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ABSTRACT: In drug delivery systems, it is crucial to develop a drug carrier capable of regulating both the drug-release rate and the
drug-release ratio. This study proposes a method for controlling the drug-release ratio/rate using doxorubicin-loaded natural
composite films composed of polysaccharides (cellulose, chitin, chitosan, or cellulose nanocrystal) and mineral substances (MMT:
montmorillonite). We succeeded in controlling the doxorubicin release ratio from 25 to 88% depending on the natural
polysaccharide. Likewise, the reduction rate differed depending on the type of natural polysaccharide, whereas the reduction in
release was achieved by mixing MMT. Cellulose had the largest reduction in the drug release ratio, approximately 30%, and cellulose
nanocrystals showed little change. Furthermore, we conducted a skin permeation test on the natural polysaccharide film with the
highest release rate to confirm its transdermal permeability potential. The polysaccharide doxorubicin-loaded film sustainably
released doxorubicin for 2 days, which indicated the potential of a carrier for DDS applications.

■ INTRODUCTION
Natural polysaccharide materials are mostly raw materials
extracted from plants or seaweed that minimize chemical
treatment or synthetic processes and have several advantages as
sustainable materials.1−3 In addition, because they have
excellent biocompatibility and can contain various function-
alities, safe and effective results can be expected in the field of
drug delivery.4−6 Furthermore, natural polysaccharides are
nanofibers made up of a series of monosaccharides and offer
processability and controllability as they can be processed into
various forms, such as films, gels, and nanoparticles, while
allowing for the modulation of drug-release rates and other
physical properties to achieve desired outcomes.7−9 Cellulose
is the most abundant natural polysaccharide and is a primary
component of plant cell walls. It exhibits a strong structural
characteristic and is composed of cellulose units arranged in a
fibrous manner.10−12 Chitosan, which is derived from the
exoskeleton of crustaceans, is a polysaccharide polymer chain
composed of partially acetylated glucosamine units. It
possesses flexibility, strong bonding capabilities, and high
biocompatibility.13−16 Chitin is extracted from the peels, seeds,
and other plant parts of fruits and vegetables.17−19 Cellulose
nanocrystal is characterized by its carboxyl-functionalized
hydroxyl groups, an extremely fine fiber diameter of 3−4 nm
width, and a high aspect ratio of more than 100.20,21 It is
derived from wood fibers, and it shows high purity while
preserving a fibrous structure.20−22 Cellulose nanocrystals
contain numerous carboxyl groups with high chemical
reactivity and can acquire negative charges under basic
conditions. These negative charges interact with positively
charged compounds, including metal ions and ionic liquids,
facilitating the formation of novel self-assemblies.23 Cellulose is
a vital plant-derived carbohydrate with versatile industrial uses,

while cellulose nanocrystals, derived from cellulose, possess
unique traits and serve in advanced materials and biomedi-
cine.20−23

Although they are based on saccharides, these polysacchar-
ides having different types and positions of functional groups
of saccharides are self-assembled under specific conditions and
show differences in their properties when forming gels. For
example, under water conditions, polysaccharides of the same
concentration may be transparent (e.g., cellulose nanocrystal)
or opaque such as cellulose, chitin, and chitosan. In addition,
when the rheology of these polysaccharides is measured, there
is a difference value in G′ and G″, and even if they have similar
G′ and G″ values, they show different aspects depending on
the change in strain %.24−26 In this study, we gelatinize these
natural polysaccharides and the anticancer drug doxorubicin to
fabricate drug-loaded films. These natural polysaccharides are
gelatinized by encapsulating doxorubicin, an anticancer drug,
and prepared as a drug encapsulation film to control each drug-
release ratio and drug-release rate. Using a hydrogel form as a
drug carrier is appealing because it can encapsulate a desired
amount of drug during gel formation. Gelator molecules self-
assemble with each other through several noncovalent
interactions such as hydrogen bonding, π−π stacking, and
electrostatic interaction to form a dense fibril network
structure.27,28 Doxorubicin stands out as one of the most
effective chemotherapeutic drugs for cancer treatment.
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However, when used invasively, it not only targets cancer cells
but also inflicts severe damage on normal healthy cells.29 To
tackle this issue, researchers have explored the potential of an
injectable hydrogel,30 which allows for the immobilization and
targeted delivery of a substantial amount of drug molecules
directly to the affected tissue.

