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Chitosan/montmorillonite nanocomposite film as anticancer drug carrier: A 
promising biomaterial to treat skin cancers 
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A B S T R A C T   

The solvent-evaporation approach was used to produce a chitosan (CS)/montmorillonite (MMT) nanocomposite 
film containing the anticancer drug 5-fluorouracil (5-FU). The physicochemical and morphological character
istics, drug release profile, cytotoxic and microbiological properties of the nanocomposite films were evaluated to 
verify their potential as a biomaterial for the treatment of tumors. X-ray diffraction (XRD) confirmed the for
mation of a CS-MMT/5-FU intercalated nanocomposite and Fourier transform infrared (FTIR) detected the 
characteristic 5- FU bonds in the CS/5-FU and CS-MMT/5-FU nanocomposite films, suggesting successful 
incorporation of the drug. The addition of 5-FU to chitosan increased the contact angle from 60.5◦ to 65.2◦, 
which was compensated by the incorporation of MMT, resulting in a minimum contact angle of 42.7◦ (maximum 
hydrophilicity) for CS-MMT/5-FU. This result influenced the swelling degree and the in vitro release of 5-FU. The 
higher hydrophilicity of CS-MMT/5-FU promoted an increase in the swelling ratio compared to the CS/5-FU 
nanocomposite. CS-MMT/5-FU also showed a sustained, lower 5-FU release rate with antimicrobial activity 
against S. aureus, E. coli and C. albicans without inducing cytotoxicity or cell death. These results can be explained 
by the accommodation of the drug between the MMT lamellae, which maintains the 5-FU release without 
affecting its microbiological activity and reducing its toxicological effects. This work demonstrates that 
combining montmorillonite and chitosan in a nanocomposite film has the technological potential to control the 
release of 5-FU, resulting in a non-toxic antimicrobial drug carrier with promising potential for the treatment of 
skin malignancies.   

1. Introduction 

Both natural and synthetic polymers have been widely used to 
fabricate drug carriers. However, naturally occurring polymers have a 
helpful advantage over synthetic ones since they are less toxic, more 
biocompatible, biodegradable, easily available, and less expensive [1]. 
Among natural polymers, chitosan (CS) – a polycationic linear polymer 
obtained through the deacetylation of chitin and composed of 
D-glucosamine and N-acetyl glucosamine units joined by 
B-(1–4)-glycosidic bonds [2,3] – has gained enormous importance in 

biomaterials formulations and still is under intensive exploration in drug 
delivery systems. CS is a biopolymer with abundant sources, can un
dergo easy modification, is mucoadhesive, biodegradable, bioresorbable 
[4], innately biocompatible and non-toxic to living tissues [5], and ex
hibits antibacterial [5,6], antifungal [7], and antitumor activity [8,9]. 
CS can be used in various forms, including nano/micro-particles [10, 
11], gels [12], wires and meshes [13], scaffolds [14], and films [15] 
depending on the function and applications of the carrier. Nevertheless, 
some applications are limited because CS has low solubility in water, 
low colloidal stability, low mechanical strength, and a high expansion 

Abbreviations: CS, Chitosan; MMT, Montmorillonite; 5-FU, 5-fluorouracil; XRD, X-ray diffraction; FTIR, Fourier transform infrared. 
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rate [16]. To overcome these limitations, different types of CS nano
composites have been studied as drug-delivery vehicles [17–19]. 

CS-clay nanocomposites have attracted increasing attention because 
of their structural and functional behavior. Montmorillonite clay 
(MMT), a soft phyllosilicate group of minerals with a 2:1 layered 
structure, is a naturally occurring aluminosilicate with an individual 
layer thickness of 1 nm, recognized by the Food and Drug Administra
tion (FDA) as safe for food and medicine [20]. It is abundant, affordable, 
biocompatible, non-toxic, and stable under acidic conditions [21] and 
has been identified as one of the most suitable substances for the prep
aration of CS-based nanocomposites due to its large specific surface area, 
ion exchange capacity, adhesiveness, bioavailability, biodegradability, 
biocompatibility, and ability to release drugs in a controlled manner 
[19,22]. MMT increases the mechanical characteristics of CS and lowers 
its expansion after contact with aqueous solutions. In addition, the 
negatively charged surface of MMT may have strong electrostatic in
teractions with CS chains and enable the formation of functional 
nanocomposites. They show excellent mucoadhesive properties [23], 
high hydrolytic strength [24], interlayer nano-space formation [25] and, 
consequently, the ability to load different drugs in the interlamellar 
space [22,26]. 

Fluorouracil, also known as 5-FU, is a cancer antimetabolite medi
cation that is frequently used in chemotherapy procedures [27]. When 
used as a cream, 5-FU is often provided alone or in combination with 
other anticancer medications to treat breast cancer, head and neck 
malignancies, anal cancer, stomach cancer, colon cancer, and several 
types of skin cancer [28]. Because 5-FU inhibits the operation of thy
midylate synthase (TS) and erroneously incorporates its metabolites into 
RNA or DNA, it interferes with critical biosynthetic activity and pro
duces cytotoxicity in tumor cells [27,29]. However, similar to other 
cancer treatments, its direct administration is associated with many side 
effects for patients [30]. This toxicity necessitates the development of 
drug delivery systems that allow the distribution of 5-FU in a targeted 
and safe way, with appropriate release capable of lowering systemic 
toxicity and limiting detrimental effects on healthy cells [31]. Hence, 
extensive efforts have been made to reduce these side effects and obtain 
highly efficient treatment via controlled drug releases. 

Controlled release systems based on CS-MMT have been used to load 
and deliver 5-FU safely. When 5-FU was introduced into clay compos
ites, CS-MMT nanocomposites showed slower drug delivery, reduced 

DNA damage, and hepatotoxicity, and no significant changes in 5-FU 
efficacy against tumor cells [32,33]. Studies have found that the 
strong binding of 5-FU with clay reduces toxicity and delays the profile 
of 5-FU release in CS-MMT composites [32,34–36]. Despite their 
controlled delivery capability, these systems exist primarily as powders 
[32], spheres [34], or films [35,36] intended for oral use. Other po
tential forms like film or gel [33,36] have been suggested but lack 
specific applications. Thus, the final form of these systems does not 
collaborate with a more versatile application. In addition, they do not 
fully cover treating other types of cancer, such as skin cancer delivery 
systems, which are currently non-existent. Table 1 presents a summary 
of the findings and limitations of CS/MMT nanocomposite systems 
loaded with 5-FU according to the current literature. 

Given the scarcity of controlled release systems capable of treating a 
wide range of cancer types, we hypothesized that a nanocomposite in 
the form of a film based on CS-MMT loaded with 5-FU may prove to be a 
promising controlled release system capable of acting as an alternative 
for the treatment of skin cancer or other types of external cancer, given 
that CS-MMT clay nanocomposites have already been established as a 
promising drug carrier [19,22,37]. 

