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Vanillin-crosslinked chitosan/ZnO nanocomposites
as a drug delivery system for 5-fluorouracil: study
on the release behavior via mesoporous ZrO,—
Co3;04 nanoparticles modified sensor and
antitumor activityt

Nehal Salahuddin,* Salem Awad and Mona Elfiky (= *

Herein, a series of vanillin-crosslinked chitosan (Vn-CS) nanocomposites (NCs) containing various contents
of ZnO nanoparticles (NPs) was prepared and characterized via FTIR spectroscopy, XRD, TGA, SEM and TEM.
Changing the weight% of ZnO NPs in the prepared NCs resulted in an improvement in their antibacterial
activity against Gram-negative and Gram-positive bacteria strains compared with the unmodified CS,
and the encapsulation efficiency of 5-fluorouracil (5-FU) was found to be in the range of 61.4-69.2%.
Subsequently, the release of 5-FU was monitored utilizing the mesoporous ZrO,—Coz04 NPs modified
carbon paste sensor via the square-wave adsorptive anodic stripping voltammetry (SW-AdASV)
technique. Also, the release mechanism of 5-FU from each NC was studied by applying the zero-order,
first-order, Hixson—Crowell and Higuchi models to the experimental results. The cytotoxicity of prepared
NCs and 5-FU-encapsulated NCs was evaluated against the HePG-2, MCF-7 and HCT-116 cancer cell
lines, in addition to the WI-38 and WISH normal cell lines using the MTT assay. Notably, 5-FU/CV;g NC
exhibited the highest antitumor activity towards all tested cancer cell lines and a moderate activity
against WI-38 and WISH normal cell lines with ICsq values of 28.02 + 2.5 and 31.65 + 2.7 pg mL™%,
respectively. The obtained nanocomposites exhibited suitable selectivity with minimum toxicity against

rsc.li/rsc-advances normal cells.

1. Introduction

Increasing efforts have been devoted to obtaining sustained
release dosage forms for a large number of drugs to guarantee
their safety and enhance their efficacy.’ Drug delivery systems
enhance the therapeutic value of drugs by applying sustained
drug release, offering more efficient transport and delivery of
drugs to the sites of action and diminishing dose and dose-
related side effects.”> 5-Fluorouracil (5-FU) has been employed
for the therapy of solid tumors and in clinical chemotherapy for
the treatment of several cancers.? However, its limited plasma
half-life (30 min) owing to its fast enzymatic metabolism
substantially limits its clinical use.* In addition, 5-FU fails to
differentiate between normal and cancer cells, leading to severe
toxicity in normal tissues, which regularly causes weight loss,
fatigue, birth defects, mouth sores, decrease in bone marrow
function, toxicological damage to the gastrointestinal system
and cardiological reactions.>® Therefore, it is essential to
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develop efficient 5-FU delivery systems with sustained slow
release to attain an improved therapeutic value with less side
effects. Recently, biodegradable polymers have been widely
used to encapsulate 5-FU to obtain sustained release delivery
systems.”® Chitosan (CS), a cationic copolymer of 2-amino-2-
deoxy-B-p-glucose  and  2-acetamido-2-deoxy-B-p-glucoside
bound B-(1-4) bonds derived from chitin N-deacetylation,”** has
excellent biocompatibility and biodegradability.*»** Chitosan
has been listed as a GRAS product (generally recognized as safe)
in the U.S.**" In addition, chitosan and chitosan acid salts
showed no signs of toxicity or abnormalities in the organs of
treated rats during the experimental period. However, the
approximate lethal doses of chitosan were higher than 2000 mg
kg~ " in female rats.’® Furthermore, many other studies revealed
that chitosan is a biocompatible and biodegradable poly-
saccharide having no or minor toxicity, and thus can be used as
a potential safe pharmaceutical material.'®"” It has been widely
used as a drug carrier to encapsulate and deliver many drugs
such as Doxorubicin (DOX), methotrexate and cisplatin with
reduced side effects and higher cellular uptake.**** CS-based
materials have been commonly employed in drug delivery
systems,” wound dressings® and tissue engineering.** In
addition, CS and its modified derivatives have been found to be
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effective against viruses, including SARS-CoV-2, which causes
the COVID-19 coronavirus disease.> Among the various modi-
fications, developing the properties of CS using cross-linking
agents is widely applied, where numerous chemical cross-
linkers are used such as glutaraldehyde and glyoxal.”
However, these toxic agents may give rise to health concerns,
resulting in adverse side effects. Physical cross-linkers exhibit
poor mechanical strength accompanied with burst release when
used as drug delivery systems.”**” Recently, increasing interest
has been given to natural cross-linking agents, such as vanillin
(3-methoxy-4-hydroxy benzaldehyde) (Vn), which is identified as
a biobased cross-linking agent and commonly regarded as
a safe substance.”®* Vn has one aldehyde group to form
a Schiff-base bond with CS, while the OH group of vanillin can
afford hydrogen bonding with the OH or NH,, groups of another
CS chain, forming a network structure.’® Many researchers have
considered Vn-CS for several applications including wound
healing,*® antimicrobial agent,* drug delivery system,** corro-
sion inhibitor for carbon steel®* and adsorbent for heavy metal
removal.* ZnO is rated as a “GRAS” (generally recognized as
safe) substance by the US Food and Drug Administration
(FDA),* while Zn>" is an indispensable trace element for adults
and involved in various aspects of metabolism.*®* ZnO NPs are
relatively less toxic than other metal oxide NPs, and thus have
been employed for a wide range of medicinal uses, including
antimicrobial, anti-inflammatory, anti-diabetic, wound healing
and bio-imaging agents.*”*! Furthermore, the surface of ZnO is
rich with hydroxyl groups, which can be functionalized using
various molecules,*> and thus ZnO NPs have been utilized as
a vehicle for the delivery of several anticancer drugs such as
DOX* and 5-FU.*

Herein, ZnO NPs were prepared via a precipitation method
and series of Vn-CS/ZnO NCs containing various amounts of
ZnO NPs were prepared with and without 5-FU encapsulation.
The cytotoxicity of the prepared nanocomposites against
hepatocellular carcinoma (HePG-2), mammary gland breast
cancer (MCF-7) and colorectal carcinoma (HCT-116) cell lines
was evaluated as well as human lung fibroblast (WI-38) and
human amnion (WISH) normal cell lines. However, it was
complicated to monitor the concentration of 5-FU using the
traditional UV-Vis method, owing to the interference from the
amounts of Vn released from the prepared nanocomposites.
Thus, to overcome the above-mentioned defect, an electro-
analytical method has been developed for the selective moni-
toring of a mixture of Vn and 5-FU drug due to its simplicity, low
cost, rapid analysis with high sensitivity and selectivity.*>*® Bare
electrochemical sensors have a relatively high overpotential
with low sensitivity, owing to the slow electron transfer rate.
Thus, the development of chemically modified electrochemical
sensors (MECSs) is essential for the sensitive detection of Vn*’-*°
and 5-FU drugs.®** Tian, Yaling et al. successfully fabricated
and used a modified glassy carbon electrode based on manga-
nese dioxide nanowire-functionalized reduced graphene oxide
(MnO, NWs-rGO/GCE) for the detection of Vn in commercial
food samples with a limit of detection (LOD) of 6.0 nM.** Also,
Bukkitgar, Shikandar et al. achieved LOD 12.25 nM for the
detection of 5-FU using a bare carbon paste electrode (BCPE).**
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Their proposed sensor was also used for the detection of 5-FU in
pharmaceutical dose and human urine samples. However, to
date, there have been no detailed reports on the use of a modi-
fied electrochemical sensor for the sensing of a mixture of Vn
and 5-FU drug in bulk or/and different fluids.

