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Abstract Although 5-Fluorouracil (5-FU) is one of the most frequently used cytotoxic chemother-
apy drugs in the treatment of cancer, it possesses a short biological half-life and toxic side effects
against normal healthy cells. In this work, B-cyclodextrin/alginate (B-CD/Alg) nanoparticles loaded
with 5-fluorouracil (5-FU) were prepared to evaluate release properties and bioactivity in different
pH media. Stable nanocomposites with the best loading efficiency (36%) and encapsulation effi-
ciency (90%) were successfully fabricated. The size of the nanocomposite solution was determined
via dynamic light scattering (DLS) to be in the range 30-120 nm with a mean size of 70 nm, while
TEM images showed the particle size of the nanocomposite to be in the range 30-80 nm with a
mean size of 50 nm. The release profile of 5-FU in a simulated gastric fluid (pH 1.2) was much lower
than in a simulated colorectal fluid (pH 7.4). The release behaviour of 5-FU from the nanocompos-
ite was confirmed by the change in morphology in the pH media. A cytotoxicity assay indicated that
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the nanocomposite is an effective delivery system for 5-FU with strong antiproliferative activity
against MCF-7 cells and negligible effects on normal healthy cells.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

S5-Fluorouracil (5-FU) is one of the most frequently used cytotoxic
chemotherapy drugs in the treatment of cancer, particularly gastric
cancer (Ukai et al., 2020), pancreatic cancer (Wainberg et al., 2020),
cervical cancer (Wainberg et al., 2020) and breast cancer (Luo et al.,
2020). However, 5-FU has a short biological half-life (5-10 min) due
to its rapid metabolism by dihydropyrimidine dehydrogenase (Li
et al., 2008). 5-FU also has toxic side effects, which are evident in
the bone marrow and gastrointestinal tract, and it exhibits non-
selective bioactivity against normal healthy cells (Katona et al.,
1998). To resolve these issues and obtain high clinical efficiency,
numerous polymer-based nanocomposites encapsulating 5-FU have
been developed to control its release. Such drug carriers should possess
a high drug loading capacity, long circulation with good stability in the
bloodstream, selective accumulation at the target site and effective
release of the drug in suitable media. Wang and coworkers (Wang
et al., 2015) developed a conjugate folic acid - poly(lactic-co-glycolic
acid) based nanoparticles for 5-FU delivery. These nanoparticles were
crosslinked using 1,3-diaminopropane as a cross-linker and tested
against HT-29 cancer cells. Mattos and coworkers (de Mattos et al.,
2016) successfully loaded 5-FU onto poly (lactic acid)-poly (ethylene
glycol) composite against Hep-2 tumor cells.

Polymeric nanoparticles are of great interest for drug, peptide
and protein delivery systems in applications that require controllable
release. In particular, nanocomposites made from natural,
biodegradable polysaccharides have attracted the interest of many
researchers in the pharmaceutical and medical fields (Zheng et al.,
2015, Muhamad et al, 2019, Pathak and Malviya 2020,
Shariatinia 2020, Nazir et al., 2021). The natural polysaccharides
and oligosaccharides that are widely used for controllable drug
release include chitosan (Ali and Ahmed 2018, Quadrado and
Fajardo 2020), alginate (Uyen et al., 2020), cellulose (Wsoo et al.,
2020) and cyclodextrin (CD) (Tian et al., 2021). Of these, Alg and
CD are particularly suitable as drug delivery carriers due to their
low toxicity. Alginic acid, a polysaccharide containing guluronic
acid and mannuronic acid units, has a pKa in the range 3.4-4.4
and its salt presents in the mixture (Sanchez-Ballester et al., 2021).
Alg gelispheres (beads) can easily be fabricated via crosslinks with
divalent and trivalent metal ions, such as Ca’", Cu®>", Zn?>* and
AP" (Urbanova et al, 2019). Kim and Jung (Kim and Jung
2020) have effectively loaded 5-FU into crosslinked Alg hydrogels
via succinoglycan dialdehyde which showed complete release of drug
in pH 2.0 and 7.4. Alginate based nanocomposites as effective 5-FU
systems has been reported in the literature (Dodov et al., 2009,
Hosseinifar et al., 2018). CD is a cyclic oligosaccharide that consists
of a macrocyclic ring of glucose subunits with o-1,4-glycosidic
bonds. CD forms inclusion complexes with organic molecules by
taking up these molecules into the apolar central cavity without
forming or breaking covalent bonds (Tian et al., 2020). Many
researchers have fabricated composites based on Alg or CD for
the controllable release of drugs, peptides and proteins (Mura
2020, Raus et al., 2021). However, the use of a composite combin-
ing Alg and CD for drug delivery has rarely been reported in the
literature. Our recent studies have reported an easy method for syn-
thesising CD/ALG nanoparticles via ionic gelation (Nguyen et al.,
2015, Nguyen et al.,, 2018, Nguyen et al., 2019a, Nguyen et al.,
2019b). However, this nanocomposite has not been used to load
5-FU, with evaluation of efficacy against cancer cells.

