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composite hydrogels by frontal polymerization of
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A deep eutectic solvent (DES) was prepared from choline chloride (ChCl), acrylamide (AM) and acrylic acid
(AA); chitosan (CS) was used as a filler, and CS/P(AM-co-AA) composite hydrogels were prepared by frontal
polymerization (FP). The hydrogels were characterized by Fourier transform infrared spectroscopy (FTIR)
(SEM).
conductivity of the hydrogel were studied. The results showed that the mechanical properties of the
hydrogel were significantly improved by adding CS, and the tensile strength and compressive strength
were increased by 11.61 and 1.65 times respectively due to the increase in number of hydrogen bonds.
At the same time, due to the presence of AA, the composite hydrogel has excellent pH response and

and scanning electron microscopy The mechanical properties, pH responsiveness and

super high swelling performance under alkaline conditions. The introduction of CS enhanced the
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Accepted 23rd November 2022 conductivity of the hydrogel and gradually increased with the increase of CS content. The conductivity

of the hydrogel with CS content of 10 wt% was nearly 160 times that of the hydrogel without CS. In this

DOI: 10.1039/d2ra06232a study, a more convenient and rapid method was proposed to prepare conductive composite hydrogels
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1. Introduction

A hydrogel is a three-dimensional network polymer formed by
chemical bond crosslinking," which has good hydrophilicity.
When placed in water, it will absorb a large number of water
molecules and expand. It has a wide application potential in the
biomedical field.> Because hydrogels are soft and can keep
a certain shape, they can be widely used in drought resistance,’
food detection,® biomedicine,” biosensors® and other fields.
According to the different bonding methods of functional
groups in the gel network, hydrogels can be divided into phys-
ical hydrogels (hydrogen bonds and electrostatic interactions)”™
and chemical hydrogels (covalent bonds).*

Chitosan (CS) is a cationic linear polysaccharide, which
usually exists in the crustaceans of marine arthropods such as
shrimp and crab, the crustaceans of insects, the cell
membranes of fungi and algae, the shells and bones of
molluscs, and the cell walls of higher plants.™ It is the only
natural edible animal fiber with positively charged cationic
groups found by humans so far. This amino based cationic
property determines its various properties, and has been
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with excellent mechanical properties and pH responsiveness.

applied in drug delivery systems.'> Moreover, CS has a high
density of amino groups, which can interact with negatively
charged substances such as proteins, solids, dyes and polymers,
and has a good effect in water purification.*® CS has been widely
used in drug delivery,'® gene therapy'” and tissue engineering"®
due to its biocompatibility,’ non toxicity, antibacterial
activity," biodegradability and many other superior properties.
The gel prepared with CS as the matrix is not soluble in water,
dilute acid and alkaline solutions, nor in general organic
solvents, and has good mechanical strength and chemical
stability.

Frontal polymerization (FP) is a way to convert monomers
into polymers through local reaction regions, which is mainly
used in exothermic reactions. The reaction is carried out by
coupling thermal diffusion and Arrhenius reaction kinetics.”
FP has self propagating property, and can use the heat gener-
ated by exothermic reaction to trigger the reaction between
components in adjacent regions. Compared with traditional
polymerization, the self propagating property of FP provides
high conversion in a short time, greatly shortens the reaction
time and saves the reaction cost.”” However, the front-end
temperature is difficult to control, and too high a temperature
will lead to the “burnout” of the initiator and even the boiling of
the monomer, which limits its practical application.*

