Journal of Polymer Research (2022) 29: 194
https://doi.org/10.1007/510965-022-03054-x

ORIGINAL PAPER

=

Check for
updates

Preparation and application of poly(a-L-lysine)-based interpenetrating
network hydrogel via synchronous free-radical polymerization

and amine-anhydride reaction in water

Chunwang Hu' - Hongliang Wei'

- Bingyan Hua' - Yagi Zhang' - Gang Wang" - Yanmin Shen' - Yongsheng Niu'-2

Received: 2 January 2022 / Accepted: 25 April 2022 / Published online: 2 May 2022

© The Polymer Society, Taipei 2022

Abstract

Drug- controlled delivery can effectively avoid excessive drug use and improve the utilization rate of drugs and reduce the
harm of drugs to the body. Herein, a novel poly(a-L-lysine)-based interpenetrating network (IPN) hydrogel with thermo/pH
sensitivity was fabricated by synchronous free-radical polymerization and amine-anhydride click reaction in one pot. The
hydrogels were characterized by FTIR, X-ray diffraction (XRD), and scanning electron microscopy (SEM). The IPN hydro-
gels well integrated thermo-sensitivity and pH-sensitivity of two single-network hydrogels. The experimental results showed
that the IPN hydrogel exhibited different swelling properties at different pH and temperatures. Finally, the anticancer drug
5-fluorouracil (5-Fu) was chosen as a model drug to investigate the controlled release behavior of the hydrogel. The study
showed that the release behavior of 5-Fu from the IPN hydrogel depended on temperature and pH changes, which followed the
Korsmeyer-Peppas kinetic model. The IPN hydrogel is expected to be a candidate material for drug sustained-release carriers.
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Introduction

Hydrogel is a kind of three-dimensional cross-linked poly-
meric network which can absorb a large amount of water in
an aqueous solution to cause a rapid increase in volume but
is insoluble in water [1]. Due to the excellent water absorp-
tion, flexibility, and biocompatibility of hydrogel, the hydro-
gel has become a significant research area in drug delivery
systems [2], which can prolong the retention time of the drug
and slow down the release rate of the drug. However, a tra-
ditional hydrogel cannot control and target drugs to desired
parts of the body. Different drugs need to meet different
release behavior to achieve the best therapeutic effect, so the
drug-carrier should be able to vary its properties according
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to the environment. Under such a background, a hydrogel
that can identify and react to the changes in normal physi-
ological parameters has attracted extensive attention [3]. The
smart hydrogel can respond to changes in external environ-
mental stimuli such as pH, temperature, salt, electric, and
magnetic fields [4]. These stimuli can affect the swelling
degree, degradation rate and drug release rate of the hydro-
gel. Among them, the adjustment of pH and temperature is
the easiest to achieve in the experiment, which has a signifi-
cant impact on the properties of the hydrogel. Additionally,
the change of pH and temperature is also ubiquity in nature
and organisms.

pH-sensitive hydrogel contains protonated groups, such
as amine and carboxyl groups, which can gain or lose pro-
tons depending on the change of pH, thus causing the vol-
ume change of hydrogels [5]. When pH-sensitive hydrogels
are used as drug release carriers, the change of environmen-
tal pH causes their volume to shrink or swell, thereby con-
trolling the drug release rate and optimizing the therapeutic
effect [6]. pH-sensitive hydrogels also have high application
value in biosensors. For example, in the application of wear-
able and portable biosensors, pH-sensitive hydrogels can
predict the physical condition of the human body via making
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corresponding response behavior according to the change of
pH value of human sweat. [7].

Different from pH- sensitive hydrogels, thermo-
sensitive smart hydrogels have a volume phase transition
temperature (VPTT), where a significant shrinkage or
expansion of volume occurs. Poly(N-vinyl caprolactam)
[8], poly(oligo(ethylene glycol) methacrylate) [9], and
poly(N-isopropyl acrylamide) (PNIPAm) have been widely
applied in the preparation of smart hydrogels as temperature-
sensitive materials. Among them, PNIPAm has been widely
studied because its low critical solution temperature (LCST)
is close to the temperature of the human body. When the
ambient temperature is lower than the LCST, the PNIPAm
hydrogel quickly absorbs water and swells. On the contrary,
when the temperature is higher than the LCST, the PNIPAm
hydrogel shrinks and removes water [10]. However, the
traditional PNIPAm hydrogel usually uses small molecule
N, N-methylene bisacrylamide as the chemical crosslinking
agent, which leads to the brittleness of the hydrogel and
limits its further applications [11].