Mesoporous materials with different morphological struc-
tures are considered promising materials for numerous appli-
cations including electrochemical sensors,** photocatalysis,*
and dye-sensitized solar cells.®® In particular, ZrO, and Co3;0,
possess advantages as semiconducting materials, owing to their
high surface area, adsorption ability, selectivity, catalytic effi-
ciency, and facilitation of the rate of ion transfer on the mate-
rial, which lead to a marked improvement in the kinetics of
electrochemical reactions. A common method employed for the
synthesis of mesoporous ZrO, and Co30;, is the sol-gel method
using a triblock copolymer (Pluronic P;,3) as a pore
template.®”* Recently, numerous research efforts have been
devoted to preparing a new generation of coupled mesoporous
semiconductor materials with improved electrochemical
sensing performances.””* To the best of our knowledge, no
scientific research has been reported thus far on the fabrication
of coupled mesoporous ZrO,-Co;0, NPs as a modifier for the
electrochemical sensing of the 5-FU drug.

In this study, a series of vanillin-crosslinked chitosan/ZnO
(Vn-CS/Zn0O) nanocomposites containing various amounts of
ZnO (NPs) was successfully prepared and employed to efficiently
encapsulate 5-FU. A ZrO,-Co3;0, NPs modifier was prepared via
the sol-gel method using Pi,; as a template. Subsequently,
a sensitive MCPS was fabricated, which was developed for the
selective and sensitive detection of 5-FU without interference
from the amount of Vn released from the prepared
nanocomposites.

2. Experimental
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 99% Sigma-Aldrich),
5-fluorouracil (99% Sigma-Aldrich), sodium carbonate (Na,COs3,
99% Sigma-Aldrich), CS (Acros, USA, with a molecular weight:
100 000-300 000, degree of deacetylation = 80%), vanillin (Vn,
99% Sigma-Aldrich), graphite powder ((1-2 pm), Aldrich, Mil-
waukee, WI, USA), nujol oil (Sigma, d = 0.84 ¢ mL "), zirco-
nium(v) butoxide (Sigma-Aldrich), Pluronic® P123 (Sigma-
Aldrich), cobalt nitrate hexahydrate Co(NO;),-6H,0O (Sigma-
Aldrich), NaOH pellets (Loba Chemie, India), KH,PO, and
K,HPO, (Pure Laboratory Chemicals, Egypt), hydrochloric acid,
acetic acid and ethanol (Adwic, Egypt) were utilized as received
without further purification.

2.2 Instruments

FT-IR spectra were recorded on a Bruker, Tensor 27 FT-IR. XRD
was carried out using a GRN, APD2000 PROXRD, equipped with
Cu-Ka radiation (A = 1.54 A) at a scanning rate of 0.02° per
second and diverged slit of 0.3°. SEM micrographs were ob-
tained using a JEOL JSM6360LA SEM (20 kV). TEM micrographs
were taken for samples suspended in water using a JEOL (Japan)
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JEM 2100 high-resolution transmission electron microscope
operating at 200 kV. The thermogravimetric analysis (TGA) of
the samples was performed using a PerkinElmer, STA 6000. The
thermogravimetric instrument analyzer was operated in the
temperature range of 25-800 °C at a heating rate of 10 °C min ™"
under a nitrogen atmosphere at a gas flow of 10 mL min~". Also,
the analytical voltammetric signals of different concentrations
of 5-FU were determined using the modified carbon sensor and
a computer-controlled potentiostat (model SI-1287, Solartron,
Durham, UK) connected with a frequency response analyzer
(model 12524, Solartron), and model 263 A computer-controlled
potentiostat (PAR).

2.3 Synthesis of ZnO nanoparticles

ZnO nanoparticles (NPs) were synthesized via a precipitation
method.” Accordingly, 200 mL (0.5 M) solution of zinc nitrate
hexahydrate was added dropwise to 240 mL solution of (0.1 M)
sodium carbonate. The product was centrifuged, washed with
DW and ethanol, and then dried at 100 °C for 6 h. Finally, the
precipitate was calcinated at 300 °C for 2 h.

2.4 Preparation of vanillin-crosslinked chitosan (Vn-CS)

CS aqueous solution (1.0% w/v) was prepared by dissolving CS
in 20 mL aqueous CH3COOH solution (1% v/v) with continuous
stirring for 1 h. A solution of 1 g of Vn dissolved in 10 mL
ethanol was added dropwise to the above-prepared homoge-
neous CS solution under stirring, and a color changed to yellow
was observed. After raising the temperature to 50 °C for 4 h,
a compact and shrunk gel disk was produced. The product was
rinsed with DDW and washed several times with ethanol, and
then dried at 60 °C for 10 h (yield = 0.268 g).

2.5 Preparation of vanillin-crosslinked chitosan/ZnO (Vn-
CS/Zn0O) nanocomposites

A CS aqueous solution (1.0% w/v) was obtained by dissolution in
aqueous CH3COOH solution (1% v/v) with continuous stirring
for 1 h, and the pH of the solution was fixed at 5 by the dropwise
addition of a diluted alkaline NaOH solution. Then, 0.01 g of
ZnO NPs (5% w/w of CS) was dispersed in 10 mL DW and
sonicated for 20 min, and then added to the CS solution. A
solution of 1 g of Vn dissolved in 10 mL ethanol was added
dropwise to the above-mentioned CS-ZnO suspension under
stirring, where its color changed to pale-yellow. After raising the
temperature to 50 °C for 4 h, a compact and shrunk gel disk was
produced. The product was rinsed with DDW and washed
several times with ethanol, and then dried at 60 °C for 10 h
(CVs). The same procedures were performed using 0.02 and
0.03 g of ZnO NPs to produce CV,, and CV;s, respectively (yield
of CV5 = 0.3122, CV,, = 0.307, and CV,5 = 0.348 g).

2.6 Encapsulation of 5-FU in vanillin-crosslinked chitosan
(Vn-CS)

5-FU was dispersed in a CS solution (1.0% w/v) to obtain a final
concentration of 5% (w/w of CS). Consequently, the solution
viscosity increased after stirring for 2 h. 1 g of Vn was dissolved
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in 10 mL ethanol, and then added dropwise to the above-
mentioned solution under continuous stirring, and the color
was changed to yellow. After, the temperature was increased to
45 °C for 6 h. The produced precipitate (5-FU/CV) was collected,
and then washed with DDW and ethanol, and finally dried at
45 °C for 10 h (yield = 0.3345 g).