Deep eutectic solvent (DES) is a new kind of almost non-toxic
green reagent, which is composed of hydrogen bond acceptor
(HBA, such as quaternary ammonium salt) and hydrogen bond
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donor (HBD, such as amide compound) at a certain molar ratio
at a certain temperature. According to the amount of HBD, it
can be divided into binary and multivariate des. DES was first
proposed by Abbott et al.,”* which has a lower melting point
than the monomer component. According to the different
molar ratio of HBA and HBD, the melting point of the prepared
DES is also different. The properties of DES are similar to those
of ionic liquids (ILS), but its prep aration is simpler, faster,
cheaper and less toxic than that of ILs. In the past five years, des
has developed rapidly and its application range has become
more and more extensive. When FP is carried out in DES, it can
not only act as the monomer of reaction, but also provide a high
viscosity environment for the reaction to suppress the convec-
tion driven by buoyancy. The various properties of DES can
control the inherent reaction of the monomer, so that the
monomer can carry out FP at a relatively low temperature.*
Based on previous studies, we added CS to DES to prepare CS/
P(AM-co-AA) composite hydrogels. The effect of CS content on
the reaction rate of FP was studied. The composite hydrogels
were characterized by scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR). The effects of
CS content on the mechanical properties, pH responsiveness
and conductivity of the composite hydrogels were discussed.
That is, the polymerizable DES was prepared by mixing ChCl, AA
and AM in the molar ratio of 1:1:1. Then CS was uniformly
dispersed in DES, and CS/P(AM-co-AA) composite hydrogels
were prepared by FP. The effects of different CS contents on the
mechanical properties, pH responsiveness and conductivity of
the composite hydrogels were studied.

2. Materials and methods
2.1 Materials

N,N-Methylene bisacrylamide (MBA) is purchased from Tianjin
Cameo Chemical Reagent Co., Ltd and can be used directly.
Acrylamide (AM), choline chloride (ChCl), potassium persulfate
(KPS), acrylic acid (AA) and chitosan (CS) were all purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Before use, ChCI needs to be dried in vacuum at 70 °C for two
hours to remove the absorbed water. The purity of all reagents is
analytical grade.

2.2 Preparation of DES

Take ChCI as HBA, AA and AM as HBD, mix them in a beaker at
amolar ratio of 1: 1: 1, immerse the beaker in an oil bath at 80 °©
C (the oil level exceeds the highest point of the mixed reagent),
and continuously stir with a glass rod until a transparent and
clear liquid is formed. After the prepared DES is allowed to
stand for a period of time, different mass fractions of CS are
added as shown in Table 1 and stirred until uniform. The
formation equation of DES is shown in Fig. 1.

2.3 Preparation of CS/P(AM-co-AA) composite hydrogel

At a constant temperature of 35 °C, 0.5 wt% MBA and 0.3 wt%
KPS were added to DES and mixed evenly, and then the mixture
was transferred to a size of 100 x 12 mm glass test tube, the
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Table 1 Composition and proportion of DES

AA/AM/ChCI (molar

Samples ratio) CS (wt%) MBA (wt%) KPS (wt%)
FPO 1:1:1 0 0.5 0.3
FP1 1:1:1 1.25 0.5 0.3
FP2 1:1:1 2.5 0.5 0.3
FP3 1:1:1 5.0 0.5 0.3
FP4 1:1:1 10.0 0.5 0.3
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Fig.1 DES formation equation.

filling height of the mixture in the test tube is about 80 mm, and
the K-type thermocouple is inserted 70 mm below the liquid
surface. Use the electric soldering iron to trigger the upper liquid
level. After a stable front-end front is formed, evacuate the electric
soldering iron and record the change of the front-end position
with time. After the reaction, the hydrogel was cooled to room
temperature, and the hydrogel was taken out. Finally, the
hydrogel was cut into 1-3 mm thick discs, soaked in deionized
water for one week, and then lyophilized to constant weight for
standby. The FP preparation flow chart is shown in Fig. 2.

2.4 Performance testing and characterization

2.4.1 Determination of front-end movement rate and
temperature. Frontal polymerization reaction generally has
a constant front-end moving speed, and the front-end moving
speed can be determined by measuring the relationship between
the front-end position change and time. In order to monitor the
temperature change of the front end, the test tube clamp is
clamped at a place 10 mm away from the top of the test tube at
room temperature, and the K-type thermocouple connected to
the digital thermometer is immersed in the liquid and placed at
a position 70 mm away from the liquid surface to measure the
temperature at the moving position of the front end.

Electric
soldering iron

- P(AA-co-AM) \

Fetch

wwrn - Chitosan - A .
—— wmBa  Composite P Coliian
hydrogel
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Fig. 2 Schematic diagram of graft polymerization of CS and DES.
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2.4.2 SEM characterization. The vacuum freeze-dried
samples were sprayed with gold on the cross-section by high
vacuum ion sputtering, and then the cross-section micro
morphology was observed by scanning electron microscope.

2.4.3 FTIR characterization. The small pieces of dry
hydrogel were ground into powder, and then the solid powder
samples were mixed with potassium bromide, ground, pressed,
and the liquid samples were smeared for FTIR test.

