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ABSTRACT: This study successfully controlled the mechanical structure
of chitosan films by regulating the interactions between chitosan molecules
through variations in the concentration ratio of citric and acetic acids
within the films. Additionally, precise drug release was achieved by
adjusting the drying temperature during the synthesis. The key issue
addressed is the challenge of achieving precise drug release control in
biodegradable materials. Inaccurate drug release can lead to ineffective
treatment or adverse side effects, limiting therapeutic efficacy and
increasing healthcare challenges. The main objective was to fine-tune the
films’ composition and mechanical properties to achieve predictable
control over drug release ratios. Our results show that increasing the
concentration of citric acid enhanced the drug release ratio, while higher
drying temperatures reduced the release ratio, likely due to structural
changes in the film. Furthermore, structural changes in the chitosan films caused by varying the concentration ratio of citric acid to
acetic acid enabled the successful control of the tensile strength and strain of the films. Additionally, we developed films capable of
visually indicating the drug release ratio through color changes before and after release, providing a simple and effective method for
real-time monitoring. Despite these promising results, challenges remain, such as improving the biocompatibility of films for use in
complex biological environments. Future research will focus on enhancing durability, conducting further tests in biological systems,
and exploring methods to increase the biocompatibility of films and their long-term performance.

■ INTRODUCTION
Chitosan, a biopolymer derived from crustacean shells, is
widely recognized for its exceptional biocompatibility and
biodegradability.1−3 These characteristics affirm its safety for
human use and make it suitable for various biomedical
applications,4 including drug delivery systems and wound
healing materials.5,6 However, in drug delivery systems,
challenges, such as systemic toxicity and navigation control,
remain significant,7,8 necessitating the development of more
advanced and targeted delivery mechanisms. The biodegrad-
ability of chitosan ensures it decomposes into nontoxic
products, which is essential for temporary implants and
medical devices that require eventual breakdown in the
body. Furthermore, chitosan offers a cost-effective and eco-
friendly source of raw material, reinforcing its role as a
sustainable option in medical biotechnology.9 Kamat et al.
have successfully developed a biocompatible drug delivery
system using chitosan nanoparticles.10 Moreover, there has
been a concerted effort in recent years to enhance the
properties of chitosan via chemical modification.11−13 Sousa et
al. have increased its antibacterial activity by modifying
chitosan with phthalic anhydride and ethylenediamine.14

However, modification of chitosan with potentially harmful
substances could compromise its biocompatibility.

Chitosan films also enhance drug efficiency by enabling
controlled release rates, which improve therapeutic outcomes
and minimize dosing frequency.15 Moreover, they can form
protective barriers over wounds, delivering drugs while
shielding against infection and aiding healing. In previous
research, we successfully improved elasticity by adding acetic
acid to chitosan.16 Acetic acid has emerged as a notable
modification material for chitosan.17,18 Acetic acid, a
monovalent carboxylic acid, is widely recognized as the
primary component of vinegar.19 However, the use of chitosan
films is not without its challenges. A significant drawback is
that drug release is dependent on concentration diffusion,
which is difficult to control. As a solution to these issues,
approaches that incorporate photoresponsive20 or pH-
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responsive properties21 into chitosan films to control drug
release have been proposed. However, these methods often
face challenges such as complex synthesis processes.

Building on previous research, we suggest a combination of
citric acid and acetic acid as a modification material for
chitosan. Citric acid, a trivalent carboxylic acid, is naturally
abundant in various fruits and vegetables, particularly citrus
fruits like lemons, limes, and grapefruits.22 Moreover, citric
acid is a vital compound supplied to the citric acid cycle in the
body, serving as a significant energy source.23 We hypothesize
that using both citric and acetic acids will enhance the
functionality of chitosan films, improving their drug delivery
capabilities. By altering the concentration ratio of citric acid to
acetic acid in chitosan films, the structure of the films can be
controlled, enabling regulation of both drug release properties
and mechanical characteristics. Additionally, the aim is to
establish a drug delivery system using chitosan films that allows
for visual confirmation of drug release.