2.7 Encapsulation of 5-FU in vanillin-crosslinked chitosan/
ZnO (Vn-CS/Zn0O) nanocomposites (NCs)

A CS aqueous solution (1.0% w/v) was prepared, and then the
solution pH was fixed at 5 via the dropwise addition of diluted
alkaline sodium hydroxide solution. 5-FU was dispersed in a CS
solution to a final concentration of 5% (w/w of CS) under
continuous stirring for 2 h. Subsequently, 0.01 g of ZnO NPs
(5% w/w of CS) was dispersed in 10 mL DDW and sonicated for
20 min, and then added to the CS solution. A Vn solution (1 g
dissolved in 10 mL ethanol) was added dropwise to the above-
mentioned suspension under continuous stirring for 2 h.
After raising the temperature to 45 °C for 6 h, the produced
precipitate (5-FU/CVs) was collected, washed with DDW and
ethanol, and then dried at 45 °C for 10 h. The same procedure
was repeated using different quantities of ZnO NPs to prepare 5-
FU/CVy, and 5-FU/CV/;5 (yield for 5-FU/CV; = 0.32, 5-FU/CV,, =
0.34, and 5-FU/CV;5 = 0.39 g).

2.8 Preparation of mesoporous ZrO,-Co;0, NPs

The mesoporous ZrO,-Co;O0, NPs was synthesized through
a sol-gel method, as follows: 1.24 g (4.29 mmol) of zirconium(wv)
butoxide and 2.1 g of Pluronic® P,,; were dispersed homoge-
neously in 7 mL of ethanol with steady mixing for 10 min.
Afterward, 0.3 mL of conc. HCI was added dropwise to the
mixture under continuous stirring for 10 min. Then, 3.60 g (9.27
mmol) of Co(NO3),-6H,0 was dispersed in 7 mL ethanol, added
to the above mixture dropwise under continuous stirring for 1 h,
followed by the addition of 5 mL DDW. The resultant gel was
filtered, rinsed with DDW several times and dried at 80 °C for
24 h. Finally, the dried gel was calcined at 500 °C for 5 h at
a heating rate of 5 °C min~' in air to obtain the final NPs
product.

2.9 Preparation of bare and modified carbon paste sensor

Carbon paste (CP) was synthesized by mixing 5.0 g of graphite
powder with 1.8 mL of nujol oil in a small mortar. The sensor
body was a Teflon rod with an end cavity (BASi Model MF-2010,
3.0 mm diameter and 1.0 mm deep) opened from one side for
packing with paste. The connection was allowed by copper wire
from the Teflon rod centre. Part from the prepared CP was
pressed into the other side cavity of the electrode. The surface of
the electrode (CPE) was smoothed by polishing on a clean paper
before use. The modification of CP with 0.5% of mesoporous
Zr0,-Co30, NPs was carried out by mixing 4.975 g of fine
graphite powder with 0.025 g of modifier and 1.8 mL nujol oil.
The same procedure was carried out to prepare 1.0% and 2.0%
of MCPS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.10 Preparation of analytical liquors

A stock solution of 5-FU (0.001 M) was freshly prepared and
diluted in the range of 100-0.1 pM in DDW. Also, a series of pH
2-11 of Britton-Robinson (B-R)-universal buffer solutions was
prepared by mixing various amounts of acidic buffer contents
(boric, phosphoric, and acetic acids, 0.04 M) with basic buffer
(NaOH, 0.2 M). A series (5.4, 6 and 7.4) of phosphate (PBS)
buffer solutions was obtained by mixing 50 mL of 0.1 M K,HPO,
with 50 mL of 0.1 M KH,PO,, followed by adjusting the pH
values by adding drops of 1 M HCI or 1 M NaOH,” which was
utilized as the supporting electrolyte.

2.11 Antibacterial activity

The antibacterial activity of the different samples was examined
via the disc diffusion method against Gram-negative bacteria
(Escherichia coli and Pseudomonas aeruginosa) and Gram-
positive bacteria (Staphylococcus aureus and Salmonella typhi),
as follows:™ a freshly prepared suspension of tested microor-
ganisms (0.5 mL of 10° cells per mL) was added to 9.5 mL of
melted sterile nutrient agar (suitable for bacteria), transferred
on sterile Petri dishes, and left to harden at room temperature.
Steady discs of 6 mm diameter sterilized in an autoclave were
soaked in the selected concentration of the sample and placed
aseptically on the Petri dishes containing nutrient agar media
seeded with the tested microorganism and incubated at 37 °C.
The inhibition zones were measured after 24 h of incubation.
This experiment was performed 3 times and the mean diameter
of the inhibition zones was recorded in mm.

2.12 Evaluation of 5-FU encapsulation in CV, CV;, CV;, and
CVi5

The encapsulation efficiencies of the prepared composites
were determined via an indirect method.” Briefly, the
composites were centrifuged for 20 min and the supernatants
of the 5-FU solutions were diluted and measured through the
square-wave adsorptive anodic stripping voltammetry (AW-
AdASV) technique. Calculations were performed using the
calibration curve and the encapsulation efficiency was calcu-
lated as follows:

total 5-FU — free 5-FU

1
total 5-FU x 100

1)

Encapsulation efficiency (%) =

2.13 Release measurements

The in vitro release profile of 5-FU from the Vn-CS and Vn-CS/
ZnO nanocomposites was measured by immersing a dialysis
membrane containing 0.02 g of sample and 0.5 mL of phos-
phate buffer solution in 25 mL of phosphate buffer medium (pH
7.4, 5.4) under stirring (200 rpm) at 37 °C. After a certain period,
5 mL of medium was collected and replaced with 5 mL fresh
buffer. A suitable amount of sample was then pipetted into
a 10 mL calibrating flask, and then made up to the mark with
phosphate buffer (pH = 6). The flask was placed in a micro-
electrolysis cell. After the preconcentration period, the stirring

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

was stopped. The voltammograms were then recorded by
scanning the potential towards the positive direction, with an
applied potential waveform (square-wave). The stability of the
prepared formulations with time was examined by studying the
release of 5-FU for 48 h from the samples that were stored for 6
months at room temperature (30 °C and 60 + 5% RH), and the
obtained release profiles were compared with the immediate
release profiles.

2.14 In vitro drug release kinetics

With the aim to study the mechanism of drug release from the
prepared samples, the obtained data from the in vitro release
studies were analyzed by fitting various kinetics equations. The
studied kinetic models were the zero-order (2),”® first-order (3),”
Hixson-Crowell (4)”® and Higuchi (5)” models, which are
formulated as follows:

W= Wy + kit (2)
log(100 — W) = log 100 — kyt (3)
(100 — W)'3 = 100" — kyt (4)
W = kyt (5)

where W represents the cumulative drug release percentage at
time ¢ and W, is the cumulative drug release at zero time, while
ki1, k,, k3 and k4 are the drug release rate constants of the zero-
order, first-order, Hixson-Crowell and Higuchi models,
respectively.

