
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

5:
08

:0
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A pH-responsive
aSchool of Chemistry and Chemical Enginee

China. E-mail: zhangxlai@sdu.edu.cn
bLunan Pharmaceutical Group Co., Ltd., Lin
cJinan Children's Hospital, Jinan 250022, C
dKey Laboratory of High Efficiency and Clea

Education, School of Mechanical Engine

Institute, Shandong University, Jinan, Shand

Cite this: RSC Adv., 2024, 14, 38353

Received 9th August 2024
Accepted 19th November 2024

DOI: 10.1039/d4ra05775a

rsc.li/rsc-advances

© 2024 The Author(s). Published by
dual-network biopolysaccharide
hydrogel with enhanced self-healing and
controlled drug release properties

Yuan Ma,a Yunfeng Tang,b Jianwei Fan,b Tianyu Sun,c Xiaoyong Qiu, a Luxing Weid

and Xiaolai Zhang *a

Traditional hydrogels based on Schiff base reactions frequently encounter issueswith rapid drug release when

employed as drug delivery systems owing to their susceptibility to hydrolysis under acidic conditions. It is,

therefore, necessary to implement improvements to regulate the drug release behavior. In this study,

a dual-network and pH-responsive biopolysaccharide hydrogel was developed, which is self-healing,

injectable and biocompatible. Most importantly, the hydrogel has excellent tunability for controlled drug

release. The hydrogel consisted of a primary network of dibenzaldehyde-functionalized poly(ethylene

glycol) (DP) and chitosan (CS) formed through a Schiff base reaction and a secondary network of sodium

alginate (SA) and CS formed through electrostatic interactions. It was found that the DP–CS–2%SA

hydrogel can prolong the release duration up to four-fold compared to the single-network DP–CS

hydrogel at a given release threshold. Significantly, by adjusting the relationship between the two effects

through the amount of SA, the release modifiability of drug delivery systems has been greatly enhanced.

This study could significantly enhance the tunability of hydrogel drug delivery systems.
1. Introduction

The rapid development of biomaterial science and pharma-
ceutical engineering has led to the emergence of drug delivery
systems as a signicant branch of modern healthcare. Among
the numerous materials employed in the eld of drug delivery,
hydrogels have attracted considerable attention owing to their
biodegradability, biocompatibility, and non-toxicity.1 The pH
value of the human body tends to vary in different tissues and
organs. For example, the stomach presents an acidic environ-
ment, while the pH of the intestine is close to neutral.2 Some
responsive hydrogels can respond to changes in pH, tempera-
ture, and ions,3,4 and precisely, this property can be exploited to
design an acid-sensitive hydrogel so that the drug it carries will
be released most in the therapeutic site, thus exerting thera-
peutic effects.

However, the traditional single-network hydrogel has limi-
tations in terms of mechanical strength and drug-release
control, which to some extent restrict their long-term stable
application in drug delivery systems. For example, a pH-
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responsive hydrogel is formed by the Schiff base cross-linking
of chitosan (CS) with aldehyde compounds.5 Under acidic
conditions, Schiff base-based hydrogels undergo a chemical
reaction in which the protonated nitrogen atoms in the Schiff
base react with acid protons to form amino cations and car-
bonium ions. This process results in the protonation of amino
groups, leading to the formation of a stable intermediate. In
this state, the carbonium ion is susceptible to nucleophilic
attack by water, which cleaves the Schiff base bonds,5,6 causing
the gel network to break down and release the encapsulated
drug. Because of this issue, Schiff base cross-linked hydrogels
have some drawbacks in drug release, such as being prone to
breakage under acidic conditions, which may lead to premature
release or instability of the drug.7 In Zhou's research, a ther-
mosensitive hydrogel loaded with Ba–HP–CD complexes ach-
ieved a 100% release rate within 7 hours, with complete release
before reaching the lesion site.8