Previous research on hydrogel drug carriers with doxor-
ubicin highlights the control of drug release through factors
like pH and temperature.28−31 Self-assembled hydrogels, while
effective, face challenges with continuous release. In contrast,
releasing the drug in a film state maintains the form and
enables controlled release by adjusting compound ratios,
temperature, and reaction time.32 The incorporation of
montmorillonite (MMT), a mineral with remarkable adsorp-
tion capabilities, into natural polysaccharide-based drug
delivery systems is explored.33−42 MMT’s ability to provide
continuous drug release at a controlled concentration makes it
promising for enhancing drug delivery. Studies on starch/
MMT and chitosan/MMT composite films have demonstrated
controlled release patterns influenced by the MMT content.
Tailored drug-release strategies are crucial for addressing
specific medical needs. Chronic conditions may require
controlled and continuous release, while acute scenarios
demand rapid drug release. This study introduces a drug-
loaded natural composite hydrogel based on polysaccharides,
incorporating a 2D sheet MMT to explore its impact on
gelation, mechanical strength, and drug-release dynamics. The
transdermal permeability potential of the resulting drug
encapsulation film is also evaluated.

■ MATERIALS AND METHODS
Materials. In this study, five kinds of polysaccharides such

as cellulose, chitin, chitosan, and cellulose nanocrystal were
used. Each polysaccharide, cellulose, chitin, and chitosan we
purchased was composed of nanofibers. A cellulose solution (2
wt % in water), a chitin solution (2 wt % in water), and a
chitosan solution (2 wt % in water) were obtained from Sugino
Machine Limited (Japan). A cellulose nanocrystal (2 wt % in
water) was purchased from DKS Co. Ltd. (Japan). Dimethyl
sulfoxide (DMSO, >99.0 wt %) and PBS (0.1 M, pH = 7),
prepared using sodium dihydrogen phosphate (NaH2PO4) and
disodium hydrogen phosphate (Na2HPO4) were purchased
from FUJIFILM Wako Pure Chemical Corporation (Japan).
Doxorubicin hydrochloride (>95.0%) as a model cancer cell
treatment drug was purchased from Tokyo Chemical Industry
Co., Ltd. (Japan). MMT was purchased from Sigma-Aldrich
(USA). All the chemicals were used without further
purification. The skin of a 7 week-old male hairless mouse,
from which subcutaneous fat was removed, was purchased
from Japan SLC, Inc. (Japan).
Preparation of Doxorubicin-Loaded Polysaccharide

Hydrogels and Films with/without MMT. A cellulose
solution, chitin nanofiber solution, and chitosan solution (2 wt
%) of 500 mg were mixed each with water for a final volume of
50 μL to prepare a polysaccharide hydrogel. A cellulose
nanocrystal solution (2 wt %) of 500 mg was mixed with water
for a final volume of 500 μL to prepare a polysaccharide
hydrogel. Doxorubicin was dissolved in DMSO to obtain a
doxorubicin solution with an 8 mg/mL concentration. A 20 μL
doxorubicin solution of 20 μL was added to the polysaccharide
hydrogel to prepare doxorubicin-loaded polysaccharide hydro-
gels. For the preparation of doxorubicin-loaded polysaccharide
hydrogels with MMT, MMT was dissolved in water to obtain

an MMT solution with a concentration of 5 mg/mL, and the
MMT solution of 50 μL was mixed with 20 μL of the
doxorubicin solution to obtain the MMT/doxorubicin
solution. The MMT/doxorubicin solution was stirred at 25
°C for 1 h to load the doxorubicin into the MMT.
Subsequently, an MMT/doxorubicin solution of 70 μL was
added to each polysaccharide hydrogel to prepare doxorubicin-
loaded polysaccharide hydrogels with MMT. In the case of the
polysaccharide hydrogel with/without MMT using cellulose
nanocrystal, water was added to make a total volume of 500
μL. Other conditions were adjusted to achieve a total water
volume of 50 μL. These doxorubicin-loaded polysaccharide
hydrogels with/without MMT were kneaded with a spatula in
an ointment container. The doxorubicin-loaded polysaccharide
hydrogels with/without MMT were then kept at 25 °C for 24
h to obtain the corresponding doxorubicin-loaded polysac-
charide films with/without MMT.16 Each sample information
on doxorubicin-loaded polysaccharide hydrogels with/without
MMT is shown in Table S1.
Rheological Properties of the Hydrogels. The hydro-