Additionally, crosslinking methods have a significant
influence on the properties of hydrogels. According to
crosslinking mechanism, the preparation methods of hydro-
gels can be generally divided into physical crosslinking and
chemical crosslinking [12]. Physically cross-linked hydro-
gels are networks obtained by non-covalent bonds, such
as van der Waals forces, hydrogen bonds, or electrostatic
interaction. The formation of such hydrogels is reversible
because the molecular chains are physically cross-linked.
When external conditions such as temperature change, the
physical crosslinking points will be destroyed [13]. There-
fore, physical gels are also called reversible gels. Chemical
crosslinking hydrogels refer to networks formed by cova-
lent bonds, which are relatively stable. Standard chemical
crosslinking methods include free-radical polymerization,
Michael addition reaction, Schiff base reaction, and click
reaction [14]. Among them, click reaction provides a wide
range of bond stability for network structure [15] and is an
elegant means for adjusting the physicochemical properties
of hydrogels in a controlled manner [16]. Click reaction is a
term for describing a class of reactions with the character-
istics of modularization, rapidity, high efficiency, and easy
manipulation, including nucleophilic ring opening reaction,
carbon-carbon multibond addition reaction, etc. Nowadays,
the scope of coverage of click reactions is expanding; for
instance, amine-aldehyde reaction, amine-epoxy reaction,
thiol-epoxy reaction, thiol-isocyanate reaction, thiol-alkyne
reaction can also be grouped under click reaction. In our lab,
we observed that gelation could occur rapidly in an aqueous
solution through an efficient and mild amine-anhydride reac-
tion without isolating air, which conforms to the characteris-
tics of click reaction. Therefore, we studied the application
of amine-anhydride reaction in the preparation of hydrogels.
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Generally, raw materials for preparing a hydrogel can be
divided into natural raw materials and synthetic raw materi-
als [17]. The properties of hydrogels prepared from syn-
thetic polymer materials can be adjusted more flexibly [18].
Acrylic acid, acrylamide, N-isopropyl acrylamide, and other
synthetic raw materials have been widely used to synthesize
hydrogels. Hydrogels prepared from natural raw materials
such as proteins and polysaccharides have the characteristics
of non-toxicity, good biodegradability, and biocompatibil-
ity. Still, their poor mechanical strength limits their wide
range of applications [19]. Poly-L-Lysine (PLL) is a cationic
biopolymer containing the monomeric unit L-lysine. There
are two types of PLL, a-PLL and e-PLL. Both possess nat-
urally inherent properties, e.g., environmental friendliness
and non-antigenicity [20, 21]. Of those, a-PLL is the most
well studied [22]. Due to their intrinsic merits, PLL-based
hydrogels have been applied widely in various fields [23].

To improve the performance of hydrogels, scientists
have proposed a series of optimization schemes [24]. For
example, grafting polymers containing different side chains,
forming comb-shaped grafted hydrogels, fabricating inter-
penetrating network structures, and combining composite
nanomaterials. The interpenetrating network provides a new
and stable structure for the hydrogel. Through the synergy
of the two networks, its performance is significantly bet-
ter than the corresponding single-network hydrogel, which
displays significant advantages in applications. Therefore,
forming an interpenetrating network structure is the most
commonly used method to increase the mechanical proper-
ties, thermal stability, and chemical stability of hydrogels
[25]. According to the synthesis method, IPN hydrogels are
subdivided into two categories: stepwise IPN hydrogels and
synchronous IPN hydrogels [26]. The stepwise IPN refers
to forming a network first, and then putting the network to
another monomer or prepolymer solution to create a second
network through a crosslinking reaction, which is usually
time-consuming and inconvenient. For example, Saruchi
et al. synthesized an IPN hydrogel using natural polysac-
charide gum tragacanth, acrylamide, and methacrylic acid
by stepwise method, which was used for sustained release
of soil fertilizer [27]. Synchronous IPN is to put all the raw
materials used for forming the network in a container at the
same time and fabricating different networks through their
independent reaction processes, which is simple and espe-
cially adapted for preparing injectable hydrogels.