In recent years, there has been signicant progress in
research on the structural strengthening and controlled drug
release of hydrogels by constructing a dual-network. For
example, in Huang's study, a graphene oxide-lled CS-based
network serves as the rst network and a polyacrylamide
network serves as the second network, enhancing the
mechanical properties of the hydrogel.9 Chen studied a chito-
san/dialdehyde sodium alginate/magnetic dopamine hydrogel
with excellent targeted drug delivery and controlled-release
properties.10 Furthermore, we revealed that electrostatic inter-
actions and intermolecular hydrogen bonding lead to pH
RSC Adv., 2024, 14, 38353–38363 | 38353
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sensitivity opposite to that of Schiff base bonds. Under acidic
conditions, the amine groups of chitosan become further
protonated, which enhances the electrostatic interactions and
intermolecular hydrogen bonding between chitosan and
sodium alginate (SA). This increased interaction slows down the
release of the drug.11,12 Therefore, we introduced SA on the basis
of a chitosan network to enhance the controlled-release prop-
erties of the hydrogel.

CS is a biopolymer derived from the deacetylation of chitin
and possesses two reactive functional groups: an amine group
and an additional hydroxyl group. These functional groups
enable the formation of cross-links between polymer chains, as
described in ref. 13. Furthermore, CS exhibits many inherent
properties, including biocompatibility and biodegradability.14

SA is a biocompatible and biodegradable anionic linear poly-
saccharide extracted from algae. SA hydrogel has a structure
similar to the extracellular matrix of mammalian tissues, which
is essentially composed of a hydrated network of proteins and
polysaccharides to support cells. Therefore, in tissue engi-
neering applications, SA hydrogel is employed as a carrier to
deliver bioactive substances such as small chemical drugs,
proteins, and cells.15 The negatively charged carboxyl groups on
SA chains can combine with the positively charged amine
groups of protonated CS under the inuence of electrostatic
forces to form a network structure.16 The double-network
hydrogel provides adjustable pH-responsive properties, with
the drug release rate controlled by regulating the amount of SA
used. Baicalin (BC) is a traditional Chinese medicine known for
its antimicrobial and anti-inammatory properties.17 To inves-
tigate the practical application of drug-loaded hydrogels, we
have selected BC as the subject to examine the drug-controlled
release performance and application of hydrogels.

In this study, we prepared a self-healing CS–SA-based
double-network hydrogel by incorporating SA into the DP–CS
hydrogel through Schiff base reaction and electrostatic inter-
action. This treatment not only enhanced the mechanical
strength of hydrogels but also enabled controlled drug release.
We investigated the effect of SA content on the structure and
properties of the hydrogel. Scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FTIR) were used
to characterize the structure of the DP–CS–2%SA hydrogel. The
storage (G0) and loss (G00) moduli of the DP–CS–2%SA hydrogel
were measured. In vitro drug-release performance, biocompat-
ibility, and antimicrobial activity were evaluated using BC as
a model drug. Compared with the single-network DP–CS
hydrogel, the DP–CS–2%SA hydrogel exhibits superior struc-
tural strength, injectability, self-healing properties, and the
ability to achieve more precise drug control release. This study
conducted a comprehensive investigation and evaluation of the
applications of the DP–CS–2%SA hydrogel as a drug carrier for
controlled drug release.

2. Materials and methods
2.1. Materials

CS (Mw = 150 000), SA, anhydrous CaCl2 (96%), phosphate-
buffered saline (PBS) buffer solution (pH = 3, 5, and 7), and
38354 | RSC Adv., 2024, 14, 38353–38363
dimethyl sulfoxide (DMSO, analytical grade) were purchased
from Shanghai Macklin Biochemical Co., Ltd (Shanghai,
China). Polyethylene glycol (PEG, Mw = 2000) and tetrahydro-
furan (THF, analytical grade) were obtained from the China
National Medicines Group Chemical Reagents Co., Ltd
(Shanghai, China). N,N0-Dicyclohexylcarbodiimide (DCC, purity
99%), 4-(dimethylamino) pyridine (DMAP, purity 99%) and 4-
formylbenzoic acid (purity 98%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Baicalin (purity 98%) was procured from Chengdu Derick
Biotechnology Co., Ltd (Chengdu, China). Distilled water was
used for solution preparation.

2.2. Preparation of dibenzaldehyde polyethylene glycol
(DFPEG)

The following procedure was performed in a fume hood: PEG (8
g), 4-formylbenzoic acid (1.8 g), and DMAP (0.18 g) were dis-
solved in a round-bottom ask containing 100 mL of THF. The
solution was subjected to ultrasonic treatment until the solutes
were completely dissolved (Solution A). Next, 3.296 g of DCC was
dissolved in a round-bottom ask containing 60 mL of THF
(Solution B).

