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Preparation of novel B-CD/P(AA-co-AM) hydrogels
by frontal polymerization
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In this paper, betaine (Bet) was used as a hydrogen bond acceptor (HBA), and acrylic acid (AA) and
acrylamide (AM) were used as hydrogen bond donors (HBD) and mixed to form a deep eutectic solvent
(DES). Different concentrations of B-cyclodextrin (3-CD) were dispersed in the DES, and a novel B-CD/
P(AA-co-AM) hydrogel was prepared by frontal polymerization (FP). The characteristic structure and

morphology of the hydrogels were analyzed using Fourier transform infrared (FTIR) spectroscopy and

scanning electron microscopy (SEM), and the properties of the hydrogels were investigated. The results

show that the mechanical properties of the hydrogel were improved by B-CD acting as a second cross-
linking agent in the polymerization process, thus increasing the cross-link density of the hydrogel.
Because the carboxyl groups contained in the acrylic acid dissociate under alkaline conditions, the

composite hydrogel shows excellent pH
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responsiveness under alkaline conditions. Tetracycline

hydrochloride was used as a drug model to test the drug loading and drug release performance of the

hydrogels. With the increase of B-CD content, the loading capacity of the hydrogels for tetracycline
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rsc.li/rsc-advances

1. Introduction

A hydrogel is a cross-linked polymer with a three-dimensional
network structure that can absorb a large number of water
molecules without being soluble in water, and can have both
solid and liquid properties. It has mechanical strength and wide
ranging of stimulus responsiveness' and has physicochemical
properties suitable for use in the human body.* Its unique
network structure and properties can be used in many appli-
cations, such as in biomedicine,® drug delivery,®® tissue engi-
neering®'® and other fields. Typically, hydrogel networks are
constructed from hydrophilic polymers, giving them a good
ability to bind hydrophilic drugs.”*** However, the inability of
the polymer network of hydrogels to bind drugs into the
hydrogel leads to the inability of the hydrogel to control the
drug release, limiting the application of hydrogels for drug
delivery.

B-Cyclodextrin (B-CD) is a cyclic oligosaccharide with
a hydrophobic cavity inside, allowing organic or inorganic
molecules can be trapped.* The non-polar hydrophobic cavity
of B-CD can absorb drug molecules into the hydrophobic cavity,
forming an inclusion complex known as host-guest.*® B-CD can
be grafted through polymerization of B-CD to macromolecular
chains, thus allowing the unique ability to form inclusion
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hydrochloride gradually increased. The data of drug release indicated that the hydrogel has good drug
delivery performance and has promising applications in drug delivery systems and other areas.

complexes to be transferred to the hydrogel. Moreover, the
hydrophilic network of the hydrogel enhances the biocompati-
bility of B-CD and improves the stability of the inclusion
complex, while B-CD enhances the mechanical of the hydrogel,
and changes the release of the drug, which corresponds to an
increase in the water solubility of the drug molecules and an
increase in the drug loading capacity. Thus, B-CD is suitable for
overcoming the limited absorption of hydrophobic drugs and
the control of hydrophilic drug release.’®"” The introduction of
B-CD into polymeric matrices as polymeric fillers offers the
possibility of preparing hydrogels with more excellent
properties.

Hydrogels have various polymerization methods, such as
suspension polymerization® and emulsion polymerization,*®
However, these polymerization methods have disadvantages
such as difficult process control and impact on polymer
performance. Frontal polymerization (FP) is primarily the
conversion of monomers into polymers by the formation and
propagation of thermal polymerization fronts using in situ self-
propagation techniques and the ability to self-sustain and
propagate in the region of the monomer mixture.”* Compared
with other polymerization methods, FP has process advantages
such as shorter time, lower energy consumption, and no waste
emission.”* In recent years, frontal polymerization has synthe-
sized numerous polymer hydrogels, such as poly (itaconic acid-
acrylic acid-acrylamide) hydrogels®* and poly (acrylic acid-
acrylamide)/activated carbon.*
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Deep eutectic solvent (DES) is a novel ionic liquid formed by
mixing hydrogen bond acceptor (HBA) and hydrogen bond
donor (HBD).>* Its preparation method is relatively simple, only
quaternary ammonium salts and HBD compounds are stirred at
a certain temperature to form a eutectic mixture to obtain high
purity DES. DES has low volatility, thermal stability, high elec-
trical conductivity and good biocompatibility, which greatly
facilitates the preparation of polymer hydrogels with excellent
properties.*>”