In this study, we proposed that an IPN hydrogel with
thermo and pH sensitivity could be prepared via synchro-
nous free-radical polymerization and amine-anhydride
reaction in one pot. One hydrogel network with pH sen-
sitivity was formed by an amine-anhydride reaction in
water between the binary copolymer and natural material
poly(a-L-lysine) (PLL). The other network with thermo-
sensitivity was fabricated via free-radical polymerization of
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N-isopropyl acrylamide and N, N-methylene bisacrylamide.
The hydrogel exhibited dual temperature and pH sensitiv-
ity by forming an interpenetrating network structure. The
controlled release behavior and the drug release mechanism
of hydrogel were analyzed by choosing 5-Fu as a model
drug. The preparation method of the IPN hydrogel is simple,
and the reaction conditions are mild. 5-Fu is an effective
chemotherapeutic anticancer drug but with some applica-
tion limitations due to its low bioavailability and cytotoxic
nature [28]. Therefore, developing a controlled targeted
5-Fu-carrier is necessary to improve its therapy and reduce
its cytotoxicity [29]. To the best of our knowledge, there
are many reports on amine-anhydride reaction in organic
solvents, but the research on amine-anhydride click reaction
in water for forming poly(a-L-lysine)-based IPN hydrogels
is unexplored so far. Therefore, the study is of significance
to the preparation of IPN hydrogel.

Materials and methods
Materials

N, N-dimethyl acrylamide (DMA), Poly(a-L-lysine) (PLL),
N-isopropyl acrylamide (NIPAm), and N, N-methylene
bisacrylamide (MBA) were obtained from Saen Chemical
Technology (Shanghai) Co., Ltd, China. Maleic anhydride
(MAH) was purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd, China. 2,2’-Azo-diisobutyronitrile
(AIBN) was supplied by Tianjin Kemiou Chemical Reagent
Co., Ltd, China. Potassium persulfate was purchased from
Luoyang Haohua Chemical Reagent Co., Ltd, China. Ascor-
bic acid (Vc) was provided by Beijing Innochem Technol-
ogy Co., Ltd, China. Triethylamine (Et;N) was bought from
Tianjin Tianli Chemical Reagent Co., Ltd, China. AIBN,
potassium persulfate, and triethylamine were purified
according to ordinary methods. Other reagents were ana-
lytically pure and had not been treated before use. Initiator
solutions (0.15 mol/L) of potassium persulfate and ascor-
bic acid were prepared in advance and used for the related
polymerization reaction.

Fabrication of hydrogel
Synthesis of the copolymer of MAH and DMA

Herein, a binary copolymer containing anhydride groups
was synthesized by free-radical polymerization of MAH,
and DMA using AIBN as an initiator. The molar ratio of
MAH and DMA was set as 1: 50, the total concentration
of the monomers was set as 1.0 mol/L, and the obtained
binary copolymer was denoted as “PMD”. Typically, the
synthesis process of PMD is as follows: MAH (0.1154 g,

1.176 mmol), DMA (5.831 g, 58.824 mmol) and AIBN
(0.0493 g, 0.300 mmol) were added to a round-bottom flask
containing 60 mL 1, 4-dioxane and stirred with a magnetic
mixer until completely dissolved. Then, the reaction system
deoxygenated via vacuum-pumping and argon-filling cycles.
The oil bath temperature was controlled at 75 °C, and the
system was maintained under an argon atmosphere during
the reaction period. After eight hours, the reaction solution
was concentrated by a rotary evaporator and then dropped
into 400 mL petroleum ether with constant stirring to obtain
a white precipitate. The obtained white precipitate was
washed with petroleum ether three times (50 mL each time),
and then dried to constant weight under vacuum at 70 °C.
The product yield was 97%.

Preparation of single network hydrogels based
on the amine-anhydride reaction

Firstly, a certain amount of binary copolymer was weighed
in a 10 mL small test tube, and 1.5 mL deionized water was
added to dissolve the binary copolymer to obtain an aqueous
solution. After an appropriate amount of poly(a-L-lysine)
was dissolved in 0.5 mL deionized water, quantitative tri-
ethylamine was added to adjust the pH of the solution to
alkalinity. Their raw material composition was presented in
Table S1. Then the poly(a-L-lysine) solution was poured
into a small test tube containing a binary copolymer and
mixed evenly. Finally, the solution was put into a water bath
of 50 °C and reacted for 15 min to form a gel. After gelation,
it was kept at 50 °C for 6 h. The single-network hydrogels
formed from amine-anhydride were named CN,,, where n
was the molar ratio of amine groups to anhydride groups
(Fig. 1A).