Nitrogen gas was introduced for approximately 10minutes to
purge any residual gases from Solutions A and B. Solution B was
then slowly injected into Solution A using a syringe. The
resulting mixture was stirred with a magnetic stirrer for 24
hours. Aer 24 hours, the mixture was ltered to remove any
solid particles. The ltrate was evaporated under reduced
pressure to remove the organic solvent from the product. The
remaining product was dissolved in distilled water and ltered
to remove insoluble impurities. Ultimately, the ltrate was
subjected to lyophilization to yield a white powder form of
DFPEG.

2.3. Preparation of the CS single-network hydrogel

Firstly, 0.5 g of CS was added to 24.5 mL of 2% glacial acetic acid
solution, and the mixture was ultrasonically stirred until the CS
was completely dissolved, resulting in a 2% CS solution. BC was
dissolved in DMSO to obtain a 20 mg per mL BC solution.
DFPEG was dissolved in pure water to obtain a 10% DFPEG
solution.

The DFPEG solution was mixed with the BC solution. This
mixture was labeled as Solution 1. Solution 1 was combined
with the 2% CS solution, stirred thoroughly, and poured into
a mold to solidify the resulting DP–CS hydrogel.

2.4. Preparation of the CS–SA double-network pH-responsive
hydrogel

As described above, a 2%CS solution and 20mg permL baicalin
solution were prepared.

SA was dissolved in 10% DFPEG solution to obtain a DFPEG
aqueous solution with different concentrations of SA. The
DFPEG and SA mixed solution was mixed evenly with baicalin
solution and labeled as Solution 2. Solution 2 was combined
with 2% CS solution with 10% CaCl2 and stirred thoroughly.
The mixture was poured into a mold to be solidied, resulting
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation process of the DP–CS–SA hydrogel.

Table 1 Parameters for the preparation of different hydrogels

Hydrogel CS (wt%) DFPEG (wt%) SA (wt%) CaCl2 (wt%)

DP–CS 2 10 0 2
DP–CS–1%SA 2 10 1 2
DP–CS–2%SA 2 10 2 2
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in hydrogels (DP–CS–1%SA and DP–CS–2%SA) with different
concentrations of DP–CS–SA. Fig. 1 shows the preparation
process of the DP–CS–SA hydrogel (Table 1).
2.5. Characterization methods

FTIR (Thermo Scientic Nicolet iS20, USA), SEM (Hitachi
Regulus8100, Sigma 300), rheometer (MCR302, Anton Paar,
Austria), and UV-Vis-NIR spectrophotometry (CARY5000) were
used to analyze the chemical structure, morphological struc-
ture, storage modulus (G0), loss modulus (G00), and in vitro drug
release of the synthesized hydrogel samples.
2.6. Rheological tests

A rheometer was employed to perform variable strain and
frequency sweeps on the DP–CS, DP–CS–1%SA, and DP–CS–2%
SA hydrogels with a 25 mm cone-plate geometry, recording the
changes in the G0 and G00 of the hydrogel. At 1% strain,
a frequency sweep was performed over the hydrogel in the
frequency range of 1–100 Hz. The strain amplitude sweep of the
hydrogel coating samples was executed in the strain range of
0.01–100% at a frequency of 1 Hz. Simultaneously, continuous
step strain measurements were performed on the hydrogel
materials at a frequency of 1 Hz, with the strain moving between
g = 1% and g = 600% at 100 s intervals.
2.7. Swelling tests

To investigate the swelling properties of the DP–CS–SA hydro-
gel, it was freeze-dried for 24 hours and then immersed in PBS
at 25 °C. The hydrogel was removed every 30 minutes, and its
surface moisture was blotted with lter paper. The weight was
measured and recorded. The swelling ratio 3 is calculated using
eqn (1):

3 ¼ ðWt �W0Þ
W0

� 100% (1)

Wt is the weight of the hydrogel at time t (g), andW0 is the initial
weight of the hydrogel (g).
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.8. In Vitro release tests

To evaluate the in vitro release proles of the baicalin-loaded
DP–CS–SA hydrogel, the baicalin-loaded hydrogel was
immersed in 10 mL of PBS solutions at different pH values (pH
= 3, 5, and 7). The absorbance of baicalin in PBS was recorded
over time using a UV-Vis-NIR spectrophotometer. The intensity
of the absorption peak of baicalin at 278 nm was monitored.

