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ABSTRACT: The effect of the integration between MCM-48 and some
biopolymers (starch, chitosan, and β-cyclodextrin) on enhancing the pharmaceutical
properties of MCM-48 as advanced carriers for the 5-fluorouracil drug was studied
considering the loading capacities and the release profiles. The prepared carriers are
MCM-48/chitosan (MCM/CH), MCM-48/starch composite (MCM/ST), and
MCM-48/β-Cyclodextrin (MCM/CD). They emphasized excellent 5-Fu loading
capacities of 141.2 mg/g (MCM-48), 156.6 mg/g (MCM/ST), 191 mg/g (MCM/
CH), and 170 mg/g (MCM/CD), reflecting significant enhancement in the loading
capacities. The kinetic and equilibrium investigation suggested physisorption loading
of 5-Fu drug in a monolayer form for MCM-48, MCM/ST, and MCM/CH
(Langmuir) and in a multilayer form for MCM/CD (Freundlich). This was
supported by the estimated adsorption energies (0.23 kJ/mol (MCM-48), 0.26 kJ/
mol (MCM/ST), 0.3 kJ/mol (MCM/CH), and 0.75 kJ/mol (MCM/CD)) and the
thermodynamic parameters of free energy and enthalpy. The obtained release profiles for 80 h reflected significant controlling for the
releasing behavior of MCM/48 on integrating its structure by adjusting the type of the selected polymer and its ratio. The
pharmacokinetic modeling and the diffusion exponent from the Korsmeyer−Peppas model suggested non-Fickian transport behavior
(a combination of erosion and diffusion releasing mechanism) for MCM/ST, MCM/CH, and MCM/CD and Fickian diffusion
behavior (diffusion releasing mechanism) for MCM-48.

1. INTRODUCTION

Colorectal cancer is one of the widely distributed cancers and
the main cause of death in several countries in the world,
especially in developing countries.1,2 Therefore, several types
of therapies were introduced to mitigate the continuous
increase in the number of patients in the world considering the
production cost, efficiency of the products, biocompatibility,
and safety properties.3,4 Other techniques were discussed to
improve or enhance the commonly used chemotherapies as 5-
fluorouracil drugs. It is one of the most studied chemotherapies
for cancer (pancreas, breast, colon, stomach, and rectum
cancer).5 However, 5-fluorouracil was signified as an effective
anticancer drug and it suffers from several drawbacks and side
effects. This is related to (a) its nonselectivity to the inherited
cells, which can infect other fresh cells; (b) its toxicity effect
when it is present in higher concentrations, especially in the
cardiac, neural, hematological, and gastrointestinal tracts; and
(c) the high diffusion rates of the drug molecules in the human
body increasing the required dosages during the treatment
periods.1,6−8

Therefore, the synthesis of advanced carriers for drug
molecules with high technical and controlled-release properties
was suggested to avoid the reported drawbacks of normal drug
carriers.4,9 Such promising drug carriers play a significant role

in reducing the degradation rate of the drug, inducing its
solubility, controlling the diffusing rate of the drug according
to the therapeutic level, and enhancing the selectivity of the
drug to the target inherited sites as well as its pharmacological
and curative profiles.3,4 Silica-based materials with mesoporous
properties, such as MCM-41 and MCM-48, were introduced as
effective adsorbents, catalyst carriers, and advanced delivery
systems for different types of drugs.10 This is related to their
unique porous morphologies, significant thermal stabilities,
very high surface area, and high reactive surfaces for the
existence of the silanol groups.11,12 The pharmaceutical value
of such materials is mainly related to their biocompatibility and
strong bonding with the adsorbed drug molecules by their
functional groups.13 Among the studied forms of mesoporous
silica, MCM-48 was recommended as an effective material for
different environmental and medical applications. MCM-48 is
a common type of mesoporous silica with lamellar interwoven

Received: March 10, 2020
Accepted: May 5, 2020
Published: May 11, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
11745

https://dx.doi.org/10.1021/acsomega.0c01078
ACS Omega 2020, 5, 11745−11755

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mostafa+R.+Abukhadra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nermen+M.+Refay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+M.+El-Sherbeeny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+A.+El-Meligy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c01078&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01078?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01078?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01078?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01078?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01078?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/20?ref=pdf
https://pubs.acs.org/toc/acsodf/5/20?ref=pdf
https://pubs.acs.org/toc/acsodf/5/20?ref=pdf
https://pubs.acs.org/toc/acsodf/5/20?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01078?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


and branched porous structure, and this induces the mass
transfer kinetics of the loaded drug molecules, which increase
their loading capacities.11

The combination of MCM-48 and different types of
biopolymers might result in advanced hybrid structures of
promising biocompatibility, biodegradability, and high surface
reactivity.3 Starch, chitosan, and β-cyclodextrin are common
biopolymers from natural resources and were investigated
widely in different drug-delivery systems. Starch is one of the
commonly studied natural polysaccharide polymers that are
cheap and have high safety properties, significant biocompat-
ibility, and excellent biocompatibility in addition to the
availability of their natural resources.14 For such technical
properties, starch was applied widely in different medical and
pharmaceutical applications including drug-delivery systems.14

It was reported that starch-based drug carriers are valuable for
inducing the solubility of the loaded drug, increasing the
biocompatibility of the system, and reducing the predicted side
effect of the drug.15