Preparation of single network hydrogel based
on free-radical polymerization

NIPAm and MBA were charged into a 10 mL test tube, and
then dissolved in 2.0 mL deionized water. Afterward, an
appropriate amount of KPS and Vc solution was added into
the tube and mixed evenly. Their raw material composition
was presented in Table S2. The reaction was carried out for
40 min at room temperature to form a gel. The digital photos
of hydrogels during preparation are shown in Fig. S1. The
hydrogels formed from the free-radical polymerization of
NIPAm and MBA were named PN, where n was the mole
ratio of NIPAm and MBA (Fig. 1B).

Preparation of IPN hydrogel
The binary copolymer PMD and NIPAm were weighed and

put in a 10 mL test tube, and then 1.5 mL deionized water
was added to dissolve them. Poly(a-L-lysine) and MBA were
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weighed and put in a small beaker, and then 0.5 mL deion-
ized water was used to dissolve them to obtain a solution.
The solution was poured into the test tube, then KPS and
Ve solution and triethylamine were added and mixed well.
The raw material composition of IPN-Gel was presented in
Table S3. The tube was put into a water bath of 50 °C, and
the gelation was observed within 10 min. After gelation, it
was kept at 50 °C for 6 h. The IPN hydrogels were denoted
as DN, ., where n is the molar ratio of the amine group to
the anhydride group, and m is the mole ratio of NIPAm to
MBA (Fig. 2).

Fig.2 The schematic diagram
of the preparation process of (%
IPN hydrogel

Preparation of 5-Fu-loaded hydrogel

The In-situ drug loading method was used to prepare drug-
loaded hydrogels. In brief, similar to the above preparation
method of hydrogel, 5-Fu was dissolved in initial deionized
water (5-Fu: H,O=10 mg: 1 g) to obtain a 5-Fu aqueous
solution. The raw material for preparing hydrogels was dissolved
in a 5-Fu aqueous solution, and the hydrogels were prepared
through the above steps. The prepared hydrogels were dried at
50 °C under atmospheric pressure until constant weight.

MBA + PLL solution

@ KPS, V¢, EtN ]
i A oy i ey
@ 50°C TR
NIPAm + PMD solution Snstenarusnaananstt

PMD
I\\/IBA /\/ Crosslink point
PNIPAm PLL
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Characterization

FT-IR spectra of samples were obtained at room temperature
utilizing an infrared spectrometer (PerkinElmer UATR Two,
UK). The scanning range is between 4000 —400 cm™!. The
hydrogel was soaked in deionized water at room temperature
until its swelling reached equilibrium, and then frozen in the
refrigerator for 24 h, and freeze-dried in a freeze-dryer. The
morphology of single network hydrogels and interpenetrat-
ing network hydrogels was observed by scanning electron
microscopy (JEOL JSM-6490 A, Tokyo, Japan). The aggre-
gated structure of the hydrogels was determined by Rigaku
Miniflex-600 X-ray diffractometer (Rigaku, Japan) in the
Cu-K a radiation range of 5-90° with current and voltage
of 100 mA and 40 kV, respectively.

Gel mass fraction

Gel mass fraction (GMF) was usually utilized to evaluate the
degree of crosslinking of hydrogels. Typically, dry hydrogel
samples (m;) were soaked in deionized water at room
temperature, and the water was changed every six hours to
remove free molecules. After two days, the samples were
taken out and dried to constant weight (m,) in an oven at 50
°C. GMF is calculated according to Eq. (1):