Based on previous research, we prepared a novel 3-CD/P(AA-
co-AM) hydrogel with good drug release properties by using
frontal polymerization in DES, and investigated the effect of B-
CD content on the properties associated with the novel hydrogel.
Frontal polymerization is a kind of polymerization method that
uses the heat generated by the reaction of monomer polymeri-
zation as the driving force to gradually transform monomer into
polymer. It only needs to trigger the monomer polymerization to
release heat and generate the reaction front, and complete
reactants can be formed within a few minutes. Therefore, frontal
polymerization has a broad prospect for polymer application. We
first prepared a ternary DES composed of acrylic acid-betaine-
acrylamide, and then prepared B-CD/P(AA-AM) novel hydrogels
by dispersing B-CD in the DES, Fourier Transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM)
were used to characterize its structure, and further analyzed the
effect law of B-CD on the mechanical properties and drug release
properties of the hydrogels.

2. Materials and methods
2.1 Materials

Acrylamide (AM), betaine (Bet), B-cyclodextrin (B-CD) and
acrylic acid (AA) were bought from Shanghai Aladdin
Biochemical Technology Co. N,N-methylene bisacrylamide
(MBA) was obtained from Tianjin Cameo Chemical Reagent Co.,
The potassium persulfate (KPS) was obtained from Sinopharm
Chemical Reagent Co., All the reagents were of analytical grade
and did not need further purification; the water used in this
experiment was ultrapure water.

2.2 Synthesis of DES

Bet was used as HBA and AM and AA as HBD. The three raw
materials were mixed in a molar ratio of 1:2:2 in a collector-
type thermostatic heating magnetic stirrer with constant stir-
ring until a uniform and transparent DES was formed (Fig. 1).
The synthesized DES was allowed to stand until there were no
air bubbles, and then B-CD was added to the DES according to
the ratio in Table 1 with thorough stirring.
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Fig.1 Molecular formula for the formation of DES.
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Table 1 Composition and proportion of hydrogels
AA/AM/Bet B-CD MBA KPS

Samples (Molar ratio) (Wt%) (Wt%) (Wt%)
FPO 2:2:1 0 1 0.5
FP1 2:2:1 0.25 1 0.5
FP2 2:2:1 0.50 1 0.5
FP3 2:2:1 1.00 1 0.5

2.3 Hydrogel preparation by frontal polymerization

The crosslinker and initiator were included in the mixture of
DES and B-CD, mixed well and moved to a test tube (10 mm in
diameter and 100 mm in length) and left for some time to
remove the air bubbles generated during the stirring process.
The heated electric soldering iron was leaned against the upper
face of the solution for thermal triggering, and the upper end of
the reactor was kept under atmospheric pressure, and the
soldering iron was removed when the frontal appeared and the
polymerization reaction started. After the reaction is completed,
the prepared hydrogel is removed, cut into uniform discs and
soaked in deionized water for one week to dissolve the
unreacted monomers. The obtained novel hydrogels were dried
in a freeze-dryer until the quality was constant and stored for
the next test (Fig. 2).

2.4 Performance testing and characterization

2.4.1 Schematic diagram of the synthesis of novel hydro-
gels. In the FP reaction, the front end of the reaction moves
toward the unreacted region at a constant rate, and the rate
of frontal movement can be derived by recording the change
in front end position at different times. To monitor the
front-end temperature in relation to time, a test tube was
held in a gripper at room temperature and a K-type ther-
mocouple with a digital thermometer was dipped into the
liquid to record the temperature of the front-end during the
reaction.