■ MATERIALS AND METHODS
Materials. Chitosan (CS) solution (2 wt % slurry (water

dispersion), n = 480) was obtained from Sugino Machine Ltd.
Acetic acid (AA, MW = 60 g/mol) and doxorubicin
hydrochloride (DOX) were purchased from TCI. Citric acid
(CA, MW = 192.12 g/mol) and dimethyl sulfoxide (DMSO,
>99.0%) were obtained from Wako Chemicals (Japan). These
were used without further purification.

Preparation of CA3x/CS Films at Different Concen-
tration of Citric Acid. CS solution (2 wt %) of 500 mg was
added to polypropylene ointment containers. Then, 32.34 μL
of CA solution ranging 1 M, 2 M, and 5 M was added, followed
by thorough mixing using a spatula to obtain CA3x/CS
solutions with varying concentrations [(i) 3x = 750, (ii) 3x =
1500, (iii) 3x = 3750, where x represents the relative amount
of carboxyl groups]. The anticancer drug, DOX, was dissolved
in DMSO to obtain an 8 mg/mL DOX solution. Twenty μL of
the DOX solution was added to the various concentrations of
CA3x/CS solutions and mixed using a spatula to prepare DOX-
loaded CA3x/CS solutions. Subsequently, the DOX-loaded
CA3x/CS solutions were dried using an oven (OFW-300S, AS
ONE Co., Ltd.) at temperatures of 40, 60, and 80 °C for 2 h
each to obtain DOX-loaded CA3x/CS films, respectively.

Preparation of CA3xAAy/CS Films at Different Mixture
Ratio of Citric Acid and Acetic Acid. CS solution (2 wt %)
of 500 mg was added to polypropylene ointment containers.
Then, 16.17 μL of CA solution ranging from 4, 3.33, 2, 0.67, to
0, and 16.17 μL of AA solution ranging from 0, 2, 6, 10, to 12
M were added, followed by thorough mixing using a spatula to
obtain CA3xAAy/CS solutions with varying CA3xAAy ratios ((i)
3x = 1500, y = 0, (ii) 3x = 1250, y = 250, (iii) 3x = 750, y =
750, (iv) 3x = 250, y = 1250, (v) 3x = 0, y = 1500). These
conditions ensured a constant number of carboxyl groups (3x
+ y = 1500). A 20 μL portion of the DOX solution was added
to the various CA3xAAy/CS solutions and mixed using a
spatula to prepare DOX-loaded CA3xAAy/CS solutions.
Subsequently, the DOX-loaded CA3xAAy/CS solutions were
dried at a temperature of 40 °C for 2 h to obtain DOX-loaded
CA3xAAy/CS films.

Drug Release Test. The drug release ratio from the CS
films was measured using a UV−vis spectrophotometer (UV−
vis, V-750, JASCO Corp.) in the range of 200 to 700 nm. A
volume of 1.5 mL of phosphate buffer solution (PBS, 1.5 mL)
was added to the ointment container containing the CS films at

room temperature. For absorbance measurement, a sample
(1.5 mL) was collected from the ointment container after a
certain period, and then the solution was returned to the
ointment container after each measurement. A quartz cell with
a path length of 10 mm was used for the measurements. The
drug release ratio was calculated using eq 1, where RL is the
amount of DOX encapsulated in the CS films and Rt is the
amount of DOX released into 1.5 mL of PBS during each
measurement period. The amount of released DOX was
determined by using the calibration curve of DOX measured at
a wavelength of 478.5 nm. The calibration curve used in this
study is shown in Figure S1. All experiments were performed
three times.