GMF(%) = 2 % 100 )
my

Swelling behavior

Herein, a general weighing method was used to study the
swelling behavior of dried hydrogels. Typically, the dry
gel was soaked in deionized water at room temperature
for two days, changing the water every six h to eliminate
uncrosslinked components such as monomers. The gel was
completely dried in a vacuum dryer. Subsequently, about
0.2 g of dry gel (m;) was accurately weighed, and immersed
in deionized water, and the mass of each swelling hydrogel
was weighed periodically (m,). The swelling degree (SR)
was obtained according to Eq. (2):
%) = 21— % 100
SR(%) = m—o X )
In this experiment, the pH sensitivity and thermo-sensitivity
of single network hydrogels and interpenetrating network
hydrogels were further studied. The pH sensitivity of single
network hydrogels and interpenetrating network hydrogels was
tested in the buffer solutions with pH of 2, 4, 6, 8, and 10,
and the thermo-sensitivity was tested at 30 °C, 40 °C, 50 °C,
and 60 °C, respectively. The buffer solutions were prepared

according to Table S4. Specifically, at a fixed temperature, the
hydrogel was put into different pH solutions to swell fully, and
the change of its swelling degree with pH was investigated.
At fixed pH, the hydrogel was fully expanded in solutions of
different temperatures, and the change of swelling degree with
temperature was investigated.

Deswelling behavior of hydrogels

The experimental procedure of hydrogel deswelling is as
follows. About 0.2 g of dry hydrogel was accurately weighed
(m,) and soaked in deionized water at 27 °C to make it
swell and reach swelling equilibrium (mg). Subsequently,
the hydrogel reached swelling equilibrium at 27 °C and
was quickly immersed in deionized water at 37 °C, and the
swelling mass of each sample was measured regularly (m,).
The deswelling ratio was calculated by Eq. (3).

(mz - md)

WR(%) = mo—m,)

x 100 3)

Drug release

The sustained release behavior of 5-Fu-loaded hydrogels in
buffer solution was studied at different pH values (pH=2.0,
8.0) and different temperatures (T =27 °C, 37 °C). The
maximum absorption wavelength of 5-Fu (Ay;,, =265 nm)
was determined by UV-visible spectrophotometry. Typically,
a conical flask, loaded with about 0.1 g of dry 5-Fu-loaded
hydrogel in 50 mL buffer solution, was immersed in a
constant-temperature shaker at a fixed temperature. In every
preset time interval, 5 mL buffer solution was removed
from the flask, and then an equal volume of fresh buffer
solution was supplemented to keep the constant volume of
the release medium. Each experiment was conducted three
times in parallel. The cumulative 5-Fu release rate (CFR)
was obtained by the following Eq. (4).

-1
Y, cvite,V
w

CFR(%) = % 100 “

Where, n and i are the sampling times, C; and C, are
respectively the concentration of 5-Fu in the solution, V;
and V are the volume of the i sampling and the total volume
of the solution, respectively, and W is the weight of 5-Fu in
the 5-Fu-loaded hydrogel.

Results and discussion
Poly (N, N-dimethyl acrylamide) is usually used as a hydro-

philic part of hydrogel, but there are few reactive functional
groups in its chain [30]. Combining maleic anhydride with
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N, N-dimethyl acrylamide can make up for its deficiency.
Therefore, the two monomers were selected in this experi-
ment to prepare binary polymers by free-radical polymeri-
zation. To ensure the water solubility and reactivity of the
synthetic binary polymer, the molar ratio of MAH and DMA
was 1: 50 during the experiment. Gelation can occur quickly
in situ in water by the amine-anhydride click reaction of the
binary copolymer and poly(a-L-lysine), which was selected
as one network of IPN hydrogel to endow hydrogel with pH
sensitivity. Since the amine-anhydride reaction can proceed
quickly under alkaline conditions, it is necessary to adjust
the pH of the solution to alkaline with triethylamine to facili-
tate the ring-opening reaction of the cyclic anhydride. Addi-
tionally, PNIPAm is widely used in the preparation of intel-
ligent hydrogels due to its temperature sensitivity, which was
chosen as a main component for preparing another network
of IPN hydrogels. Therefore, two single network hydrogels
were combined to prepare IPN hydrogels to make the pre-
pared hydrogels have pH and temperature sensitivity.