2.4.2 SEM characterization. The cross-sections of the dried
hydrogels were sprayed with gold using a high vacuum ion
sputterer, and the microstructure of the hydrogels after gold
spraying was observed by scanning electron microscopy (SEM).

2.4.3 FTIR characterization. Grinding of small pieces of dry
hydrogel into powder, the spectral characteristics were evalu-
ated using Fourier infrared spectroscopy between wave number
500 and 4000 cm ™.

2.4.4 Mechanical performance testing. A universal testing
machine was used to test the stress—strain properties of the
composite hydrogel, and the prepared hydrogel samples were
stretched at a speed of 100 mm min~" until the hydrogel frac-
tured, and the test was repeated several times. The hydrogel was
tested for compression resistance using TA.XTC-18 texture
analyzer. Before the test, the hydrogel was cut into a cylindrical
shape of 10 mm in diameter and 10 mm in length, then
immersed in deionized water for a period of time and
compressed at a compression rate of 0.2 mm s~ ' until the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the synthesis of novel hydrogels.

deformation of the hydrogel reached 80%, and the test was
repeated several times. The formula for calculating the
compressive strength of hydrogel to eqn (1):

P=- 1)

In eqn (1), F is the applied force and S is the cross-sectional
area of the hydrogel.

2.4.5 PH responsiveness performance test of hydrogel.
Buffer solutions with pH 2.4, 4.5 (sodium citrate/citric acid) and
pPH 9.4, 10.7 (sodium carbonate/sodium bicarbonate) were
prepared, and the pH of the buffer solutions was accurately
tested with a digital pen acidity meter (PH-208, accuracy 0.01).
The dry hydrogel with a mass of about 30 mg was put into the
buffer solution until the swelling equilibrium was reached, and
the water on the surface of the hydrogel was drained and
weighed, and the equation for the swelling equilibrium (SR) was
calculated to eqn (2):

—my

SR=" )

my

In eqn (2), m, is the swell weight of the hydrogel at different
pH, m, is the dry weight of the hydrogel.

2.4.6 Drug loading. The dry gel was immersed in 40 ml
(10 mg ml™") of tetracycline hydrochloride solution at 37 °C
until the weight of the hydrogel did not change, the hydrogel
was removed from the solution and the solution on the surface
of the hydrogel was absorbed using filter paper, and the
absorbance of the drug solution before and after the immersion
of the hydrogel was measured to calculate the amount of drug
absorbed.

2.4.7 Drug release performance testing. The fully drug
loaded hydrogels were placed into 60 ml of deionized water at
37 °C. After a certain interval, 5 ml of drug release solution was
taken out. The absorbance of the solution was measured at
357 nm with a UV-5900PC UV-visible spectrophotometer, and
the solution was poured back into the container immediately
after measurement. Linear regression was used to establish
a pharmacokinetic model to study the drug release performance
of hydrogels, and to calculate the cumulative release of drugs
loaded on hydrogels. The drug release is calculated by the
following equation is eqn (3).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cumulative Release(%) = % 100% (3)

gel

In eqn (3), Waqryg is the drug release at different times; Wy, is
the total drug loading of the hydrogel.