gels containing doxorubicin were positioned onto a rheometer
plate following the established protocol. Rheological evalua-
tions were carried out using a dynamic shear rheometer
(MCR102; Anton Paar GmbH, Graz, Austria) operating in
dynamic oscillation mode employing a stainless-steel cone
plate. A 1.0 mm spacing was maintained between the hydrogel
and the plate, which had a diameter of 50 mm. Measurements
were executed at a temperature of 25 °C. Frequency sweep
examinations were conducted across the range of 1−100 Hz.
Strain-sweep assessments were performed by progressively
increasing the oscillation amplitude from 1 to 200% of the
apparent shear strain at 1 Hz.
Drug−Release Testing of Doxorubicin-Loaded Poly-

saccharide Films. The doxorubicin-loaded polysaccharide
films and the doxorubicin-loaded polysaccharide films
containing MMT were assessed for drug release ratio utilizing
an ultraviolet−visible spectrophotometer (UV−vis, V-750,
JASCO Corp.) operating across the 200−700 nm spectrum.
A quartz cell with a path length of 10 mm was employed for
measurements. To fully immerse each film, 1.5 mL of PBS was
introduced into the ointment container at room temperature.
At specific intervals, 1.5 mL of PBS containing the released
doxorubicin was extracted from the ointment container for
subsequent analysis, and after measurement, it was returned to
the container. The drug-release ratio was determined through
eq 1, where RL represents the doxorubicin loading amount
within each film, and Rt signifies the quantity of doxorubicin
released in 1.5 mL of PBS during each sampling period. The
latter was quantified via a calibration curve established for free
doxorubicin, measured at a wavelength of 478.5 nm (Figure
S1).

= ×
R
R

% Drug Release 100t

L (1)

All the release tests were carried out twice, and based on the
experimental results, the drug release amount for the time
change was divided into sections. Then, the slope values were
organized to derive the experimental results.
Observation of the Doxorubicin-Loaded Polysacchar-

ide Film. The doxorubicin-loaded polysaccharide hydrogels
were produced using the identical procedure described above
and were dispensed onto a microscope slide. Following this,
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they were allowed to air-dry for a duration of 24 h at room
temperature. This process yielded the doxorubicin-loaded
polysaccharide film attached to the microscope slide. Scanning
electron micrographs of the specimens were captured by using
a field emission scanning electron microscope (Philips XL30 S
FEG). The microscope was operated with an accelerating
voltage ranging from 5 to 15 kV and an emission current of 10
μA. The samples for the top-view observation were examined
without any additional manipulation.
Kinetic Models for the Analysis of the Drug-Release

Mechanism. Kinetic models were used to analyze the drug-
release mechanism from DOX-loaded polysaccharide
films.43−45 Zero-order (eq 2), first-order (eq 3), and Higuchi
(eq 4) and Korsmeyer−Peppas models in eq 5 have been
used.46,47 In eqs 2−5, Mt denotes the quantity of drug released
at distinct time points t, M0 corresponds to the initial amount
of drug present within the release medium (in this case, M0 =
0), R0 signifies the initial ratio of drug in the release medium
(in this case, R0 = 0), K0 and K1 are the zero- and first-order
release constants, respectively, KH is the Higuchi dissolution
constant, KKP stands for the Korsmeyer−Peppas rate constant,
Mt/M∞ signifies the percentage of drug released at specific
time points t, and n is the diffusion exponent. The values of n
serve to characterize the drug-release mechanism.

= +M M K tt 0 0 (2)
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Values of “n″ falling within the range of 0.5−1.0 signify non-
Fickian diffusion, implying anomalous transport kinetics.
Values around 0.5 indicate a process controlled by diffusion
(Fickian diffusion), while values below 0.5 can arise from
partial drug diffusion through the swollen matrix and water-
filled pores present in the formulations.34 The value of R2 is the
coefficient of determination in eq 6
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where yi is the measured drug release ratio at specific time, ŷi is
the predicted drug release ratio calculated by each model in
eqs 2−4, and y̅i is the average of the measured drug release
ratio. The value of R2 close to 1 indicates a strong correlation
between the model’s predictions and the measured data.
Conversely, the value of R2 close to 0 indicates that the model
does not adequately have correlation with measured data.
Evaluating the Penetration of Drug into the Skin. The