2.15 Cytotoxicity

The cytotoxicity of the samples was tested against hepatocel-
lular carcinoma (HEPG-2), mammary gland breast cancer (MCF-
7), colorectal carcinoma colon cancer (HCT-116), human lung
fibroblast (WI-38) and human amnion (WISH) normal cell lines
using the MTT assay.*>®" Doxorubicin was used as a reference
drug. The colorimetric assay was established through the
conversion of the yellow tetrazolium bromide (MTT) to a purple
formazan derivative by mitochondrial succinate dehydrogenase
in viable cells. The cell lines were cultured in RPMI-1640
medium with 10% fetal bovine serum at 37 °C in a 5% CO,
incubator. The cell lines were seeded in a 96-well plate at
a density of 1.0 x 10* cells per well, at 37 °C for 48 h under 5%
CO,. After incubation, the cells were treated with the desired
sample concentrations and incubated for 24 h. After 24 h of
treatment, 20 pL of MTT solution at 5 mg mL ™" was added and
incubated for 4 h. Dimethyl sulfoxide (DMSO) with a volume of
100 uL was added into each well to dissolve the purple formazan
formed. The colorimetric assay is measured and recorded at an
absorbance of 570 nm using a plate reader (EXL 800, USA). The
relative cell viability in percentage was calculated according to
eqn (6).

Asy of treated sample

Cell viability (%) = x 100 (6)

Asyy of untreated sample
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3. Results and discussion
3.1 FTIR analysis

The FTIR spectra of ZnO NPs, Vn, CS, CV, CVs, CV;, CV;s, 5-FU,
5-FU/CV, 5-FU/CVs, 5-FU/CV,,, 5-FU/CV;5, and mesoporous
Zr0,-Co;0, NPs are displayed in (Fig. 1). The FTIR spectrum of
ZnO NPs (Fig. 1Aa) shows a strong band at 420 cm ™', which is
assigned to the Zn-O stretching.®” In the FTIR spectrum of Vn,
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the peak at 1666 cm ™' is related to the stretching vibrations of
the C=0 of the aldehyde group, and the three peaks observed at
1593, 1512, and 812 cm ™' correspond to the stretching vibration
bands of the benzene ring. The peak at 1265 cm ™" is assigned to
the bending vibrations of the phenolic hydroxyl group.* In the
spectrum of CS, the broad peak at 3442 cm™ " is related to the
—-OH/-NH, stretching vibration, where the -OH stretching
vibration overlaps with the N-H stretching, the peak at

OH, N Hz stretching
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Fig.1 (A) FTIR spectra of (a) ZnO nanoparticles, (b) Vn, (c) CS, (d) CV, (e) CVs, (f) CViqa, (9) CVs, (h) 5-FU, (i) 5-FU/CV, (j) 5-FU/CVs, (k) 5-FU/CVyo

and (1) 5-FU/CVys. (B) FTIR spectrum of mesoporous ZrO,—-Coz04 NPs.
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1656 cm ' is related to the amide bands, and the peak at
1597 cm™ ' corresponds to the symmetrical stretching vibration
absorption of the amino group.* It is obvious from the FTIR
spectrum of CV (Fig. 1Ad) that a new peak appeared at
1641 cm™ ', corresponding to the C=N stretching vibration,
which confirms the formation of Schiff base bonds. In addition,
the peaks of -OH and N-H of CS and phenolic hydroxyl group of
Vn shifted from 3442 to 3420 cm ' and 1265 to 1290 cm ?,
respectively, which strongly suggest the formation of more
hydrogen bonds between CS and Vn functional groups.
Furthermore, the characteristic peaks corresponding to the
benzene ring of vanillin also appeared with a slight shift in the
new spectrum of CV at 1594, 1517, and 821 cm™ *.> In the case of
CVs, CVyo and CV;5 the peaks related to the -NH, and -OH
stretching vibration are broader and slightly shifted from 3420
to 3418, 3413 and 3410 cm ™, respectively, compared with that
of CV. Moreover, the observed peak due to the Zn-O bond also
shifted from 420 to 430 cm ™', indicating the strong interaction
between these groups and ZnO NPs. The FTIR spectrum of 5-FU
showed absorption bands at 1650 cm™" (C=C ring stretching
vibrations), 1720 cm ' (stretching frequency of C=0),
1430 cm ' and 1380 cm ™' (substituted pyrimidine), and
1230 cm ™' (F atom on the ring).*> The FTIR spectrum of the 5-
FU-loaded CV was slightly different from that of the free CV,
where the peak related to the -NH, and -OH stretching vibra-
tions slightly shifted from 3420 to 3417 cm ' owing to the
interaction between the drug and these groups and new peaks
appeared at 1340 and 1236 cm ', which may be due to the
vibrations of the substituted pyrimidine compounds and the
fluorine atom on the ring of 5-FU, respectively.** Thus, the ob-
tained FTIR results strongly suggest the successful encapsula-
tion of 5-FU. After encapsulation, the FTIR spectra of 5-FU/CVs,
5-FU/CV, and 5-FU/CV;5 showed that the stretching vibrations
of the -NH, and -OH groups became broader and shifted from
3418, 3413 and 3410 cm ™' to 3415, 3408 and 3390 cm %,
respectively. The shifting in the bands may be due to the
hydrogen bonding between 5-FU and the nanocomposites.
Furthermore, the bands attributed to the fluorine atom and the
vibrations of the substituted pyrimidine compounds related to
5-FU appeared at 1236 and 1340 cm ™', respectively. In addition,
the characteristic band for the presence of the Zn-O bond
shifted from 430 to 441 cm ™', reflecting the interaction between
the drug and ZnO NPs given that ZnO nanoparticles have a great
tendency to adsorb 5-FU on their surface.** The FTIR spectrum
of the mesoporous ZrO,-Co;0, NPs (Fig. 1B) present a band at
3446 and a band at 1630 cm™ ', corresponding to the O-H
stretching and bending vibrations of the physically adsorbed
H,0 molecules on its surface, respectively. The peaks at 666 and
576 cm ™' confirm the spinel structure of Co;0,.% Also, the low-
intensity peak at 498 cm ™! is assigned to Zr-O with a tetragonal
structure.®