This was reported also for chitosan; it is a polyaminosac-
charide natural polymer and exhibits high technical properties
such as nontoxicity, bioactivity, mucoadhesivity, biodegrad-
ability, low immunogenicity, high biocompatibility, and
outstanding loading capacity.16,17 β-cyclodextrin biopolymer
was recommended in the later periods in the synthesis of
advanced drug carriers.1 It has a torus-like structure from cyclic
oligosaccharide units composed of seven glucose subunits (α-
D) connected to each other by α-1,4-glucose bonds.18,19 The
inner surface of the β-cyclodextrin cavity shows lipophilic
properties, while the outer surface shows hydrophilic proper-
ties, which induced its affinity to form strong complexes with
various species of organic as well as inorganic ions.1,20 β-
cyclodextrin was investigated as a promising excipient material
in different drug carriers, which enhanced the stability,
solubility, and oral bioavailability of the loaded drug.21,22

This study evaluates three types of nanoporous silica/
biopolymer composites, MCM-48/starch (MCM/ST), MCM-
48/chitosan (MCM/CH), and MCM-48/β-cyclodextrin com-
posite (MCM/CD), as novel carriers for a 5-fluorouracil drug
with excellent loading capacities and controlled-release
behaviors. The loading mechanisms and releasing behaviors
were investigated considering the different kinetic, equilibrium,
and pharmacokinetic studies. Additionally, the cytotoxicity of
the composites before and after loading them by the 5-
fluorouracil drug was investigated and discussed in the study.

2. RESULTS AND DISCUSSION

2.1. Characterization of the Carriers. 2.1.1. X-ray
diffraction (XRD) Analysis. The crystalline properties of
MCM-48 and the introduced composites were studied from
their low-angle and high-angle XRD patterns. The low-angle
patterns demonstrated the successful synthesis of MCM-48,
which is concluded from the detected peaks at (211) and
(220) that characterize the mesoporous silica of the Ia3d space
group and cubic porous structure11 (JCPDS 00-049-171)
(Figure 1A). After the successful combination of MCM-48 and
the selected biopolymers (starch, chitosan, and β-cyclo-
dextrin), their obtained low-angle pattern still displayed
characteristic peaks of MCM-48 but with a notable decrease
in their intensities (Figure 1B−D). This might be related to
the integration of the polymers as a coating surface for MCM-
48 or as pore-filling materials.

The high-angle pattern of pure MCM-48 displayed a broad
peak of noncrystalline silica at 22.5° that is known for
mesoporous silica (Figure 2A).11 The observed pattern for

MCM/ST differs from the pattern of MCM-48 in the
detection of three humps that were identified to be related
to the combined starch chains (JCPDS 053-1663). This was
supported by the reported deviation for the broad peak of
MCM-48 from its previously identified position (Figure 2B).
The MCM/CH XRD pattern (Figure 2D) showed a broad
peak of MCM-48 in addition to two other peaks related to the
chitosan polymer at 9.91 and 20.22° (JCPDS 39-1894) (Figure
2C).11 This confirms the successful formation of a hybrid
structure from chitosan and MCM-48. This was reported also
for the pattern of MCM/β-CD (Figure 2F), which showed the
main peak of mesoporous silica in addition to some peaks
related to the β-cyclodextrin polymer, which is supported by
comparing the pattern with that of pure β-cyclodextrin
(JCPDS 17-1024) (Figure 2E).1

2.1.2. Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM) Analyses. The SEM
images of the synthetic MCM-48 confirm its successful
synthesis with homogeneous elliptical or spherical grains in
the agglomerated form as the characteristic morphology
(Figure 3A). The integration between starch and MCM-48
(MCM/ST) resulted in cemented sheets from the synthetic
mesoporous silica (Figure 3B). This reflected the role of the

Figure 1. Low-angle XRD patterns of MCM-48, MCM/ST, MCM/
CH, and MCM/CD.

Figure 2. High-angle XRD patterns of MCM-48 (A), MCM/ST (B),
chitosan (C), MCM/CH (D), β-cyclodextrin (E), and MCM/CD
(F).
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starch gel in agglomerating the MCM-48 grain to each other
(Figure 3B). The formation of composite from chitosan and
MCM-48 (MCM/CH) resulted in the observable disappear-
ance of the characteristic spherical grains of MCM-48 (Figure
3C). The composite appeared as longitudinal or lenticular
particles of the chitosan chains, and MCM-48 might be
enclosed within them (Figure 3C). The SEM images of
MCM/β-CD displayed its formation as blocky or flakey grains
without observation of the MCM-48 grains reflecting the
enclave of the particles within the polymer matrix (Figure 3D).
The TEM images confirm the morphology previously

identified in the SEM image. The particles were detected in
their spherical form, and their aggregation resulted in a
dendritic structure with several branches with their intersection
forming the porous matrix (Figure 3E). The MCM/ST
composite appeared in the TEM image as enlarged particles
in the agglomerated form in an indefinite form (Figure 3F).
The structure of MCM/CH in the TEM images reflected the
encapsulation of the synthetic MCM-48 particles within the
tubes of chitosan polymer, providing the final product with an
outstanding porous structure (Figure 3G). The TEM image of
the MCM/β-CD composite suggested cementation of the
MCM-48 grains by the β-CD matrix forming enlarged particles
with nearly spherical morphologies with significant detection
of the porous structures of the coated MCM-48 (Figure 3H).
This reflected on the textural properties of products, especially
the surface areas that were measured to be 530, 423, 587, and
544 m2/g for MCM-48, MCM/ST, MCM/CH, and MCM/
CD, respectively.
2.1.3. Chemical Properties. The Fourier-transform infrared