Standard solutions of baicalin were prepared at different
concentrations. These solutions were scanned using a UV-Vis-
NIR spectrophotometer in the wavelength range of 200–
400 nm. The absorbance was recorded at 278 nm to construct
a standard curve of the UV absorption of baicalin.
2.9. Biocompatibility tests

As described in the previous studies,18 the biocompatibility of
the hydrogel was assessed using the Cell Counting Kit-8 (CCK-8)
method. Hydrogel pieces (0.4 g) were placed in 2 mL of the
culture medium and allowed to soak for 48 h to obtain the
liquid extract. L929 cells were cultured in a 96-well plate, and
the liquid extract was added to the 96-well plate. Aer co-
culturing for 1 or 3 days, 100 mL of the culture medium con-
taining 10% CCK-8 solution was added, and the biocompati-
bility of the cells was assessed using the CCK-8 method. The
absorbance was monitored at 450 nm using a microplate
reader.

The following formula was used to calculate cell viability (%):

Vitality ð%Þ ¼ A

B
� 100% (2)

A represents the absorbance of the test sample, and B represents
the absorbance of the control sample.
2.10. Antibacterial activity tests

As previously described in this study, Staphylococcus aureus was
selected as a representative bacterium to assess the antibacte-
rial activity of the baicalin-loaded hydrogel using inhibiting ring
tests.19 The hydrogel was placed on a culture dish, which was
then covered with bacteria and incubated at 37 °C for 24 hours.
The diameter of the inhibition zone was then measured.
3. Results and discussion
3.1. Hydrogel preparation

The double-network structure of the DP–CS–SA hydrogel was
formed by a combination of Schiff base reactions and electro-
static interactions, as illustrated in Fig. 2. The CS amine groups
reacted with the aldehyde groups at both ends of DFPEG to form
a three-dimensional network structure through covalent bonds.
Fig. 2 illustrates the drug-release process from the hydrogel.20,21

Simultaneously, the protonated amine groups were attracted to
the carboxyl groups,3 forming the second network structure of
the DP–CS–SA hydrogel under the inuence of electrostatic
forces. The remaining SA, which did not react, cross-linked with
calcium ions via ionic exchange and stabilizing the structure of
the hydrogel.22
RSC Adv., 2024, 14, 38353–38363 | 38355
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Fig. 2 (a) Schematic of the drug release process of DP–CS–SA and DP–CS; (b) schematic of the preparation process of DP–CS–SA.
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The DP–CS–SA hydrogel was pH sensitive. Under acidic
conditions, hydrogen ions undergo protonation with nitrogen
atoms in the Schiff base bonds, forming positively charged
nitrogen ions. Subsequently, water molecules attacked these
positively charged nitrogen ions, breaking the carbon-nitrogen
bonds to form acids and amines. As the Schiff base bonds
broke, the hydrogel disintegrated, allowing drug molecules to
release and diffuse from the inside to the outside of the
hydrogel.6,23 The combination of SA and CS through electro-
static interactions forms a structure insensitive to pH uctua-
tions.23,24 Even under acidic conditions, the hydrogel
maintained a certain three-dimensional network structure,
achieving controlled drug release under acidic conditions.
3.2. FTIR and SEM analysis

Fig. 3(a) shows images demonstrating the DP–CS–2%SA hydrogel
before and aer cross-linking, conrming its ability to cure in
a short period. Fig. 3(b–d) shows SEM images of the DP–CS, DP–
CS–1%SA, and DP–CS–2%SA hydrogel. All three hydrogels have
a porous and reticular structure. However, with the introduction
of SA, the number of pores and the pore size decreased. There-
fore, it could be inferred that the incorporation of SA affects the
porous structure of the hydrogel, making it more compact and
uniform. As shown in Fig. 3(e–g), the baicalin-loaded hydrogels
exhibited smaller internal pore structures, indicating that bai-
calin was successfully dispersed in the hydrogel.