The aim of this study was to develop 5-FU loaded onto a
nanocomposite made from S-CD and Alg through a pH-sensitive lin-
ker and to investigate stability and controlled release in vitro, as well as
to provide evidence of anti-tumour efficacy in a cell culture.

2. Materials and methods

2.1. Materials

Materials (calcium chloride (CaCl,), f-cyclodextrin and
sodium alginate) were purchased from Shanghai Chemical
Co. (China). 5-FU and sulforhodamine B (SRB) were pro-
vided by Sigma Co. (USA). Trichloroacetic acid and acetic
acid were purchased from Merck (Germany). All chemicals
were used without further purification. Deionized water was
used in all experiments.

2.2. Fabrication of 5-FU encapsulated -CD]Alg nanoparticles

The synthesis of f-CD/Alg nanocomposites was performed via
the ionotropic gelation mechanism previously reported, with
slight modification (Nguyen et al., 2018, Nguyen et al.,
2019a). Briefly, different concentrations of 5-FU solution were
added dropwise to 5 mL of CaCl, solution (6.5 mg/mL) and
stirred at 1200 rpm for 90 min. Then, the mixture was added
to 13.7 mL of Alg solution (10 mg/mL), stirred for 90 min,
and irradiated with ultrasound for 60 min. The 5-FU@Ca/
Alg mixture was centrifugated and washed with water
(3 x 10 mL) before the addition of the S-CD solution
(10.7 mL, 1.6 mg/mL). The mixture was stirred then left for
24 h, centrifugated at 3200 rpm for 15 min and washed with
water (3 x 10 mL). The nanocomposites were obtained via a
freeze-drying process after 14 h.

2.3. Association efficiency and loading efficiency

The association efficiency of the drug is defined as the ratio of
5-FU by weight in the nanocomposite to the weight of the
nanocomposite obtained, as shown in Eq. (1). The weight of
5-FU in the nanocomposite was estimated from the difference
between the total amount of 5-FU (W, s.ru) and the
amount of 5-FU in the supernatant separated from the
nanocomposite after centrifugation (W, 5-FU). The amount
of the drug in the supernatant was determined via a calibration
curve of absorption intensity at a peak of 266 nm in UV-Vis
measurement (Yusefi et al., 2021).

WrolalS—FU - Wf'rﬁeS—FU

Association efficiency (%) = W
total5—FU

x 100% (1)

The loading efficiency of the drug is the ratio of 5-FU by
weight in the nanocomposite to the weight of the dry
nanocomposite, obtained via Eq. (2).


http://creativecommons.org/licenses/by-nc-nd/4.0/

p-cyclodextrin/alginate nanoparticles encapsulated 5-fluorouracil 3
. s W iotats—rv — Wees—ru Amount of drug at time t
Loading efficiency (%) = —= x 100% (2 D leas = 100
g efficiency (%) W sanocomposite ¢ @ rug release (%) Amount of drug at time t =0 < 100%
A3)

2.4. Physicochemical characterisation of the nanocomposite

Zeta potential was used to determine the electrochemical
equilibrium at the interfaces and molecular vibrations, while
DLS was used to determine the particle size distribution in
the colloidal solution. The nanocomposite was diluted in
deionized water to attain a solution with a concentration
of 0.5 mg/mL. A nanoPartica Horiba SZ-100 (Japan) was
used for the measurements. Zeta potential was measured
at 25 °C with an applied voltage of 3.3 V, and DLS was
performed at an angle of 173°.