3. Results and discussion
3.1 Measurement of frontal fronts

The frontal polymerization reaction creates a frontal front,
which is an interface between the polymer produced by the
reaction and the unreacted monomer. As illustrated in Fig. 3(a),
the frontal position versus time curve shows that the frontal
front moves toward the monomer region at a constant rate and
completes the polymerization reaction rapidly in less than
6 min. As can be observed in Fig. 3(b), the frontal temperature
change curve has a nearly horizontal section at the beginning,
indicating that spontaneous polymerization has not occurred in
FP.?® As the B-CD content in the hydrogel increases, the move-
ment of the frontal front decreases gradually, and V¢ decreases
from 2.82 to 1.41 cm min~"' when the B-CD content increases
from 0 to 1wt%. The FP maximum temperature decreased from
168.7 °C to 142.3 °C. The increase of B-CD content decreased the
V¢ value because B-CD as an inert substance in the polymeri-
zation reaction would lead to thermal dispersion, which
decreased the polymerization reaction temperature, thus slow-
ing down the reaction rate, and the Ty, value also decreased
(Table 2).>®

3.2 Fourier infrared spectroscopy (FTIR)

To further analyze the hydrogel condition, the hydrogel was
analyzed by infrared spectroscopy, and the results are shown in
Fig. 4. Fig. 4(a) shows the FTIR spectral profile of AM, the
absorption peak at 3338 cm ™ is the stretching vibration peak of
-NH, on the amide group (-CONH,), and the absorption peak at
1664 cm ' is the stretching vibration peak of C=0O and the
C=C vibration peak.**** From Fig. 4(b), it can be seen that there
is a strong absorption peak of P(AA-AM) at 3438 cm ™, which
corresponds to the stretching vibration peak of -NH, stretching
vibration peak, and the absorption peak at 1647 cm ™" corre-
sponds to the stretching vibration peak of C=0 and C=C
vibration peak. And the absorption peak at 2927 cm ™! is an
asymmetric vibration of the C-H band, which is caused by the
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Fig.3 (a) Speed of hydrogel polymerization frontal; (b) temperature of

hydrogel polymerization frontal.
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Table 2 Parameters of frontal polymerization

B-CD
Sample (Wt%) Timax (°C) Ve (em min™")
FPO 0 168.7 2.82
FP1 0.25 160.6 2.18
FP2 0.50 150.3 1.92
FP3 1.00 142.3 1.41
(a) o (b) rneeam
o © —— P(AA-co-AM)/B-CD
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Fig. 4 (a) FTIR plots of acrylamide (AM); (b) FTIR plots of B-CD, P(AA-
AM) and P(AA-AM)/B-CD.

cleavage of C=C in acrylamide.?* The absorption peak present
at 1449 cm ' is a symmetric stretching peak formed by the
dissociation of the hydroxyl group of AM into COO™ during the
polymerization process.** The IR spectral curve of 3-CD shows
that the absorption peak at 3388 cm ™" is the O-H stretching
vibration peak, and the absorption peak at 1368 cm™* is the
bending vibration peak of O-H.** From the FTIR spectral profile
of P(AA-AM)/B-CD, it can be seen that there are a large number
of absorption peaks identical to those of P(AA-AM), but
a stronger absorption peak appears at 1374 cm™ ', which
corresponds to the bending vibration peak generated by O-H in
B-CD. The above results indicate that B-CD enters in the poly-
mer network of P(AA-AM) hydrogel.

3.3 Microscopic morphological of composite hydrogels
(SEM)

To study the effect of B-CD on the internal structure of P(AA-AM)
hydrogels, SEM observations were performed on the hydrolyzed
composite hydrogels. Before performing SEM on the hydrogels,
the hydrogels were pre-frozen after one week of immersion and
subsequently freeze-dried at —60 °C for 48 h. After the freeze-
drying treatment, the SEM scans of the four sets of hydrogels,
the morphology is shown in Fig. 5. The cross section of FPO
appears to have folds, which may be caused by the collapse of
the polymer network and the contraction of the structure during
freezing. When the ice sublimates from the hydrogel, the flex-
ible polymer chains in the hydrogel come into contact with each
other, resulting in a collapsed hydrogel network.*>*¢ The addi-
tion of B-CD makes the cross section of the hydrogel dense and
smooth, which is due to the increased cross-link density of f-CD
during polymerization, which contributes to the formation of
a denser polymer network in the hydrogel, resulting in the
contact between polymer chains becoming more frequent and
the structure of the hydrogel becoming more dense.
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Fig.5 SEMimages of FPO (a), FP1 (b), FP2 (c) and FP3 (d) for the freeze-
dried hydrogels.