(FT-IR) spectra of MCM-48 and the synthetic composites are
grouped in Figure 4. The spectrum of MCM-48 is the typical
FT-IR spectrum of mesoporous silica with notable bands at
about 465 cm−1 (Si−O bending of mesoporous silica), 1088
cm−1 (asymmetrical Si−O−Si), 796 cm−1 (symmetrical Si−
O−Si), 1644 cm−1 (silanol groups), and 3433 cm−1 (adsorbed
water molecules)23,24 (Figure 4A).
The MCM/ST composite showed an FT-IR spectrum

similar to that of MCM-48 with considerable intensification for
the absorption bands at 3428 and 1640 cm−1 attributed to the

adsorbed water and silanol groups in MCM-48, respectively
(Figure 4B). This might be assigned to the predicted
overlapping between such groups and the functional groups
of starch (O−H and C−O groups).25,26 This was reported also
for the detected band at 1089 cm−1 that might reflect the
overlap between the C−O−H bending in starch and Si−O−Si
bending of MCM-48.27 The presence of starch was strongly
supported by the observed band at about 622 cm−1 that
signifies the present C−O−C ring of carbohydrates.26

Comparing the spectrum of MCM/CH with the spectra of
pure chitosan, the pure chitosan phase reflected the presence
of its main groups at 3423 cm−1 (O−H), 3423 and 1547 cm−1

(N−H), 2915 cm−1 (C−H), 1637 cm−1 (CO), 1402 cm−1

(C−N), and 1040 cm−1 (C−O) (Figure 4C).3 As detected in
the MCM/ST composite, the MCM/CH composite displayed
a spectrum similar to that of MCM-48 with observable
intensification of the bands at about 3433 and 1638 cm−1

(Figure 4D). This was assigned to the predicted overlap
between the previously mentioned functional groups of
chitosan and MCM-48 at the same positions. The
identification of the C−N bending related to chitosan in the

Figure 3. SEM images of MCM-48 (A), MCM/ST (B), MCM/CH (C), and MCM/β-CD (D). TEM images of MCM-48 (E), MCM/ST (F),
MCM/CH (G), and MCM/CD (H).

Figure 4. FT-IR spectra of MCM-48 (A), MCM/ST (B), chitosan
(C), MCM/CH (D), β-cyclodextrin (E), and MCM/β-CD (F).
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spectrum of the composite at 1416 cm−1 supports the
successful combination of MCM-48 and chitosan (Figure 4D).
The spectrum of the β-CD polymer showed the presence of

O−H, asymmetrical C−H, polysaccharide C−C, hyperfine C−
H, and symmetrical stretching of C−O and C−O−C in
polysaccharides at 3376, 2926, 1666, 1482−1158, and 1000−
1200 cm−1, respectively (Figure 4E).1,28,29 The obtained FT-IR
spectrum of MCM/β-CD demonstrated the existence of
different functional groups related to both the MCM-48 and
β-CD polymer confirming the formation of the composite
(Figure 4F).
2.2. 5-Fu Loading Properties and Mechanisms.

2.2.1. Loading Properties. 2.2.1.1. Loading Behavior with
Different Time Intervals. The influence of loading interval was
studied after adjusting other loading conditions: 25 mg as the
dosage for the applied carriers, 200 mg/L as the fixed
concentration of the dissolved 5-Fu, pH 6, and 25 °C as the
loading temperature (Figure 5A). The obtained loading curves

as a function of the selected loading intervals for MCM-48 and
the produced composite demonstrated a considerable increase
in the loading quantity with time until reaching a stable state in
the loading quantities of 5-Fu, which can be identified as the
equilibrium state (Figure 5A). The reported loading
equilibrium times are 14, 12, 10, and 14 h for MCM-48,
MCM/ST, MCM/CH, and MCM/CD, respectively (Figure
5A). The reported equilibrium loading capacities are 80, 90.4,
106, and 97 mg/g for MCM-48, MCM/ST, MCM/CH, and
MCM/CD, respectively (Figure 5A).
The reported increase in the quantities of the loaded 5-Fu by

MCM-48 and the produced composites is associated with the
observable decrease in their loading rates. This is a normal
behavior in most of the studied loading systems and related to
the systematic occupation of active sites of the assessed carrier
with time until their full saturation.3 According to the
estimated results, the integration between mesoporous silica
and such carbohydrate biopolymers has a strong impact in
enhancing the loading properties of the 5-Fu drug. This might
be assigned to the resulting heterogeneous structures that have

enhanced surface properties, complex and new functional
groups, and high affinity of the polymers for the organic
molecules of the studied drug. The reported high loading
capacities of MCM/CH compared to those of MCM/CD and
MCM/ST in order might be related to its higher surface area
and the resulting new porous structure after the integration
process.