To determine the presence of possible functional groups in
the synthesized nanocomposite, the samples including blank f-
CD/Alg and 5-FU@ f-CD/Alg were characterized by Fourier-
transform infrared (FTIR) analysis. The measurement was
carried out on a Tensor 27 FTIR spectrophotometer (Brucker,
Germany) with a wavenumber range of 500-4000 cm™' and
resolution of 0.5 cm ™.

The X-ray diffraction (XRD) patterns of 5-FU, -CD/Alg
and 5-FU@fS-CD/Alg crystals was measured on an X-ray
diffractometer (Bruker, Model-D8 Advance).

The particle size distribution and morphology of the
nanocomposite 5-FU@ -CD/Alg were evaluated using TEM
(S-4800 JEOL JEM1400) set at an accelerating voltage of
120 kV and FESEM (S-4800 HI-9057-0006).

Thermogravimetry analysis (TGA) and differential scan-
ning calorimetry (DSC) were performed using a LabSys
Evo 1600 thermal analyser (SETARAM, France) at a tem-
perature range of 30-800 °C and a heating rate of 10 °-
C min~! in air.

2.5. In vitro release profile and kinetic evaluation of 5-
fluorouracil

A drug release study was performed in simulated colorectal
fluid (phosphate-buffered saline at pH 7.4) and gastric fluid
(hydrochloride/potassium chloride buffer at pH 1.2). The
drug release efficiency of 5-FU@p-CD/Alg was evaluated
using a 5 mL-dialysis bag (cut-off molecular weight between
3000 and 5000 Da) as previously reported, with slight mod-
ification (Fu and Kao 2010, Yusefi et al., 2020). Before the
experiment, the dialysis bags were soaked in a release med-
ium for 12 h. The solution mixture comprising the
nanocomposite 5-FU@-CD/Alg (3 mg) and the release
medium (3 mL) was added to the dialysis bag with the
two ends tied. The dialysis bag was immersed in 12 mL of
the release medium maintained at 37 °C and slowly stirred.
To detect the released drug, an aliquot (0.5 mL) was with-
drawn at different times in range of 0.25-96 h and the outer
solution was immediately replaced by the same volume of
fresh medium. The withdrawn samples were characterized
by UV-Vis spectroscopy with a wavelength of 266 nm. Runs
were performed in triplicate. The release profile was plotted
as the relative release percentages of 5-FU over time. The
same procedure was performed for blank p-CD/Alg and 5-
FU as standard references. The drug release from the differ-
ent media was calculated via Eq. (3).

For release kinetic study, the following models including
zero order (Eq. (4)), first order (Eq. (5)), Hixson-Crowell
(Eq. (6)), Higuchi (Eq. (7)) and Korsmeyer-Peppas (Eq. (8))
were investigated via an origin software. The mathematical
equations representing these models is listed as follows:

Ji = Kot 4)
fi=1—et (5)
Vfo = /1, = Kuct (6)
fi=KuVi ™)
fi = Kiut" (8)

where f is the amount of 5-FU drug released at a specified time
t, fy is the initial amount of drug in nanocomposite, # is the dif-
fusion exponent and ko, k;, ki, kiyc, and kgp are the release
constants of the corresponding equations.

2.6. Cytotoxicity assay

Fibroblast and MCF-7 (HTB-22) cells were provided and cul-
tured by the University of Science, Vietnam National Univer-
sity, Ho Chi Minh City, Vietnam. Cells were cultured at 37 °C
and 5% CO, in Eagle’s minimal essential medium (EMEM)
supplemented with 20 mM HEPES (Sigma), 0.025 pg/mL
amphotericin B (Sigma), 2 mM L-glutamine (Sigma),
100 TU/mL penicillin G (Sigma), 100 pg/mL streptomycin
(Sigma), and 10 % (v/v) FBS (Sigma). Samples with f-CD/
Alg, 5-FU@f-CD/Alg and the solutions after release at pH
7.4 and pH 1.2 were used to test cytotoxicity.