Although controlled release systems based on CS and MMT have 
been studied as carriers of 5-FU, nanocomposite films prepared with CS, 
MMT, and 5-FU for skin cancer treatment have not yet been investi
gated. In this study, CS-MMT nanocomposite films were prepared as a 5- 
FU carrier to be tested as a potentially promising biomaterial with low 
toxicity, antimicrobial activity and sustained 5-FU release to treat skin 
and other external tumors. The solvent evaporation approach was used 
to synthesize and characterize nanocomposite films. The physical, 
morphological, antimicrobial and biological properties of the nano
composites were studied. 

2. Materials and methods 

2.1. Materials 

5-FU in powder form (purity ≥99%) with a molar mass of 130.078 g/ 
mol, polyoxyethylenesorbitan monooleate (Tween 80) and phosphate 
buffer saline (PBS) 0.1 M (pH = 7.2) were supplied by Sigma-Aldrich 
(code F6627-1G) (São Paulo, Brazil). Sodium MMT from Southern 
Clay Products (Texas, USA) was provided by Buntech (São Paulo, 

Table 1 
Selection of studies dealing with CS/MMT nanocomposite systems loaded with 5-FU.  

Material Form Application Findings Limitations Ref. Year 

CS/MMT-rich 
bentonite/5-FU 
nanocomposite 

Powder Oral The introduction of 5-FU into the nanocomposites 
resulted in a noteworthy postponement of DNA 
damage in lymphocytes. The nanocomposites 
maintained the anticancer efficacy of 5-FU while 
concurrently inducing a substantial decrease in 
hepatoxicity and pathological symptoms. 

The nanocomposite’s antimicrobial activity was not 
assessed. 

[32] 2012 

Alginate/CS/ 
Na+MMT/5-FU 
nanocomposite 

Spheres Oral The nanocomposite showed a sustained release of 5- 
FU in pH ranges of 1.2, 7.4 and 10 suggesting the use 
of this nanocomposite for 5-FU release systems in the 
slightly basic environment of the small intestine. 

The physical and biological properties of the 
nanocomposites, such as contact angle, degree of 
swelling, antimicrobial activity and cytotoxicity of 
the nanocomposite were not evaluated. 

[34] 2014 

CS/PVA/Na+MMT/5- 
FU nanocomposite 
films 

Film Oral Increased thermal stability, swelling ratio and load 
capacity with increasing MMT concentration. 

The nanocomposite films presented low 
antimicrobial activity against Salmonella and 
S. aureus and no activity against S. mutants and E. coli; 
the cytotoxicity of the nanocomposite was not 
evaluated. 

[35] 2016 

CS/MMT/5-FU 
nanocomposite 
films 

Film Not 
proposed 

Enhanced 5-FU loading capacity was achieved 
through the synergistic combination of CS and 
bentonite (commercially known as MMT), resulting 
in an extended 5-FU sustained release duration 
(>160 h) simulated under gastric fluid (pH 7.4) and 
intestinal fluid (pH 1.2) conditions. 

No studies about the biological activity of composites 
(antimicrobial activity and cytotoxicity). 

[36] 2019 

Alginate/MMT/CS 
folate/5-FU gels 

Gel Not 
proposed 

The composite exhibited heightened swelling 
capacity, sustained release capability for 5-FU, and 
cytotoxic activity against colorectal adenocarcinoma 
cells. 

Lack of studies related to the morphology of the 
composite and its microbiological activity. 

[33] 2023  
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Brazil), which contained Na+ ion as an interlayer cation, a density of 
2.86 g/cm3 and cation exchange capacity (CEC) of 92.6 meq/100 g, 
given by the supplier. CS used in this study was synthesized in the 
Northeastern Biomaterials Evaluation and Development Laboratory 
(CERTBIO, Campina Grande, Brazil) and had a molar mass of approxi
mately 174 kDa and a degree of deacetylation (DD) of 82.9%. This CS is 
accredited by the National Institute of Metrology, Quality and Tech
nology (INMETRO) at the International Organization of Standardization 
(ISO)/International Electrotechnical Commission (IEC) 17025:2005 and 
is used for medical applications. Maleic acid (C4H4O4, A.C.S. reagent, 
>99.9%) and sodium hydroxide (NaOH) were purchased from Neon 
Comercial (São Paulo, Brazil.). Hydrochloric acid (HCl, A.C.S. reagent, 
37%) was provided by Quimica Moderna (São Paulo, Brazil). Distilled 
water was used to prepare all solutions. 

2.2. Synthesis approach 

Initially, an MMT/5-FU suspension was prepared. MMT was 
dispersed in distilled water (2 % w/v) and kept under magnetic stirring 
(200 rpm) for 30 min at room temperature (24 ± 2 ◦C). Then, the drug 
solution was obtained by solubilizing 10 mg of 5-FU in 20 mL of distilled 
water, with Tween 80 (0.5 % v/v) for 25 min, the necessary time for 
total solubilization of the drug. Next, the 5-FU solution was added to the 
MMT suspension. To avoid drug precipitation, the 5-FU solution was 
slowly added to the MMT suspension using an infusion pump model 
Pump 11 Elite (Harvard Apparatus, Holliston, USA). A 20 mL syringe 
was attached to the pump and the drug was added at a rate of 35 mL/h 
while the suspension was constantly stirred (200 rpm) using a magnetic 
stirrer. This method was employed since adding the drug too rapidly at 
room temperature can result in 5-FU precipitation [38]. After the 
addition of 5-FU in the MMT suspension the pH of the mixture was 
adjusted to 6 with 1 M HCl or NaOH solutions, depending on the nature 
of the mixture, to obtain protonated groups in the drug structure and 
possible interactions with the clay. The pH value was selected based on 
the pKa value of 5-FU which is 8.02, as verified in the literature [39]. 
Then, the resulting mixtures were kept under magnetic stirring (300 
rpm) for 24 h, at room temperature (24 ± 2 ◦C), to be later added to the 
CS solution. The same procedure was followed to prepare the CS/5-FU 
film, but this time the 5-FU solution was prepared without its mixing 
with MMT suspension. 

CS solution (2 % w/v) was prepared by dissolving CS powder in 50 
mL of an aqueous maleic acid solution (2 % v/v). The maleic acid was 
selected due to the good physicochemical properties and noncytotoxic of 
the films compared to those obtained with other acids (acetic acid, lactic 
acid, tartaric acid and citric acid) [15]. CS solution was continuously 
stirred under 500 rpm for 2 h at room temperature (24 ± 2 ◦C) to obtain 
a homogeneous mixture. In the preparation of the CS nanocomposites 
with 1 wt% of 5-FU and 1.5, 3.0 and 5.0 wt% of MMT 
(CS-1.5MMT/5-FU, CS-3.0MMT/5-FU, CS-5.0MMT/5-FU), the 
MMT/5-FU suspensions prepared previously were slowly added to the 
CS solution and then the new suspension was stirred (500 rpm) for other 
2 h at room temperature (24 ± 2 ◦C). Subsequently, the suspension was 
filtered with the 100 μm filter to separate possible insoluble particles 
and impurities. Then, the suspension was poured into 10 × 10 cm2 

Teflon Petri dishes, where it remained at rest for 24 h at room temper
ature (24 ± 2 ◦C) until the air bubbles were eliminated. The plates were 
taken to an oven at 37 ◦C for 72 h for complete solvent evaporation and 
film formation (thickness of ~150 μm). The pure CS films and the CS 
films containing 1 wt% 5-FU (CS/5-FU) were also prepared in the same 
way. As the pH of the films (pH = 6) is similar to that of the skin (be
tween 4.1 and 5.8) [40] and since the 5-FU was fully solubilized in the 
solvent, washing was not necessary for neutralization or to remove any 
unbound drug. In addition, considering that the 5-FU was fully solubi
lized in the solvent, it can be assumed that 100% of the 5-FU is present 
and attached to the films. Before characterizations, the dried films were 
stored in a controlled temperature and humid environment (25 ◦C and 

relative humidity of 40–60%). 