Fig. 3(h) shows the FTIR spectral analysis results for the SA,
CS, and DP–CS–2%SA hydrogel. The characteristic absorption
peak of CS, as indicated by the yellow curve, is at 890 cm−1,
caused by the stretching vibration of the pyranose ring. The
38356 | RSC Adv., 2024, 14, 38353–38363
absorption peaks at 1590 and 1644 cm−1 correspond to the N–H
of protonated amino and primary amine groups, respectively.25

In the FTIR spectrum of SA (Fig. 3(h), green curve), the char-
acteristic absorption peaks at 1616 and 1418 cm−1 correspond
to the asymmetric and symmetric stretching vibrations of the –

COO group, respectively.26 Aer cross-linking CS with DFPEG,
a Schiff base absorption peak appeared at 1644 cm−1 (Fig. 3(h),
blue curve), corresponding to the characteristic vibration of the
imine C]N bond.27 The FTIR spectrum shows that the CS
amide and SA carboxylate anion form a broad band between
1566 and 1660 cm−1, conrming the characteristic peak of the
electrostatic interaction between SA and CS (Fig. 3(h), red
curve). The disappearance of the N–H bending vibration of the
CS primary amine (1590 cm−1) and the asymmetric and
symmetric –COO stretching vibrations of SA (1418 cm−1) indi-
cate that the (–NH3

+) of CS reacted with the (–COO) of SA.28

Fig. 3(i) shows the infrared spectra of the DP–CS–2%SA–BC
hydrogel, DP–CS–2%SA hydrogel, and baicalin. The yellow curve
represents the infrared absorption curve of baicalin, which
shows characteristic peaks for the –OH stretching at 3552 and
3493 cm−1, for the carbonyl group (>C]O) at 1726 and
1660 cm−1, and for the C–O–C in the ether and hydroxyl groups
at 1076 cm−1.29 The green curve shows the infrared spectrum of
the baicalin-loaded DP–CS–2%SA hydrogel; however, due to the
low content of baicalin in the hydrogel, the characteristic
absorption peaks of baicalin were not distinct.30
3.3. Swelling analysis

Tissues and other body uids are the primary environments in
which hydrogels function in biomedical applications.10
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Photographs of the gelation process of the DP–CS–2%SA hydrogel; (b)–(d) scanning electron microscopy (SEM) images of blank DP–
CS, DP–CS–1%SA, and DP–CS–2%SA hydrogel samples; (e)–(g) SEM images of baicalin-loaded DP–CS, DP–CS–1%SA, and DP–CS–2%SA
hydrogel samples; (h) FTIR spectra of sodium alginate, chitosan, DP–CS, and DP–CS–2%SA hydrogel; (i) FTIR spectra of BC, DP–CS–2%SA–BC
and DP–CS–2%SA.
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Consequently, studying the mass differences between dry and
wet states is very meaningful. The freeze-dried DP–CS, DP–CS–
1%SA, and DP–CS–2%SA hydrogels were soaked in PBS (pH= 7)
to study their swelling properties. As shown in Fig. 4(a), the DP–
CS hydrogel exhibited the fastest swelling rate, with the swelling
ratio approaching 100% aer approximately 1 hour and reach-
ing approximately 200% aer approximately 4 hours, aer
which it tended to stabilize. In contrast, the DP–CS–1%SA and
DP–CS–2%SA hydrogel exhibited a swelling rate of only 60%
within the rst hour, reaching 90% and 80%, respectively, aer
© 2024 The Author(s). Published by the Royal Society of Chemistry
approximately 3 hours and tended to stabilize. The DP–CS
hydrogel exhibited the highest swelling capacity. In general, the
swelling capacity of a hydrogel depends on its porous structure
and the degree of cross-linking. This is because a double-
network structure formed by SA and CS increases the degree
of cross-linking of the hydrogel, which increases its mechanical
stability but reduces its swelling capacity.10,31 In summary, the
swelling performance of DP–CS–1%SA and DP–CS–2%SA in
simulated body uids was lower than that of DP–CS. However,
both formulations still had sufficient water absorption capacity
RSC Adv., 2024, 14, 38353–38363 | 38357
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Fig. 4 (a) Swelling ratios of the DP–CS, DP–CS–1%SA, and DP–CS–2%SA hydrogel samples over time in PBS (pH = 7.4) at 37 °C; (b) frequency
sweep tests of DP–CS, DP–CS–1%SA, and DP–CS–2%SA hydrogel samples; (c) strain sweep tests of DP–CS, DP–CS–1%SA, and DP–CS–2%SA
hydrogel samples and the pattern extruded from the DP–CS–2%SA.
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to achieve controlled drug release. This property ensured
stability during long-term use and storage, preventing defor-
mation or failure. The drug-release rate could be better
controlled, which is benecial for achieving sustained and
stable therapeutic effects.