2.4.4 pH response performance test of hydrogel. Prepare
buffer solutions with pH of 3, 4.8 (citric acid/sodium citrate)
and pH of 9.4, 10.8 (sodium carbonate/sodium bicarbonate),
and accurately detect the pH of the buffer solution with a digital
pen type pH meter (PH208, accuracy 0.01). Put the dry hydrogel
with a mass of about 20 mg into the buffer solution until the
swelling is balanced, absorb the water stains on the surface of
the hydrogel with filter paper, weigh and record until the weight
does not change. The equation for calculating the equilibrium
swelling rate (ESR) is as follows:

+ — My

ESR = (1)

my
where, m, is the initial weight of the hydrogel, and m;, is the
weight of the hydrogel after the water absorption time ¢.

2.4.5 Tensile and compressive properties test of hydrogel.
TAXTC-18 texture analyzer was used for compression test of
hydrogel. Before the test, the hydrogel was cut into a cylindrical
shape with a diameter of 10 mm and a length of 10 mm. The
compression head was compressed downward at a speed of 3
mm min~" until the hydrogel deformation reached 80%. The
tensile properties of the hydrogel samples were tested by the
electronic universal testing machine controlled by the micro-
computer. The tensile speed was set as 100 mm min~" and the
original gauge distance was 50 mm. The calculation formula of the
compressive and tensile strength of the hydrogel was as follows:

F
P= (2)
where, F is the applied force, unit N; S is the cross-sectional area
of the hydrogel, unit m”.

2.4.6 Conductivity test of hydrogel. A cylindrical hydrogel
with a diameter of 10 mm and a length of 10 mm was taken, and
the resistance of the cylindrical hydrogel sample was measured
by the double electrode method. And the ionic conductivity is
calculated according to formula (3).

L

7= AR,

(3)

Among ¢ (mS cm ') represents the conductivity, L represents
the length of the hydrogel, R, represents the impedance, and 4
is the cross-sectional area of the hydrogel.

3. Results and discussion

3.1 Preparation of CS/P(AM-co-AA) composite hydrogel by
frontal polymerization

Add CS with different mass fractions into des for stirring to
obtain a uniform mixture. After adding KPS, transfer it to the
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test tube. Heat the top of the test tube with an electric iron until
the polymerization front is formed. The reaction proceeds
rapidly under the action of KPS, and a large amount of heat is
released to continue to initiate the polymerization of mono-
mers. The polymerized monomers continue to exothermically
initiate the unreacted monomers, so that the polymerization
front rapidly spreads along the test tube at a constant speed
until the monomers in the test tube are completely reacted. The
time of the whole reaction process does not exceed 7 min.
The temperature and velocity of the polymerization front
were measured by a K-type thermocouple. The K-type thermo-
couple was inserted 70 mm below the liquid surface of the
mixed solution, and the temperature change with time during
the reaction was recorded. The relationship between the front
end position and time during the polymerization of CS hydro-
gels with different mass fractions is shown in Fig. 3(a). It can be
seen from the figure that the relationship between the front end
position and time is linear, and the polymerization front moves
downward at a constant speed, which indicates that the poly-
merization reaction does not occur naturally. As can be seen
from Fig. 3, with the increase of CS content, the reaction rate
gradually increases and the reaction temperature gradually
increases. When the CS content is increased from 0 wt% to
10.0 wt%, the front-end speed is increased from 1.30 cm min~*
to 1.85 cm min~', and the front-end temperature is increased
from 131.9 °C to 164.8 °C. This is because the presence of AA
makes the solution appear weakly acidic, while in the weak acid
environment, the B-1-4 glycosidic bond will be slowly hydro-
lyzed to produce low molecular chitosan,* resulting in an
increase in the viscosity of DES, an increase in the front
temperature of the reaction, and a faster reaction rate.*®

3.2 Micro morphology analysis of hydrogel

The hydrogel was immersed in deionized water for 7 days to
dissolve the soluble substances therein, then pre frozen and
freeze-dried in a freeze dryer. The cross-sectional morphology of
the dried gel was observed by SEM to study the effect of CS on
the internal micro morphology of the hydrogel. As shown in
Fig. 4(a), the surface of hydrogel without CS is smooth without
pores, while after CS is added, pores appear on the surface of
hydrogel, and the pore size of hydrogel gradually increases with
the increase of CS content. As shown in Fig. 4(b), the pore size of
FP1 is 30 um. While when the content of CS increased to
10 wt%, the pore size of FP4 in Fig. 4(e) increased to 200 um.
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Fig. 3 (a) Front end position time curve and (b) temperature time
curve during frontal polymerization.
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Fig. 4 SEM diagram of FPO (a), FP1 (b), FP2 (c), FP3 (d) and FP4 (e).