The SRB assay was carried out as previously reported, with
some modification (Nguyen and Ho-Huynh 2016, Thach et al.,
2021). Cells were seeded in 96-well plates with 10,000 cells/well
and cultured for 24 h before being incubated with the samples
at various concentrations for 48 h. The cells were placed in
cold trichloroacetic acid solution (50 %, w/v) for 1-3 h,
washed, and stained with SRB (0.2%, w/v) for 20 min. Water
and camptothecin (Calbiochem) were used as negative and
positive controls, respectively. Absorption intensity was deter-
mined using an ELISA plate reader (Synergy HT, Biotek
Instruments) at wavelengths of 492 nm and 620 nm. The per-
centage of growth inhibition (%) was determined at a concen-
tration of 100 pg/mL via Eq. (9).

.. o, 0D.—0D,

Inhibition % = oD, x 100 9)
where OD. and OD; are the optical density of the negative
control and test samples, respectively. The ICsy values were
determined graphically using a curve-fitting algorithm. All val-
ues are expressed as means = SD from at least three indepen-
dent experiments. Statistical analysis of the data was
performed via Duncan’s Multiple Range Test (DMRT) soft-
ware package. All significant differences in a parameter were
calculated by means of the paired Student’s z-test with 95%
(P < 0.05) confidence level.
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3. Results and discussion

3.1. Synthesis of nanocomposite 5-FU@ f-CD/Alg

Synthesis of nanocomposite 5-FU @ -CD/Alg was carried out
via an ionotropic gelation mechanism using Ca®*/Alg geli-
spheres and B-CD molecules as previously reported, with slight
modification (Nguyen et al., 2015, Nguyen et al., 2019a). In the
present work, the gelispheres were loaded with 5-FU before the
nanoparticles were synthesised, as illustrated in Fig. 1. f-CD
molecules have a negative zeta potential and can interact to
cross-link a Ca?™ ion and alginate in the insoluble gelispheres
to form a nanocomposite that is well dispersed in water. 5-FU
can be encapsulated in the matrix of the polysaccharides via
bonds with Ca®" ions and functional groups in the CD mole-
cules and alginate chain. The nanocomposite 5-FU@ -CD/
Alg is easily purified and obtained using centrifugation.
Because the quantity of the drug can significantly influence
the efficiency of nanocomposite synthesis, the loading process
for the drug was investigated using different ratios of drug
weight to carrier weight. The loading efficiency and association
efficiency of the drug were used to evaluate the performance of
synthesis. The best nanocomposite was used to investigate the
physicochemical characterisation and in vitro drug release
behaviour and kinetics.

To fabricate the nanocomposite, the same procedure as a
previously reported was used, with a hydrophobic drug (keto-
profen) loaded onto -CD before the 5-FU@B-CD complex

Study scheme and proposed formation mechanism for the 5-FU@ -CD/Alg nanocomposite.

was added to the Ca®* /Alg galispheres to form the nanocom-
posite (Nguyen et al., 2015). However, only a very low loading
efficiency of the 5-FU was obtained and no nanoparticles were
formed in the solution; this is likely because the solubility of 5-
FU is greater than ketoprofen and its molecular size is smaller.
Recent research (Jin et al., 2010, Di Donato et al., 2016) has
confirmed that f-CD can easily encapsulate 5-FU in the solid
state. However, it is not a good host for the complexation of 5-
FU in an aqueous solution due to the low stability of the com-
plex (Melnikova et al., 2020). Thus, 5-FU can interrupt the
interaction between Ca>" /Alg galispheres and -CD molecules
during nanoparticle formation in solution, impeding
nanocomposite synthesis.