evaluation of drug penetration into the skin was conducted
using Franz diffusion cells (PermeGear, Inc.) equipped with a
5.0 mm diameter. A receptor chamber containing a 20 mM
PBS solution at pH 7.4 was placed, and its temperature was
maintained at 37 °C with continuous stirring at 600 rpm.
Hairless mouse skin was positioned on the receptor chamber,
and a film sample, previously soaked in water for 2 min, was
applied onto the skin. Subsequently, a 10% aqueous solution of
DMSO was added to the surface of the sample.16 At 18, 24,
and 48 h intervals, 200 μL of the solvent was collected from
the receptor chamber and quantified using a fluorescence
spectrometer (LS-55, PerkinElmer) to ascertain the amount of
doxorubicin that had permeated the skin. Free doxorubicin was
excited at 470 nm, and emission was measured at 550 nm to
establish a calibration curve for determining the quantity of
doxorubicin that had penetrated the skin. The experiment was
conducted three times, and the best-fit curve was calculated
employing the least-squares technique. Furthermore, the
doxorubicin amount that had penetrated the skin was
calculated using eqs 7 and 8 presented in the following
formula: where ADS (μg/cm2) denotes the quantity of
doxorubicin that had penetrated the skin per unit area of
hairless mouse skin, Am (μg) represents the doxorubicin
amount that had permeated the skin, AS (cm2) signifies the
area of hairless mouse skin, RD (%) stands for the ratio of
doxorubicin that penetrated the skin, and AL (μg) denotes the
loaded amount of doxorubicin in the film.

=A
A
ADS

m

s (7)

Figure 1. Illustration of the doxorubicin-loaded polysaccharide film (a) without and (b) with MMT and their application.
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■ RESULTS AND DISCUSSION
Drug-Loaded Natural Composite Hydrogels Based on

Polysaccharides and Their Rheological Properties.
Doxorubicin-loaded polysaccharide hydrogels were prepared
by adding doxorubicin to cellulose, chitin, chitosan, or ellulose
nanocrystals (Figure 1). Except for the doxorubicin-loaded
cellulose nanocrystal hydrogel, the doxorubicin-loaded poly-
saccharide hydrogels were opaque. The transparency of
cellulose nanocrystals in water is due to their robust interaction
with water molecules and the uniform dispersion which
consists of fine particles.20−22 Doxorubicin-loaded polysac-
charide hydrogels with MMT were also prepared by adding
doxorubicin to cellulose, chitin, chitosan, or cellulose nano-
crystals (Figures 2 and S2).

To confirm the mechanical properties of doxorubicin-loaded
polysaccharide hydrogels, the storage (G′) and loss (G″)
moduli were determined via rheometric measurement (Figure
2) and the values of these results, G′/G″ and reversed strain %,
were calculated (Table 1). When G′ and G′’ are reversed in
strain measurements during rheological measurements, the
mechanical behavior of the material changes. Typically, when
G′ is greater than G′’, the material is elastic and tends to retain
its shape when subjected to external stress. On the other hand,
if G′’ is greater than G′, the material is predominantly viscous
and easier to change shape in response to external stress. The
strain amplitude sweeps of the doxorubicin-loaded poly-
saccharide hydrogels demonstrated a different tendency
depending on the polysaccharide. As a result of analyzing
each of the G′ and G″ moduli, the values of G′/G″ increased in
the order of cellulose (G′/G′′ = 5.05), chitin (G′/G′′ = 7.94),
chitosan (G′/G′′ = 12.76), and cellulose nanocrystal (G′/G′′ =
15.40). A large value of G′/G″ means that the gap between the
G′ moduli and the G″ moduli is large and that the gel is close
to a solid behavior. Furthermore, the value of strain % was

analyzed when G′/G′′ < 1 is reversed. It was confirmed that
the values of reversed strain % in chitin, cellulose nanocrystal,
cellulose, and chitosan were increased. The strain % of the
reverse point were 0.41, 1.00, 1.03, and 1.61 for chitin,
cellulose nanocrystal, cellulose, and chitosan, respectively. In
addition to contributing to drug adsorption and transport
because of the 2D sheet structure of MMT, the rheometric
measurement was carried out to confirm the effect on the
mechanical strength of the doxorubicin-loaded polysaccharide
hydrogel between nanofibers (Figure S3)�no significant
difference in G′/G″ values of doxorubicin-loaded polysacchar-
ide hydrogels with MMT compared to those without MMT.
However, the doxorubicin-loaded cellulose hydrogels with
MMT showed a lower strain % value when the G′/G″ value
reversed less than 1, which may be related to the release rate.
No significant changes were observed upon adding MMT.
However, since MMT has a propensity to swell in water, it may
undergo swelling when combined with natural polysaccharides.
Additionally, it can potentially form hydrogen bonds with
natural polysaccharides, leading to structural altera-
tions.36,37,39,40,42 The relationship between the G′ and G″
moduli values, which show different trends depending on the