3.4. Rheological analysis

To investigate the rheological properties of the hydrogel, the G0

and G00 values of DP–CS, DP–CS–1%SA, and DP–CS–2%SA were
measured under different conditions. As shown by the red curve
in Fig. 4(b), at lower shear frequencies (below 100 Hz), G0 was
greater than G00, indicating that DP–CS is an elastic hydrogel. At
higher shear frequencies (above 100 Hz), G0 was less than G00,
and the hydrogel exhibited pseudoplastic behavior.14 The green
and blue curves in Fig. 4(b) show that the DP–CS–1%SA and DP–
CS–2%SA hydrogels maintain their solid states at shear
frequencies above 100 Hz. This indicates that the G0 and G00

values of DP–CS–1%SA and DP–CS–2%SA signicantly
increased compared with those of DP–CS. This phenomenon
suggests that the DP–CS–1%SA and DP–CS–2%SA hydrogels
have higher cross-linking densities than the DP–CS hydrogel.
Consistent with the SEM results shown in Fig. 2, this result was
due to the double-network interaction between SA and CS.

As shown in Fig. 4(c), the G0 and G00 of DP–CS–1%SA and DP–
CS–2%SA hydrogels remained unchanged at low strains, but
when the strain exceeded 0.2%, both the G0 and G00 decreased
38358 | RSC Adv., 2024, 14, 38353–38363
rapidly. They cross at a strain of 5%, indicating that the gel
network was damaged. For the DP–CS hydrogel, G0 and G00

remained constant at strains <1%, but when the strain exceeded
10%, they decreased rapidly and G0 became lower than G00,
indicating that the hydrogel structure began to be destroyed
when the strain exceeded 10%. In addition, the G0 and G00 values
of both DP–CS–1%SA and DP–CS–2%SA were higher than those
of DP–CS, indicating that the mechanical strength of DP–CS–
1%SA and DP–CS–2%SA is higher than that of DP–CS. At the
same time, for all three hydrogels, G0 decreased rapidly at
higher strains, with G00 nally exceeding G0, indicating that they
exhibit shear thinning properties at high strains, implying that
their viscosity decreases with increasing strain.31,32 This prop-
erty imparted injectability to the hydrogel. Fig. 4(c) shows the
pattern extruded from a syringe lled with DP–CS–SA, demon-
strating its injectability, which helps the material to serve as an
important material in the medical eld and be applicable in
various medical settings.

3.5. Self-healing analysis

The self-healing performance of hydrogels refers to their ability
to self-repair and restore their original structure aer damage,
effectively extending their life. Rheological experiments were
performed to determine the changes in G0 andG00 in DP–CS, DP–
CS–1%SA, and DP–CS–2%SA under alternating strains of 1%
and 600%. As shown in Fig. 5(a), when the strain was switched
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a)–(c) Changes in the shear modulus of DP–CS, DP–CS–1%SA, and DP–CS–2%SA hydrogel samples during strain step cycling from 1% to
600%; (d) morphological changes in the DP–CS–2%SA hydrogel at different time intervals.
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from 1% to 600%, the G0 value of the DP–CS sample decreased
sharply, and the G00 value increased abruptly and exceeded the
G0 value, indicating that the internal structure of DP–CS was
damaged. When the strain suddenly switched back to 1% from
600%, the G0 value of the DP–CS was slightly lower than before,
indicating that the internal network structure of DP–CS was
essentially restored.33–35 Aer three cycles of strain mutation,
a gradual decrease in G0 in DP–CS indicated a decline in its self-
healing performance. Fig. 5(b and c) show that DP–CS–1%SA
and DP–CS–2%SA exhibited a decrease in G0 value aer one
cycle of the strain mutation. However, in subsequent cycles, the
G0 value gradually stabilized. This result may be caused by the
good adhesive properties of SA and its inherent gel nature.36,37

When the hydrogel is fractured or damaged, SA adheres to the
fracture surface and forms a temporary hydrogel layer via
gelation, playing a supporting and connecting role. This indi-
cates that adding SA enhances the self-healing ability of DP–CS–
1%SA and DP–CS–2%SA.

