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ABSTRACT: An antibiotic release system triggered by ultrasound
(US) was investigated using chitosan (CS)/ethylene glycol
diglycidyl ether (EGDE) hydrogel carriers with amoxicillin
(Amox) drug. Different CS concentrations of 1.5, 2, 2.5, and 3 wt
% were gelled with EGDE and Amox was entrapped in the hydrogel
carrier; the accelerated release was observed as triggered by 43 kHz
US exposure at different US output powers ranging from 0 to 35 W.
Among these CS hydrogel systems, the degree of accelerated Amox
release depended on the CS concentration for the hydrogelation
and the matrix with 2 wt % CS exhibited efficient Amox release at
35 W US power with around 19 μg/mL. The drug released with
time was fitted with Higuchi and Korsmeyer−Peppas models, and
the enhancement was caused by US aiding drug diffusion within the
hydrogel matrix by a non-Fickian diffusion mechanism. The US effect on the viscoelasticity of the hydrogel matrix indicated that the
matrix became somewhat softened by the US exposure to the dense hydrogels for 2.5 and 3% CS/EGDE, while the degree of
softening was slightly marked in the CS/EGDE hydrogels prepared with 1.5 and 2% CS concentration. Such US softening also aided
drug diffusion within the hydrogel matrix, suggesting an enhanced Amox release.

1. INTRODUCTION
Drug delivery systems (DDSs) have been developed to
increase the effectiveness of drug delivery to the treatment
site and to minimize drug toxicity due to drug overdose.1 Drug
side effects as a result of overdose can be optimally maintained
while drug release is controlled to reduce fluctuations in its
concentration. These characteristics made it possible to be
targeted to specific tissues or cells, allowing for more effective
treatment of specific conditions.2 Over the past few years,
numerous researchers have dedicated substantial effort to the
comprehensive exploration of biomaterials designed for drug
delivery. Their objective is to create and enhance polymeric
substances that fulfill the specific requirements of biomedical
applications. Polymer drugs, in which the matrix and drug are
integrated, have often been used in the development of DDS
systems by using a drug-loaded matrix like a hydrogel with high
water retention in such hydrogel matrices, which consists of a
three-dimensional network of hydrophilic polymers. Partic-
ularly, the large amounts of water in the matrix3 endow it with
a remarkable affinity, and the advantage of the swelling matrix
is its body friendliness. Also, biomass polymer hydrogels have
recently been the focus of attention in the selection of
materials, especially in terms of biocompatibility.4 Because of
their high biocompatibility,5 hydrophilic biomass polymers

have received much attention and use.6,7 Among them,
chitosan (CS) is a water-soluble biomass polymer consisting
of β-(1−4)-2 acetamido-D-glucose and β-(1−4)-2-amino-D-
glucose units sourced from crustacean crabs8 that has
demonstrated tremendous potential because of its wound
care property and the features of nontoxicity and antimicrobial
activity. But, because of the water-soluble properties, hydro-
gelation is accompanied by a reaction with cross-linking agents.
There have been several studies on the DDS matrix as
described below. Generally, the important pathway of the
cross-linking could enhance the chemical stability of hydrogel
matrices formed with CS aqueous solution and glutaraldehyde9

or epichlorohydrin,10 becoming a crucial factor. In such cases,
it is essential to select a water-soluble material with functional
groups that are biocompatible for the cross-linked part as well
as chitosan. Ethylene glycol diglycidyl ether (EGDE) has
recently attracted a lot of attention as an effective option to CS
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hydrogelation due to its nontoxicity compared to glutaralde-
hyde, water solubility, and bifunctional diepoxy groups11

having the ability of cross-linking with the amino groups
(−NH2) of the D-glucosamine units of the CS biopolymer,12

improving its mechanical and elastic properties due to the
covalent bonding of EGDE with CS. Recently, to increase the
efficiency of sustained drug release, smart DDSs that could be
controlled sustainably by external stimuli have been reported,
and the drug matrix responded to external stimuli such as
light,13 thermal,14,15 pH,16,17 and ultrasound (US)18,19 to
enhance the drug efficiency of DDSs. Such DDS systems in
combination with external stimulation have become popular
because of their superior drug release efficiency and more
precise control of their characteristics.20,21 Among these
stimulants, US retains the advantages of deep penetration,
noninvasiveness, and nontoxicity22 to the human body, as well
as simple operation and low cost21,23 compared to other DDSs.
The efficient penetration from the outside to the inside of the
body is a major feature not found in other external stimuli and
the release of the drug toward the outside of the drug matrix
can be controlled by changing the US intensity without loading
the specimen.24,25 In fact, US waves can be transmitted
through water and induce oscillatory motion of the
surrounding fluid, acoustic streaming, cavitation, and thermal
effect.26,27 US treatment has been proven to be beneficial in a
variety of cases,28 including treatment of diabetes,29 stroke,30