Figure 2. Strain sweeps at 0.01−10.00% (frequency = 0.6283 rads−1) of doxorubicin-loaded polysaccharide hydrogels (n = 1): (a) cellulose, (b)
chitin, (c) chitosan, and (d) cellulose nanocrystal.

Table 1. G′, G″, and G′/G″ Values and the Strain %
Reversed Point of Doxorubicin-Loaded Polysaccharide
Hydrogels (n = 1)

polysaccharides G′ G″ G′/G″
strain (%)

(G′/G″ < 1)

cellulose 2176.7 431.32 5.05 1.03
cellulose-MMT 2047.9 401.64 5.10 0.64
chitin 154.67 19.487 7.37 0.41
chitin-MMT 114.40 17.929 6.38 0.41
chitosan 247.38 19.392 12.76 1.61
chitosan-MMT 258.82 19.04 13.59 1.61
cellulose nanocrystal 217.38 16.77 15.40 1.00
cellulose

nanocrystal-MMT
322.30 23.579 13.67 1.00
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type of polysaccharide, and the drug-release ratio/rate will be
explained in more detail later.
Surface Observation of the Doxorubicin-Loaded

Natural Composite Film. The morphologies of the
doxorubicin-loaded polysaccharide film surface were observed
(Figure 3a−d). Even though the doxorubicin-loaded poly-
saccharide films were prepared under the same drug amount as
the nanofibers containing 2 wt %, the film surface morphology
showed a difference. This can be attributed to the fact that
each nanofiber has a different diameter or length, has different
functional groups, and interacts with drugs. The doxorubicin-
loaded cellulose film showed a remarkably large distribution of
fiber lengths and diameters. In contrast, doxorubicin-loaded
polysaccharide films with chitin and chitosan were uniform and
thinner, and longer than those of cellulose, and the nanofiber
diameter of the doxorubicin-loaded chitosan film was larger
than that of the doxorubicin-loaded chitin film. The
doxorubicin-loaded cellulose nanocrystal film showed an
almost smooth surface. In the case of the surface of
doxorubicin-loaded polysaccharide films with MMT, the
diameter and length of the nanofibers showed no significant
change with or without MMT. However, small dots,
presumably consisting of MMT, including doxorubicin, can
be observed (Figure 3e−h).
Drug−Release Behavior of the Doxorubicin-Loaded

Natural Composite Film. The drug-release behavior was
observed in natural polysaccharide films containing doxor-

ubicin composed of cellulose, chitin, chitosan, and cellulose
nanocrystals [Figure 4A(a−d)]. There seemed to be no
significant change in the physical properties of the doxor-
ubicin-loaded polysaccharide hydrogels depending on the
presence or absence of MMT, but in the case of the
doxorubicin-loaded chitosan film, a color change was observed
in the form of the film after removing the solvent [Figure
4A(c,g,f)]. This is because the amine group of chitosan affects
the charge transfer of doxorubicin and causes a color change
from red to purple.48 For the drug-release experiment on the
doxorubicin-loaded polysaccharide films, when the films were
immersed in phosphate-buffered saline (PBS), the color
immediately changed from purple to red [Figure 4A(g)].
This is because the added PBS restores the transferred charge
of doxorubicin to its original state. The doxorubicin release
ratios from each film after immersion for 240 min were 88, 82,
35, and 25% in the order of cellulose, chitin, chitosan, and
cellulose nanocrystal, respectively. This variation arises due to
the distinct interaction forces that doxorubicin exhibits, such as
hydrogen bonding and electrostatic interactions, with different
natural polysaccharides. Furthermore, even though the
quantitative composition of the films remains consistent, the
dissimilarity in the length or diameter of the nanofibers
comprising each film could also contribute to the variance in
drug release quantities.