2.3. Characterization methods 

2.3.1. X-ray diffraction (XRD) 
XRD analyses were conducted to evaluate the crystallinity of CS, 

MMT, and 5-FU, as well as to investigate the incorporation of 5-FU be
tween MMT layers and assess the crystallinity of the nanocomposite 
films. The analysis was carried out in an XRD-7000 Shimadzu diffrac
tometer (Shimadzu, Kyoto, Japan), using copper Kα radiation (1.5418 
Å), a voltage of 40 kV, current of 30 mA, speed of 1◦/min, step size of 
0.02◦ and in a 2–40◦ range. The calculation of the interplanar distance 
d001 was carried out according to Bragg’s equation. 

2.3.2. Scanning electron microscopy (SEM) 
SEM was used to evaluate the surface morphology of the nano

composite films using a Pro-X800-07334 microscope (Phenom-World, 
Eindhoven, The Netherlands), at magnifications of 500 × and 2000 ×
using 15 kV voltage, with a depth of focus of 1 mm and a resolution of 
30 nm. The samples were placed on double-sided carbon tape and were 
coated with a thin layer of gold. 

2.3.3. Fourier transform infrared spectroscopy (FTIR) 
FTIR analyses were conducted to assess interactions between chito

san, clay and drug. FTIR was performed on a Perkin Elmer 400 FT Mid- 
IR, (Perkin Elmer, Waltham, USA) equipped with attenuated total 
reflectance (ATR) accessory equipped with zinc selenium (ZnSe) crystal, 
scanning from 4000 to 650 cm-1, with a resolution of 4 cm-1 at room 
temperature (24 ± 2 ◦C) and 32 scans. 

2.3.4. Swelling degree 
Swelling degree analyses were performed to determine the absorp

tion capacity of the nanocomposite films in PBS. The swelling analysis 
was performed according to a procedure reported in the literature [35]. 
The films were prepared with a surface area of 1 cm2, dried in an 
air-circulated oven for 24 h at 37 ± 0.5 ◦C (average human body tem
perature) and weighed on an analytical balance. Then, the films were 
immersed in a glass beaker containing 5 mL of phosphate buffer solution 
(PBS; pH = 7.2). The swelling degree of the films was measured at time 
intervals of 0, 1, 3, 6 and 24 h. The swelling degree (SD%) of the films 
was calculated using Equation (1): 

SD (%)=Wd-Ws/Ws (1)  

Where Wd is the weight of the swollen film at different time intervals 
and Ws is the weight of the dry film. The assay was performed in trip
licate and the results were analyzed as an average of three samples. 

2.3.5. Water contact angle 
The water contact angle (θ) was used to measure the wettability of 

the nanocomposite films. The analyses were carried out by the sessile 
drop method, using a portable contact angle measurement unit model 
Phoenix-i from (Surface Electro Optics, Suwon, South Korea). A water 
drop was put on the film surface using a micrometer doser, and the 
image was captured and analyzed by the Phoenix-i. 

2.3.6. In vitro drug release studies 
To determine the release profile of nanocomposite films the amount 

of 5-FU released from CS and CS/MMT films was measured using an 
ultraviolet–visible (UV-VIS) spectrophotometer model 1800 (Shimadzu, 
Kyoto, Japan). First, the films (with a mass-to-solution ratio of 25 μg mL- 

1) were incubated in a volumetric flask in an 800 mL PBS solution (pH =
7.2) that was selected as a release medium since this is used in 
biochemistry to mimic human extra-cellular fluid [41]. Next, the volu
metric flasks were kept under constant stirring of 50 rpm in a shaker 
model KS4000i (IKA Werke, Staufen, Germany) at 37 ◦C ± 0.5 ◦C to 
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simulate body temperature. Subsequently, an aliquot of the PBS (3 mL) 
was taken at fixed time intervals (1 h, 1h 30 min, 2 h, 2 h 30 min, 3 h, 3 h 
30 min, 4 h, 4 h 30 min, 5 h, 20 h and 24 h), and replaced with 3 mL of a 
fresh PBS (at 37 ◦C ± 0.5 ◦C) each time. The samples were then analyzed 
for 5-FU content by measuring the absorbance at 266 nm (λmax of 5-FU in 
PBS, pH 7.2, measured using a UV-VIS spectrophotometer). All the 
release experiments were carried out in triplicate, and the average 
values were used for further data treatment and plotting. The drug 
concentration was calculated according to a standard curve and Equa
tion (2) to determine the cumulative release. The corresponding 
drug-release profiles were represented through plots of the cumulative 
percentage of drug release (calculated from the total amount of 5-FU 
contained in each sample) versus time. 

Cumulative release (%)=
Amount of 5-FU in PBS solution

Amount of 5-FU added to the films
× 100 (2)  

2.3.7. Antimicrobial activity 
The antimicrobial properties of the 5-FU solution and CS/5-FU and 

CS-5.0MMT/5-FU films were evaluated by the disk-diffusion method. 
Strains of Staphylococcus aureus (ATCC 13656), Escherichia coli (ATCC 
25422), and Candida albicans (ATCC 76645), commonly found in 
external wounds, were selected for the assay. 

Initially, bacterial and fungal suspensions were prepared at con
centrations of 0.5 on the McFarlad scale, using a 0.005 M PBS solution. 
Then, with the aid of a swab, the suspensions were spread on Milan 
Hinton Agar (MHB) plates. The 5-FU solution at 125 μg mL-1 (concen
tration present in the films) was added to sterile filter paper and applied 
to the MHB plates with the microbial inoculum, while samples of the 
nanocomposite films were applied to the plates in the form of 5 mm 
diameter discs. The plates were incubated inverted in a bacteriological 
incubator at 35 ◦C for 48 h. The results were reported as the average of 
the two inhibition zones measured (24 and 48 h) without subtracting the 
disc diameter. 

For the assay, MHB culture media were used, supplemented with 
solidifying medium (Bacto Agar). Vancomycin was used as a positive 
control for bacterial strains, and saline solutions were used as negative 
controls for all microorganisms. A positive control was not used for the 
fungal strain. All strains used had 24 h growth. The analysis was con
ducted in triplicate. 