cancer,31 infections,32 skin dehydration,33 and bone fractures.34

On the other hand, we have investigated US-stimulated drug
release of biocompatible cellulose hydrogel drugs. In this
cellulose hydrogel drug, the water-containing cellulose matrix
was hydrogelized by molecular chain entanglement and
hydrogen bonding without chemical cross-linking agents; US
irradiation cleaved the hydrogen bonding sites, resulting in gel
softening, and when the irradiation was stopped, gel
regeneration occurred autonomously. Through the US soften-
ing effect, the drug release became enhanced toward the
opposite side of the drug-hydrogel matrix. In addition to
cellulose, a similar effect was observed for chitin, which has a
similar chemical structure to CS.37,38 However, in CS
hydrogelized by chemical cross-linkers such as EGDE, there
are no reports yet on the sustained drug release of US on this
type of hydrogel drug.
In previous research on CS hydrogel drugs, a new semi-

interpenetrated (semi-IPN) microsystem using the biocompat-
ible chitosan and poly(ethylene glycol) was developed.
Different combinations of these systems were created, loaded
with a model drug (methotrexate�MTX), resulting in a faster
release of MTX from semi-IPN microspheres in comparison to
the pure chitosan microspheres.35 Curcumin-loaded chitosan/
perfluorohexane nanodroplets were used as on-demand drug
delivery under sonication, causing the releasing improvement
of curcumin.36 A photo-cross-linkable methacrylated glycol
chitosan served as the drug carrier for delivering cells,
promoting the survival of cells over an extended period within
engineered bioscaffolds.37 A stabilized porous chitosan
composite by glutaraldehyde modulated the immune system
and delivered drugs in a controlled manner, facilitating the
regeneration of osteochondral reconstruction.38 A novel
catechol-functionalized CS hydrogel linked by genipin was
used as the mucoadhesive drug delivery system,39 by
combining chitosan with ethylene glycol acrylate methacrylate
via the Michael-addition reaction, resulting in a water-soluble
(methacryloyloxy) ethyl carboxyethyl chitosan that was photo-

cross-linked. The less harmful effects on cells facilitated their
growth effectively, indicating its potential as a promising
biomaterial.40 However, until now, there are few studies on
such CS hydrogel loading medicine in the DDS matrix. In US-
stimulated drug release, the fundamental process affected drug
release, relying on the mechanical or thermal impacts of US.41

Futhermore, US served as a noninvasive approach to externally
stimulated and regulated release of drugs from hydrogels. To
enhance delivery effectiveness and reduce potential harm to
cells or tissues, especially in upcoming clinical contexts, it is
crucial to explore the impacts of US within the delivery
system.42 Against this background, it is significant to examine
the US effects of CS/EGDE hydrogel agents and those of
covalent cross-linked gel properties, which are different from
cellulose and chitin hydrogel agents, as in the original report.
Hence, it is important to fully characterize CS/EGDE hydrogel
drugs when adapting US external triggering to drug release. In
the present study, US-triggered DDSs based on amoxicillin-
loaded CS/EGDE hydrogel are described. Here, the drug
amoxicillin (Amox) is an analog of ampicillin, has a
semisynthetic antibiotic effect, and is used to treat bacterial
infections for wound-healing treatment because it has
essentially the same broad spectrum of bacteriocidal activities
against many Gram-positive and certain Gram-negative
microorganisms.43 Thus, the drawbacks of antibiotics, such
as overdosage, toxicity, and stability, can be controlled with the
use of Amox-entrapped hydrogels. As a potential drug release
technique, we aim to investigate the Amox-entrapped hydrogel
of the CS/EDGE matrix and US-stimulated amoxicillin release.
For the purpose of studying the CS/EGDE hydrogel properties
of US, the effect of US on the Amox-entrapped hydrogel drugs
is investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. Chitosan (degree of deacetylation = 80%)

was supplied from (KATOKICHI CO., LTD, Japan), and
ethylene glycol diglydicyl ether (EGDE) and amoxicillin
trihydrate were provided by TCI Chemicals Co., Ltd., Japan.
Other chemicals were analytical grade and used without further
purification.
2.2. Fabrication of Amox-Entrapped Chitosan/EGDE

Hydrogel Drug. In CS-EGDE hydrogelation from their
aqueous solutions, the chitosan concentrations ranged from 1
to 3% in 3% acetic acid aqueous solution (Scheme 1). Here,
the sample names were 1% CS/EGDE, 1.5% CS/EGDE, 2%
CS/EGDE, 2.5% CS/EGDE, and 3% CS/EGDE for 1, 1.5, 2,
2.5, and 3% of CS concentration, respectively. Then, the cross-
linker agent of EGDE was added dropwise under constant
stirring to chitosan solution with an equivalent amount of
EGDE to CS for 24 h before placing in 3.5 cm-diameter Petri
dishes. Next, the CS/EGDE solution was left at room
temperature and gelled into a solid-like substance in 1 M
NaOH for 12 h. The gelatinous solid forms were extensively
rinsed with DI water until neutrality to eliminate NaOH and
were then stored in DI water before testing. The introduction
of the drug Amox into the gelatinous matrix was performed by
immersing the CS/EGDE hydrogel in the 0.1% aqueous Amox
solution for 24 h at room temperature. Then, to remove the
Amox unbonded, the hydrogel drugs were carefully washed by
30 mL of DI water 3 times.
2.3. Characterization of Amox-Entrapped CS/EGDE