FT-IR analysis

FT-IR spectra of MAH, DMA, PMD, PL, CN,, PN, and
DNy_;oy are shown in Fig. 3. In the infrared spectrum of
the MAH in Fig. 3A(b), the peaks at 1851 — 1777 cm™ are
the stretching vibration of C =0, and the peak at 1589 cm’!
is due to the stretching vibration of C=C. The peaks
at 1244 cm™ and 1052 cm™! correspond to the stretching
vibration of the C-O group [31]. In the infrared spectrum
of DMA, the stretching vibration peak of the C-H bond pre-
sents at 2933 cm’!, C=C stretching vibration peak emerges
at 1652 cm™, C = O stretching vibration peak of the amide
bond appears at 1604 cm™ [32], C-N peak presents at
1485 cm™! [33], and deformation vibration of symmetric C-H
at 1402 cm! is also observed [34]. In the infrared spectrum
of PMD, methyl peak appears at 2933 cm™!, symmetrical
methyl deformation peak is at 1402 cm™!, stretching vibra-
tion peak of C-O group appears at 1052 cm™, and C=0
redshift of amide bond presents at 1623 cm™'. It can be seen

from the infrared spectrum that the characteristic peaks of
the two monomers are reflected in the binary copolymer, so
it can prove that the target polymer has been successfully
synthesized [35].

In the infrared spectrum of PLL (Fig. 3B(b)), the stretch-
ing vibration of N-H exhibits at 3227 cm™! and 1557 cm™
[36, 37], and the peak at 2878 cm’!is assigned to the meth-
ylene stretching vibration. The stretching vibration of
the amide bond appears at 1657 cm™', and the stretching
vibration peak of C-N presents at 1248 cm™! [38]. In the
infrared spectrum of CNg, the methyl stretching vibration
peak appears at 2918 cm™!, and the C=0 stretching vibra-
tion peak is blue-shifted at 1619 cm’!. The symmetrical
methyl deformation vibration exhibits at 1402 cm’!, and the
C-N peak at 1248 cm™! are observed. In the PN, infra-
red spectrum, N-H stretching vibration peaks are located
at 3282 cm’!, and 1544 cm™ [39], the peak at 3080 cm!
is ascribed to the bending vibration of N-H, 1636 cm! is
the C=0 peak of the amide bond, the peak at 1462 cm! is
attributed to the bending vibration of CH, and CH;. C-H
stretching vibration peak presents at 1181 cm™! [40]. In the
infrared spectrum of DNy 4, the stretching vibration peak
of the C-H appears at 2970 cm™!, and the stretching vibra-
tion peak of the C=0 exhibits at 1619 cm’l; the symmet-
ric methyl deformation peak at 1402 cm™, the C-N peak at
1248 cm! and the stretching vibration peak of C-O group at
1052 cm™! are also observed. The above analysis indicated
that the interpenetrating network hydrogel was successfully
prepared.

SEM analysis

The morphology of the hydrogels was characterized by scan-
ning electron microscope (Fig. 4). The result shows that the
hydrogel samples have a relatively smooth surface, which
can prevent water from entering the hydrogel quickly and
slow down the release of 5-Fu. The internal morphology
of the hydrogel samples is a three-dimensional porous net-
work, which provides a large channel and interface for water

Fig.3 FTIR spectra of the
samples [A: PMD (a), MAH @) P T
(b) and DMA (¢); B: CN, (a), N P \ Mg
PLL (b) and DNy, (¢) and Q = |[® G
v = 3227 14 !
PN, (d)] > <
151 @ 2878 1657 V'
g g ((.) 557l !
- < P ol )
= E 2970 H |
E £ @ . | 1052
= 17} / 1619
g £ 73080
= 1402 = e 294 LAY
1462
A . . . Ig_S,Z/' ‘:"’0" ; B 1636 2 Sised
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Wavenumber (cm'l)
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Fig.4 SEM micrographs
of CNy (A), PN, (B), and
DNy_ 00 (C)

molecules and drugs, so it is conducive to water absorption
and drug release [41]. Compared with single network hydro-
gels, interpenetrating network hydrogels have interconnected
three-dimensional porous structures (Fig. 4C) with a pore
diameter of 27.57 micrometers (Fig. S2), which is beneficial
for the application of hydrogels in the biomedical field.

XRD analysis

The aggregated structure of the hydrogel was characterized
by X-ray diffraction. As shown in Fig. 5, the characteristic
peaks of PN, at 20=8.4° and 20.2° are the same as pre-
viously reported [42]. Both CNy and DNg_;,, have broad
diffraction peaks at 20 =22.4°, indicating that the interpen-
etrating network structure does not cause the phase transi-
tion of the hydrogel. In addition, there is no apparent sharp
diffraction peak in the figure, which indicates that the three
hydrogels are mainly amorphous [43].