2.3.8. Cytotoxicity - agar diffusion assay 
The agar diffusion assay was performed according to ISO 10993-5 

2009 standard to evaluate the cytotoxicity of films. A mouse fibroblast 
cell line L929 (ATCC NCTC clone 929, Banco de Células do Rio de 
Janeiro, Brazil) was used since this cell type is recognized as a reference 
for cytotoxicity tests of biomaterials that are intended for contact/ 
treatment of lesions present in the skin [42]. The L929 cells were 
cultured in RPMI 1640 medium Gibco® (Invitrogen Corporation, Wal
tham, USA) and incubated in a humidified oven at 37 ◦C and with 5% 
CO2 until reaching 80% confluence. Then, trypsinization with 0.25% 
trypsin Gibco® (Life Technologies, Carlsbad, USA) and cell counting was 
performed using an automatic cell counter from Interwoven (Thermo 
Fisher, Waltham, USA). Suspensions of 1.0 × 105 cells/mL were 
distributed in 6-well plates, with 4 mL added to each well, lasting 24 h. 
Upon verifying the uniform confluence of 80% on the plates, with the 
aid of a microscope, the culture medium was suctioned and 1 mL/well of 
medium prepared with 2 × concentrated MEM Gibco® (Invitrogen 
Corporation, Waltham, USA) was added to 1.8% agar solution with 
0.01% neutral red (Sigma-Aldrich, USA), which remained protected 
from light at room temperature (24 ± 2 ◦C) for 10 min for solidification. 
The samples were evaluated according to the standard, using a con
centration of 200 mg/mL as an extract in PBS, incubated at 37 ◦C for 24 
h. The incubation period was selected according to the time used in drug 
release studies in order to test the samples during the period with the 
greatest release of 5-FU. Thus, with this conditions it is possible to assure 

a sufficiently prolonged exposure time of the cells to the extracts and, 
furthermore, a critical exposure condition given the high concentration 
of the extracts. 

To evaluate the sample, filter paper sectioned in 1 cm2 was inserted 
in the center of each well in duplicate. Growth control (healthy cells), 
Positive (toxic latex), and negative (quantitative filter paper) controls 
were inserted in duplicate. The plates were wrapped in aluminum foil 
and incubated in an inverted position for 24 h in a humidified oven at 
37 ◦C and 5% CO2. Following the standard guideline, the bleaching 
zones around the sample were measured. An inverted microscope model 
Eclipse TS100 (Nikon, Tokyo, Japan) was used to analyze the cell lysis, 
which was classified according to Table 2. 

3. Results and discussion 

3.1. Morphological characterizations 

Fig. 1 shows the XRD patterns and SEM images of 5-FU, MMT, as well 
as CS, CS/5-FU, CS-1.5MMT/5-FU, CS-3.0MMT/5-FU and CS-5.0MMT/ 
5-FU nanocomposite films. This figure also shows possible interactions 
between CS, 5-FU, and MMT and some data about the basal spacing 
degree of the MMT. 

The diffractogram of 5-FU showed an intense peak at 2θ = 28.9◦

(Fig. 1A), suggesting its crystalline structure [34,43,44]. Moreover, 
some peaks with lower intensity are observed at 2θ = 16.5, 19.3, 20.7, 
22.1, 31.5, 32.2 and 33.5◦, in accordance with the literature [34,44,45]. 
The MMT diffractogram (Fig. 1A) showed a peak around 2θ = 6.06◦, 
corresponding to a basal interplanar distance (d001) of 1.46 nm, which is 
characteristic of sodium MMT with one H2O molecule layer inside the 
interlaminar space [35,46,47]. The other peaks at 19.9◦ and 28.8◦

indicate the turbostratic stacking of layers [48]. 
XRD patterns of the CS film (Fig. 1A) showed two small peaks at 2θ =

10.98◦ (020 plane) and at 17.52◦ (100 plane) combined with a broad 
diffraction centered at around 21.03◦ (110 planes). The former two 
peaks indicated the crystalline structure of the hydrated chitosan poly
morph, whereas the broad peak around 21.03◦ indicated the existence of 
an amorphous structure [49]. This is in good agreement with the 
diffraction pattern of CS reported by other authors [49–52], which 
proves a semicrystalline nature of CS film with form I crystals [53]. 
Compared to pure CS film, the CS/5-FU film exhibits a higher crystal
linity or denser packing, as indicated by sharper peaks with higher in
tensity. In addition, a small peak was observed at around 15.86◦ in 
CS/5-FU film, which has been attributed to the crystal lattice of the 
anhydrous chitosan polymorph [54]. Another important observation 
relative to the CS/5-FU film diffractogram is that the characteristic 
peaks of 5-FU are not seen. This finding is in line with the results ob
tained by Li, Wang, Peng, She and Kong [45] and may be explained by 
the fact that the 5-FU drug interacts with CS at the molecular level 
(Fig. 1D) and is observed existing in an amorphous state in the CS. For 
this reason, SEM images of CS/5-FU film (Fig. 1B) show an homoge
neous and smooth surface without any apparent phase separation like in 
the pure CS film. 

The XRD patterns of CS-clay/drug nanocomposite films with total 
filler contents of 1.5, 3.0, and 5.0 wt% and 1 wt% drug (CS-1.5MMT/5- 
FU, CS-3.0MMT/5-FU, and CS-5.0MMT/5-FU) are also shown in Fig. 1A. 
The addition of 1.5 wt% MMT to the CS/5-FU film resulted in a 

Table 2 
ISO-10993-5 criteria for agar diffusion assay reactivity score.  

Grade Reactivity Description of the reactivity zone 

0 None No detectable zone around or below specimen 
1 Light Some malformed or degenerated cells under specimen 
2 Soft Zone limited to the area under specimen smaller than 0.45 cm 
3 Moderate Zone extension sample size up to 1.0 cm 
4 Severe Zone that extends beyond 1.0 cm beyond the sample  
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reduction in the intensity of the peak at 15.86◦, which corresponds to the 
crystal lattice of the anhydrous chitosan polymorph. The same effect was 
observed for films with higher MMT content (CS-3.0MMT/5-FU and CS- 
5.0MMT/5-FU), which, in addition to the reduction in the intensity of 
the 15.86◦ peak, also showed a decrease in the intensities of other XRD 
peaks, especially for the CS-5.0MMT/5-FU nanocomposite film, where 
the peak around 15.86◦ was not detected. This reduction in peak in
tensity suggests that the addition of MMT results in a more amorphous 
film due to the water molecules present between the clay layers, which 
favor the reduction of the anhydrous chitosan polymorph. 

The presence of CS and 5-FU chains facilitated the opening of the 
clay lamellae in all CS-clay/drug films (Fig. 1E), resulting in a shift of the 
XRD peak of MMT clay from 6.06◦ to a maximum of 4.82◦, corre
sponding to a basal spacing (d001) of 1.46 nm and 1.83 nm, respectively. 
Because the thickness of the individual sheet of the CS chain is 0.38 nm 
[50], these results imply CS intercalation with MMT as a monolayer, as 
shown in Fig. 1D. Also, the increase in basal spacing indicates the for
mation of a “sandwich model of CS/5-FU/CS” (Fig. 1D) inside the gallery 
of the MMT since this structure enhances the electrostatic interactions 
between 5-FU, CS and clay layers [32,33]. This proves the successful 
loading of CS and 5-FU molecules between the MMT layer, resulting in 
an intercalated structure nanocomposite with increased clay basal 
spacing but maintained multilayer stacking. These findings are in 
agreement with Bragg’s law which mentions that a shift in 2θ value from 
a higher diffraction angle to a lower diffraction angle is indicative of an 
increase in d-spacing [33,35] and are consistent with earlier publica
tions [33–35,46,55–57]. 