Hydrogel Drugs. To investigate the gelation behavior of CS/
EGDE alkaline aqueous solutions, the time variation of
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dynamic viscoelasticity, storage modulus G′, and loss modulus
G″ were tracked at room temperature by a rheometer (Physica
MCR 301, Anton Paar, Austria). The measurement was
applied for a time-sweep oscillation at 1 Hz and 1% strain for
2000 s for time change in G′ and G′′, when the strain % was in
the range of 0.1−1000%, while tan = G′′/G′ values were also
recorded at each strain rate to determine the viscoelasticity of
the CS/EGDE/Amox hydrogel with and without US exposure
for 2 h. The water content (WC) of the prepared hydrogels
was calculated using the formula 1

W W WWC ( )/ 100%0 1 1= × (1)

where W0 and W1 represent the hydrogel in wet and dry states,
respectively. Before measuring the value of W0, the hydrogel
surface was gently cleaned and the matrices were evacuated in
a vacuum dryer at 50 °C for 24 h for complete drying. Using a
multifunction balance (GX-200, A&D Company Limited,
Japan), the density of Amox-entrapped CS/EGDE hydrogels
was determined at 25 °C with three samples.
The Amox amounts entrapped in the hydrogels were

determined according to a previous technique with a few

modifications.44 To do this successfully, the Amox-entrapped
hydrogel was sliced into small pieces and placed into 15 mL of
distilled water under stirring for 2, 24, and 48 h at room
temperature, allowing the entrapped Amox to escape into the
aqueous medium. The experiment was repeated separately for
three specimens to ensure repeatability.
In the Amox releasing experiments, the release of Amox

from the Amox-entrapped CS/EGDE hydrogel was measured
in a US water bath as depicted in Figure 3b. The hydrogel
matrix (d = 25 mm, h = 3 mm) was placed in a sample holder
with 30 mL of phosphate buffer solution (PBS) at pH 7.4. In a
sonoreactor device, the US water bath (φ 86 mm × 65 mm)
was equipped with a Langevin-type transducer (HEC-45242M,
Honda electrics Co. Ltd., Japan) at a temperature of 25 °C.
Using a wave factory (WF1943B multifunction synthesizer,
NF, Japan), the US power output was set in the range from 0
to 35 W. Amox released in the PBS solution of the US water
bath was detected by quantifying the intensity of the
absorption peak at 273 nm (JASCO V-570 UV/vis/NIR
spectrophotometer). Also, as shown in Figure 3a, to measure
the ultraviolet−visible (UV−vis) spectra of the Amox-
entrapped CS/EGDE hydrogel and CS/EGDE hydrogel,
samples were sliced with about 1.48 mm thickness and
sandwiched between quartz plates. To explore the drug release
mechanism from the hydrogel or for more than one sort of
release phenomenon, the mathematical models were utilized to
determine the drug release kinetics from the CS/EGDE/Amox
hydrogel network according to previous reports45,46

C C k tzero order: /t 0 0= (2)

C C k tfirst order: log / /2.303t 0 1= (3)

C C k tHiguchi: /t 0 h
0.5= (4)

C C k n tKorsmeyer Peppas: log( / ) log( ) log( )t 0 = +
(5)

C C k tHixson Crowell: to
1/3 1/3

hc= (6)

where Ct denotes the quantity of drug released at time t and C0
is the initial concentration of the drug in the hydrogel. The
release rate constants for zero order, first order, Higuchi
model, Korsmeyer−Peppas model, and Hixson−Crowell

Scheme 1. Process to Synthesize CS/EGDE/Amox
Hydrogels

Figure 1. (a) Time change of G′ and G″ and (b) tan δ for the CS/EGDE solutions with various CS concentrations.
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model are k0, k1, kh, khc, and k, respectively, and n is the release
exponent, which indicates the release mechanism for the
Korsmeyer−Peppas model.
The viscoelastic behavior of Amox-entrapped CS/EGDE

hydrogels was measured by Auto Paar-Reoplus equipment
(Auton Paar Japan, Tokyo) with a constant frequency of 1 Hz
at room temperature. For the US-triggered hydrogels, the
amplitude sweep was measured before and after US exposure
for 120 min. The relationship between storage modulus G′ and
loss modulus G″ and strain in the range of 0.1−1000% was
recorded.
The Fourier-transform infrared (FTIR) spectra of the Amox-

entrapped CS/EGDE hydrogels were analyzed using the FTIR
spectra of a JASCO FT/IR-4100 (JASCO Corporation, Japan)
in the 4000−500 cm−1 range with a resolution of 4 cm−1 and
an average of 16 scans. The scanning electron microscope
(SEM) JSM-5300 LV (JEOL, Japan) was used for observation
of hydrogel morphology. The Amox-entrapped CS/EGDE
hydrogels were frozen in liquid nitrogen and then water was
eliminated from the frozen matrix followed by freeze-drying.
To confirm the dispersion of Amox in the hydrogel matrix, the
cross sections was observed using an energy-dispersive
spectrometer (EDS). After sputtering gold using a fast cool
coater (Sanyu Denshi K.K., Japan), the cross sections of
hydrogel samples were inspected and photographed.