2.2.1.2. Loading Behavior with Different 5-Fu Concen-
trations. The investigation of loading capacities using different
5-Fu concentrations was performed at 24 h as equilibrium
interval using 25 mg as the dosage of the carriers at pH 6 and
30 °C loading temperature (Figure 5B). The results
demonstrated that the investigated MCM-48 and the prepared
biopolymer composites achieved high loading capacities with
the incorporation of high 5-Fu concentrations, reflecting the
possible control of the loading quantities (Figure 5B). This can
be detected until the investigation of a 5-Fu concentration of
600 mg/L for the four carriers that was identified as the
equilibrium concentration (Figure 5B). The experimental
maximum loading capacities of MCM-48, MCM/ST, MCM/
CH, and MCM/CD are 141.2, 156.6, 191, and 170 mg/g,
respectively (Figure 5B). These values also higher than the
values obtained for the integrated polymer at the same
conditions as the estimated capacities of starch, chitosan, and
β-cyclodextrin are 5.3, 12.4, and 8.7 mg/g, respectively. The
observed increase in the loading quantities of 5-Fu by the
assessed carriers was assigned to the expected inducing for the
driving forces of 5-Fu molecules with testing high concen-
trations of it.3 Moreover, the detected curves are of 2L-type
equilibrium curves that commonly formed with the materials
with excellent affinity for the studied dissolved drug
molecules.3

2.2.1.3. Loading Behavior with Different pH Values. The
predicted effect of pH on controlling the loading behaviors of
the prepared MCM-48 and the composites was studied after
fixation the following conditions: 4 h as loading time, 200 mg/
L as 5-Fu concentration, 25 mg as the dosage of the carriers,
and 30 °C as the loading temperature (Figure 5C). The results
demonstrated intensification in the loaded quantities by the
carriers with a systematic increase in the adjusted pH from 3 to
8 (Figure 4B) (Figure 5C). The best loading pH value is pH 8,
and the achieved loading capacities at this pH are 50.5, 64.5,
79.8, and 74.2 mg/g for MCM-48, MCM/ST, MCM/CH, and
MCM/CD, respectively (Figure 5C). This behavior might be
attributed to the surface specification of the carriers as well as
the dissolved drug molecules. The deprotonation of the
present functional groups of the carriers induced electrostatic
attractions between their negatively charged surfaces and the
drug molecules.23 This is supported by the ionization of the
dissolved 5-Fu drug molecules (pK1 = 8) at a reaction pH of
5.5, which induced such interactions.36 This is also supported
by the measured pH values of the zero point charge (pH
(PZC)) for MCM (pH (PZC) = 6.6), MCM/ST (pH (PZC)
= 5.8), MCM/CH (pH (PZC) = 6.7), and MCM/CD (pH
(PZC) = 6.5), i.e., the materials have negative charges above
these values.

2.2.1.4. Loading Behavior with Different Loading Temper-
ature Values. The loading behavior of 5-Fu by MCM-48 and
the prepared composites as a function of loading temperature
was assessed at a loading time of 4 h, pH 6, carrier dosage of 25
mg, and drug concentration of 200 mg/L (Figure 5D). The
reported increment in the loading capacities of MCM-48,
MCM/ST, MM/CH, and MCM/CD for 5-Fu drug with the

Figure 5. Effect of loading factors on the loading capacities of MCM/
48 and the prepared biopolymer composites: (A) loading time
interval, (B) concentration of the 5-Fu drug, (C) pH of the drug
aqueous solution, and (D) loading temperature.
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systematic increase in the loading temperature reflected the
endothermic properties of the studied materials as drug-
delivery systems (Figure 5D). The obtained loading capacities
at 70 °C, the best loading temperature, are 62.4, 71.6, 85, and
80.4 mg/g for MCM-48, MCM/ST, MM/CH, and MCM/
CD, respectively (Figure 5D). The obtained results demon-
strated that the integration between nonporous silica of MCM-
48 structure and the reported carbohydrate polymers resulted
in the hybrid structure of promising properties as drug-delivery
systems, in which the quantities of the loaded drug can be
controlled by adjusting the loading factors.
To confirm the successful entrapment of the 5-Fu molecules

within the structures of the prepared carriers, the FT-IR
spectra of the carriers obtained after the loading processes were
evaluated and are presented in Figure 6. The obtained spectra

demonstrated the existence of the previously reported
functional groups of the prepared carriers in addition to new
bands related to the functional groups of 5-Fu drug molecules.

The most detected groups are the CO group related to the
ester as well as the carboxylic acids (1721 cm−1), CF group
(1263.4 cm−1), CFCH (754 cm−1), and NH− group (546
cm−1)1 (Figure 6).

2.2.2. Loading Kinetic, Equilibrium, and Thermodynamic
Properties. 2.2.2.1. Kinetic Behavior. The kinetic behaviors of
the loading processes for the prepared carriers of MCM-48,
MCM/ST, MCM/CH, and MCM/CD were described
considering the hypothesis of both the pseudo-first-order
model and pseudo-second-order kinetic (Figure 7A). The
illustrative equations of these models are reported in Table S1,
and the fitting processes were accomplished through the
nonlinear fitting. The theoretical parameters of the fitting
results, as well as the correlation coefficient values, are shown
in Table 1. However, the loading results of 5-Fu by all of the
prepared carriers showed significant agreement with both
pseudo-first-order and pseudo-second-order models, and the
kinetic properties of the studied systems showed a slight
preference to be explained according to the hypothesis of the
pseudo-first-order model (Figure 7A and Table 1). This
reflected the dominance of the physisorption mechanisms
during the loading of 5-Fu molecules, and the signified fitting
with the pseudo-second-order model suggested the operation
of other assistance mechanisms that have more chemical
affinity. The suggested assistance mechanisms might involve
internal diffusion, surface complexation, electron exchange, and
electron sharing.30

2.2.2.2. Equilibrium Modeling. The equilibrium behaviors
and the isotherm properties were discussed based on the
nonlinear fitting results with Langmuir and Freundlich models
as well as the Dubinin−Radushkevich model (Figure 7B−E).
The illustrative formulations of the models and their
theoretical parameters from the nonlinear fitting processes
are shown in Tables S1 and 1, respectively. The loading
properties of MCM-48, MCM/ST, and MCM/CH showed
excellent agreement with both Langmuir and Freundlich
models but with a preference for the Langmuir model,

Figure 6. FT-IR spectra of 5-Fu drug (A), MCM-48 loaded by 5-Fu
(B), MCM/ST loaded by 5-Fu (C), MCM/CH loaded by 5-Fu (D),
and MCM/CD loaded by 5-Fu drug (E).