Although the formation of nanocomposites was observed for all 
compositions, the amount of MMT clay utilized in the film preparation 
altered MMT dispersion in the matrix, as revealed by SEM images in 
Fig. 1B. Some aggregates were found for CS-1.5MMT/5-FU and CS- 
3.0MMT/5-FU nanocomposites, as indicated by red arrows in Fig. 1B. 

However, for CS-5.0MMT/5-FU nanocomposite, MMT clay showed a 
homogeneous distribution in CS matrix (Fig. 1C), which may be attrib
uted to 5-FU and CS entering and sitting between clay layers and to the 
polycationic ability of the CS that attracted the MMT forming a physical 
bond between them as described by Reddy et al. [35]. These findings are 
consistent with XRD data, which showed lower crystallinity or denser 
packing for the CS-5.0MMT/5-FU nanocomposite, indicating a more 
amorphous film caused by a decrease in interactions among CS macro
molecules while maintaining layered stacking, primarily with alter
nating layers of CS and MMT. Thus, it was possible to confirm the 
dispersion of MMT in the nanocomposite films, identify the presence of 
clay in the chitosan films, as well as the presence of 5-FU between the 
MMT lamellae. 

3.2. Chemical characterization of nanocomposite films 

Fig. 2 displays the FTIR spectra of 5-FU, MMT, as well as CS, CS/5-FU 
and CS-clay/drug nanocomposite films. The vibration bands at 
3125–2829 cm-1 in the 5-FU spectrum were attributed to aromatic and 
aliphatic C–H stretching vibrations. The band at 1650 cm-1 suggested 
stretching vibrations of the tertiary amide and 1502 cm-1 the bending 
vibration of the N–H group. C–N stretching vibration and flexural vi
bration in the C–H plane of the CF–CH group were indicated at 1248 cm- 

1 and 1430 cm-1, respectively. In addition, the bands at 804 cm-1 and 
751 cm-1 were related to out-of-plane C–H vibration of the CF–CH group 
[32]. 

In MMT, the bands within 3630–3500 cm-1 were attributed to the 
vibrations of hydroxyl structural stretching (O–H) between the clay 
layers. The peak at 1640 cm-1 suggested the bending vibration of the 
H–O–H bonds present in the water molecules adsorbed onto the MMT 
surface [58]. Stretching vibrations of Si–O–Si bonds were observed in 
the range of 1050 to 1030 cm-1 [59]. 

Fig. 1. (A) XRD patterns; (B) SEM images; (C) images of the nanocomposite films; (D) illustration of the proposed interactions among CS, 5-FU, and MMT, and the 
formation of the intercalated structure nanocomposite; and (E) the XRD pattern of MMT clay and the basal spacing (d001) data calculated using Bragg’s equation for 
the nanocomposite films. The red arrows indicate the presence of agglomerates. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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The FTIR spectrum of the CS showed peaks between 3450 and 3022 
cm-1, suggesting axial deformation of the O–H and N–H groups [60]. The 
bands at 2923 cm-1 and 2880 cm-1 were associated with the stretching 
vibration mode of the –CH sp3 carbon bond [61], respectively. The 
spectrum also showed an intense peak at 1702 cm-1, referring to the 
axial deformation of C]O of amide I [62]. The vibrations of the amine 
group (–NH2) and the vibrational deformation of the protonated amine 
group (–NH3

+) could be verified with the bands at 1620 cm-1 and 1568 
cm-1, respectively. In addition, the band at 1464 cm-1 was typical of the 
angular deformation of C–H (–CH2 and –CH3) [63]. The intense ab
sorption bands in the 1151 cm-1 and 892 cm-1 range indicated the 
presence of glycosidic bonds (C–O–C). At the same time, bands around 
1063 cm-1 and 1018 cm-1 were elongation vibrations of the C–OH group 
in the CS chain [64,65]. 

After introducing 5-FU, the CS spectrum revealed a new peak at 
1248 cm-1 (CS-clay/drug films spectrums in Fig. 2), confirming the in
teractions between 5-FU and CS. Other vibration bands characteristic of 
5-FU were not observed due to the drug’s intercalation into the silicate 
layers of MMT, which resulted in less interaction between 5-FU and CS 
[34]. The CS-5.0MMT/5-FU nanocomposite film spectrum showed a 
change of the band at 1063 cm-1 intensity in relation to 1018 cm-1 

(Fig. 2). The change in intensity is related to the overlapping of vibra
tions of the secondary amide and Si–OR groups and indicates in
teractions between CS and the MMT phase [36]. This observation 
demonstrates conclusively that either 5-FU or MMT interacted with CS, 
which is in good agreement with XRD results and another report [32, 
34]. 

After the presence of 5-FU and MMT in the CS-clay/drug films was 
detected, a contact angle analysis was conducted. The contact angle 
measurement allows for checking the hydrophilicity or hydrophobicity 
of the materials. The behavior is related to surface tensions and in
teractions, i.e. the wetting capacity. Three classifications exist according 
to the contact angle, namely hydrophilic (θ < 90◦), hydrophobic (90◦ <

θ < 150◦), or totally hydrophobic (θ > 150◦) surface [15]. Fig. 3 presents 
the CS, CS/5-FU and CS-clay/drug films contact angles and the images of 
the drops placed on the films. 

CS showed an angle value of about 60.5◦, close to that reported in the 
literature [15]. The incorporation of 5-FU in CS increased the contact 
angle to 65.2◦, suggesting that the CS/5-FU film became more hydro
phobic. This behavior is likely due to the higher degree of crystallinity, 
as verified by XRD. As the concentration of MMT increased, the 

CS-MMT/5-FU nanocomposite films became more hydrophilic. The 
most hydrophilic material was the CS-5.0MMT/5-FU film (42.7◦), which 
indicated that the MMT clay increased the interaction with liquid due to 
its hydrophilic nature [66]. 

According to the chemical analysis, the CS-5.0MMT/5-FU nano
composite film showed an amorphous structure, incorporation of 5-FU 
between the MMT lamellae, homogeneous dispersion of 5-FU in the 
films, and a highly hydrophilic surface. Due to these properties, the CS- 
5.0MMT/5-FU nanocomposite film was selected for further analysis. 

3.3. Swelling degree and in vitro drug release of nanocomposite films 

Swelling is one of the most important properties of bio- 
nanocomposite films because it controls the release rate of the encap
sulated drug and is an indicator of the ease and speed of liquid pene
tration into the films as well as drug diffusion from the films [49]. Fig. 4 
shows the swelling degree as a function of time for the CS, CS/5-FU and 

Fig. 2. FTIR spectra of pure materials (5-FU and MMT) and CS, CS/5-FU and CS-5.0MMT/5-FU films.  

