose/zeolite-A 285.7 150 h 71
Zeolite-A 109.03 150 h 71
Phillipsite 79.6 180 h 11
Diatomite 65.9 200 h 72
HAP 53.3 200 h This study
Mg HAP 69.4 200 h This study
CF/Mg HAP 178.58 160 h This study
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4. Conclusion

Synthetic magnesium-doped hydroxyapatite (Mg HAP) was
hybridized with cellulose, forming an innovative structure (CF/
Mg HAP), which was characterized as a potential multifunc-
tional carrier of oxaliplatin (OXPN) chemotherapy drug. CF/Mg
HAP exhibit enhanced OXPN encapsulation properties
(256.2 mg g−1) than Mg HAP (148.9 mg g−1). This was assigned
to the enhancement in organic affinity, surface area, and active
site density (178.58 mg g−1 (CF/Mg HAP) and 69.39 mg g−1 (Mg
HAP)). The loading process into CF/Mg HAP involved the
encapsulation of two OXPN molecules per site. The encapsula-
tion process is controlled by physical mechanisms, such as
according to the energy of the reaction (<40 kJ mol−1). The
© 2023 The Author(s). Published by the Royal Society of Chemistry
release prole of CF/Mg HAP shows slow and controlled prop-
erties for more than 100 h. This occurred according to complex
erosion/diffusion mechanisms based on the release kinetics
and diffusion exponent (>0.45). The cell viability of HCT-116
cancer cells aer treatment with free CF/Mg HAP (21.82%)
and OXPN-loaded products (1.85%) reected strong inhibition
effects on the cancer cells.

5. Recommendation

Further studies will be conducted to evaluate the biological and
anticancer activities of hydroxyapatite doped with other types of
metals, as well as their properties as drug delivery systems for
chemotherapy drugs, considering their cytotoxic effect on
normal cells.
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B. Woźniak, J. Nasiłowska, A. Swiderska-Sroda,
M. Lojkowski, B. Sokołowska and W. Swieszkowski, Drug-
Releasing Antibacterial Coating Made from Nano-
Hydroxyapatite Using the Sonocoating Method,
Nanomaterials, 2021, 11(7), 1690.

62 J. Wang, N. Cai, V. Chan, H. Zeng, H. Shi, Y. Xue and F. Yu,
Antimicrobial hydroxyapatite reinforced-polyelectrolyte
complex nanobers with long-term controlled release
activity for potential wound dressing application, Colloids
Surf., A, 2021, 624, 126722.

63 M. Mostafa, M. A. El-Meligy, M. Sharaf, A. T. Soliman and
M. R. AbuKhadra, Insight into chitosan/zeolite-A
nanocomposite as an advanced carrier for levooxacin and
its anti-inammatory properties; loading, release, and anti-
inammatory studies, Int. J. Biol. Macromol., 2021, 179,
206–216.

64 D. Tan, P. Yuan, F. Dong, H. He, S. Sun and Z. Liu, Selective
loading of 5-uorouracil in the interlayer space of methoxy-
modied kaolinite for controlled release, Appl. Clay Sci.,
2018, 159, 102–106.

65 F. Rehman, K. Ahmed, A. Rahim, N. Muhammad, S. Tariq,
U. Azhar, A. J. Khan, Z. Sama, P. L. Volpe and C. Airoldi,
Organo-bridged silsesquioxane incorporated mesoporous
silica as a carrier for the controlled delivery of ibuprofen
and uorouracil, J. Mol. Liq., 2018, 258, 319–326.

66 M. Ge, W. Tang, M. Du, G. Liang, G. Hu and S. J. Alam,
Research on 5-uorouracil as a drug carrier materials with
its in vitro release properties on organic modied
magadiite, Eur. J. Pharm. Sci., 2019, 130, 44–53.

67 S. M. Ibrahim, M. N. Bin Jumah, S. I. Othman,
R. S. Alruhaimi, N. Al-Khalawi, Y. F. Salama, A. A. Allam
and M. R. Abukhadra, Synthesis of Chitosan/Diatomite
Composite as an Advanced Delivery System for Ibuprofen
Drug; Equilibrium Studies and the Release Prole, ACS
Omega, 2021, 6(20), 13406–13416.

68 H. El-Hamshary, M. H. El-Newehy, M. Moydeen
Abdulhameed, A. ElFaham and A. S. Elsherbiny, Evaluation
of clay-ionene nanocomposite carriers for controlled drug
delivery: synthesis, in vitro drug release, and kinetics,
Mater. Chem. Phys., 2019, 225, 122–132.

69 B. Sever, M. D. Altıntop, Y. Demir, G. A. Çiçi, S. Beydemir
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