In recent research (Nguyen, Vo, Huynh, et al. 2019),
nanoparticles have been fabricated with changes in the synthe-
sis procedure and a different order of addition of materials.
With this change, 5-FU was entrapped into Ca®"/Alg gali-
spheres before S-CD molecules were added to form the
nanoparticles (Fig. 1); this procedure performed well in synthe-
sising the 5-FU@f-CD/Alg nanocomposite. To study the
effect of drug concentration, feeding ratios of 5-FU in the
range 5-40% (w/w) were used to determine drug association
efficiency and drug loading efficiency. The results show a
non-linear relationship between the drug content added to
the nanocomposite and encapsulation and loading efficiency
(Fig. 2). Raising feeding ratios of 5-FU from 5 % to 40 %
decreases the association efficiency of the drug from
96.8 £ 1.5% to 81.7 = 2.0%, due to the saturation of 5-FU
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in the matrix of alginate chains. Meanwhile, increase in these
ratios increases the loading efficiency, with a maximum of
364 £ 1.7 % at a feeding ratio of 20% (w/w). Although a
non-linear relationship between feeding ratios and encapsu-
lated efficiency can be observed for the f-CD-based nanocom-
posite, this result represents a different trend for 5-FU
encapsulation than for other nanocomposites reported previ-
ously. Indeed, Prabha and Raj (Prabha and Raj 2016) showed
that the association and loading efficiencies of 5-FU from the
nanocomposite f-CD/Fe;04/PEG increase with an increase in
5-FU concentration. Similarly, Hosseinifar et al. (Hosseinifar
et al., 2018) also found that an increase in drug ratios induces
better encapsulation performance in f-CD-Alginate nanogel.

3.2. Physicochemical characterisation of the nanocomposite 5-
FU@p-CD|Alg

Zeta potential and particle size are the principal criteria for
evaluating effective anticancer drug delivery targeting tumour
tissue. Fig. 3 shows spectra of the zeta potential and particle
size of blank nanocomposite f-CD/Alg and nanocomposite
5-FU@p-CD/Alg. Because of the negative zeta potential of
the components -CD and Alg (Lakkakula et al., 2017), the
blank nanocomposite -CD/Alg has a great surface charge
of —48.7 mV while the presence of 5-FU (20%) slightly
decreases the surface charge (—42.1 mV). The highly negative
zeta potential induces repulsion between nanoparticles, greatly
reducing the propensity to aggregate and making the
nanocomposite highly stable in an aqueous solution. Thus,
the nanocomposite based on f-CD and Alg protects the drug
and is an ideal carrier for a drug delivery system.

The particle size of the nanocomposites in an aqueous solu-
tion was determined by DLS measurement. The result shows
that the particle size of 5-FU@ f-CD/Alg is in the range 20—
200 nm with a mean size of 57 nm, while the particle size of f-
CD/Alg is larger, at 100-250 nm with a mean size of 150 nm.
The smaller size of the nanocomposite 5-FU@ -CD/Alg indi-
cates that the presence of 5-FU may significantly reduce the size
of the nanoparticle, confirming the encapsulation of 5-FU into
the matrix of crosslinks formed by calcium ions and alginate
chains in f-CD/Alg. The FESEM images (Fig. 3E and 3F) show
that the nanocomposites possess regular fibres with sheet-like
shapes which were formed during the drying process.

The FTIR spectra of blank -CD/Alg, 5-FU and 5-FU@ -
CD/Alg nanocomposite are shown in Fig. 4. The FTIR spec-
trum of blank f-CD/Alg has the characteristic absorption
peaks of glucose units at 3425, 2925, 1418 and 1030 cm™.
The bands at 3425 cm™' and 1418 cm™' can be attributed to
the stretching and bending vibrations, respectively, of OH
groups and the band at 1030 cm ™' to the stretching vibration
of glucose C-O-C groups. The band at 2925 cm ™' is character-
istic of C-H stretching vibration. In particular, the peak at
1627 ecm™" corresponds to the stretching vibration of the car-
boxyl groups (COO) in alginate chains. The FTIR spectrum
of 5-FU has bands at 3142, 2936, 1776, 1349 and 1249 cm™',
where the bands at 3142 cm ™" and 2936 cm™! are characteristic
of N-H and C—H stretching vibrations, respectively, the band
at 1776 cm ™' is characteristic of —C=0 group of ketone, and
the bands at 1349 and 1249 cm ™' are characteristic of stretch-
ing vibration of C—N and C—F, respectively. Analysis of the
FTIR spectrum of the 5-FU@f-CD/Alg nanocomposite
shows that the absorption bands shift to new positions com-
pared to the blank nanocomposite, namely 3413, 2934, 1613,
1424, 1034 cm~!. The broad band at 3413 cm™' can be
assigned to the stretching vibration of N—H and O—H groups,
the band at 2934 cm™! to the stretching vibration of C—H, and
the bands at 1613 cm ™' and 1424 cm ™" to the stretching vibra-
tion of C=O0 groups and bending vibration of the OH groups,
respectively. The band at 1034 cm™! is characteristic of the
stretching vibration of C—O—C groups. Notably, the spec-
trum has bands from 1350 to 1250 cm™' corresponding to
the characteristic vibrations of C—N and C—F groups in the
5-FU molecule. The results indicate that the 5-FU drug is suc-
cessfully encapsulated into the carrier B-CD/Alg.