3.2 XRD analysis

XRD was used to investigate the crystallinity of the nano-
composites, as shown in Fig. 2. The XRD pattern of ZnO
(Fig. 2AD) clearly displays the typical characteristic XRD peaks of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and
(202) at 26 = 31°, 34°, 36°, 47°, 56°, 63°, 66°, 68°, 69°, 72° and 76°,
respectively, arising from the crystalline ZnO (JCPDS card no. 01-
079-2205).*” The XRD pattern of CS illustrates two main diffrac-
tion peaks at 260 = 11.15° and 26 = 20.2°, which are consistent
with the previously published results.*® The crystalline nature of
vanillin was confirmed by the sharp diffraction peak at 26 = 13°.
The XRD pattern of CV shows a new diffraction peak at 26 = 6.8°
and 26 = 13.8° with a slight shift in CS peak to 26 = 20.35°,
suggesting the occurring of intermolecular interactions between
CS and Vn.**® In addition to the peaks appearing in the XRD
pattern of CV, the characteristic peaks of ZnO NPs are present in
the XRD patterns of CVs, CV;o and CV;5, confirming the incor-
poration of ZnO NPs in the CS matrix. The XRD pattern of the
prepared mesoporous ZrO,-Coz;O, NPs is displayed in Fig. 2B,
exhibiting diffraction peaks at 26 = 31.37°, 37.02°, 44.97°, 55.84°,
60.08° and 65.44°, which corresponds to the (220), (311), (400),
(422), (511) and (440) diffraction planes of the Co;0, NPs,
respectively, which are consistent with the reported values
(JCPDS card no. 76-1802).°° Furthermore, the diffraction peaks
located at 26 = 35.02°, 50.96° and 73.96° are the characteristic
diffraction peaks of ZrO, NPs, which are related to the (110),
(200), and (220) diffraction planes, which are in accordance with
the standard diffraction data (JCPDS card number 79-1769).°*
The average crystallite size was found to be 7.14 nm, as calcu-
lated using the Scherrer equation (d = 0.9 A/8 cos ), where g is
the full width at half-maximum of the diffraction peak (FWHM)
in radians, A is the wavelength of X-rays = 0.154 nm and 6 is the
diffraction angle.

3.3 SEM analysis

The SEM images of the ZnO NPs, CS, CV, CV;, CV;5, 5-FU/CV and
5-FU/CV5 are presented in (Fig. 3). The prepared ZnO NPs
possessed a nanosphere morphology (Fig. 3a). CS had a smooth
surface (Fig. 3b),”> while the CV particles were heterogeneous in
size with an interconnected morphology and a cracked surface
(Fig. 3c). Conversely, after the dispersion of ZnO NPs in the
polymer matrix, the low-magnification SEM images of CV;
(Fig. 3d) show particles with a rough surface morphology, con-
taining pores and micro-voids. Furthermore, at a higher magni-
fication, the SEM images of CV; and CV;5 indicate the formation
of channels in the formed composite matrix. These channels and
pores may lead to an increase in the functional surface in the
Schiff bases. In addition, the presence of the elements in the CV;
nanocomposite was identified through energy dispersive X-ray
(EDX), and the results (Fig. S1a and bf) show the presence of
zinc (2.28%), representing ZnO nanoparticles, and oxygen
(34.26%) and carbon (57.51%) elements in the synthesized
nanocomposite. Also, the morphology of the prepared modifier
was investigated, and it was found that the product consists of
extremely fine agglomerated particles, forming a porous struc-
ture due to their small dimensions and high surface energy
(Fig. Sict). After the encapsulation of 5-FU, the 5-FU/CV
composite showed a compacted surface morphology with
a particle size of about 2-3 um (Fig. 3g). Conversely, the particle
size of 5-FU/CV; increased to about 13 pm, which may be due to
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Fig. 2

the formation of pores inside the polymer matrix, as shown from
the apparent spongy-like morphology (Fig. 3h).

3.4 TEM analysis

The TEM investigation of the ZnO NPs (Fig. 4a) showed
a spherical shape with an average diameter of 25 nm. The TEM
image of CS (Fig. 4b) confirms the smooth surface of the
particles. Alternatively, the CV image (Fig. 4c) reflects the
interconnecting matrix. The ZnO NPs were well dispersed in the
matrix, as seen in the TEM images of CV,, (Fig. 4d) and CVy5
(Fig. 4e). Consequently, the CV;, and CV;5 nanocomposites
possessed a porous structure with microvoids. The TEM image

21428 | RSC Adv, 2022, 12, 21422-21439

(A) XRD patterns of (a) Vn, (b) ZnO, (c) CS, (d) CV, (e) CVs, (f) CVip and (g) CVys. (B) XRD pattern of mesoporous ZrO,—CozO4 NPs.

of the mesoporous ZrO,-Co;O, NPs and the particle size
distribution are shown in Fig. 4f, where the prepared nano-
composite showed a semi-spherical-like morphology with
a narrow particle size distribution and diameter in the range of
5.3 to 14.2 nm with an average diameter of 7.4 nm.

3.5 TGA analysis

The thermograms of CS, CV, CVs5, CV;, and CV;; are presented
in (Fig. S21), where the first degradation step with a percentage
of weight of loss up to 4.9-11.04% was observed for all the
samples from T = 30-160 °C owing to the loss of adsorbed and
bound H,0 molecules.* A second weight loss of up to 34.4-

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02717h

Open Access Article. Published on 03 August 2022. Downloaded on 3/9/2026 2:51:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

AES

ﬂ"{ B

SEl _ 20kV

B X200 20kV" “4WD26mm  SS40

SEl 30kv.  WD10mm SS33 x15,000  1um  —

View Article Online

RSC Advances

SEl 206V WDZ5mm  SS40%

00

|

]
SEl  30kV./ WD1lmm SS30

x15,000 1pm

Fig. 3 SEM of (a) ZnO NPs, (b) CS, (c)CV, (d) CVs low magnification, (e) CVs high magnification, (f) CVys, (g) 5-FU/CV and (h) 5-FU/CVs.

39.8% was observed between 170-390 °C. However, the DTG
curves (Fig. S2bt) reveal a more accurate difference in the
thermal behavior of the tested samples. The DTG second peak
of CS was observed at 304 °C, while that for CV, CV5, CV,, and
CV,5; was observed at 274 °C, 275 °C, 275 °C and 284 °C,
respectively.*® The obtained results reflect the slightly lower
thermal stability of the prepared nanocomposites compared
with pure CS. The last peak for CS degradation occurred from T
= 434-581 °C. However, for CV, CV; and CV;, the temperature
range was significantly extended from 410-600 °C, which may
be related to the existence of the C=N bond (Schiff base), that is
thermally stable and needs high temperature to be degraded.”
The residual weight percentages of 3.24% and 6.04% in case of
CV; and CV;, were approximately close to the theoretically
calculated percentages (CVs = 3.2% and CV,;, = 6.51%) of the
ZnO NPs dispersed in the prepared nanocomposites, respec-
tively, while CV;5 showed 7.2% weight residue, which is lower

© 2022 The Author(s). Published by the Royal Society of Chemistry

than the theoretically calculated value (CV;5 = 8.62%), reflect-
ing the optimum distribution of ZnO NPs in the CV;5 matrix.