Fig. 5(d) shows photographs of the self-healing performance
test of the DP–CS–2%SA hydrogel stained with rhodamine B.
Initially, a 0.5 cm circular hole was observed in the middle of
the DP–CS hydrogel block. Aer 10 minutes, the hole shrinks to
0.2 cm, and aer 30 minutes, the hole is completely healed.
These results further demonstrate that the DP–CS–2%SA
hydrogel has excellent self-healing properties.

3.6. In Vitro drug-release analysis

Baicalin is a natural drug with antimicrobial properties, but
there is a relative lack of research on its hydrogel-loaded drug
release. To verify the feasibility of DP–CS, DP–CS–1%SA, and
DP–CS–2%SA hydrogels for the controlled release of baicalin, in
© 2024 The Author(s). Published by the Royal Society of Chemistry
vitro drug-release experiments were conducted. The release rate
of baicalin was determined using a standard calibration curve.
Fig. 6(a–c) shows the release rates of baicalin from DP–CS, DP–
CS–1%SA, and DP–CS–2%SA at different pH values.

The effect of pH on drug release from the hydrogel was
investigated, and the release proles of DP–CS, DP–CS–1%SA,
and DP–CS–2%SA hydrogels at different pH levels over time are
shown in Fig. 6(a–c). Within the rst 3 h, the release rate of
baicalin was relatively faster at lower pH levels. The release rates
of DP–CS, DP–CS–1%SA, and DP–CS–2%SA hydrogels at pH = 3
could reach 90%, 60%, and 40%, respectively, aer 4 h. Under
pH = 5, the release rates of the three samples aer 4 h were
28%, 20%, and 13%, respectively. At pH = 7, the release rates of
the three samples aer 4 h were only approximately 5%. Aer
12 h, the release rates of all three samples reached their
maximum values. With decreasing pH, the release rate and
speed of baicalin from DP–CS, DP–CS–1%SA, and DP–CS–2%SA
hydrogels gradually increased due to the cleavage of Schiff base
bonds. Therefore, the release rate of baicalin can be controlled
by changing the pH of the environment.

The augmentation of hydrogen ions facilitates the proton-
ation of amino groups within chitosan under acidic conditions.
This increased protonation intensies the electrostatic inter-
actions between CS and SA. As a result, the degradation of the
gel matrix is effectively mitigated. Fig. 6(d–f) shows the release
rate trends of DP–CS, DP–CS–1%SA, and DP–CS–2%SA at pH 3,
5, and 7, respectively. It can be observed from Fig. 5 that under
acidic conditions, the release rates of DP–CS, DP–CS–1%SA, and
DP–CS–2%SA become increasingly clear. Aer 4 hours, the
release rates of baicalin for DP–CS, DP–CS–1%SA, and DP–CS–
2%SA were 91%, 57%, and 41%, respectively. However, with the
RSC Adv., 2024, 14, 38353–38363 | 38359
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Fig. 6 (a)–(c) Baicalin-release rates from DP–CS, DP–CS–1%SA, and DP–CS–2%SA in PBS at different pH values; (d)–(f) Baicalin-release rates
from DP–CS, DP–CS–1%SA, and DP–CS–2%SA in PBS at the same pH; (g) Baicalin-release experiment of DP–CS–2%SA in PBS at different pH
values.
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increase in time, the Schiff base bond decreased gradually, and
the inuence of electrostatic force on drug release increased.11,12

The release rate of DP–CS–2%SA at pH = 5 gradually exceeded
that at pH = 3, which indicates that the drug release can be
regulated by introducing SA.