3. RESULTS AND DISCUSSION
3.1. Gelation Behavior of Aqueous CS/EGDE and

Viscoelasticity of the Resultant CS/EGDE Hydrogels.

Using dynamic viscoelasticity analysis, the gelation of CS/
EGDE solutions was investigated for different concentrations
of 1, 1.5, 2, 2.5, and 3% CS. Figure 1a depicts the time change
of G′ and G″ moduli in the concentration range of 1−3%. For
viscoelastic measurements, the strain% was 1 Hz and
mechanical oscillation was 1%. As the CS concentrations
rose from 1 to 3% of the CS/EGDE solution, the values of G′
tended to increase with increasing time. In addition, both G′
and G″ values increased at time zero with increasing
concentration. This is due to the higher viscosity of the CS/
EGDE solution at higher concentrations. However, at 1% CS
concentration, the G′ to G″ values were almost constant with
respect to time. In this case, gelation by cross-linking reaction
did not occur within this time. In contrast to this, especially at
concentrations of 1.5, 2, 2.5, and 3%, G′ started to increase at
about 200, 30, 11 and 10s, respectively. These results indicate
that gelation of CS/SGDE solutions tends to shorten with
increasing CS concentration. During the gelling processes, for
example, the G′ value increased from 25 Pa at 30 s to 102 Pa at
2000 s for the 1.5% CS/EGDE solution. This trend became
clearer with time variation of tan δ, the ratio of G″ to G′
(Figure 1b). Namely, the value of tan δ declined precipitously
at a particular time and then became constant. At the moment
when tan δ = 1, the aqueous CS/EGDE solution solidified as a
result of liquefaction. The decrease trend in the gelation time
was seen from 254, 70, and 40 s for 1.5, 2, and 3% CS
concentrations, respectively, meaning that gelation occurred
faster at higher CS concentrations. However, even with tan δ =
1 and in the solidified state, the value continued to decrease

Figure 2. (a) G′ and G″ and (b) tan δ at different strain % for the CS/EGDS hydrogels. These hydrogels were washed with large volumes of water
and tested on samples with a pH of 7 in the water they contain.

Table 1. Properties of the CS/EGDE and CS/EGDE/Amox Hydrogels

water content (%) dry basis

samples
gelation time

(s)
G′ at 0.1% strain

(Pa)
Amox-encapsulated amount

(μg/g hydrogel) density (g/cm3)
before US
exposure

after US
exposure

1.5%CS/EGDE 254 2210 0.936 ± 0.004 2929 ± 24
2%CS/EGDE 70 3100 0.940 ± 0.003 2480 ± 26
2.5%CS/EGDE 40 5010 0.941 ± 0.003 2134 ± 17
3%CS/EGDE 40 7310 0.950 ± 0.002 1814 ± 21
1.5%CS/EGDE/Amox 2200 188 ± 16 0.939 ± 0.006 3010 ± 38 3149 ± 42
2%CS/EGDE/Amox 2950 252 ± 28 0.944 ± 0.001 2600 ± 58 2686 ± 25
2.5%CS/EGDE/Amox 3950 211 ± 22 0.945 ± 0.003 2268 ± 24 2261 ± 35
3%CS/EGDE/Amox 5520 208 ± 14 0.952 ± 0.000 1984 ± 27 1957 ± 30
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after this time passed, indicating that gelation was in progress
until the time when the value of tan δ became constant. At
higher concentrations of CS, the value remained almost the
same for about 800 s. When the concentration decreased to
1.5% CS, the value was 1600 s, and at 2% CS, it was about
1000 s.
Figure 2a shows the relationship between G′, G″, and strain

% and Figure 2b shows the tan δ at each strain % for the CS/
EGDE hydrogels. The value of G′ at 0.1% strain was larger for
hydrogels with higher CS concentration, for example, 7.3 × 103
Pa at 3% CS/EGDE and 2.2 × 103 Pa at 1.5% CS/EGDE,
indicating that increasing concentration tended to make the gel
harder. In the relationship between tan δ and strain, the strain
% at tan δ = 1 was 60% for the softer 1.5% CS/EGDE, while
for the harder 3% CS/EGDE, strain % = 14%. Thus, the harder
CS/EGDE hydrogels showed less deformation-induced
collapse of the gel structure compared to the softer ones.
The properties of these hydrogels when entrapped with