3.6 Antibacterial activity

The antibacterial activity of pure CS, CV, CVs, CV;o and CV;5 was
studied against Gram-positive (Salmonella typhi and Staphylo-
coccus aureus) and Gram-negative (Escherichia coli and Pseudo-
monas) bacteria (Fig. 5). The bacterial inhibition zone values
(mm) are displayed in Table 1, where pure CS showed relatively
low antibacterial activity compared with the other composites.
It was reported that pure CS does not show appreciable anti-
microbial activity against both E. coli and S. aureus.>** The Vn-
CS composite showed enhanced antibacterial activity due to the
presence of Vn, which is mainly a membrane-active compound,
resulting in the dissipation of ion gradients and the inhibition
of respiration.® Also, the cracked surface of the prepared Vn-CS
composites enhanced the exposed area to the bacterial cell
membrane, and consequently increased the amount of

RSC Adv, 2022, 12, 21422-21439 | 21429
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Fig. 5 Antibacterial activity of CS, CV, CVs, CV,q and CV;5 against Salmonella typhi, Staphylococcus aureus, Escherichia coli and Pseudomonas

bacteria.

interactions with the cell membrane. It is believed that the ZnO
NPs release ROS, which together with Zn>* ions attack the
negatively charged cell wall, leading to leakage and the ulti-
mately death of bacteria.** Many studies have reported that the
antibacterial activity of CS-ZnO nanocomposites can be
enhanced by increasing the quantity of ZnO NPs in the CS
matrix.®* Our investigations also revealed that the inhibition
zones increased with an increase in the ZnO NP content in the
CV5 and CV;, nanocomposites. Hence, CV,, was the most effi-
cient nanocomposite against all the studied bacteria strains.

21430 | RSC Adv, 2022, 12, 21422-21439

However, the inhibition zones of CV,5 were smaller compared
with that of CV;5 and CV,,, which is consistent with the study of
the CS-ZnO nanocomposites specifically grafted with polyani-
line and montmorillonite. These results indicate a significant
reduction in the antibacterial activity of the nanocomposites
with low and high concentrations of ZnO NPs due to the pres-
ence of small amounts of ZnO NPs with a low concentration and
agglomeration of the NPs at a high concentration.®® Under these
conditions, the amount of interaction with cell membrane
diminished, causing a reduction in the inhibition zone.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Inhibition zones (mm) of CS, CV, CVs, CV;g and CV,5 against
Gram-positive and Gram-negative bacteria

Escherichia Pseudomonas Staphylococcus Salmonella
Compound coli aeruginosa aureus typhi
CS —ve 5 8 6
Ccv 12 13 11 12
CV; 13 15 16 14
CVio 17 16 18 14
CVis 11 12 12 13

3.7 Electroanalytical studies

3.7.1. Stripping voltammetry comparison of as-synthesized
sensors. The peak current intensity (I,) from the SW-AdAS vol-
tammograms of the co-mixed liquor of 4.5 uM 5-FU and 0.65 uM
Vn was estimated in B-R universal buffer (pH 6) using bare CPS
and all the as-synthesized MCPSs at E,.. = 0 Vand ¢,.. = 12 s, as
demonstrated in Fig. 6A. The results indicated that the
maximum I, and well-defined oxidation voltametric peaks were
obtained using the 1.0% [ZrO,-Co0;0, NPs] MCPS, exhibiting
about a two-fold increase compared to bare CPS. Therefore, the
proposed sensor was chosen for the further experimental
detection of Vn and 5-FU drug.

3.7.2. Influence of different pH values and types of buffer
liquors. pH is considered an important parameter for the elec-
trochemical sensing process, owing to the ion exchange reac-
tion between the electroactive species in the presence of ions
from the buffer liquor and the surface of the as-synthesized
MCPS. Therefore, the I, of co-mixed liquor of 4.5 uM 5-FU
and 0.65 pM Vn was estimated in various B-R universal pH
values (pH = 2-12) using the 1.0% [ZrO,-Co30, NPs]| MCPS at
Eace = 0V and ¢, = 12 s (Fig. 6B). As shown, the well-defined
oxidation 7, of the 5-FU and vanillin co-mixed solution was
obtained at pH 6. Also, the I, of the co-mixed liquor was eval-
uated in different buffer solutions (pH = 6-6.5), including
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universal and phosphate solutions (Fig. S;f). The maximum
well-defined I, was obtained using phosphate buffer, which
chosen as the supporting electrolyte for the subsequent
analytical studies.

3.7.3. Optimization of standard instrumental and accu-
mulation conditions. As plotted in Fig. S4,f the optimum
operational conditions for the detection of the co-mixed liquor
of 4.5 uM 5-FU and 0.65 uM Vn including the instrumental
parameters (frequency (f), pulse amplitude (a), and scan incre-
ment (Eg)) were evaluated to be 120 Hz, 25 mV, and 11 mV,
respectively, using the 1.0% [ZrO,-Co;0, NPs]| MCPS. Also, the
accumulation parameters including a change in E,.. and t,.
were also evaluated. The maximum oxidation I, of the co-mixed
solution of 4.5 uM 5-FU and 0.65 uM Vn for 12 s was obtained at
Eaec = 0.3 V, as demonstrated in Fig. 7A. Furthermore, the I,
magnitude of the co-mixed liquor of 4.5 uM 5-FU and 0.65 uM
Vn was recorded at different ¢,.. values using the above-
mentioned standard detection conditions on the surface of
the 1.0% mesoporous ZrO,-Co;O, nano-oxide composite
MCPS, as presented in Fig. 7B. The intensity of I, was a straight
line up to 12 s, with a subsequent decline, owing to the super-
saturation of surface coverage of the co-mixed drugs on the
MCPS. According to the above-mentioned measurements, the
optimum accumulation parameters are E,.. = 0.3 V and tyec =
10 s, which were used for the subsequent measurement of the
calibration curve of 5-FU in the presence of a specific amount of
Vn.

3.7.4. Standard calibration curve of 5-fluorouracil in the
presence of vanillin using modified carbon paste sensor. The
intensity of oxidation I, of various concentrations of 5-FU in the
presence of 1.5 uM Vn on the surface of the 1.0% [ZrO,-Co;-
O, NPs] MCPS was recorded using the SW-AdASV technique
under the optimum standard instrumental and accumulation
conditions. As demonstrated in Fig. 7C, the intensity of oxida-
tion of the I, of 5-FU increased linearly in the range of 1-18 uM.
The LOD (signal/noise = 3) and sensitivity were evaluated to be

i/pHA

pH=4
pH=3
pH=2

-0.3 0.0 03 06 09 1.2 1.5
E/V vs. (Ag/AgCVKCL,)

1.8

Fig.6 SW-AdAV peaks of co-mixed liquor of 4.5 pM 5-FU and 0.65 uM Vn in B—R buffer pH 6 utilizing bare CPS and all as-synthesized MCPSs (A).
Effect of pH value with B—R universal buffer on the surface of 1.0% [ZrO,-Co304 NPs] MCPS (t;cc =10's, E;cc =0V, a=25mV, f=80 Hz, and AE;

=8mvV) (B).
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0.3 uM (0.96 pA pM ). The results of the proposed MCPS were
compared with last report in the literature on the detection of 5-
FU using a bare carbon paste electrode (BCPE).** The last report
exhibited an excellent LOD and wider linearity range for only
the detection of 5-FU in the absence of other drugs. In contrast,
the proposed as-synthesized sensor exhibited a suitable line-
arity range and LOD in the bulk form, even in the presence of
a specific amount of Vn, which occupied a part of the surface of
the sensor during the determination of 5-FU. Therefore, the
fabricated sensor can be considered a sensitive and selective
sensor for diverse applications even in the presence of co-mixed
drugs.