XRD patterns of 5-FU, B-CD/Alg and 5-FU@B-CD/Alg
nanocomposite are shown in Fig. 5. The XRD pattern of 5-
FU showed the intense peaks at 20 value of 16.5 and 28.6° that
relates to its crystalline nature. The data of B-CD/Alg
nanocomposite shows an abroad diffraction peak appeared
at 20 value of 43.5° which relates to crystalline structure glu-
curonate and mannuronate units in alginate chains with a crys-
talline diameter of 1.47 nm. For the diffractogram XRD of 5-
FU@B-CD/Alg nanocomposite, the peaks observed at 16.2,
28.5 and 43.4° indicates the successful loading of 5-FU into
the matrix of B-CD/Alg composite and maintaining crystalline
nature of drug and the polysaccharides. The crystal diameter
calculated at peak 43.4° was determined to be 1.36 nm.

The size and morphology of the 5-FU@B-CD/Alg
nanocomposite were determined using TEM. Images and par-
ticle size distribution are shown in Fig. 6. The TEM images
indicate that the nanocomposite has a uniform spherical mor-
phology with low aggregation. The nanoparticles distribute in
the range 30-80 nm with a mean diameter of 50 nm. The result
confirms the successful synthesis of the 5-FU@B-CD/Alg
nanocomposite.

The thermal stability of the nanocomposites was analysed
using TGA and DSC (Fig. 7). The TGA curves of both
nanocomposites show three main weight-loss steps. The first
weight loss step in both samples occurs between 30 and
220 °C and is estimated to be 22%. This step reflects the evap-
oration of adsorbed moisture from the surface of the samples,
as confirmed by the presence of a corresponding endothermic
peak in the DSC curves. The second weight-loss steps for -
CD/Alg and 5-FU@ B-CD/Alg occur in the temperature range
220-545 °C with a weight loss of 43% and 220440 °C with a
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weight loss of 40%, respectively. This weight loss can be attrib-
uted to the oxidation of sugar molecules in polysaccharide
chains which relate to the small exothermic peaks in the
DSC curves. In the final step, B-CD/Alg shows a weight loss
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Fig. 5 XRD patterns of (a) 5-FU, (b) B-CD/Alg and (c) 5-
FU@B-CD/Alg nanocomposite.
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of 20% in the range 545-800 °C and 5-FU @ B-CD/Alg shows
a weight loss of 25% in the much lower range 440-800 °C. The
DSC curves have intense exothermic peaks in the correspond-
ing temperature regions that can be attributed to oxidation of
the drug and polysaccharide components. Moreover, enthalpy
value of the drug loaded nanocomposite was found to be
greater than the value of the blank nanocomposite that indi-
cated the interaction between drug molecules and polysaccha-
rides in the nanocomposite. The low-temperature stability of
the 5-FU@B-CD/Alg nanocomposite indicates the presence
of the drug in the nanocomposite. On the other hand, 5-FU
is oxidised at a much low temperature, in the range 250-
350 °C, as previously reported (Obireddy and Lai 2021). Thus,
the thermal behaviour of the 5-FU @ -CD/Alg nanocomposite
indicates the interaction of the drug with sugar molecules in
polysaccharides that leads to a significant increase in the ther-
mal stability of 5-FU.