3.4 Mechanical properties

In order to test the mechanical properties of the hydrogels,
tensile and compression experiments were performed on the
hydrogels, and the experimental results are shown in Fig. 6.
From Fig. 6(a), we can see that the tensile strength of the
hydrogel gradually increases with the increase of B-CD in the
hydrogel, and the highest tensile strength of FP3 hydrogel can
reach 2.0 MPa, which is about two times of that of FP0 hydrogel.
Fig. 6(b) shows the compression curve of the hydrogel, and the
compressive strength of the hydrogel increases with the
increase of B-CD. The above results show that the introduction
of B-CD enhances the mechanical properties of the composite
hydrogels, which is due to the role of B-CD as a chemical cross-
linker in the polymerization process. The increase of B-CD
content in the hydrogel network increases the cross-link density
of the hydrogel. The higher the crosslinking density of the
hydrogel, the denser the gel network formed, the more
hydrogen bonds formed within and between molecules, and the
stresses were dispersed at the fractures, resulting in the
enhancement of the mechanical strength of the hydrogel.*”**
The mechanical properties of hydrogels can usually be
enhanced by increasing the concentration of hydroxyl groups of

the constituent groups of polymeric materials, so the
0 —=—FP0 1 —=—FP0
o @ e (b) e
: —+—FP3 g
20
g 2
§l.5— §
@) @
0.5
0.0 X
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Strain/% Strain/%
Fig. 6 (a) Hydrogel tensile property test curve; (b) hydrogel

compression property test curve.
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mechanical properties of hydrogels were also improved with the
addition of B-CD.*®

3.5 PH responsive

The effect of pH buffer solution on the dissolution equilibrium
behavior of hydrogels is presented in Fig. 7. As can be observed
in Fig. 7, the trend of hydrogel changes remained basically the
same in solutions with different pH values. At pH 2.4, the
carboxylic acid groups exist in the form of -COOH, which
reduces the electrostatic repulsive force of the polymer chains
and causes the polymer chains of the whole hydrogel network to
be intertwined and contracted, so the swelling capacity of the
hydrogel is low at low this environment.** When the pH is at 4.8
environment, the functional groups start to dissociate, the
hydrogen bonding between -COOH groups is weakened, and
the osmotic pressure inside the hydrogel gradually increases,
leading to an increase in ESR.*® The reduced swelling behavior
at pH 7 is probably due to the presence of hydrogen bonding
between -CONH, groups and -COOH groups, which leads to
increased crosslinking density and shrinkage of the polymer
network.*® When the pH is greater than 7, the carboxylic acid
groups ionize, -COOH dissociates into -COO™, and the ions
between generates strong electrostatic repulsion, which
expands the polymer network and thus leads to an increase in
osmotic pressure inside the hydrogel, resulting in an increase in
the swelling rate of the hydrogel. As can be show in Fig. 7, the
swelling rate of the hydrogel gradually decreases with the
increase of B-CD content, which is because the increase of 3-CD
content increases the cross-link density of the hydrogel, while
the hydrophobic cavity of B-CD can prevent water molecules
from penetrating into the hydrogel, thus limiting the swelling
performance of the hydrogel.**

3.6 Drug loading of hydrogels

We chose tetracycline hydrochloride as the model drug and
loaded it into the hydrogel. Fig. 8 shows the drug loading data of