About 6.67 times that of FP1. The drastic change of pore size of
hydrogels with different CS content can be attributed to the
change of hydrogel cross-linking degree. When CS enters the
hydrogel, the amino groups in CS are protonated by hydrogen
ions in the acid, resulting in the decrease of cross-linking
degree.”® The cross-linking degree of composite hydrogels
gradually decreases with the increase of CS content, resulting in
the increase of pore size of hydrogels.>” The above phenomenon
indicates that CS has entered the hydrogel.

3.3 Fourier transform infrared spectroscopy (FTIR)

Fig. 5 shows the infrared spectra of CS, P(AM-co-AA) and CS/
P(AM-co-AA). In the figure, the absorption combination of
carboxylate and alcohol's O-H expansion band appears in
a wide range of 3500-2550 cm™".?° In the spectrum of CS, the
bands at 897 cm ™" and 1031 cm ™" belong to the extension of the
pyran ring and C=0 bond, and there are two wide absorption
bands at 2876 cm ™' and 3419 cm ™!, the formation of which can
be attributed to the stretching vibration of C-H bond and O-H
bond.?® In CS/P(AM-co-AA) spectra, bands at 1410 cm™ " and
1455 cm™* represent the introduction of functional groups such
as ~-COOH and N-H bonds into the hydrogel. The absorption
peak of 1666 cm ™" in CS/P(AM-co-AA) spectrum is stronger than

that at 1668 cm™ " in P(AM-co-AA) spectrum, which is mainly
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Fig. 5 FTIR of pure CS and CS/P(AM-co-AA) composite hydrogels.
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attributed to the stretching vibration of C=0 bond.** The above
phenomenon indicates that CS/P(AM-co-AA) hydrogel has been
successfully prepared.

3.4 pH response performance of CS/P(AM-co-AA) composite
hydrogel

Fig. 6 shows the swelling behavior of P(AM-co-AA) and CS/P(AM-
co-AA) at different pH values. As can be seen from the figure,
with the increase of pH value, the swelling rate of the samples
showed an increasing trend. When pH = 3, the presence of
a large amount of H' reduces the COO™ ion content, thus
weakening the mutual repulsion between anions. In the
absence of sufficient repulsion, the extension of the polymer
chain is limited, and the hydrogel has almost no water
absorption capacity.** However, with the increase of pH value,
the hydrogen bond interaction of -COOH group was weakened,
and the swelling rate of hydrogel gradually increased. When pH
> 4.8, the carboxyl group dissociates, and the amino and
carboxylic acid groups are highly repulsive under alkaline
conditions,® resulting in the increase of the internal osmotic
pressure of the hydrogel. A large number of water molecules
enter the gel network to balance the osmotic pressure between
the internal gel and the external solution, resulting in the
increase of the swelling rate of the hydrogel.** When the pH
continued to rise to 9.8, the swelling rate of hydrogel was
slightly decreased compared with that under acidic condition,
because the shielding effect of anti-ion (Na") in buffer solution
restricted the swelling of hydrogel under high pH environ-
ment.*” By comparing the swelling rate of hydrogel at the same
pH value, it can be seen that the equilibrium swelling ratio of
hydrogel gradually decreases with the increase of CS content,
which is because CS is hydrophobic. With the increase of CS
content, hydrogel's hydrophilicity decreases, resulting in the
decrease of ESR.*?