Figure 7. Nonlinear fitting of the loading results with the kinetic models (A), fitting of MCM-48 loading results with the isotherm models (B),
fitting of MCM/ST loading results with the isotherm models (C), fitting of MCM/CH loading results with the isotherm models (D), fitting of
MCM/CD loading results with the isotherm models (E), and fitting of the loading results with the van’t Hoff equation (F).
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considering the values of the determination coefficient and chi-
square (χ2) (Figure 7B−D and Table 1). This suggested
monolayer loading for the 5-Fu drug molecules by homoge-
neous active sites on the surface of the presented carriers. The
reverse was reported for the loading of 5-Fu molecules by
MCM/CD, and the results demonstrated an exceptional fit
with the Freundlich model and a medium fit with the
Langmuir model, i.e., this system involved a heterogeneous
loading process of the multilayer form3 (Figure 7E and Table
1). The obtained theoretical maximum loading capacities for
the reported carriers considering the Langmuir model are
156.6 mg/g (MCM-48), 173.13 mg/g (MCM/ST), 238.7 mg/
g (MCM/CH), and 183 mg/g (MCM/CD) (Table 1).
Additionally, the estimated RL values demonstrated favorable
loading (lower than 1) for 5-Fu by MCM-48, MCM/ST,
MCM/CH, and MCM/CD (Table 1).1

Fitting of the loading results with the Dubinin−Radushke-
vich (D−R) model to predict the nature of the loading
mechanism, either chemical or physical, depends on the values
of the Gaussian energy.31 The loading energies which were
calculated for the loading of 5-Fu by MCM-48, MCM/ST,
MCM/CH, and MCM/ CD are 0.23, 0.26, 0.3, and 0.75 kJ/
mol, respectively (Table 1). The estimated values reflected the
physisorption loading mechanisms for the investigated carriers,
which can be supported by the previously investigated kinetic
models.32

2.2.2.3. Thermodynamic Properties. The thermodynamic
evaluation for the loading process of 5-Fu by MCM-48 and the
prepared biopolymer composites involved the determination of

the Gibbs free energies (ΔG°) in addition to the enthalpies
(ΔH°) and entropies (ΔS°) of the performed loading
reactions. The Gibbs free energies were calculated by its
normal formulation (eq 1), while the values of both ΔS° and
ΔH° were calculated as theoretical parameters for the fitting of
the loading results with the van’t Hoff equation (eq 2) (Figure
7F and Table 1).

Δ = −G RT Kln0
c (1)

= Δ − Δ
K

S
R

H
RT

ln( )c

o o

(2)

All of the ΔG° values were detected with negative sign,
reflecting the spontaneous loading processes by the assessed
carriers with an observable decline in the favorability of the
conducted loading reactions at higher loading temperature
values33 (Table 1). The values of ΔH° were obtained with
positive sign, suggesting endothermic loading reactions for the
prepared carriers (Table 1). Moreover, the detection of ΔS° as
positive values suggested intensification in the randomness of
the operating loading reactions (Table 1). The calculated
values of both ΔG° and ΔH° are related to physisorption
loading processes, which are in agreement with kinetic and
isotherm studies.

2.3. In Vitro Release Profiles. The obtained releasing
curves for MCM-48, MCM/ST, MCM/CH, and MCM/CD in
the inspected buffers (gastric fluid (pH 1.2) and intestinal fluid
(pH 7.4)) showed two notable segments for the released 5-Fu
representing two different release rates (Figure 8). These

Table 1. Theoretical Parameters of the Studied Kinetic, Isotherm, and Thermodynamic Studies

Kinetic Models

model parameters MCM-48 MCM-48/ST MCM-48/CH MCM-48/β-CD

pseudo-first order K1 (mg/min) 0.153 0.221 0.256 0.253
qe(Cal) (mg/g) 85.8 93.6 106.9 99.4
R2 0.99 0.995 0.996 0.993

pseudo-second order k2 (mg/min) 0.014 0.038 0.035 0.037
qe(Cal) (mg/g) 87.3 94.8 112.3 101.5
R2 0.97 0.96 0.97 0.95

Isotherm Models
Langmuir qmax (mg/g) 156.6 173.13 238.7 183

b (L/mg) 7.22 × 10−4 0.001 × 10−4 0.0065 2.4
R2 0.994 0.98 0.98 0.82
X2 0.57 2.72 4.3 12.4
RL 0.61−0.93 0.99 0.145−0.61 0.004−0.0046

Freundlich 1/n 0.89 0.81 1.28 1.24
kF 168.2 184.2 270 234.12
R2 0.991 0.97 0.97 0.96
X2 0.96 3.68 5.13 5.1

D−R model β (mol2/KJ2) 9.62 7.28 5.35 0.88
qm (mg/g) 137 152.7 179.8 160.9
R2 0.90 0.86 0.76 0.75
X2 12.3 18.2 17.4 13.4
E (kJ/mol) 0.23 0.26 0.3 0.75