Amox are compared to those of CS/EGDE without Amox in
Table 1.The soft 1.5% CS/EGDE hydrogel showed less density
than the hard 3% CS/EGDE hydrogel in the Amox-free CS/
EGDE before the drug was entrapped. Conversely, the water
content was 2929 ± 24% for the former, indicating more water
retention than the latter 3% CS/EGDE having 1814 ± 21%. As

seen in Figure 3a, Amox has an absorption peak at 273 nm
assigned for the π−π* transition. In the 2% CS/EGDE
hydrogel, the band was detected, indicating the presence of
Amox with an aromatic ring with π−π* transition. The
presence of the peak at 273 nm in the CS/EGDE/Amox
hydrogel demonstrated the incorporation of Amox in the
hydrogel. To study US-triggered Amox release activity from
CS/EGDE/Amox hydrogels, the manufactured hydrogel was
subjected to US using the experimental setup illustrated in
Figure 3b. The hydrogels were placed in a US water tank and
43 kHz US was exposed from the bottom. In the water bath,
the Amox triggered by US and released from the CS/EGDE/
Amox hydrogel was estimated by absorbance change at 273
nm.
As seen in Figure 3c, the appearance pictures of Amox-

entrapped CS/EGDE hydrogels in the presence and absence of
US almost resembled the Amox-free one that retained a great
deal of water. Table 1 shows that the water content of the
Amox-free hydrogels ranged from about 1800 to 3000%; the
water content of those CS/EGDE/Amox hydrogels was
somewhat increased after Amox absorbed inside the gel matrix
by immersing these hydrogels in 0.1% Amox solution for 24 h.
However, after the 35 W US was applied for 120 min, the
water contents of hydrogels irradiated with 1.5% CS/EGDE/

Figure 3. (a) UV−vis spectra of the CS/EGDE hydrogel and CS/EGDE/Amox hydrogel with 1.37 and 1.48 mm thickness, respectively, and Amox
aqueous solution at 50 μg/mL, Amox chemical structure, and external appearance of CS/EGDE hydrogels without Amox; (b) US experimental
setup; and (c) appearance picture of CS/EGDE/Amox hydrogels prepared with different CS percentages in the absence and presence of US-
triggered release at 35 W.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06213
ACS Omega 2024, 9, 585−597

589

https://pubs.acs.org/doi/10.1021/acsomega.3c06213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06213?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Amox, 2% CS/EGDE/Amox, 2.5% CS/EGDE/Amox, and 3%
CS/EGDE/Amox were 3149 ± 42, 2686 ± 25, 2261 ± 35, and
1957 ± 30%, respectively. A comparison of the water content
in Table 1 and postultrasonic irradiation values showed a slight
increase in water retention with US irradiation. A similar trend
was observed for cellulose hydrogels44 and chitin hydrogels.25

This trend was evident for the flexible 1.5 and 2% CS/EGDE/
Amox, but not for the rigid hydrogel, 3% CS/EGDE/Amox; on
the contrary, the moisture content decreased. This might be
due to the dehydration of amino groups that were hydrogen
bonded to the water in the dense chitosan environment to the
outside of the hydrogel by US irradiation.
Figure 6a shows the SEM images of Amox-loaded 1.5% CS/

EGDE, 2% CS/EGDE, and 3% CS/EGDE. The inner structure
of these hydrogels, magnified by 1000× and 5000×, showed a
sponge network of CS, forming a dense structure as the CS
concentration increased from 1.5 to 3%. This difference in
structure at 5000× is thought to be the reason that the 3% CS/
EGDE with its dense CS mesh structure had a reduced water
content because the hydrogel that absorbed the water did not
have enough space to hold the water. However, in 1.5% CS/

EGDE, there was enough space to hold water, and it could be
inferred that swelling was facilitated. Also, as shown on the
right, the EDS patterns of sulfur S and carbon C were exhibited
as red and blue dots. The Amox-derived S was found to be
widely distributed within the inner sponge structure of the gel
after immersion of each hydrogel in the Amox solution.
3.2. US-Stimulated Amox Release from CS/EGDE/

Amox Hydrogels. Figure 4 shows the time course of Amox
releasing amounts under US exposure with 0, 10, 20, and 35 W
for (a) 1.5% CS/EGDE/Amox, (b) 2% CS/EGDE/Amox, (c)
2.5% CS/EGDE/Amox, and (d) 3% CS/EGDE/Amox hydro-
gels. The comparison was enabled for the Amox release
without and with US by varying the output powers of 10, 20,
and 35 W at 43 kHz. It was observed that the released amount
of Amox increased with increase of the time, even though US
was not irradiated as seen in 0 W. All samples in the US system
had a higher release than the results without US. In addition,
with increasing US power from 10 to 35 W, the Amox release
amounts became high when the exposure time increased.
Among those Amox-entrapped hydrogels, the highest sustained
release of Amox was observed with 2% CS/EGDE/Amox. The