Optimization of raw material ratios

Gel mass fraction and swelling degree are two important
parameters to measure hydrogel performance, which are

Intensity (a.u)

T

L) L L) s L) 4 L) b L)

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig.5 XRD patterns of different samples [CN, (a), PNy, (b),
DNy_ 49 (0)]

affected by many factors, such as the crosslinking density
of hydrogels, intermolecular forces, external pH, tempera-
ture, and ionic strength [44, 45]. Herein, gel mass fraction
and swelling degree were used as two indicators to opti-
mize the preparation conditions. Figure 6A-C depicted the
influence of different raw material ratios on the gel mass
fraction of hydrogels. It can be seen that the GMF of CN,
increased slightly with increasing PLL proportion. As we
know, with the increase of PLL content, the number of
reactive amine groups increased, leading to the increase
of the collision probability and the crosslinking density
of CN,. The gel mass fraction of PN, and PN5, has no
noticeable difference. When the monomer ratio of amine
group: anhydride group=9: 1, NIPAm: MBA =100: 1,
DN, ,, had the largest mass fraction.

Figure 6D-F shows the swelling behavior of hydrogels
with different monomer ratios. It can be seen from Fig. 6D
that the swelling degree of CN,, hydrogel increased with
the increase of the molar ratio of the amine group to the
anhydride group. The result can be explained as follows.
When the content of poly(a-L-lysine) increased, the num-
ber of residual amine groups increased after crosslink-
ing, resulting in the increase of the swelling degree due
to that the amine groups were hydrophilic groups [46].
As described in Fig. 6E, the swelling degree of PN,
hydrogel has a decreasing tendency with the increase of
MBA content. The reason is as follows. The crosslinking
density of hydrogel increased when raising crosslinking
agent content, resulting in the decrease of the space in the
hydrogel and water absorption capacity [47]. It is clear
from Fig. 6 F that when the monomer molar ratio of amine
group: anhydride group=9: 1, NIPAm: MBA =100: 1, the
swelling degree of the double network hydrogel (DNg_; )
was the largest. Compared with the single network hydro-
gels, the swelling degree of double network hydrogels was
basically between that of the two single networks, which
further confirmed that the swelling behavior of interpen-
etrating network hydrogels was the result of the interaction
of two single networks. Considering DNy_;, IPN hydro-
gel had the largest swelling degree and gel mass fraction,
DNy _;00 IPN hydrogel and corresponding CNy hydrogel
and PN, hydrogel were used for subsequent experiments
and characterization.
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Fig. 7 Swelling ratios (A, C)
and equilibrium swelling ratios
(B, D) of DNy_;( under dif-
ferent pH values (30 °C) and
temperatures (pH=4)
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Swelling behavior of IPN-Gel DNy ,,, at different pH
and temperature

Figure 7A, B show the swelling behavior of DNy _ , hydro-
gel at different pH. When pH changed from 2 to 4, its equi-
librium swelling ratio increased; when pH increased from
4 to 6, the equilibrium swelling ratio decreased sharply.
However, when pH varied from 6 to 10, the equilibrium
swelling ratio had a growing tendency. pH sensitivity of
the hydrogel mainly resulted from the network formed
by poly(a-L-lysine) and the binary copolymer, due to the
existence of NH, and COOH. When the solution pH was
low, most of the amine groups in the hydrogel were posi-
tively charged and became the form of NH;*. The electro-
static repulsion between NH;* could lead to the polymer
network swelling and a large amount of water entering the
hydrogel network [48]. When the pH value increased, the
NH;* gradually deprotonated into NH,, and the carboxyl
group existed mainly in the form of COOH. At this time,
intermolecular and intramolecular hydrogen bonds in the
hydrogel became the main interaction of the polymer net-
work, resulting in the increase of the hydrophobicity of the
network and the decrease of the swelling degree. However,
when pH continued to increase, the carboxylic acid depro-
tonated into -COO™, and the electrostatic repulsion between
-COO™ predominated, which would result in the increase
in the swelling degree of hydrogel [49]. Of course, the ion
concentration of the buffer solution would also influence the
swelling ratio of the hydrogel.