For a more detailed analysis, fitting was performed to
confirm the drug-release rate for each release time interval, and

Figure 3. Scanning electron microscopy (SEM) images of doxorubicin-loaded natural composite films: (a) cellulose, (b) chitin, (c) chitosan, (d)
cellulose nanocrystal, (e) cellulose-MMT, (f) chitin-MMT, (g) chitosan-MMT, and (h) cellulose nanocrystal-MMT.

Figure 4. (A) Photograph of the doxorubicin-loaded natural composite films: (a) cellulose, (b) chitin, (c) chitosan, and (d) cellulose nanocrystal;
photograph of the doxorubicin-loaded natural composite films after immersion in PBS for 240 min: (e) cellulose, (f) chitin, (g) chitosan, and (h)
cellulose nanocrystal; photograph of the doxorubicin-loaded natural composite films with MMT after immersion in PBS for 240 min: (i) cellulose-
MMT, (j) chitin-MMT, (k) chitosan-MMT, and (l) cellulose nanocrystal-MMT. (B) Drug-release ratio of doxorubicin-loaded natural composite
films for 240 min (n = 2): (a) cellulose, (b) chitin, (c) chitosan, (d) cellulose nanocrystal, (e) cellulose-MMT, (f) chitin-MMT, (g) chitosan-MMT,
and (h) cellulose nanocrystal-MMT.
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the slope (drug-release ratio/time = release rate) was obtained
(Figure 5). The doxorubicin-loaded cellulose film with the

highest release amount was released at the fastest rate, and the
doxorubicin-loaded cellulose nanocrystal film was released at
almost 1/10 rate compared to other polysaccharide films. The
drug-release rate of the doxorubicin-loaded polysaccharide film
with cellulose, chitin, and chitosan decreased over time; in
particular, the chitosan film showed a rapid release rate change.
The doxorubicin-loaded chitosan film was released rapidly for
up to 5 min. The release amount rapidly decreased after 15
min, and almost no drug-release behavior was shown after 30
min. Meanwhile, in the case of the doxorubicin-loaded
cellulose nanocrystal film, the release rate increased up to 15
min and significantly decreased after 1 h. The drug-release
ratio and the change in the drug-release rate for each section
differed depending on the type of the doxorubicin-loaded
polysaccharide film. When MMT was added, the amount of
drug released after 4 h was reduced from 88 to 61%, from 82 to
71%, from 35 to 25%, and from 25 to 21% in cellulose, chitin,
chitosan, and cellulose nanocrystal, respectively. The reduction
in the overall drug release attributed to the inclusion of MMT
can be attributed to the subsequent interaction between MMT
and doxorubicin. The drug-release rates were determined by
analyzing the ratio of doxorubicin release from polysaccharide
films at different time points: 0, 5, 15, 30, and 60 min.
Although the release ratios of doxorubicin-loaded polysacchar-
ide films decreased overall with the addition of MMT, the gap
in the drug-release ratio was the highest in the doxorubicin-
loaded cellulose film. When the drug-release rates across
different sections were compared, it was observed that adding
MMT generally decreased the release rate. However, the final
release ratio decreased in the doxorubicin-loaded chitin film,
like for other polysaccharide films. Interestingly, the drug-
release rate for the doxorubicin-loaded chitin film was high for
the initial 15 min, contrary to the behavior observed in other
polysaccharide films. The rheological analysis revealed a
change in the strain reversal point from 1.03 to 0.64%; in
the case of the doxorubicin-loaded chitosan film, which had the
highest strain reversal point of 1.61%, most of the drugs were
released at 5 min, and the release rate rapidly slowed down
after that. In the case of the doxorubicin-loaded chitin film, the
strain reversal point is the smallest at 0.4%, and the release rate
is the highest ever at 30 min regardless of the presence or

absence of MMT, which means that the release continued
(Table S2).
Analyzing the Drug−Release Mechanism Using

Korsmeyer−Peppas Models. The drug-release results were
analyzed using the Higuchi, zero-order, first-order, and
Korsmeyer−Peppas models, as listed in Tables 2 and