Table 2 Encapsulation efficiency of 5-FU in 5-FU/CV, 5-FU/CVs, 5-
FU/CVlO and 5-FU/CV15

Encapsulation
Formulation efficiency %
5-FU/CV 61.4
5-FU/CV 65.1
5-FU/CVj, 69.2
5-FU/CV;5 68.4

21432 | RSC Adv, 2022, 12, 21422-21439

3.8. Encapsulation of 5-FU

The drug encapsulation process was performed during the
production of the CS composites. In this case, the drug could be
entrapped in the polymer matrix. The encapsulation efficiencies
ranged from 61.4% to 69.2%, as listed in Table 2. These values
are acceptable compared with the previously reported values for
the encapsulation of 5-FU in TPP and glutaraldehyde cross-
linked CS with encapsulation efficiencies in the range of 64.0-
83.4%.>*” The encapsulation efficiencies slightly increased after
the incorporation of ZnO NPs, which may be due to the addi-
tional adsorption of 5-FU from solution on ZnO NPs.

3.9. Invitro release

The release of 5-FU from the 5-FU/CV, 5-FU/CVs, 5-FU/CV;, and
5-FU/CV;5 nanocomposites (Fig. 8) was studied by immersing in
buffer solution with different pH values (pH 5.4 and 7.4). The
amount of drug released was evaluated after certain intervals by
stripping square wave voltammetry using a modified CPE. Fig. 8
displays the 5-FU release profiles for up to 156 h release time. As
shown, the initial burst release of 5-FU in a period of 3 h was
observed in both pH media, which was in the range of 8.87-
11.21% in pH 7.4 and 10-15.4% at pH 5.4. This initial rapid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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release is related to the surface-adsorbed amounts of 5-FU on
the nanocomposites, which could be easily released through
diffusion. After this initial step, a slower sustained and
controlled release occurred with release amounts of about
20.54-34.67% at pH 7.4 and 28.2-48.7% at pH 5.4 after 48 h.
Then, the release continued at a slower rate and reached 57% at
pH 5.4 for 5-FU/CV,, and 38.8% at pH 7.4 for 5-FU/CV;; after
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and 5-FU/CVys at pH 5.4.
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156 h. This type of release was also observed with the release of
5-FU from chitosan-based-5-fluorouracil microspheres, where
the release was initially rapid for the first 60 h, reached about
55%, and then continued at a very slow rate up to 58.89% after
180 h at pH 7.4.°® In addition, the release of 5-FU from the
chitosan nanoparticles after 408 h was found to be 34.1% and
60.8% at pH 7.4 and pH 5.4, respectively.” The obtained results
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reflected that the pH of the medium strongly affected the
release of 5-FU, where the release at pH 5.4 was faster than that
at pH 7.4, and this release behavior was also observed for
several CS-based drug delivery systems.”**'* pH sensitivity is
of great importance for drug release in the targeted tumor sites
and minimizing its release in normal cells or tissue.”” The
release from 5-FU/CVs, 5-FU/CV;, and 5-FU/CV;; was faster than
that from 5-FU/CV, which may be due to the spongy-like
morphology, containing pores, which facilitate the release of
5-FU from the nanocomposites. The highest release percentage
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after 24 h was achieved by CV;, nanocomposite, where, about
38.2% was released at pH 5.4, which may have a great impact on
its antitumor activity. The release of 5-FU from the samples
stored for 6 months was evaluated for 48 h (Fig. S51), and the
results showed that the release profiles at both pH 7.4 and pH
5.4 media were similar to that of the immediate release profiles
with a slight decrease not exceeding 2% in the concentrations of
5-FU released from the total encapsulated 5-FU amount. The
results reveal the stability of the prepared formulations when
stored under normal conditions for 6 months.

Table 3 Release kinetics of 5-FU from 5-FU/CV, 5-FU/CVs, 5-FU/CVyq and 5-FU/CV,s at pH 5.4 and pH 7.4

Zero-order First-order Hixson-Crowell Higuchi
Code pH ky R? ks, R? ks R? ks R?
5-FU/CV 5.4 0.1358 0.81075 0.000747 0.82081 0.00246 0.81755 2.03351 0.92313
7.4 0.07455 0.65159 0.000392 0.66273 0.00131 0.65905 1.23715 0.81541
5-FU/CV; 5.4 0.1754 0.80584 0.0009992 0.82321 0.00325 0.81753 2.63283 0.92223
7.4 0.14618 0.74337 0.000825 0.76203 0.00269 0.75594 2.37156 0.88366
5-FU/CVyq 5.4 0.26259 0.72618 0.00191 0.8048 0.00571 0.78023 4.06437 0.88801
7.4 0.10977 0.63422 0.000637 0.66785 0.00206 0.65684 1.83876 0.81047
5-FU/CV;5 5.4 0.234 0.72803 0.00161 0.77372 0.0049 0.75917 3.6166 0.88745
7.4 0.13527 0.66594 0.0008352 0.70912 0.00264 0.69498 2.24541 0.8335
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Table 4
116 tumor cell lines and normal cell lines®
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In vitro cytotoxicity of DOX, CS, CV, CVs, CVyq, CV3s5, 5-FU/CV, 5-FU/CVs, 5-FU/CV,q and 5-FU/CV;5 against MCF-7, HepG-2, and HCT-

In vitro cytotoxicity ICso (ug mL~")*

Compound HePG-2 HCT-116 MCF-7 WI-38 WISH

DOX 4.50 £ 0.2 5.23 £ 0.3 417 £0.2 6.68 £ 0.5 3.18 £ 0.2
CS 68.83 £+ 3.2 54.70 £ 3.1 49.93 £+ 3.1 92.11 £ 5.1 75.92 = 4.2
Ccv 37.02 £ 2.3 42.31 £ 2.7 34.54 + 2.6 31.53 £ 2.7 57.37 £ 3.7
CV; 9.81 £ 0.8 7.48 £ 0.6 11.56 £ 1.0 53.28 £ 3.5 51.04 £ 3.3
CVio 18.65 £ 1.4 12.56 £ 1.0 28.34 £ 2.3 40.62 = 2.9 65.81 £+ 4.0
CVi5 50.27 £ 2.9 23.89 £ 1.9 45.01 £ 2.9 64.87 £ 3.8 46.55 + 3.1
5-FU/CV 29.35 £ 2.7 31.26 + 3.2 37.61 + 3.8 38.56 + 3.7 42.54 + 3.0
5-FU/CV; 11.81 £ 1.1 13.38 £ 1.2 8.94 £ 0.9 41.53 =+ 4.0 47.87 £ 3.1
5-FU/CVyq 7.34 £ 0.6 9.76 £ 0.8 5.48 £ 0.4 28.02 + 2.5 31.65 £ 2.7
5-FU/CVy5 19.03 £ 1.6 15.50 £ 1.3 10.82 £ 1.0 33.16 £ 3.1 36.76 = 3.7

?1Csp (ng mL ™~ "): 1-10 (very strong), 11-20 (strong), 21-50 (moderate), 51-100 (weak) and above 100 (non-cytotoxic).'>

The mechanism controlling the release kinetic process of 5-
FU from 5-FU/CV, 5-FU/CVs, 5-FU/CV,, and 5-FU/CV;;5 at pH 5.4
and pH 7.4 for 156 h was studied using several kinetics equa-
tions. The kinetic models employed were the zero-order, first-
order, Hixson-Crowell and Higuchi models. The slope, regres-
sion coefficient (R*) and rate constant (k) were graphically
determined for each model, indicating the release mechanisms
of 5-FU. According to Fig. 9, Fig. 10 and Table 3, the release of 5-
FU in both pH 5.4 and pH 7.4 media from 5-FU/CV, 5-FU/CVs, 5-
FU/CV;, and 5-FU/CV, 5 was found to follow the Higuchi kinetic
model.