Fig. 3. Contact angles of CS, CS/5-FU and CS-MMT/5-FU films.  
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CS-5.0MMT/5-FU films evaluated at PBS (pH = 7.2). 
All films showed a high degree of swelling with rapid swelling ki

netics at 1 h. Over 3–6 h, the curve goes through a transition where the 
swelling gradually increases to reach a plateau level after 24 h (satu
ration level). A greater degree of swelling was observed for CS as 
compared to CS/5-FU, showing a greater diffusion capacity for PBS. The 
CS/5-FU film seems to inhibit the PBS diffusion due to its higher degree 
of crystallinity and hydrophobicity, thus reducing the swelling ability. 
This result was consistent with the literature observation [67] that 
further crystallization minimizes swelling and inhibits liquid diffusion. 
The CS-5.0MMT/5-FU nanocomposite film showed the highest degree of 
swelling compared to CS and CS/5-FU, in agreement with the trend 
observed for the contact angles. This behavior could be attributed to the 
presence of MMT in this nanocomposite which made the film more 
hydrophilic and to the intermolecular interactions between water mol
ecules in clay galleries and the ion pair electrons of –NH2 and –OH bonds 
present in chitosan chains [35]. Similar behavior has been reported in 
the literature for CS/clay/glycerol-based [68] and CS-PVA/MMT/5-FU 
[35] nanocomposite films. 

Fig. 5 shows the 5-FU release profile of CS/5-FU and CS-5.0MMT/5- 
FU films. Almost 71% of 5-FU was released from CS/5-FU within 1 h, 

followed by slight variations up to 5 h. The maximum release took place 
at 20 h (86%), and then a slight reduction to 83% was observed after 24 
h. This suggests that the amount of drug in the CS/5-FU film started to 
decline after 20 h. On the other hand, the film with MMT showed a 
different behavior. The CS-5.0MMT/5-FU film showed a reduction in the 
amount of the drug released, releasing about 49% of 5-FU in the first 
hour followed by a progressive increase up to 20 h, reaching 74% at 24 
h. Therefore, incorporating MMT into CS favored a controllable release 
of 5-FU, especially when 5 wt% of MMT was employed. This reduction in 
the drug release profile was also observed by other authors after an in
crease in the amount of clay on the composites and can be explained by 
the intercalation of 5-FU in silicate layers of the MMT resulting in a 
suppression of the drug release [34]. Such behavior suggested that the 
clay dispersion in CS reduced the diffusion rate of 5-FU, thus decreasing 
the initial release of the drug and prolonging the release profile of 5-FU 
compared to the CS/5-FU film. 

In both formulations, immediately after the contact of the films with 
the release medium, a larger amount of drug was liberated before the 
release rate became constant, a typical behavior known as “burst 
release” [34]. With the addition of MMT the burst step of 
CS-5.0MMT/5-FU film was less pronounced. This reduction was bene
ficial because help to control the amount of 5-FU delivered on the first 
step and reduce the amount delivered in the next steps. This decrease in 
release rate helps to reduce the toxicity and negative effects of 5-FU 
[31]. Nevertheless, even with the addition of MMT, the 
CS-5.0MMT/5-FU film continued to show an “abrupt” 5-FU release. 
Some authors pointed out that this behavior is negative because it re
duces the effective useful life of the drug [34]; however, this behavior 
can have a positive effect, since the drug reaches the best therapeutic 
concentration more quickly, making the sustained release profile more 
effective in preserving of the drug remaining in the body in the best 
therapeutic concentration ranges [36]. 

Regarding the possible kinetic profile of 5-FU release from nano
composite films, other authors pointed out that the rapid initial release 
occurs mainly due to the dissolution and diffusion of the drug trapped 
near or on the surface of the film and the second “slower” phase involves 
the diffusion of the drug. trapped in the internal part of the polymer 
matrix [34,69]. Thus, the release of the 5-FU present in the nano
composite film was possibly guided by a dissolution and diffusion step in 
the first hours followed by a final diffusion step. 

As a result, the CS-5.0MMT/5-FU nanocomposite film offers promise 
as a more manageable method of drug delivery since the release profile 
can be controlled according to the amount of clay added to the film and 
the fact that it keeps the drug concentration within the therapeutic range 
for long periods [36]. This is key to improved treatment effectiveness, 
lowering harmful levels and limiting side effects [58]. 

3.4. Microbiological activity of 5-FU, CS/5-FU and CS-5.0MMT/5-FU 

One of the essential features required in a dressing is the control of 
bacterial growth in wounds [70]. Some cancer-related lesions, such as 
Squamous Cell Carcinoma and Keratoacanthoma, result in skin wounds, 
creating a potential focus for infection [71,72]. Therefore, it is crucial 
that dressings designed for skin cancer treatment also demonstrate the 
ability to control microbial growth. Thus, the antimicrobial activity of 
the 5-FU solution (125 mg L-1) and the CS/5-FU and CS-5.0MMT/5-FU 
films were tested against S. aureus (ATCC 13656), E. coli (ATCC 
25422), and C. albicans (ATCC 76645) using the disk diffusion method, 
and the relevant results can be observed in Fig. 6 and Table 3. 

In the agar disk diffusion method, the bactericidal/antifungal ac
tivity of the material is a function of the size of the halo opening around 
the sample. In other words, the larger the halo, the greater the bacte
ricidal/antifungal activity. According to the results, all samples showed 
strong microbiological activity against S. aureus, E. coli, and C. albicans. 
The CS-5.0MMT/5-FU film obtained the largest inhibition halos with 
46.33 and 37.33 mm for S. aureus and E. coli strains, respectively, and 

Fig. 4. Swelling degree of CS, CS/5-F and CS-5.0MMT/5-FU films vs. time.  

Fig. 5. In vitro release profile of 5-FU form CS/5-FU and CS-5.0MMT/5-FU 
films in PBS (pH 7.2 at 37 ± 0.5 ◦C). 
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the CS/5-FU film with 35.67 mm for the C. albicans strain. On the other 
hand, the 5-FU solution had the smallest inhibition halos. However, 
together with the films, it had superior activity to the positive control - 
vancomycin, an antibiotic used to combat bacterial infections. 

The drug 5-FU is well known for its use in cancer treatment and also 
exhibits bactericidal activity. Its molecular structure contains fluorine 
and oxo groups that play positive roles in its bioactivity [65]. These 

groups allow 5-FU to bind to DNA, interrupting its synthesis. Studies 
have shown that 5-FU has bactericidal activity against a wide range of 
Gram-positive and Gram-negative microorganisms, including S. aureus 
and E. coli, at concentrations below 100 μg mL-1 [66]. Other authors 
have explored the bactericidal activity of 5-FU by using it in the syn
thesis of hybrid compounds. In their results, the authors suggested 
hydrogen bonding between the oxygen and fluorine atoms in the 

Fig. 6. The antibacterial/antifungal activity of 5-FU solution, CS/5-FU, and CS-5.0MMT/5-FU films against S. aureus, E. coli, and C. albicans evaluated using the disk- 
diffusion method. The analyses were performed in triplicate for each sample. 
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structure of 5-FU and DNA. This interaction between the hybrids and 
DNA provided good or even superior antimicrobial activity compared to 
that of positive controls, chloramphenicol, norfloxacin, and fluconazole, 
against various bacterial and fungal strains, including S. aureus, E. coli, 
and C. albicans [65]. 