S3.34,46,47 The presumption of a zero-order model remains
accurate solely for an extremely gradual drug release. However,
in the context of the doxorubicin-loaded polysaccharide films,
the release of doxorubicin occurred swiftly. It did not fit well.
The application of a first-order model is appropriate for water-
soluble drugs; however, the model drug doxorubicin exhibits
hydrophobic characteristics. The Higuchi model is a modeling
approach employed to elucidate the temporal dynamics of drug
release. It is particularly applicable in scenarios in which the
drug undergoes diffusion within a solid or gel matrix.
Nevertheless, unlike the conventional situation where drugs
disperse gradually within solid or gel-based dosage forms, the
doxorubicin-loaded polysaccharide films exhibited a propensity
to release a notable quantity rapidly in the initial stages.
Consequently, the fitting outcomes were not congruent. The
Korsmeyer−Peppas models provided a better description for
doxorubicin release, except for the doxorubicin-loaded
cellulose nanocrystal films with/without MMT. The n value
was significantly below 0.5, suggesting that the drug underwent
partial diffusion through the swollen film or that water filled
the pores.34 In the case of the doxorubicin-loaded chitosan
films, the rapid initial diffusion is likely associated with a small
R2 value. Initially, the rapid and substantial diffusion of the
drug led to a decline in its release as time progressed.
Skin Permeation Test of Doxorubicin-Loaded Cellu-

lose Films. To confirm the amount of drug skin permeation, a
skin permeation test of doxorubicin-loaded cellulose films with
the highest release ratio was carried out. Figure 6A shows a
photograph of the skin permeation experiment. The
fluorescence intensity of doxorubicin was analyzed from a
peak at 550 nm. From the slope of the approximation line in
Figure 6B, we calculated the skin permeation rate, which was
about 0.0345 μg/(cm2·h). The doxorubicin permeation ratio
was 0.598% (18 h), 0.620% (24 h), and 1.173% (48 h),
respectively. The theoretical permeation rate was about 290
μg/(cm2·h). With the doxorubicin-loaded cellulose films, it is
estimated that it may take about 50 days for all the released
doxorubicin to permeate (Figure S4).

■ CONCLUSIONS
We studied the control of the drug-release behavior using
doxorubicin-loaded natural composite hydrogels. By incorpo-

Figure 5. Drug release rate of the doxorubicin-loaded polysaccharides
film (n = 2): (a) cellulose, (b) chitin, (c) chitosan, (d) cellulose
nanocrystal, (e) cellulose-MMT, (f) chitin-MMT, (g) chitosan-MMT,
and (h) cellulose nanocrystal-MMT.

Table 2. Drug-Release Korsmeyer−Peppas Model
Parameters

polysaccharides Korsmeyer−Peppas

K n R2

cellulose 23.38 0.262 0.921
cellulose-MMT 23.49 0.201 0.818
chitin 16.28 0.322 0.941
chitin-MMT 19.05 0.273 0.861
chitosan 15.19 0.188 0.712
chitosan-MMT 15.19 0.218 0.799
cellulose nanocrystal 1.44 0.581 0.889
cellulose nanocrystal-MMT 0.67 0.695 0.914
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rating different types of natural polysaccharides and complex
gels with natural minerals, we aimed to regulate the drug-
release rate and the release ratio. Additionally, we examined
the relationship between the mechanical properties of the
doxorubicin-loaded natural composite hydrogels and their
drug-release behaviors. Despite using the same amount of
doxorubicin-containing composite hydrogels, the drug-release
ratios ranged from 21 to 88%. This is because each nanofiber
has a different diameter or length, has different functional
groups, and interacts with doxorubicin. Moreover, the
incorporation of natural minerals resulted in a reduction in
the drug-release ratio from 27% to below 10%. This is because
MMTs adsorbed doxorubicin, making it difficult to release it.
Although the amount of drug release appears to decrease when
observed in the short term, this means that continuous release
is possible from a long-term perspective. This is the reason for
adding MMT. The presence of MMT leads to a decrease of
approximately 10% in the drug release ratio, which is
equivalent to 16 μg of DOX. Therefore, the time required
for this amount of DOX to permeate the skin is approximately
19 days. Furthermore, we observed that the drug-release rate
varied across different sections depending on the type of
natural polysaccharide used. The Korsmeyer−Peppas model
was fitted to account for the nonlinear drug release of solid or
gel drug formulations. This means that they can be usefully
used in applications related to oral or transdermal drug
administration. In the final stage of our study, we evaluated the
potential of doxorubicin-loaded cellulose film as a drug seal by
testing its skin permeation properties.
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