50
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&
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Fig. 7 pH responsiveness curve of hydrogels.
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the hydrogel, the drug loadings of FPO, FP1, FP2 and FP3 were
63.51, 75.61, 115.63 and 154.67 mg g~ *, with the increase of B-
CD content, the loading of the hydrogel to the drug increased.
Fig. 9 shows a schematic diagram of the uptake of drug mole-
cules by the hydrogel. B-CD/P(AA-co-AM) composite hydrogel is
loaded with drug mainly by two ways. One is, the hydrogel
swelling leads to the drug-containing solution into the hydrogel
network; the other is, the hydrophobic cavity of B-CD can bind
to the hydrophobic end of tetracycline hydrochloride, so that -
CD can form host-guest inclusion complexes with drug mole-
cules, increasing the affinity of the polymer network for drug
molecules and increasing the number of drug molecules
captured by the hydrogel, thereby enhancing the drug adsorp-
tion capacity of the hydrogel.*>** The increase in f-CD content
in the hydrogels allowed more drugs to be loaded into the
polymer network, improving the drug loading of the hydrogels.
Fig. 9 is a schematic diagram of drug encapsulation by hydrogel,
B-CD can form a 1:1 inclusion complex with the guest mole-
cule. If the guest molecule is too large to accommodate
a cyclodextrin hole, the unincluded end will provide another
site of action, so that the host guest molecule can form the
complex at a 2:1 mass ratio.*

3.7 Drug release of hydrogels

The cumulative drug release rate of the hydrogel is shown in
Fig. 10 by performing drug release tests on the hydrogel, thereby
investigating the effect produced by B-CD on drug release. In
drug release studies, when deionized water penetrates into the
polymer matrix, the trapped drug molecules are released from
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Fig. 9 Schematic diagram of the absorption of drug molecules by
hydrogels.
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Fig. 10 Drug release profile of hydrogels.

the hydrogel due to diffusion that occurs due to osmotic pres-
sure. As can be shown in Fig. 10, the drug release efficiency of
the hydrogels showed a significant difference with the increase
of B-CD content in the hydrogels, and the drug release rate
gradually decreased. At the beginning, the greater osmotic
pressure between the drug molecules in the hydrogel network
and the external environment resulted in a greater drug release
velocity from the hydrogel within 600 min, while after 600 min,
the drug release velocity from the hydrogel started to decrease.
B-CD content increases the cross-link density of the hydrogel
and makes the polymeric network of the polymer more
compact, resulting in a restricted rate of water entry into the
hydrogel, thus making the drug molecule's slow release time
becomes longer.*>*’ It can be seen from the graph that the drug
release increases significantly as the pH becomes larger. 3-CD
contains a large number of -OH and CH,OH groups in its
structure, which makes the hydrogel hydrophilic. At low pH,
these groups remain bound and therefore drug release is low. As
the pH increases, the groups are ionized and the repulsive
forces and osmotic pressure within the hydrogel network
increase, resulting in an increase in the solubilization equilib-
rium of the hydrogel, which leads to an increase in drug
release.*®

4. Conclusions

In this paper, B-CD was mixed with Bet-AA-AM ternary DES to
prepare new B-CD/P(AA-co-AM) hydrogels by front-end poly-
merization, and the structure and properties of the hydrogels
were investigated, and the results showed that:

(1) Compared with the conventional polymerization method,
FP prepared composite hydrogels with faster polymerization
rate and greener raw materials. A new hydrogel of B-CD/P(AA-
AM) was prepared by frontal polymerization, and after the
addition of B-CD, the polymerization rate of the hydrogel
gradually decreased due to the thermal diffusion of B-CD.
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(2) The mechanical properties of the hydrogels were gradu-
ally improved with the addition of B-CD. The addition of B-CD
increased the cross-link density of the hydrogels and increased
the number of hydrogen bonds in the hydrogels, which led to
the improvement of the mechanical properties of the hydrogels.

(3) B-CD controls the release behavior of drug molecules by
forming host-guest inclusion complexes. When B-CD is added
to the hydrogel it can make the hydrogel have drug retardation,
and after loading the composite hydrogel with drug, it can
achieve prolonged release in deionized water, making the
hydrogel potentially useful for applications such as drug
delivery systems.
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