3.3. In vitro drug release of nanocomposite 5-FU@ -CD/Alg

The drug release profile of 5-FU from the 5-FU@ f-CD/Alg
nanocomposite was investigated in different media at a con-
stant temperature (37 °C). The 5-FU drug without a carrier
in a phosphate buffer (pH 7.4) was also explored as a refer-
ence, with 5-FU release of 92.0% and 98.7% at 2 h and 4 h,
respectively. Fig. 8A shows release profiles of the nanocompos-
ite in phosphate buffer solutions at different pH values, includ-
ing simulated colorectal fluid medium (pH 7.4) and simulated
gastric fluid medium (pH 1.2) for 24 h. It was found that rapid
release occurs during the first 60 min, followed by slower
release. In the colorectal fluid medium (pH 7.4), drug release
of 37.7% and 52.1% was obtained after 1 h and 4 h, respec-
tively, with 69.8% after 24 h and 80.7% after 96 h. A much
slower rate of release was observed in pH 1.2, with 20.0%
released in the first 4 h and 34.1% in 96 h. Thus, the results
indicate that the 5-FU drug in the nanocomposite is well pro-
tected from the physiological environment, and release beha-
viour from the nanocomposite is modulated by changes in
environmental pH media, meaning that the nanocomposite
can be used effectively in the targeted treatment of cancer cells.

It is notable that the drug release behaviour from the 5-
FU@ B-CD/Alg nanocomposite is similar to previous reports
on alginate-based nanocomposites (Azhar and Olad 2014,
Anirudhan and Nair 2019, Wu et al., 2019), which have shown
that at pH 7.4, 5-FU is released more rapidly than it is at pH
1.2. However, the release of the 5-FU drug is different from the
release behaviour of ketoprofen from the nanocomposite

ketoprofen@p-CD/Alg reported previously, where a lower
pH leads to a faster drug release. This phenomenon demon-
strates that 5-FU is loaded onto the matrix of Ca®>*/Alg but
is not forming an inclusion complex with f-CD.

In order to understand SFU @ -CD/Alg release behaviour,
the samples were recovered after release in both media and fur-
ther characterised by TEM. The TEM images are shown in
Fig. 8B and C. It is clear that the nanoparticles are clustered
at pH 1.2 while the composite is sufficiently swelled at pH
7.4 to facilitate the diffusion of the drug into the solution.
The formation of clusters at pH 1.2 contributes to the protona-
tion of COO™ groups in alginate, leading to the recombination
of particles to form clusters of greater size and network holes
to be minified, restricting pervasion of 5-FU from the interior
of the nanocomposite. It can be concluded that the release
behaviour of the drug from the 5-FU@CD/Alg nanocompos-
ite is mainly by way of changes in the morphology of the
nanocomposite.

The release kinetics of 5-FU drug in the various media were
modelled into the five principal mathematical models. The
kinetic parameters are listed in Table 1. The drug release beha-
viour fits both Hugichi and Korsmeyer-Peppas models but the
later release model is best fitted. The results show that the
release of 5-FU from the nanocomposite at pH 1.2 possesses
slightly higher coefficient in comparison with release behaviour
at pH 7.4. However, the difference is not significant, thus it can
be concluded that the release kinetic is well fitted in both
media. In addition, for all environmental pH values, the
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Fig. 7 TGA and DSC curves of B-CD/Alg and 5-FU@B-CD/
Alg nanocomposite in airflow of 20 mL/min at a heating rate of
10 °C/min.
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Fig. 8 Drug release profile of the 5-FU@p-CD/Alg nanocomposite at pH 7.4 and pH 1.2 (A); TEM images of the 5-FU@B-CD/Alg

nanocomposite recovered after 48 h from pH 1.2 (B) and pH 7.4 (C).

Table 1 Release kinetic data of 5-FU from 5-FU@p-CD/Alg nanocomposite at various environmental media.
Kinetic models pH 7.4 pH 1.2
Constant n R? Constant n R?

Zero order 0.607 - 0.533 0.218 — 0.617
First order 3.0 x 107 = 0.400 2.8 x 1073 - 0.516
Hixson-Croswell 0.010 - 0.496 8.1 x 107 - 0.531
Hugichi 6.764 - 0.817 3.640 - 0.946
Korsmeyer-Peppas 37.1 0.188 0.956 14.7 0.192 0.980

diffusion exponent is found to be lower than 0.45, indicating
that the 5-FU release from the nanocomposite follows Fickian
diffusion mechanism.