Figure 4. Concentration of Amox released into aqueous PBS solution; pH 7.4 was measured against ultrasonic (US) exposure time. The US
irradiation was conducted with a frequency of 43 kHz, power of 0−35 W, and temperature of 25 °C at various CS contents with 1.5% (a), 2% (b),
2.5% (c), and 3% (d).
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quantity reached roughly 19 μg/mL at 35 W for 120 min, 10
μg/mL at 20 W, and 5 μg/mL at 10 W. In contrast, the
sustained release of 1.5, 2.5, and 3% CS/EGDE/Amox was
lower than that of 2% CS/EGDE/Amox. Similar results were
observed for cellulose hydrogels:44 the initial drug contents
inside the hydrogels influenced the quantity of drug amounts
released when US exposure was operated. In the case of 2%
CS/EGDE/Amox, the entrapped Amox was 252 ± 28 μg/g
hydrogel. However, the quantity of Amox entrapped in the
1.5% CS/EGDE/Amox hydrogels was 188 ± 16 μg/g
hydrogel, and for 3% CS/EGDE/Amox it was 208 ± 14 μg/
g hydrogel; the variation in the trapped Amox quantities
observed in the hydrogels formed with different CS
concentrations can be attributed to the density of CS, as
shown in Table 1. Therefore, it was understood that in the case
of 1.5% CS/EGDE/Amox, where the amount of drug in the gel
matrix was small, the amount of sustained release was also
reduced. 3% CS/EGDE/Amox also showed less Amox loading
than 2% CS/EGDE/Amox, but more than 1.5% CS/EGDE/
Amox. The Amox density and cross-link density were
responsible for the variations in entrapped Amox levels in
the hydrogels, as Amox was entrapped through the process of
immersion of the hydrogel matrix in an aqueous Amox
solution. The reason is that a high porosity with intermediate
matrix density was produced at 2% CS/EGDE, providing more
space for Amox loading in the CS/EGDE network. According
to the SEM images in Figure 6b, the hydrogel matrix of 2%
CS/EGDE in the presence of US was loosened and roughed.
Futhermore, the morphology of 2% CS/EGDE/Amox was
somewhat shrunk and roughed by US irradiation because the
hydrogel pores were influenced by the external US power,
causing the collapse of the porous structure after releasing
Amox under US exposure. As a result, after 120 min release, a
considerable reduction of Amox from the 2% CS hydrogel
matrix was seen at 35 W US exposure, while in the case of
natural release without US stimuli, the red color points still
remained as shown in the EDS pictures. That result made
sense with drug release data; Amox could release more
effectiveness under US response.

To better understand the drug release behavior of the
hydrogel, mathematical models including zero order, first
order, and Hixson−Crowell, Higuchi, and Korsmeyer−Peppas
models were fitted to the data of Figure 5. The physical
parameters obtained for the release exponent (n) and
correlation coefficient (r2) are tabulated in Table 2. Upon
analysis, it was found that it adhered to both the Higuchi and
Korsmeyer-Peppas models assuming that Amox release from
the hydrogel matrix entrapped with the drug occurred via
diffusion. Thus, it was suggested that the effect of US had the
potential to enhance the diffusion of Amox from within the gel
matrix to the outside. Besides this, the rate of drug release is
proportional to the square root of time.47 Korsmeyer−Peppas
model assumed that drug release occurred by a combination of
diffusion-controlled and relaxation-controlled systems.48 It was
noticed in the kinetic results shown in Table 2. Amox release
followed a non-Fickian distribution with n values ranging from
0.45 to 0.70 for the CS/EGDE/Amox hydrogels, when US was
operated at 35 W/43 kHz, and the r2 value for all conditions
was greater than 0.95, meaning well fitting. However, in the
case of changing US powers from 10 to 35 W of the 2% CS/
EGDE/Amox sample, the results of n values were 0.54, 0.55,
and 0.61, respectively. Thus, drug release occurs as a
consequence of both diffusion and relaxation of the porous
hydrogel matrix. However, the n-value of the 2% CS hydrogel
in the absence of US was 0.38, lower than 0.45, indicating that
Amox release from this hydrogel followed the Fickian process,
meaning Amox release by diffusion only.
3.3. US Influence on CS/EGDE/Amox Hydrogels

Matrix. As is widely known, viscoelasticity information is
helpful for evaluation of the gelatinous properties of polymeric
hydrogels.49 Figure 7a,c,e,g depict the G′ and G″ values of
those CS/EGDE/Amox hydrogels before and after US
irradiation for 120 min. Comparison of the G′ values in
Table 1 between CS/EGDE and CS/EGDE/Amox showed
that the G′ values at 0.1% strain tended to decrease when
Amox was entrapped. But it was evidently apparent that the G′
value at 0.1% strain increased when the hydrogels were varied
from 1.5% CS/EGDE/Amox to 3% CS/EGDE/Amox. The

Figure 5. Kinetic models of Amox release profile from CS/EGDE/Amox hydrogels: (a, f) zero order, (b, g) first order, (c, h) Higuchi model, (d, i)
Hixson-Crowell model, and (e, j) Korsmeyer-Peppas model of 1.5, 2, 2.5, and 3% at 35 W/43 kHz; 0, 10, 20, and 35 W of 2% CS/EGDE/Amox,
respectively.
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decrease in G′ due to Amox entrapping appears to be due to
Amox incorporation through interaction with amino groups.
However, the increase in G′ with increasing CS concentration
from 1.5 to 3% could be attributed to the dense gel network in
addition to the increase in density. In the FTIR spectra as
shown in Figure 8, the absorption bands of the Amox-derived
C�O group were seen at 1750 cm−1 and O−C−O at 1240
cm−1, indicating that Amox was definitely in the 2% CS/
EGDE/Amox hydrogel. Here, the Amox spectrum had such
characteristic bands at 1759 and 1241 cm−1. So the
comparison between Amox and CS/EGDE/Amox indicated
the C�O band peak appeared in the CS/EGDE/Amox shifted
toward the low wavenumber side, resulting in interaction of the
Amox entrapped with CS. A similar thing could be seen with