= ×
R
R

Drug release ratio(%) 100t

L (1)

FTIR Measurement. Following the same procedure
described above, CA3xAAy/CS films were prepared, and the
spectra were obtained using ATR-FTIR and acquired at a
resolution of 4 cm−1 over the range of 400 to 4000 cm−1 by
averaging 16 scans with an Agilent Cary 630 spectrometer
equipped with a single reflection diamond crystal. The baseline
was automatically corrected during the measurement.

Colorimetric Test. CA3xAAy/CS films, prepared following
the same procedure described above, were cut into 10 × 10
mm2 (length × width). Subsequently, 1.5 mL of PBS was
added to an ointment container, and the container was left
undisturbed for 1 h. The PBS solution adhering to the surface
of the CA3xAAy/CS films was then removed using Kimwipes.
The surface color of the CA3xAAy/CS films before and after
swelling was observed. The CA3xAAy/CS films were photo-
graphed before and after swelling, and RGB was measured
using the eyedropper tool in PowerPoint. The RGB was
obtained by averaging the three points.

Kinetic Model for Analysis of the Drug Release
Mechanisms. To analyze the drug release mechanism from
the CA3xAAy/CS films, kinetic models were used. Zero-order
(eq 2), first-order (eq 3), Higuchi (eq 4), and Korsmeyer−
Peppas (eq 5) models were used. In eq 2−5, Mt represents the
amount of drug released at distinct time points t, M0 is the
initial amount of drug in the release medium (in this case, M0
= 0), R0 is the initial drug release ratio in the release medium
(in this case, R0 = 0), K0 and K1 are the drug release constants
for the Zero-order and first-order models respectively, KH is
the Higuchi constant, KKP is the Korsmeyer−Peppas constant,
Mt/M∞ represents the fraction of drug released at distinct time
points t, and n is the diffusion exponent.
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Tensile Test. The tensile strength (TS) and elongation at
break (EB) of the CA3xAAy/CS films were measured using a
tensile strength tester (JSV-H1000, Japan Instrumentation
System Co., Ltd.). CA3xAAy/CS films, prepared following the
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same procedure described above, were cut into strips of 20 × 5
mm2 (length × width). Both ends of the strips were attached
to the analyzer with an initial grip spacing of 5 mm and were
stretched at a speed of 5 mm/min. TS (MPa) and EB (%)
were calculated using eqs 6 ,7 respectively. In eq 6, F
represents the applied load (N), and A is the cross-sectional
area (mm2) of the CA3xAAy/CS film strip, calculated from the
average thickness and width of the CA3xAAy/CS films. The
average thickness of the CA3xAAy/CS films was determined by
measuring three random points using an electromagnetic film
thickness gauge (LE-200J, Kett Electric Laboratory), and then
calculating the average value. In eq 7, L0 is the initial length
(mm) of the CA3xAAy/CS film strip, and L1 is the final length
(mm) of the CA3xAAy/CS film strip at the point of breakage.
For each CA3xAAy/CS film, strain−stress curves were plotted,
and the stretchability of the CA3xAAy/CS films was evaluated
based on the elongation at the breakage point.

=TS F A(MPa) / (6)

= ×EB L L L(%) ( )/ 1001 0 0 (7)

■ RESULTS AND DISCUSSION
The Effect of Citric Acid on Drug Release from DOX-

loaded Chitosan Films at Different Drying Temper-
atures. The CS films loaded with DOX were prepared by
adding DOX to solutions containing different component
ratios of CA, AA, and CS. The reaction mechanism between
CS and the carboxylic acids of weak acid is illustrated in Figure
1. The amine group of chitosan and the carboxylate of weak
acid form an ionic bond between the two functional groups.