Thermodynamic Parameters
ΔG° (kJ/mol) 303 K −13.5 −14.4 −15.1 −14.81

313 K −14.5 −15.3 −15.9 −15.7
323 K −15.46 −16.05 −16.7 −16.45
333 K −16.2 −16.72 −17.3 −17.14
343 K −16.86 −17.3 −17.94 −17.74

ΔH° (kJ/mol) 11.83 7.86 6.55 7.31
ΔS° (J/(K mol)) 83.97 73.74 71.6 73.32
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release rates can be signified as a stage of rapid change in the
diffusion rates, followed by the second state of slight or nearly
fixed release rates demonstrating the attainment of equilibrium
states (Figure 8). The first stage reflected the fast diffusion of
the absorbed 5-Fu or the adsorbed molecules by external
receptor sites on the surface of the carriers. The second
segment or the equilibrium stage demonstrated the final stage
of the release process, which might be related to the slow
diffusion of the entrapped 5-Fu molecules within the channels
of MCM-48 and the matrix of the combined biopolymers
(Figure 8).1,34

The release of 5-Fu from MCM-48 was inspected for 80 h,
and the results validated a very slow release profile without
complete diffusion for the loaded quantity either in the gastric
fluid or in the intestinal fluid (Figure 8). The maximum release
percentages are 54 and 68.3% in the acidic fluid and basic fluid,
respectively, and such values were obtained after 35 and 50 h,
respectively. Such a low release profile might be assigned to the
expected strong hydrogen bonds between the loaded 5-Fu
molecules and the dominant silanol functional groups of the
synthetic MCM-48.35 This hinders the effective release of the
5-Fu molecules from the MCM-48 structure, which prevents
successful diffusion of the drug in the therapeutic level. The
increase in the release rate of the intestinal fluid compared to
the gastric fluid is related to the ionization of 5-Fu as the
alkaline environments, which induce their dissolution and
diffusion in the buffer solution.35,36

The prepared MCM-48/starch composite (MCM/ST)
displayed faster release rates in both alkaline and acidic buffer
solutions. In the gastric buffer solution (pH 1.2), the
composite achieved released percentages of 50 and 95% after
10 and 60 h, respectively (Figure 8A). The release percentage
was fixed at 95.3% without reporting for the complete release
of the loaded 5-Fu (Figure 8A). In the basic buffer solution,
the composite achieved release percentages of about 50 and
95% after 8 and 35 h, respectively, and the maximum released

percentage is 98%, which did not change even after 80 h
(Figure 8B).
The MCM-48/chitosan composite (MCM/CH) empha-

sized faster-release profiles than MCM-48 but slower than that
reported for the MCM/ST composite. This related to the
expected encapsulation of the 5-Fu molecules among the
positively charged hydrophilic chains of chitosan.3 Addition-
ally, the diffusion of the loaded 5-Fu molecules from the
integrated chitosan chains involved the first degradation for the
polymeric matrix, which reduces the release rates.36 In the
gastric fluid, the composite demonstrated a release percentage
of 50% after 14 h, and the maximum releasing value (90.6%)
was obtained after 60 h, which did not change up to 80 h
(Figure 8A). In the intestinal fluid, the release percentages of
about 50 and 95% were recorded after 10 and 40 h,
respectively. The release percentage was constant at 96.7%
even after 80 h (Figure 8B).
This was reported also for MCM-48/β-Cyclodextrin

(MCM/CD), which showed release percentages of 50% in
the gastric buffer solution after 10 h, and the maximum release
percentage (93.5%) was obtained after about 60 h without
reporting for the complete diffusion for the loaded dosage
(Figure 8A). In the intestinal buffer, the composite showed
release percentages of about 50 and 95% after 8 and 35 h,
respectively (Figure 8B). The maximum percentage of the
released 5-Fu drug is about 98%, which did not change even
after 80 h (Figure 8B). A reported increase in the release rate
after the combination of MCM-48 and the selected
biopolymers of starch, chitosan, and β-cyclodextrin related to
their role as coating material or barriers between the silanol
groups of mesoporous silica and the functional groups of the 5-
Fu drug. This hindered the expected bonding between the
drug molecules and the silanol groups by hydrogen bonds and
in turn induced the diffusion of the 5-Fu molecules. Moreover,
the homogeneous loading of the 5-Fu molecules with the
matrix and chains of the polymers has a strong influence in
accelerating the diffusion of the drug during the release tests.37

It was reported that the use of drug carriers with abrupt and
very rapid release profiles might induce the diffusion of the
drug at the required therapeutic concentrations within short
intervals.3 However, this also has negative impacts for the
expected increase in the required dosages and the predicted
random distribution for the diffused drug molecules. Also, the
synthesis of carriers with very slow release profiles is of
valuable impact in keeping the diffused drug concentration at
its therapeutic value for long periods.3,36 Therefore, the
combination of MCM-48 and some healthy and safe
biopolymers can result in advanced hybrid structures of
promising loading and release properties as carriers for the 5-
Fu drug. The quantities of the loaded drug can be controlled
by adjusting the loading factors and type of the combined
polymer. Also, the release rates and be controlled by adjusting
the type of the integrated polymers as well as their ratio in the
prepared composites.