C�O band peaks in the spectra of the 2% CS/EGDE/Amox
before and after water washing after immersion in Amox
aqueous solution. Namely, even with water washing, the
observed Amox band was retained in the hydrogel due to its
interaction with CS. The peak observed at 3330 cm−1 in the
CS corresponded to the vibrational stretching overlapping
peaks of N−H and O−H intermolecular and intramolecular
hydrogen bonds. Apparently, the overlapping peak top became
broadened compared with that of the CS/EGDE, which had
no Amox. The stretching vibrational absorption peak of C−H
along the CS chain was detected at approximately 2879 cm−1.
Furthermore, the absorption peaks of CS were identified at
1645 (amide I), 1567 (amide II), and 1387 cm−1 (amide III),
which can be attributed primarily to the stretching vibration of

Figure 6. Cross-sectional SEM images of the Amox-entrapped CS/EGDE hydrogels before releasing (a); 2% CS/EGDE hydrogels and 2% CS/
EGDE/Amox hydrogels after releasing Amox in the absence and presence of US for 120 min (b) in 100×, 1000×, and 5000× magnification (left);
EDS layered photo and S and C elements of those hydrogels (right).
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C−O, the vibration of the N−H bond, and the stretching
vibration of the C−N bond, respectively, and the peaks of 2%
CS/EGDE/Amox appeared at 1750, 1387, and 1215 cm−1.
Even though the peaks of Amox-entrapped CS/EGDE slightly
shift as compared with Amox spectra, this meant CS-Amox
interaction. Two peaks were observed at 1141 and 1021 cm−1

for the characteristic saccharide backbone corresponding to the
antisymmetric stretching of the C−O−C bridge and the C−O
vibration of the ring. Figure 8 also shows the spectrum
measured after US irradiation at 35 W for 120 min. In this
spectrum, the characteristic C�O of Amox almost dis-
appeared, suggesting that its sustained release had almost
taken place. The spectrum of the remaining hydrogel was
almost the same as that before the entrapment of Amox. This
suggested that no decomposition of the hydrogel occurred
even after 120 min of sonication.
Figure 7 shows the change of G′ and G″ at strain% when

each CS/EGDE hydrogel was irradiated with 35 W US. For
1.5% CS/EGDE/Amox, 2% CS/EGDE/Amox, 2.5% CS/
EGDE/Amox, and 3% CS/EGDE/Amox, respectively, the G′
value remained almost constant at 2200, 2950, 3950, and 5520
Pa, respectively. Furthermore, as strain% was increased, the G′
decreased, indicating that the hydrogel structure collapsed and
liquefied with increasing the strain. The values of G″ were
constant up to about 10% strain for all hydrogels, but gradually
increased and approached the value of G′. When G′ = G″, at
the strain %, transition from solid gel to liquid gel occurred. So
the values at tan δ = 1 were 100, 99, and 71% strain for 1.5%
CS/EGDE/Amox, 2% CS/EGDE/Amox, and 3% CS/EGDE/
Amox at 0 W, respectively. Therefore, the harder hydrogel of
3% CS/EGDE/Amox tended to produce a lower strain % of
gel structure collapse due to mechanical stress than the softer
one of 1.5% CS/EGDE/Amox. This might be because a harder
hydrogel cannot well absorb the mechanical shear force
provided by the rheometer. The results of the same
measurements with 35 W US irradiation showed almost the
same strain % change as the unirradiated 0 W results; for 2%
CS/EGDE/Amox, US intensities of 10 and 20 W were also
shown with the 35 W results. However, as the US intensity
increased, the G′ values in 0.1−30% strain range decreased.
Also, the strain % at G′ = G″ changed from around 127% to
about 90% as the US intensity increased in the case of 2% CS/
EGDE/Amox. This result indicated that, in addition to
mechanical deformation, US shear forces deformed the
hydrogels and accelerated the collapse of the gel structure
when US was applied. Therefore, the decrease in G′ upon US
irradiation was considered to be caused by the US-induced
collapse of the hydrogel under mechanical strain. Ebaborately,

the influence of different US powers on the G′ value at 0.1%
strain of 1.5, 2, 2.5, and 3% CS/EGDE/Amox hydrogels are
plotted in Figure 7i. The G′ values trended downward when
the US output power was enhanced from 0 to 35 W for 1.5 and
2% CS/EGDE/Amox due to the softening effect of US. For 2%
CS/EGDE/Amox hydrogel, the G′ value at 0.1% strain at 0,
10, 20, and 30 W were 2950 2680, 2010, and 1800 Pa,
respectively. This meant that when the US power increased,
the gel became softened by gel structure deformation and the
considerable amount of Amox release from hydrogels during
US irradiation causing the decrease in the G′ value.
Furthermore, the stimulatory effect of US on the hydrogel
matrix was observed, regardless of the variations in chitosan
concentrations among these hydrogel systems. The reduction
trend of G′ value was not significant as seen for higher CS
contents at 2.5 and 3% CS/EGDE/Amox because the US force
might not effective in the case of a dense covalent cross-linking
network.
There were prior examples of viscoelastic changes in

hydrogels upon US irradiation in cellulose hydrogels,50 in
which the mechanical shear force of the rheometer combined
with the shear force of US resulted in a higher degree of
change than that of CS/EGDE hydrogels. The change of strain
% at G′ = G″ was also greater for the cellulose hydrogels.44,51