The conditions of the CA3x/CS films are presented in Table
1, and the results of the drug release test using CA3x/CS films
are shown in Figure 2. For the CA3x/CS films dried at 40 °C,
films (a) and (d) exhibited a high drug release ratio of
approximately 80%, while the CA3x/CS film (g) dissolved
during the test. For the CA3x/CS films dried at 60 °C (b), (e),
and (h), the drug release ratio of (b) and (e) is approximately
60%, and the CA3x/CS film (h) dissolved. For the CA3x/CS
films dried at 80 °C (c), (f), and (i), the drug release ratio of
(c) and (f) is approximately 10%, and the CA3x/CS film (i) is

approximately 60%. The drug release ratio of the CA3x/CS
films after 1 h plotted against the drying temperature, is shown
in Figure S2. From these observations, it can be concluded that
increasing the drying temperature results in a gradual decrease
in the drug release ratio. This is likely influenced by the
difference in drying rate during CA3x/CS film synthesis.

Figure 1. Mechanism of chitosan (CS) versus carboxylic acids of acetic acid (AA) and citric acid (CA).

Table 1. Synthesis Conditions of the CA/CS Films

Label CA[M] pH
Dry temperature

[°C]
Average thickness

(mm)

CA750@40 1 40 0.207
CA750@60 1 3.35 60 0.172
CA750@80 1 80 0.136
CA1500@40 2 40 0.207
CA1500@60 2 3.40 60 0.103
CA1500@80 2 80 0.120
CA3750@40 5 40 0.231
CA3750@60 5 2.79 60 0.219
CA3750@80 5 80 0.204

Figure 2. Drug release ratio at different concentrations of citric acid
(CA): CA3x/CS Films (a) CA750@40, (b) CA750@60, (c) CA750@80,
(d) CA1500@40, (e) CA1500@60, (f) CA1500@80, (g) CA3750@40, (h)
CA3750@60, and (i) CA3750@80.
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Figure 3 illustrates the mass change during the drying
process of various CA3x/CS films. Comparing the cases of

drying temperatures at 40 and 80 °C from Figure 3, there is
approximately a 2-fold difference in drying rate. According to a
research report, the cross-section of CA3x/CS films dried at
high temperatures becomes denser and smoother compared to
those dried at low temperatures, due to differences in
crystalline structure and factors such as hydrogen bonding.24

Therefore, in this experiment, it is conceivable that increasing
the drying temperature resulted in a denser CA3x/CS film
structure, possibly suppressing drug release. Furthermore, from
Figure 2, it is evident that varying the concentration of CA in
the CA3x/CS films leads to significant changes in the drug
release ratio and water solubility of the CA3x/CS films. CA3x/
CS films synthesized using solutions with a CA concentration
of 5 M at drying temperatures of 40 and 60 °C (g,h) dissolved
after 15 min. This is believed to be due to the decrease in
chitosan interaction caused by the excessive addition of CA.
Excessive addition of CA resulted in CA that did not bind to
CS dissolving into the PBS. This caused a decrease in the pH
of the PBS (Table S1), leading to the amino groups (NH2 and
NH3

+CH3COO−) of CS becoming positively charged,
resulting in strong repulsive forces between positive ions.25

As a result, the network of the CA3x/CS films expanded,
leading to the collapse of CA3x/CS films. The reason the CA3x/
CS film dried at 80 °C did not dissolve is believed to be that
drying at 80 °C resulted in a denser CA3x/CS film structure,
making it difficult for CA to dissolve into the solvent, and the
pH did not change significantly. Compared with the drug
release ratio of the CS film without CA (Figure S3), adding CA
to the CS film significantly enhances the drug release ratio.
Additionally, CA250 and CA500 films were synthesized at room
temperature, and their drug release test results are shown in
Figure S4. The results indicate that CA750@40 exhibited a
higher drug release ratio. This suggests that the improvement
in drug release by adding CA is more effective than that
achieved by lowering the temperature. These results suggest
that adjusting the drying temperature and CA concentration of
CA3x/CS films significantly influences their structure and drug
release properties, highlighting the importance of selecting

optimal conditions to achieve controlled drug release tailored
to specific purposes.