3.5 Mechanical properties of CS/P(AM-co-AA) composite
hydrogel

As shown in Fig. 7, the tensile and compressive curves of CS/
P(AM-co-AA) composite hydrogel. From the figure, it can be seen

70
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Fig. 6 pH value response curve of CS/P(AM-co-AA) composite
hydrogel.
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Fig.7 (a) Tensile curve and (b) compression curve of CS/P(AM-co-AA)
composite hydrogel.

that FPO shows low mechanical properties, but with the increase
of CS content in the hydrogel, the tensile and compressive
strength of the composite hydrogel show an upward trend. It
can be seen from Fig. 7(a) that the maximum tensile stress of
FPO is 2.25 mPa, and when the content of CS reaches 10 wt%,
the maximum tensile stress of hydrogel increases to 26.13 mPa,
which is 11.61 times that of FP0. It can be seen from Fig. 7(b)
that the maximum compressive strength of FPO is 3.19 mPa.
After adding CS with a mass fraction of 10 wt%, the maximum
compressive strength increases to 5.28 mPa, and the compres-
sive strength increases by 1.65 times. The mechanical proper-
ties of the composite hydrogel are significantly increased
because the increase of CS concentration will increase the
entanglement between hydrogen bonds and molecular chains.**
The composite hydrogel increases the physical association in
the hydrogel through the hydrogen bond generated between the
hydroxyl group in AA and the amino group in CS, which
enhances the mechanical properties of the hydrogel.** At the
same time, there is supramolecular interaction between CS and
AM segments.*® Due to the existence of hydrogen bonds and
supramolecular interactions, when the hydrogel is destroyed,
the polymer chain can be automatically reestablished, which
increases the mechanical properties of the hydrogel.

3.6 Conductivity of CS/P(AM-co-AA) composite hydrogel

Since CS is a cationic polymer with positive charge, adding CS to
hydrogel can enhance the conductivity of hydrogel.*” CS is also an
electrolyte containing amino groups, which can be hydrolyzed to
produce hydroxide ions. Hydroxide ions can hydrolyze into
cations in water, and the good hydrophilicity of hydrogels can
make CS hydrolyze through the water molecules in the gel
network, resulting in the increase of the conductivity of hydro-
gels.®® Fig. 8 shows the change rule of the conductivity of CS/
P(AM-co-AA) composite hydrogels with different CS contents
when exposed to air over time. It can be seen that the conductivity
of the composite hydrogels increases with the passage of time.
The reason for this phenomenon is that hydrogels contain
hydrophilic ChCl. Good water absorption makes hydrogels
continuously absorb moisture from the air during the process of
exposure to the air. A large number of water molecules enter the
pores of the hydrogel, which makes the transfer of cations in the
hydrogel more rapid and thus increases the electrical conduc-
tivity.>® As can be seen from the figure, with the passage of time,
the higher the CS content of the hydrogel, the greater the increase
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Fig. 8 Conductivity of CS/P(AM-co-AA) composite hydrogel.

of its conductivity, in which the conductivity of FP4 increased
from 0.006 mS cm ™' to 1.59 mS cm ™ * after 24 h exposure, an
increase of nearly 260 times, and the conductivity of FP4 was
nearly 160 times that of FP0. The reason for these phenomena
may be that the increase of water molecules leads to more thor-
ough hydrolysis of CS and more cations are hydrolyzed, resulting
in higher conductivity of the samples added with CS.

4. Conclusions

In this paper, CS/P(AM-co-AA) composite hydrogel was prepared
by compounding CS with CHCI AA AM ternary DES, using MBA
as crosslinking agent and KPS as initiator, and the structure and
properties of the composite hydrogel were studied experimen-
tally. The results showed that:

(1) CS/P(AM-co-AA) composite hydrogel has good pH
responsiveness, and the composite hydrogel shows excellent
responsiveness in alkaline environment, which makes the
composite hydrogel have broad application prospects in drug
release.

(2) The addition of CS will enhance the entanglement
between molecular chains in the composite hydrogel and
increase the content of hydrogen bonds in the composite
hydrogel. The increase of CS content leads to the increase of the
mechanical properties of the composite hydrogel. The
maximum tensile strength of the hydrogel with CS content of
10 wt% is 11.61 times that of the hydrogel without CS, and the
maximum compressive strength is 1.65 times that of the
hydrogel without CS.

(3) CS is a cationic polymer with positive charge. When CS is
added to the composite hydrogel as a filler, the conductivity of
the hydrogel can be enhanced. When the hydrogel is exposed to
the air for 24 h, the conductivity of the hydrogel with CS content
of 10 wt% increases nearly 260 times due to the electrolysis
of CS.
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