Fig. 6(g) shows images from the baicalin-release experiment
using DP–CS–2%SA in PBS at different pH values. Aer 8 h, DP–
CS–2%SA was almost completely dissolved at pH 3 and 5,
whereas DP–CS–2%SA was barely dissolved at pH 7. This indi-
cates that the DP–CS–2%SA hydrogel has good pH responsive-
ness and can achieve controlled drug release under different pH
conditions.

3.7. Biocompatibility analysis

To further investigate the applicability of the drug-loaded DP–
CS–2%SA hydrogel in biomedical applications, a CCK-8 assay
was used to determine the cell viability. As shown in Fig. 7(a and
b), cell viability was high in all groups aer 1 and 3 days of
38360 | RSC Adv., 2024, 14, 38353–38363
culture, indicating that the hydrogel is nontoxic to L929 cells.
Fig. 7(c) shows the proliferation of L929 cells under an inverted
microscope aer 1 and 3 days of culture. The proliferation rate
of cells cultured with the baicalin-loaded DP–CS–2%SA hydro-
gel for 3 days was signicantly higher than that aer 1 day,
which is consistent with the results of the CCK-8 assay. Cells
cultured with DP–CS–2% SA were mostly spindle-shaped or
polygonal, indicating stronger cell activity. The cell density was
higher under electron microscopy, suggesting that the prepared
drug-loaded DP–CS–2%SA hydrogel is potentially a biocompat-
ible drug carrier.

3.8. In Vitro antimicrobial activity analysis

To further investigate the medical applications of the baicalin-
loaded DP–CS–2%SA hydrogel, its antibacterial properties
were tested using a zone inhibition assay. As shown in Fig. 7(d),
blank DP–CS–2%SA and baicalin-loaded DP–CS–2%SA hydrogel
blocks were placed on a culture dish covered with S. aureus and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Biocompatibility evaluation and in vitro antimicrobial activity of hydrogel materials: (a) measurement of theOD450 nm values of L929 cells
at 1 and 3 days for the blank group and the DP–CS–2%SA and DP–CS–2%SA drug-loaded hydrogel groups; (b) cell viability of L929 cells after
incubation for 1 and 3 days in the blank group and the DP–CS–2%SA and DP–CS–2%SA drug-loaded hydrogel groups; (c) morphology of cells in
the blank group and the DP–CS–2%SA and DP–CS–2%SA drug-loaded hydrogel groups; (d) images of the inhibition ring on the blank DP–CS–
2%SA and baicalin-loaded DP–CS–2%SA hydrogel.
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incubated at 37 °C for 24 hours. The diameter of the inhibition
zone for the baicalin-loaded DP–CS–2%SA hydrogel was 16–20
mm, which was signicantly larger than that of the blank DP–
CS–2%SA hydrogel. This indicates that baicalin can still exhibit
antibacterial activity within the hydrogel, further demon-
strating that the DP–CS–2%SA hydrogel is an effective drug
carrier for biomedical applications.
4. Conclusion

In this study, we successfully constructed a pH-responsive dual-
network biopolysaccharide hydrogel DP–CS–2%SA with
enhanced self-healing and controlled drug release properties.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Through physical and chemical cross-linking, this material
forms a network structure with excellent mechanical properties
and self-healing characteristics. The rheological analysis
conrmed that the double-network structure endows the
hydrogel with high G0 and G00, indicating its signicant advan-
tages inmechanical strength, stability and excellent self-healing
ability. The swelling experiments further conrmed that the
hydrogel exhibits excellent swelling properties, which are
crucial for maintaining its functionality in the body. More
importantly, in vitro drug-release experiments showed that as
the SA content increased, the controlled release effect of the
hydrogel became more pronounced, suggesting the possibility
of designing drug delivery systems with specic release
RSC Adv., 2024, 14, 38353–38363 | 38361
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characteristics. In addition, the biocompatibility and in vitro
antimicrobial activity tests showed that the prepared hydrogel
had no obvious toxicity to L929 cells and could exert the anti-
microbial properties of baicalin, conrming its potential as
a drug carrier material.

In conclusion, the dual-network self-healing bio-
polysaccharide hydrogel prepared in this study has excellent
pH-regulated drug release ability. This system has practical
application value in the precise controlled release of drugs.
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