The CS films loaded with 5-FU exhibited higher bactericidal activity 
than the tested 5-FU solution. This effect can be explained by the 
bactericidal activity also exhibited by CS [5–7]. Similar results were 
observed by Reddy et al. [35], who observed bactericidal activity of 
their CS/PVA/Na+MMT nanocomposite films from the combination of 
CS, MMT, and 5-FU. With the addition of clay, the bactericidal activity of 
the CS-clay/drug film was slightly improved. This is due to the more 
gradual release of 5-FU, which made it possible to maintain its release 
for a longer period within the therapeutic range. 

Therefore, these results indicate a synergistic bactericidal action of 5- 
FU with CS, which was optimized by the incorporation of MMT that 
modulated the delivery of 5-FU, keeping it within the therapeutic range 
[54], resulting in a better bactericidal activity of the CS-5.0MMT/5-FU 
nanocomposite. Thus, the CS-5.0MMT/5-FU film was found to be effi
cient in controlling the growth of microorganisms commonly found in 
external skin lesions. 

3.5. Cytotoxicity test in vitro – diffusion agar method 

Table 4 and Fig. 7 show the results and the evolution of the cyto
toxicity of the CS, CS/5-FU and CS-5.0MMT/5-FU films towards L929 
fibroblastic cells. After 24 h of incubation, the halo size around the 
samples was measured using the scoring criteria (Table 2). The growth, 
positive and negative controls were utilized to validate the cytotoxicity 
assay efficiency. The CS and CS/5-FU films performed similarly, with 
halo values in the range of 0.138 and 0.238 cm, which were much lower 
than the positive control. The halo increase observed in the CS/5-FU film 
can be attributed to the cytotoxic effect of 5-FU on the cells. However, 
this effect was not significant enough to alter the degree of cytotoxicity 
of the CS/5-FU sample. Thus, even though the CS and CS/5-FU films 
induced cell death or harm to the cell population according to ISO- 
10993-5 classification standards, their cytotoxicity fell into the low 
reactivity category, with a level of 2 (zone limited to the area under 
specimen), corresponding to a low level of reactivity. 

As a result of the presence of clay, no cell death was seen with the CS- 
5.0MMT/5-FU nanocomposite film; however, the presence of some 

malformed or degenerated cells was observed under the specimen, 
which according to the ISO-10993-5 indicated light cytotoxicity (grade 
1). These findings are consistent with the 5-FU release profile, which 
showed that the clay incorporation delayed its release and, conse
quently, reduced the cytotoxic impact caused by 5-FU on the cells. 
Similar results were observed by Kevadiya et al. [32] who compared the 
cell viability of A549 cells to 5-FU, 5-FU-MMT and CS-MMT/5-FU 
nanocomposites and observed that the CS-MMT/5-FU composite 
showed the highest cell viability at all times between 0 and 72 h of in
cubation, noting a reduction in the cytoxicity of the samples with MMT. 
Thus, the toxicity of 5-FU was reduced as a result of better control over 
its release due to higher encapsulation by the clay. These findings are 
also consistent with earlier studies published in the literature, in which 
the addition of MMT contributed to a reduction in drug release [32,34, 
35] and a reduction of 5-FU side effects in healthy cells [31,32], without 
affecting 5-FU antitumor effectiveness [32,33]. Furthermore, the 
CS-5.0MMT/5-FU nanocomposite was less hazardous than the CS film 
due to MMT’s neutralization of reactive acid groups present in the CS, as 
previously described [73]. Thus, the CS-5.0MMT/5-FU demonstrated to 
be biocompatible in vitro, with no adverse effects and shows promise for 
usage in controlled release of 5-FU. 

3.6. Limitations of the present study and future works 

While our investigation has provided insights into the potential of 
the CS/MMT/5-FU nanocomposite film as a biomaterial for the treat
ment of skin malignancies, it is important to discuss about certain lim
itations and identify avenues for future research. The following discusses 
the constraints of the present study and outlines potential directions for 
future work: 

• The main goal of this study was to study the CS/MMT/5-FU nano
composite film’s physicochemical properties, drug release profile, 
cytotoxicity, and microbiological properties. However, a direct 
investigation into the antitumor efficacy of skin cancer was not 
conducted. In-depth cytotoxicity or pharmacodynamic studies 
should be included in future research projects to confirm that the 
nanocomposite film has the potential to treat tumors. 

• While our study included an agar diffusion assay to assess cytotox
icity, we acknowledge that additional MTT or CCK-8 experiments are 
needed for a more comprehensive evaluation of biosafety. To address 
this limitation, future works should prioritize the inclusion of MTT or 
CCK-8 experiments to further substantiate the biosafety of the CS/ 
MMT/5-FU nanocomposite film.  

• This study demonstrated the potential of the nanocomposite film to 
slow down and extend the release rate of 5-FU. However, the 
investigation primarily focused on controlled release capabilities 
within a specific timeframe. Future research could delve deeper into 
optimizing and extending the release duration, considering factors 
such as varying concentrations, additional drug loading strategies, 
and more intricate release profiles. 

• To bridge the gap between laboratory findings and clinical applica
tion, future research should consider conducting in vivo studies to 
validate the efficacy and safety of the CS/MMT/5-FU nanocomposite 
film. This would provide a more comprehensive understanding of its 
potential as a therapeutic intervention for skin cancer. 

Finally, while the present study lays a foundation for developing the 
CS/MMT/5-FU nanocomposite film, addressing these limitations 
through future research will contribute to a more thorough and robust 
evaluation of its biomedical applications. 

4. Conclusions 

Using solvent evaporation, we successfully synthesized a CS/MMT 
nanocomposite film to be used as a drug delivery system for the 

Table 3 
Antimicrobial activity 5-FU solution, CS/5-FU and CS-5.0MMT/5-FU films 
against S. aureus, E. coli, and C. albicans strains in MHB culture media.  

Samples Inhibition zone (mm)* 

S. aureus (ATCC 
13656) 

E. coli (ATCC 
25422) 

C. albicans (ATCC 
76645) 

Negative 
control 

0 0 0 

Positive 
control 

15.67 ± 1.15 18 – 

5-FU solution 25.33 ± 0.58 26.00 ± 1.73 23.33 ± 0.58 
CS/5-FU 45.33 ± 2.52 36.00 ± 1.00 35.67 ± 0.58 
CS-5.0MMT/5- 

FU 
46.33 ± 0.58 37.33 ± 0.58 34.33 ± 2.08  

Table 4 
Cytotoxicity assessment (L929 cells) using the agar test.  

Samples Average plate readings (cm) Degree of cytotoxicity 

Negative control 0 0 
Positive control 0.650 3 
CS 0.138 2 
CS/5-FU 0.238 2 
CS-5.0MMT/5-FU 0 0  
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controlled release of the anticancer drug 5-FU. The incorporation of 
MMT into the chitosan matrix resulted in an intercalated nano
composite, where the drug 5-FU established molecular-level interactions 
with chitosan and positioned itself between the MMT layers. XRD and 
FTIR spectra confirmed the successful encapsulation of 5-FU in the CS 
matrix and revealed the interactions between chitosan and 5-FU, along 
with the increased concentration of clay. This increase in clay concen
tration also modified the chemical properties of the nanocomposite 
films, reducing the contact angle and increasing the swelling capability. 