The Effect of Citric Acid and Acetic Acid Mixture
Ratios on Drug Release from DOX-loaded Chitosan
Films. The synthesis conditions of CA3xAAy/CS films are
presented in Table 2, and the mass change during the drying

process of various CA3xAAy/CS films is shown in Figure S5,
while the results of the drug release tests conducted using the
synthesized CA3xAAy/CS films are shown in Figure 4. From

Figure 4, it is evident that the drug release ratio varies with
changes in the mixing ratio of CA and AA within the CA3xAAy/
CS films. By altering the component ratios, we successfully
achieved precise control over the drug release ratio, ranging
from approximately 50% to 90%. The drug release ratio of each
CA/CS film after 1 h is shown in Figure S6. In previous
studies, the drug release ratio was controlled from 40% to 75%
by adding AA to chitosan.16 In this study, the drug release ratio
was successfully controlled from 10% to 100% by adding AA
and CA to chitosan and controlling the temperature of the
drying process of the film. The range of drug release control in
this study is superior compared to other drug delivery systems
using chitosan.26−28 As mentioned above, this is believed to be
attributed to the decreased interaction between chitosan due to
the presence of CA and AA. It is conceivable that the carboxyl
groups (COO−) of CA and AA form ion bonds with the amine
groups (NH3+) of CS, thereby strengthening the effect of
hydrogen bonding. This likely results in a reduction of
interactions among chitosan molecules, leading to the
expansion of the CS network.16 Moreover, under all
conditions, the carboxyl groups derived from the carboxylic
acids are present in equal amounts, but increasing the ratio of
CA/AA leads to a higher drug release ratio. This is likely due
to the difference in the pKa values between CA and AA. The

Figure 3. Mass variation during the drying process of CA3x/CS films:
(a) CA750@40, (b) CA750@60, (c) CA750@80, (d) CA1500@40, (e)
CA1500@60, (f) CA1500@80, (g) CA3750@40, (h) CA3750@60, and (i)
CA3750@80.

Table 2. Synthesis Conditions of CA3xAAy/CS Films

Label CA [M] AA [M] pH Average thickness (mm)

CA1500AA0 4 0 3.47 0.067
CA1250AA250 3.33 2 3.64 0.089
CA750AA750 2 6 3.83 0.132
CA250AA1250 0.67 10 4.10 0.072
CA0AA1500 0 12 5.12 0.109

Figure 4. Drug release ratio at different mixture ratios of citric acid
and acetic acid: CA3xAAy/CS Films (a) CA1500AA0, (b) CA1250AA250,
(c) CA750AA750, (d) CA250AA1250, and (e) CA0AA1500.
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pKa values of CA are pKa1 = 3.12, pKa2 = 4.76, pKa3 = 6.39,
while the pKa value of AA is 4.75.29 Therefore, as the pKa of
CA is smaller than that of AA, increasing the ratio of CA/AA
results in a more acidic environment for the CA3xAAy/CS
solution, potentially leading to a more significant expansion of
the CS network through ion bonding. The pH measurements
of each CA3xAAy/CS solution are presented in Table 2, where
it can be observed that increasing the ratio of CA/AA results in
a lower pH. These findings demonstrate that by adjusting the
mixing ratio of CA and AA, as well as the drying process
temperature, the drug release ratio of CA3xAAy/CS films can
be precisely controlled, achieving a broader range of drug
release control compared to other chitosan-based drug delivery
systems, thus indicating the potential of this approach for more
versatile and targeted drug release applications.