3.10. Cytotoxic effect

The in vitro cytotoxicity of CS, CV, CVs, CV;, and CV;5 against
the hepatocellular carcinoma (HePG-2), mammary gland breast
cancer (MCF-7) and colorectal carcinoma colon cancer (HCT-
116) cell lines was determined using MTT-based assays and
the data are presented in Table 4. The obtained results revealed
that CS exhibited weak cytotoxic activity towards the HePG-2
and HCT-116 cell lines with ICs, of 68.83 + 3.2 and 54.70 +
3.1 pg mL™", respectively. However, chitosan showed moderate
cytotoxicity against MCF-7 with ICso of 49.93 + 3.1 ug mL ™.
After the formation of the Vn-CS Schiff base, CV showed
enhanced moderate cytotoxic activity against the HePG-2, HCT-
116 and MCF-7 cell lines with IC5, 37.02 + 2.3, 42.31 £+ 2.7 and
34.54 + 2.6 pg mL ', respectively. The highest antitumor
activity against the tested tumor cell lines was displayed after
the incorporation of ZnO NPs in the composite matrix in CV;
with ICso of 9.81 4 0.8 and 7.48 + 0.6 ug mL™ ", reflecting the
very strong cytotoxicity against the HePG-2 and HCT-116 tumor
cell lines, respectively. CVs also showed strong cytotoxicity
against MCF-7 with IC5, of 11.56 + 1.0 ug mL™'. Despite the
higher ZnO NP content in CV,, than CV5, the obtained data
revealed a significant decrease in cytotoxicity for CV;,, showing
strong cytotoxicity against HePG-2 and HCT-116 with ICs, of
18.65 + 1.4 and 12.56 & 1.0 pg mL ™", respectively, and moderate
cytotoxicity against MCF-7 with ICs, of 28.34 + 2.3 ug mL™".
However, with the higher ZnO NP content in the CV;5 nano-
composite, the cytotoxicity of CV;5 significantly was decreased

© 2022 The Author(s). Published by the Royal Society of Chemistry

compared with CVs and CV,,, showing moderate cytotoxicity
against the studied tumor cell lines with ICs, of 50.27 £ 2.9,
23.89 + 1.9 and 45.01 & 2.9 pg mL™ ' against HePG-2, HCT-116
and MCF-7, respectively. The in vitro cytotoxicity of 5-FU/CV, 5-
FU/CVs, 5-FU/CV;, and 5-FU/CV,5 encapsulating 5-FU was also
evaluated against three different cancer cell lines. The obtained
data revealed that the antitumor activity increased with the
incorporation of ZnO NPs and 5-FU/CV showed the lowest
antitumor activity among the drug-encapsulated nano-
composites. Conversely, 5-FU/CV; showed very strong cytotox-
icity against MCF-7 with ICs, of 8.94 + 0.9 pg mL ™" and strong
cytotoxicity against HCT-116 and HePG-2 with ICs, of 13.38 +
1.2 and 11.81 + 1.1 pg mL ™", respectively, while the maximum
inhibitory effect was obtained from 5-FU/CV;,, exhibiting very
strong action against HePG-2, HCT-116 and MCF-7 with ICs, of
7.3440.6,9.76 + 0.8 and 5.48 + 0.4 ug mL ™", respectively. Also,
5-FU/CV;5 showed a strong cytotoxic effect against HePG-2,
HCT-116 and MCF-7 with ICs, of 19.03 £ 1.6, 15.50 &+ 1.3 and
10.82 + 1.0 pg mL ™!, respectively. The results revealed that after
the encapsulation of 5-FU, the nanocomposites containing ZnO
NPs exhibited higher activity than that of 5-FU/CV, which may
be related to the higher amounts of 5-FU released due to their
porous structure. Also, this may be related to the probability of
5-FU release from the ZnO NPs, which may easily penetrate the
leaky vasculatures on the surface of cancer cells via the
enhanced permeability and retention (EPR) effect.’* The cyto-
toxicity of CS, CV, CVs, CV;, and CV,5 was also evaluated against
human lung fibroblast (WI-38) and human amnion (WISH)
normal cell lines, as shown in Table 4. The obtained results
revealed that CS, CV, CV5;, CV,, and CV;5 have much lower
toxicity against normal cells compared with DOX, which
exhibited very strong cytotoxicity against the WI-38 and (WISH)
normal cell lines with ICs, of 6.68 4+ 0.5 and 3.18 + 0.2 ug mL ™",
respectively. Thus, the results indicate the higher selectivity and
lower side effect on normal human cells for the prepared
nanocomposites. Alternatively, after the encapsulation of 5-FU,
the 5-FU/CV, 5-FU/CVs, 5-FU/CV;, and 5-FU/CV;5 composites
showed poor cytotoxicity against WI-38 and WISH with ICs,
values ranging from 28.02 & 2.5 to 64.87 & 3.8 pg mL™".
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4. Conclusions

The properties of CS were enhanced by crosslinking with the
natural and nontoxic vanillin and incorporation of ZnO NPs
with different quantities. The prepared nanocomposites were
found to have a porous structure with microvoids. In addition to
the enhanced antimicrobial activity obtained by the new
nanocomposites, the anti-tumor activity was also enhanced
compared with pure CS. The CV5; nanocomposite showed very
strong cytotoxicity against HePG-2 and HCT-116 cell lines and
strong cytotoxicity against the MCF-7 cell line. The newly
prepared composites CV, CVs, CV;,, and CV;5 showed poor
cytotoxicity against the WI-38 and WISH normal cell lines
compared with DOX, indicating their higher selectivity towards
tumor cells and the lack of cytotoxicity against normal cells.
Also, 5-FU was successfully encapsulated in the prepared Vn-CS
and Vn-CS/ZnO nanocomposites containing different amounts
from ZnO NPs. The release of 5-FU was monitored using the SW-
AdASV method on the surface of the 1.0% [ZrO,-Co0;0, NPs]
MCPS and the cytotoxicity of the samples was evaluated against
different cancer cell lines including HePG-2, HCT-116, and
MCF-7, in addition to the WI-38 and WISH normal cell lines.
The obtained results not only confirmed the selectivity of these
new compounds, but also indicate their minimal toxicity
against normal cells. These results encourage further in vivo
investigations on these compounds as a promising vehicle for
drug delivery applications.
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