3.4. Cytotoxicity assay

The cytotoxic effects of S-CD/Alg, 5-FU@B-CD/Alg and
release solutions at different pH values after 48 h against a nor-
mal cell line (fibroblast) and a breast cancer cell line (MCF-7)
are shown in Table 2. As can be seen, the f-CD/Alg nanocom-
posite displays no inhibition of the normal cell line but a slight
inhibition of 26.83 + 3.58 against the cancer cell line at a con-
centration of 100 pg/mL. However, ICs, values of the blank
nanocomposite are over 100 pg/mL for both cell lines, demon-
strating the high biocompatibility of the carrier material. The
results also show that although the ICs, value of 5-FU against
fibroblasts is > 100 pg/mL, inhibition against this normal cell
of about 45.31 £+ 5.52% at a concentration of 100 pg/mL is
much higher than inhibition with 5-FU @ -CD/Alg. This result

reveals the drawbacks of using the drug alone in chemotherapy
treatment without a drug delivery system. As expected, the 5-
FU@B-CD/Alg nanocomposite shows high toxicity against
the cancer cell lines but almost no toxicity against normal cells.
Indeed, this nanocomposite inhibits 71.75 + 3.73% and 20.59

+ 3.07% for MCF-7 and fibroblasts cells, respectively, while
the 1Csq values are 21.68 + 2.22 pg/mL and over 100 pg/mL,
respectively. These results indicate that the nanocomposite is
safe for normal cells but has a good ability against cancer cells.
To evaluate the efficiency of drug release from the nanocompos-
ite, the toxicity of the solution after release at pH 7.4 and pH 1.2
after 48 h was tested for both cell lines. Good toxicity of these
release solutions was found against MCF-7, with inhibition of
78.48 + 0.97% and 70.32 £ 0.98 %, respectively, and ICs, val-
ues of 2.02 + 0.38 and 10.96 + 0.69, respectively, while this
solution shows very low toxicity against normal cells. Addition-
ally, statistical analysis of the data showed that ICsq value of the
5-FU@B-CD/Alg nanocomposite released at pH 7.4 against
MCEF-7 s similar to the alone 5-FU drug but significantly differ-

Table 2 Cytotoxicity of drug and nanocomposites. Different letters indicate significant differences at p < 0.05.

No. Samples Inhibition %* 1Csp (ng/mL)
MCEFE-7 Fibroblast MCE-7 Fibroblast

1 p-CD/Alg 26.83 + 3.58a —0.48 + 3.99a >100d > 100

2 5-FU 83.02 £ 2.6lc 4531 + 5.52¢ 1.28 + 0.18a > 100

3 5-FU@S-CD/Alg 71.75 £+ 3.73b 20.59 + 3.07b 21.68 + 2.22¢ > 100

4 Release solution at pH 7.4 78.48 + 0.97c 3742 £+ 2.53¢ 2.02 £+ 0.38a >100

5 Release solution at pH 1.2 70.32 + 0.98b 39.68 £ 5.7c 10.96 £+ 0.69b >100

6 Camptothecin 61.45 + 0.57" 50.71 + 1.78""" 0.007 + 0.002 1.57 + 0.84

* The samples were tested at a concentration of 100 pg/mL.
™ Reference drug was tested at a concentration of 0.05 pg/mL.
" Reference drug was tested at a concentration of 2.5 pg/mL.



p-cyclodextrin/alginate nanoparticles encapsulated 5-fluorouracil

9

ent from the solution released at pH 1.2. Therefore, the results
suggest the safety and high potential of using f-CD/Alg as an
anticancer drug delivery system with high antiproliferation
activity against MCF-7 cells and negligible effects on normal
healthy cells.

4. Conclusion

This work successfully loaded 5-FU onto the -CD/Alg nanocompos-
ite to evaluate release behaviour and anticancer activity. The structure
of the nanocomposite was characterised using analysis technologies. A
stable colloidal solution was confirmed by highly negative zeta poten-
tial. The size of the nanocomposite was found by TEM to be in the
range 30-80 nm with a mean size of 50 nm. The release profile of 5-
FU in a strongly acidic medium (pH 1.2) was much lower than in a
neutral medium (pH 7.4). The release of 5-FU from the nanocomposite
is facilitated by the change in morphology of the nanocomposite, with
the formation of clusters in an acidic medium and the destruction of
nanoparticles at a neutral pH after 48 h. The cytotoxicity assay demon-
strates that the nanocomposite is an effective delivery system for 5-FU,
with a high level of anticancer activity against MCF-7 cells, while being
safe for normal cells. Therefore, the nanocomposite has the potential
for application in the chemotherapy treatment of cancer patients.
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