2.4. Pharmacokinetics Behavior of the Releasing
Results. The releasing mechanisms of 5-Fu from the prepared
MCM-48 and the three composites as drug-delivery systems
were evaluated based on the commonly introduced pharma-
cokinetic models. The investigated pharmacokinetic models
are the zero-order model, the first-order model, the Higuchi
model, the Hixson−Crowell model, and the Korsmeyer−
Peppas kinetic model. This was accomplished by the linear

Figure 8. Release profile of 5-Fu from MCM-48, MCM/ST, MCM/
CH, and MCM/CD in gastric fluid (pH 1.2) (A) and intestinal fluid
(pH 7.4) (B).
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fitting process with the linear formulations of the models as in
eqs 3−7 for the previously reported models in order.38

− =W W K tt 0 0 (3)

=∞W W K tln( / )t 1 (4)

=W K tt h
1/2

(5)

− =W W K tto
1/3 1/3

HC (6)

=∞W W K t/t
n

p (7)

According to the hypothesis of the zero-order model, the
release of the drug molecules occurs at constant rates within
the studied release without any effect on the concentration of
the loaded molecules.39 The first-order model was used mainly
to describe the releasing behaviors that depend on the
quantities of the loaded drug molecules.1 Regarding the
assumption of the Higuchi model, it represents drug-delivery
systems in which release occurs through dissolution and
diffusion mechanisms.1 Fitting the releasing data with this
model suggested that (a) the quantities of the loaded 5-Fu
molecules are higher than their diffusion rates, (b) the
diffusion of the loaded molecules is controlled by one direction
only, (c) the diameters of the loaded drugs are smaller than the
thickness of the used carriers, (d) the release rates were not
affected by both the solubility and the swelling index of the
integrated polymer matrix, (e) the systems of such kinetic

properties are of constant diffusion rates, and (f) the releasing
behavior reflected strong sink properties.40,41

The Hixson−Crowell model was used to illustrate the
releasing systems in which the behavior depends on the
diameters of the carriers and their surface area. This model
suggested the occurrence of the diffusion process in parallel
plane forms with a significant decrease in the dimensions of the
prepared carriers. Additionally, this model suggested the
existence of erosion as the dominant releasing mechanism.3

The Korsmeyer−Peppas model was considered as the best
model used to describe the drug-delivery systems that are of
polymeric nature and of strong value in identifying the
operating mechanism of diffusion, erosion, or their combina-
tion.1

The fitting degrees were estimated based on the calculated
values of the correlation coefficient for the fitting results of the
released 5-Fu drug from the synthetic biopolymer composites
(Figure 9 and Table S1). As reported in Table S1, the releasing
results of the four carriers show poor fit with the zero-order
model (Figure 9A,B) compared to their fit with the first-order
model (Figure 9C,D), especially for the investigated
biopolymer composites. This demonstrated a significant
dependence of their release behaviors on the quantities of
the loaded 5-Fu molecules in acidic and basic buffers but with
a preference for acidic conditions. This might be related to the
role of acidic conditions in causing partial degradation of the
polymeric chains.3 The pure phase of MCM-48 displayed

Figure 9. Fitting of the releasing results with pharmacokinetic models; (A, B) zero-order model, (C, D) first-order model, (E, F) Higuchi model,
(G, H) Hixson−Crowell model, and (I) Korsmeyer−Peppas model.
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releasing behavior of poor fit with both zero-order and first-
order kinetic models reflecting the role of the integrated
biopolymers in directing the releasing mechanism of such
mesoporous structures.
The obtained release data from MCM-48 showed good fit

with the Higuchi model, and the degree of fitness increases
systematically with the combination of MCM-48 with starch,
chitosan, and β-cyclodextrin achieving the best fitting results
with MCM/CH and MCM/CD in the gastric fluid (Figure
9E,F and Table S1). This suggested a strong diffusion
mechanism for the released 5-Fu drug from the composites,
especially for MCM/CH and MCM/CD in the acidic
conditions. This also reflected the strong role of the diffused
5-Fu molecules from the structural cavities of MCM-48 as an
advanced silica base material of mesoporous nature.
The Hixson−Crowell model has low fitting results with the

obtained releasing data of MCM-4, while the composites have
a medium to very good fit with this model, especially in the
acidic buffer for MCM/CH and MCM/CD (Figure 9G,H and
Table S1). The calculated determination coefficient values for
this model are lower than the reported values with both the
first-order model and the Higuchi model (Table S2). This
reflected the possible control of the release profiles of the
studied carriers by erosion and diffusion mechanisms with
dominance for the diffusion mechanism.
For all of the investigated pharmacokinetic models, the

obtained releasing data from all of the carriers either in the
gastric fluid or in the intestinal fluid achieved the best fit with
the Korsmeyer−Peppas model. The calculated diffusion
exponent (n) values in the intestinal fluid are 0.4, 0.45, 0.49,
and 0.48 for MCM-48, MCM/ST, MCM/CH, and MCM/
CD, respectively (Figure 9I and Table S1). The reported
values in the gastric fluid are 0.45, 0.5, 0.53, and 0.55 for the
same carriers in order. Such results demonstrated that the
release of 5-Fu from MCM/CH and MCM/CD shows non-
Fickian transport behaviors in acidic and basic conditions,
which involved both erosion and diffusion mechanisms.3 The
release profile of MCM-48 either in the acidic fluid or basic
fluid shows Fickian diffusion behavior (Case I diffusion),
which suggested controlling the process by the diffusion
mechanism. For MCM/ST, its release profile in the basic
conditions shows non-Fickian transport behavior and that in
the acidic condition shows Fickian diffusion behavior.