Drug Release Behavior Analysis of DOX-loaded
Chitosan Films Using the Kinetics Model. To analyze
the drug release behavior of CA3x/CS films and CA3xAAy/CS
films, various drug release models were employed, and the
results are presented in Tables S2, S3 and 3. The coefficient of

determination (R2) values for the zero-order model ranged
from 0.35 to 0.61, indicating a poor fit for all CA3xAAy/CS
films. This is likely due to the zero-order model’s assumption
of a constant drug release rate.30 Similarly, the R2 values for the
first-order model ranged from 0.52 to 0.76, also indicating a
poor fit for all CA3xAAy/CS films. The first-order model
typically describes the release behavior of water-soluble drugs,
whereas the drug used in this study, DOX, is hydrophobic,
contributing to the poor fitting.31 Regarding the Higuchi
model, only the CA250AA1250 film showed good fitting. This
indicates that the drug release behavior from these CA3xAAy/
CS films follows Fickian diffusion.32 As for the Korsmeyer−
Peppas model, increasing the ratio of CA resulted in smaller
values of the diffusion coefficient (n). A smaller n value
indicates that the swelling behavior of the CA3xAAy/CS films
affects drug release.33 As mentioned earlier, this could be
attributed to the wider expansion of the CS network by
increasing the concentration of CA. This analysis enables a
deeper understanding of the underlying release mechanisms
and guides the design of more effective drug delivery systems.

Colorimetric Observations of DOX-loaded Chitosan
Films Before and After Drug Release. Figure 5 shows
images of CA3xAAy/CS films before and after drug release.
From these images, it is evident that the color of the CA3xAAy/
CS films changes significantly before and after drug release.
Chitosan films without DOX and DOX alone do not change
color when immersed in PBS (Figure S7). This change occurs
due to the diffusion of DOX, which was initially loaded into
the CA3xAAy/CS films, into PBS during the swelling process.
The color changes of the CA3xAAy/CS films can be quantified
using RGB color codes as follows: the CA1500AA0 film changes
from (212, 112, 20) to (192, 168, 142), the CA1250AA250 film
changes from (209, 106, 23) to (190, 154, 125), the
CA750AA750 film changes from (199, 95, 19) to (205, 120,

71), the CA250AA1250 film changes from (207, 104, 17) to
(186, 147, 119), and the CA0AA1500 film changes from (202,
103, 29) to (191, 160, 139). The color change closely
corresponds to the drug release profile shown in Figure 4.
Therefore, it is possible to estimate the drug release ratio from
the color change of the CA3xAAy/CS films. For instance, the
CA1500AA0 film shows a color of (192, 168, 142) after drug
release, indicating that when the CA3xAAy/CS film reaches this
color, approximately 80% of the drug has been released.
Similarly, color changes were observed for CACS films before
and after drug release (Figure S8). These films represent a
promising candidate for next-generation medical films,
enabling visual monitoring of the drug release ratio.

FTIR Analysis of DOX-loaded Chitosan Films at
Different Mixture Ratios of Citric Acid and Acetic
Acid. The results of FTIR for the CA3xAAy/CS films before
and after drug release are shown in Figure 6, and the FTIR
results for DOX alone are shown in Figure S9. As shown in
Figure S10, the peak corresponding to the amino groups of CS
appears at 1590 cm−1.16 From Figure 6A, it can be observed
that this peak shifts when CA and AA are added to CS. This
shift is attributed to the reaction between the amino groups of
CS and the carboxyl groups of CA and AA,34 which aligns with
the reaction mechanism depicted in Figure 1. Furthermore, by
varying the ratio of CA and AA, fluctuations in the peaks at
1700 cm−1 originating from the C�O bond of the free
carboxylic groups of CA35 and at 1410 cm−1 originating from
the COO− stretching bonds of AA36 could be confirmed.
Figure 6 B presents the FTIR spectrum of the CA3xAAy/CS
films after the drug release test, revealing a decrease in the
peaks corresponding to CA and AA. This suggests that CA and
AA are released from the CA3xAAy/CS films during the drug
release process. After drug release, the overall sensitivity of the
IR peaks decreased and the peaks became broader. This
suggests that molecular bonding or structural changes occurred
due to drug release. The release of DOX from the CS film
likely weakened the hydrogen bonding between DOX and
chitosan molecules, leading to these observed changes. The
analysis of FTIR results for the CA3xAAy/CS films before and
after drug release provides valuable insights into the molecular
interactions and structural changes, shedding light on the
release mechanism and the role of CA and AA in the drug
delivery process.