In the case of cellulose hydrogels, gelation was mainly due to
hydrogen bonding and entanglement of the molecular chains,
but no covalent cross-linking like CS/EGDE. In the cellulose
hydrogel, hydrogen bond disruption contributed to the
softening of the gel due to a decrease in viscoelasticity. In
contrast, in the case of CS/EGDE, gelation is due to the
covalent bonding between CS and EGDE, so US softening of
the gel was unlikely to occur because the covalent bonds are
stronger than the hydrogen bonds. As a result, the enhanced
sustained release of Amox from the CS/EGDE hydrogels
might have contributed to the enhanced diffusion and
relaxation of the hydrogel matrix suggested by the kinetics
analysis, rather than the disintegration of the gel matrix by
ultrasonic shear forces.

4. CONCLUSIONS
In the present study, the release of Amox from the CS/EGDE/
Amox hydrogel matrix in response to US was studied under
various US powers (0−35 W) at 43 kHz. When the CS
concentrations for gelation were increased, the resultant
hydrogel matrices formed a dense CS network, especially in
3 wt %. In the case of the Amox-entrapped CS/EGDE
hydrogel, 2% CS/EGDE could entrap a greater amount of

Table 2. Kinetic Models of Amox-Loaded CS/EGDE Hydrogels: Diffusion Exponents, Diffusion Types, and Regression Values
in PBS 2 mM, pH 7.4

kinetic models

zero order first order Higuchi Hixson−Crowell Korsmeyer−Peppas

parameters r2 r2 r2 r2 n r2

Chitosan concentration (%) at 35 W, 43 kHz 1.5 0.934 0.855 0.999 0.904 0.48 0.995
2 0.972 0.887 0.994 0.933 0.61 0.998
2.5 0.926 0.795 0.998 0.851 0.50 0.986
3 0.936 0.811 0.998 0.868 0.52 0.989

US powers (W) for 2% CS/EGDE/Amox 0 0.907 0.882 0.993 0.919 0.38 0.974
10 0.962 0.899 0.996 0.941 0.54 0.992
20 0.949 0.840 0.999 0.892 0.55 0.998
35 0.972 0.887 0.994 0.933 0.61 0.998
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Figure 7. Amox-trapped CS/EGDE hydrogels were subjected to strain sweep measurements (a−g) with corresponding tan δ measurements (b−h),
both with and without ultrasonic exposure (43 kHz, 35 W, 120 min). These hydrogels were made from CS solutions with concentrations of 1.5 wt
% (a, b), 2 wt % (c, d), 2.5 wt % (e, f), and 3 wt % (g, h). The measurements were performed at a frequency of 1 Hz and characterized by G′
(storage moduli), G″ (loss moduli), and tan δ, which is defined as the ratio of G″ to G′. The relation between G′ at 0.1% strain of Amox-CS/EGDE
hydrogels at 1.5 to 3% of CS and US powers at 0, 10, 20, and 35 W (i).
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Amox entrapment due to its porous structure, resulting in
efficient Amox release under US triggering. As the US power
increased from 10 to 35 W at 43 kHz, the release efficiency of
the drug also increased. The drug release data of the hydrogels
were fitted with the Higuchi model and Korsmeyer-Peppas
model, emphasizing the sustained release behavior of the
hydrogels with a non-Fickian diffusion mechanism under US
stimuli. This meant the mechanism was a combination of
diffusion and relaxation of polymer in DDS. However, without
US support, the natural release of drugs from the hydrogels
occurred following diffusion only. The viscoelasticity of the
hydrogel matrix indicated that the matrix became somewhat
softened after US exposure at 2.5 and 3% CS, but at 1.5 and
2%, the hydrogel matrix became more softened because US
forces acted on the deformation of hydrogel and softening
occurred.
In actual clinical practice, the effects of US on cells are an

important factor. Therefore, to consider the effects of US on
fibroblasts in particular, we examined the survival of fibroblasts
in response to US exposure in vitro. Fibroblast proliferation
was followed in our previous paper.52 The cells were prepared
at a density of 8 × 103 cells cm−2 and the cell solution was
irradiated with 43 kHz US with different times at different
powers, and then their proliferation was examined 12 h later.
The results showed that under the irradiation conditions of 10
W US for 10, 30, 60, and 120 min, respectively, the percentage
of cell viability after 12 h was 87, 74, 55, and 30%, indicating
that prolonged exposure time could cause minor, but not fatal,
cell damage. Interestingly, after 2 h of exposure, cell
morphology was largely unaffected. Continued investigation
is now in progress and in the near future it will be to optimize
the US drug release of the hydrogel medicine under conditions
that minimize the effects of US on the cells.
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