3. CONCLUSIONS

The MCM-48/chitosan (MCM/CH), MCM-48/starch
(MCM/ST), and MCM-48/β-Cyclodextrin (MCM/CD)
composites were prepared as carriers for the 5-Fu drug with
enhanced loading and releasing properties. The calculated
loading capacities are 141.2, 156.6, 191, and 170 mg/g for
MCM-48, MCM/ST, MCM/CH, and MCM/CD, respec-
tively. The loading process by MCM-48, MCM/ST, and
MCM/CH is of physisorption type and monolayer form, while
the loading by MCM/CD occurs in a multilayer form
considering the results of kinetic, isotherm, and thermody-
namic studies. The release profiles from 80 h indicated the
possible control of the release rate by adjusting the type of the
integrated polymer and its ratio. The diffusion exponent from
the Korsmeyer−Peppas model indicated a combination of
erosion and diffusion mechanisms for the release of 5-Fu from
MCM/ST, MCM/CH, and MCM/CD and the diffusion
releasing mechanism from MCM-48.

4. EXPERIMENTAL SECTION

4.1. Materials. Cetyltrimethylammonium bromide (99%),
tetraethylorthosilicate (97%), ethanol (95%), ammonium
solution (30% NH3), and NaOH pellets (97%) were delivered
by Sigma-Aldrich, Egypt, for the fabrication of MCM-48.
Chitosan polymer, nonsoluble starch (wheat), and β-cyclo-
dextrin polymer of high-purity grades were incorporated in the
synthesis of the MCM-48/biopolymer composites.

4.2. Preparation of MCM-48/Biopolymer Composites.
4.2.1. Synthesis of MCM-48. The synthesis procedures were
accomplished by the sol−gel method. The typical steps
involved first dissolving about 29.74 g of the surfactant
template (CTAB) in about 146.88 g of distilled water. This
was followed by the addition of NaOH (2.72 g) under stirring
at 500 rpm for 15 min. Then, about 30 mL of TEOS was
added to the mixture as the main source of silica and stirred for
another 180 min at a fixed temperature of 40 °C. After that, the
mixture was put into a sealed Teflon reactor and heated at 110
°C for 24 h. After thermal treatment, the synthesized MCM-48
particles were filtered, washed thoroughly with ethanol and
distilled water, and dried for 8 h at 60 °C. The final synthesis
step involved thermal treatment of the solid fractions at 550 °C
for about 6 h to remove the used surfactant template and open
the pores of the structure.

4.2.2. Synthesis of MCM-48/Biopolymer Nanocomposite.
The first separated colloid solutions for the studied
biopolymers were prepared as separated samples (starch,
chitosan, and β-cyclodextrin). The starch colloid solution was
prepared by direct dissolving of about 3 g of starch within
about 50 mL of distilled water at 90 °C for 60 min. The
chitosan gel was prepared by normal dissolving of 3 g of the
polymer within 50 mL of diluted acetic acid. Also, the β-
cyclodextrin solution was prepared by dissolving 3 g of it
within 50 mL of the ethanol/water mixture (50:50%). At the
same time, three samples of MCM-48 suspensions were
prepared by dispersion of MCM-48 solid fractions (3 g) in
distilled water (50 mL) and mixed homogeneously for 2 h as
separate tests. After that, the polymer-bearing solutions were
mixed with the above MCM-48 mixtures under a complex
system of stirring (800 rpm) and sonication (240 W) as the
effective mixing system for 12 h at room temperature for
MCM-48/chitosan (MCM/CH) and MCM-48/β-cyclodextrin
composite (MCM/CD) and at 70 °C for MCM-48/starch
(MCM/ST). Finally, the prepared composites were separated,
washed, and dried for 12 h at 60 °C.

4.3. Characterization Techniques. The crystalline phases
were evaluated considering the XRD patterns of the synthetic
materials by a PANalytical X-ray diffractometer (Empyrean).
The integration process was also confirmed based on the
functional groups of the synthetic materials using an FT-IR
Bruker spectrometer (Vertex 70). Also, the morphologies of
MCM-48 and the synthetic composites were studied by a
scanning electron microscope (Gemini, Zeiss-Ultra 55) and a
transmission electron microscope (JEOL-JEM2100).

4.4. Loading Properties of 5-Fluorouracil. The loading
capacities as well as the main mechanisms were studied
considering different factors, including (a) the loading time
interval (5−1440 min), (b) the dissolved 5-Fu concentration
(100−700 mg/L), (c) the pH of the drug aqueous solutions
(pH 3 to pH 8), and (d) the loading temperature (30−70 °C).
The mixing of the composites and the drug solutions was
accomplished using a vortex rotator, and by the end of each
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test, the solutions were isolated by centrifugation and the
remaining 5-Fu concentrations were measured using a UV
spectrophotometer at λmax = 266 nm. The loading capacities
were calculated from eq 8 25

= − ×
loaded drug (mg/g)

(initial concentration residual concentration) solvent volume
carrier weight

(8)

4.5. In Vitro Release Profiles. The in vitro release
properties of the investigated composites as well as MCM-48
within the gastric fluid (pH 1.2) and intestinal fluid (pH 7.4)
as buffer solutions at 37.5 °C were determined for the oral
formulation. During the evaluation of the tests, samples from
the buffer solutions (5 mL) were collected at regular intervals
to evaluate the diffused 5-Fu molecules using a UV−vis
spectrophotometer at λmax = 266 nm. The release percentages
of 5-Fu drug were calculated from eq 9 1

=
‐
‐

×drug release(%)
the amount of released 5 Fu drug

amount of loaded 5 Fu
100

(9)
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