Tensile Strength of DOX-loaded Chitosan Films at
Different Mixture Ratios of Citric Acid and Acetic Acid.
The results of the tensile tests on the CA3xAAy/CS films are
presented in Figure 7. It can be observed that the mechanical

Table 3. Drug Release Kinetics Parameters

Higuchi Korsmeyer−Peppas

K R2 K n R2

CA1250AA250 118.02 0.646 91.19 0.066 0.890
CA750AA750 80.11 0.663 84.07 0.150 0.958
CA250AA1250 88.46 0.872 77.52 0.247 0.950

Figure 5. Photograph of CA3xAAy/CS Films at different mixture ratio
of citric acid and acetic acid: (a) CA1500AA0, (b) CA1250AA250, (c)
CA750AA750, (d) CA250AA1250, (e) CA0AA1500; and after drug release
(f) CA1500AA0, (g) CA1250AA250, (h) CA750AA750, (i) CA250AA1250,
and (j) CA0AA1500. “Photograph courtesy of ‘Hiroya Tsubota’.
Copyright 2024.”.
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properties of the CA3xAAy/CS films vary significantly by
altering the mixing ratio of CA and AA in CA3xAAy/CS films.
The CA3xAAy/CS film in (c) exhibited the highest tensile
strength, approximately 36 MPa. Additionally, the elongation
at the point of breakage of CA3xAAy/CS film (a) reached
approximately 17%, indicating a remarkably high value. These
results indicate that a higher AA concentration in the
CA3xAAy/CS films enhances the tensile strength, while a
higher CA concentration increases the elasticity. This may be
due to the weakening of interactions between chitosan
molecules as the CA concentration increases. Consequently,
higher CA concentrations lead to increased elasticity but
reduced tensile strength in CA3xAAy/CS films. Conversely,
lowering the CA concentration reduces elasticity while
enhancing tensile strength. Thus, by adjusting the mixing
ratio of CA and AA appropriately, it is possible to control the
mechanical properties of CA3xAAy/CS films.

■ CONCLUSION
The drying temperature during CS film synthesis significantly
impacts the drug release ratio of the films, likely due to
variations in drying speed affecting the film’s structure.
Additionally, the incorporation of citric acid (CA) and acetic
acid (AA) influences the drug release ratio by altering the
mechanical properties of the CS film. By carefully adjusting
these factors, it is possible to synthesize CS films with finely
controllable drug release ratios and mechanical properties.
Additionally, the modification of chitosan films with citric and
acetic acids was confirmed using FTIR, and it was also verified
that changes in the concentration ratio of citric to acetic acid
affect the control of the tensile strength and strain of the
chitosan films. Furthermore, we successfully developed films
capable of indicating the drug release percentage through color
changes before and after the drug release. This ability to tailor
the drug release profile and visually monitor the release
percentage makes these films promising candidates for
advanced medical applications. Our study findings have
significant implications for controlled drug delivery systems,
particularly in fields such as personalized medicine and
localized treatment, where precise drug release can greatly
improve patient outcomes and reduce side effects. By creating
chitosan films that not only modulate drug release but also
visually indicate release status, this work introduces a simple
yet powerful tool for real-time therapeutic monitoring.
Moreover, the biodegradable nature of chitosan makes this
approach environmentally sustainable, potentially reducing the
medical waste associated with traditional drug delivery devices.
Therefore, further investigation into the biodegradability of
chitosan films is expected to be necessary in the future.
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Figure 6. FTIR measurement of (A) before and (B) after drug release of CA3xAAy/CS films: (a) CA1250AA250, (b) CA750AA750, and (c)
CA250AA1250.

Figure 7. Tensile test of CA3xAAy/CS film: (a) CA1250AA250, (b)
CA750AA750, (c) CA250AA1250.
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