The CS-clay/drug nanocomposite film demonstrated a significant 
reduction in the drug release profile when compared to the chitosan film 
with 5-FU alone. The inclusion of MMT in the CS matrix slowed down 
the release of 5-FU by confining it in the clay layers, contributing to the 
improved microbiological activity of the CS-clay/drug nanocomposite 
film against S. aureus and E. coli. Furthermore, the toxicity of 5-FU was 
minimized, as demonstrated by the cytotoxicity assay, which indicated 
that the nanocomposite film with a higher concentration of MMT was 
non-toxic to L929 fibroblast cells. 

Given that the nanocomposite has the potential to slow down and 
extend the release rate of 5-FU in a safe and targeted manner with 
appropriate release capabilities, the CS-clay/drug nanocomposite film is 
a promising alternative biomaterial for the treatment of skin cancer and 
other external malignancies. 
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Bionanocomposites based on cationic and anionic layered clays as controlled 
release devices of amoxicillin, Appl. Clay Sci. 173 (2019) 35–45, https://doi.org/ 
10.1016/j.clay.2019.02.024. 

[25] X. Wang, Y. Du, J. Luo, Biopolymer/montmorillonite nanocomposite: preparation, 
drug-controlled release property and cytotoxicity, Nanotechnology 19 (2008) 
065707, https://doi.org/10.1088/0957-4484/19/6/065707. 

[26] I. Salcedo, G. Sandri, C. Aguzzi, C. Bonferoni, P. Cerezo, R. Sánchez-Espejo, 
C. Viseras, Intestinal permeability of oxytetracycline from chitosan- 
montmorillonite nanocomposites, Colloids Surf., B 117 (2014) 441–448, https:// 
doi.org/10.1016/j.colsurfb.2013.11.009. 

[27] D.B. Longley, D.P. Harkin, P.G. Johnston, 5-Fluorouracil: mechanisms of action 
and clinical strategies, Nat. Rev. Cancer 3 (2003) 330–338, https://doi.org/ 
10.1038/nrc1074. 

[28] S. Vodenkova, T. Buchler, K. Cervena, V. Veskrnova, P. Vodicka, V. Vymetalkova, 
5-fluorouracil and other fluoropyrimidines in colorectal cancer: past, present and 
future, Pharmacol. Ther. 206 (2020) 107447, https://doi.org/10.1016/j. 
pharmthera.2019.107447. 

[29] C. Sethy, C.N. Kundu, 5-Fluorouracil (5-FU) resistance and the new strategy to 
enhance the sensitivity against cancer: implication of DNA repair inhibition, 
Biomed. Pharmacother. 137 (2021) 111285, https://doi.org/10.1016/j. 
biopha.2021.111285. 

[30] K. Hodroj, D. Barthelemy, J.C. Lega, G. Grenet, M.C. Gagnieu, T. Walter, J. Guitton, 
L. Payen-Gay, Issues and limitations of available biomarkers for fluoropyrimidine- 
based chemotherapy toxicity, a narrative review of the literature, ESMO Open 6 
(2021) 100125, https://doi.org/10.1016/j.esmoop.2021.100125. 

[31] S. Handali, E. Moghimipour, M. Rezaei, S. Saremy, F.A. Dorkoosh, Co-delivery of 5- 
fluorouracil and oxaliplatin in novel poly(3-hydroxybutyrate-co-3-hydroxyvalerate 
acid)/poly(lactic-co-glycolic acid) nanoparticles for colon cancer therapy, Int. J. 
Biol. Macromol. 124 (2019) 1299–1311, https://doi.org/10.1016/j. 
ijbiomac.2018.09.119. 

[32] B.D. Kevadiya, T.A. Patel, D.D. Jhala, R.P. Thumbar, H. Brahmbhatt, M.P. Pandya, 
S. Rajkumar, P.K. Jena, G.V. Joshi, P.K. Gadhia, C.B. Tripathi, H.C. Bajaj, Layered 
inorganic nanocomposites: a promising carrier for 5-fluorouracil (5-FU), Eur. J. 
Pharm. Biopharm. 81 (2012) 91–101, https://doi.org/10.1016/j. 
ejpb.2012.01.004. 

[33] R. Surya, M.D. Mullassery, N.B. Fernandez, D. Thomas, Alginate-bentonite 
composite decorated by chitosan-folate conjugate for the oral delivery of 5- 
Fluorouracil, Lett. Org. Chem. 13 (2023) 461–474, https://doi.org/10.1080/ 
22297928.2023.2263018. 

[34] F. Farshi Azhar, A. Olad, A study on sustained release formulations for oral delivery 
of 5-fluorouracil based on alginate–chitosan/montmorillonite nanocomposite 
systems, Appl. Clay Sci. 101 (2014) 288–296, https://doi.org/10.1016/j. 
clay.2014.09.004. 

[35] A.B. Reddy, B. Manjula, T. Jayaramudu, E.R. Sadiku, P. Anand Babu, S. Periyar 
Selvam, 5-Fluorouracil loaded chitosan–PVA/Na+MMT nanocomposite films for 
drug release and antimicrobial activity, Nano-Micro Lett. 8 (2016) 260–269, 
https://doi.org/10.1007/s40820-016-0086-4. 

[36] M.R. Abukhadra, N.M. Refay, A.M. El-Sherbeeny, A.M. Mostafa, M.A. Elmeligy, 
Facile synthesis of bentonite/biopolymer composites as low-cost carriers for 5- 

fluorouracil drug; equilibrium studies and pharmacokinetic behavior, Int. J. Biol. 
Macromol. 141 (2019) 721–731, https://doi.org/10.1016/j.ijbiomac.2019.09.057. 

[37] I. Sivanesan, J. Gopal, M. Muthu, J. Shin, S. Mari, J. Oh, Green synthesized 
chitosan/chitosan nanoforms/nanocomposites for drug delivery applications, 
Polym 13 (2021) 2256, https://doi.org/10.3390/polym13142256. 

[38] B.J. Rider, in: S.J. Enna, D.B. Bylund (Eds.), xPharm: the Comprehensive 
Pharmacology Reference, Elsevier, New York, 2007, pp. 1–5. 

[39] S. Goindi, B. Dhatt, A. Kaur, Ethosomes-based topical delivery system of 
antihistaminic drug for treatment of skin allergies, J. Microencapsul. 31 (2014) 
716–724, https://doi.org/10.3109/02652048.2014.918667. 

[40] E. Proksch, pH in nature, humans and skin, J. Dermatol. 45 (2018) 1044–1052, 
https://doi.org/10.1111/1346-8138.14489. 

[41] L. Kaewsichan, D. Riyapan, P. Prommajan, J. Kaewsrichan, Effects of sintering 
temperatures on micro-morphology, mechanical properties, and bioactivity of 
bone scaffolds containing calcium silicate, Sci. Asia 37 (2011) 240–246, https:// 
doi.org/10.1038/s41598-017-00905-2. 

[42] J.Z. Kubicek-Sutherland, N.S. Makarov, Z.R. Stromberg, K.D. Lenz, C. Castañeda, A. 
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