Figure 7C, D show that the swelling degree of DNy _ ¢
hydrogel decreased with the increase of the temperature,
which was the comprehensive result of the interaction
between hydrophilic and hydrophobic groups. As we know,
there are hydrophilic amide groups and hydrophobic iso-
propyl groups on PNIPAm chains. The amide groups could
interact with water molecules to form hydrogen bonds when
the temperature was low, inducing more water absorbed into
the hydrogel and higher swelling degree. At higher tempera-
tures, hydrophobic interactions between isopropyl groups
and water dominated, few hydrogen bonds were formed, so
the swelling degree was low [50].
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Fig.9 Deswelling kinetics of hydrogels in deionized water when the
temperature

Figure 8A, B show reversibility and repeatability of the
swelling behavior of double-network hydrogels at differ-
ent pH and temperature. Obviously, the pH sensitivity and
temperature sensitivity of the hydrogel are reversible and
repeatable, which is of importance to the application of
smart hydrogels.

Deswelling behavior of hydrogels

As shown in Fig. 9, the swelling degree of CNg hydrogel in
deionized water decreased slightly from 27 °C to 37 °C. It
indicates that the hydrogel had an insignificant temperature
response when the temperature changed. However, PN,
hydrogel and DNy _ |, hydrogel had a higher water loss rate
when the temperature changed, especially in the first 20 min.
It indicates that these two hydrogels had better temperature
sensitivity. With the extension of time, the water loss rate
of hydrogel increased and finally reached a stable state. The
water loss rate of the double network hydrogel was less than
that of the single network hydrogel PN, which indicates
that the temperature sensitivity decreased after forming the
interpenetrating network hydrogel.
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Fig. 10 Release curves of 5-Fu in DNg_ 4, IPN-Gel; the inset image
shows the structure of 5-Fu

changed from 27 °C to 37 °C.
In vitro 5-Fu sustained-release analysis

5-Fu, containing acidic phenolic hydroxyl and alkaline
amino groups (Fig. 10) [51], was chosen as a sustained-
release model drug, the drug release performance of
double-network hydrogels DNy, at different pH and
temperature in vitro was studied. In general, drug release
performance is deeply influenced by the swelling behav-
ior of carriers, drug solubility as well as interactions
between drug and carriers [52]. As known in Fig. 10,
the release of 5-Fu showed an explosive release in the
initial stage, followed by a slowing trend of release rate
[53]. The possible reason is that some drug was on the
surface of the hydrogel and not tightly bound by the poly-
mer chain. When the temperature remained constant, the
accumulative release of 5-Fu at pH =2 was greater than
that at pH =8, indicating an acidic medium was con-
ducive to release, which was due to the more swelling
of the hydrogel at pH=2 (Fig. 7B) [52]. Additionally,
the remaining amino groups on the PLL could be pro-
tonated under acidic conditions, producing electrostatic
repulsive interaction with protonated 5-Fu, which accel-
erated the release of 5-Fu [54]. Instead, when pH = 8, the
amino groups were deprotonated, forming a hydrogen
bond between the fluorine group of 5-Fu and the amino
groups of PLL, which delayed the release of 5-Fu [55].
When pH =2, the accumulative release of 5-Fu at 37 °C
was greater than that at 27 °C, while pH =8, the accu-
mulative release of 5-Fu at 37 °C was slightly lower than
that at 27 °C. The results indicate the release behavior
of 5-Fu in the hydrogel can be adjusted by controlling
temperature and pH.

@ Springer

Kinetic analysis of drug release in vitro

To investigate the 5-Fu drug release mechanism from the
hydrogel, zero-order (Table S5), first-order (Table S6), Higuchi
(Table S7), and Korsmeyer-Peppas kinetic models (Table S8)
were used to simulate the experimental data [56]. The
Korsmeyer-Peppas kinetic model (Eq. 5) was more suitable to
simulate the release process of the IPN hydrogel DNg .

M[
M

[c)

= kt" 3)

Where M, is the drug release amount at time t, M is the drug
release amount at equilibrium, k is the characteristic constant of
hydrogel, and n is the diffusion index. The model is valid for M,/
M, less than 0.6 [57]. When the drug-loaded polymer matrix is
immersed in the medium, the drug is released in three steps.
First, the water in the system enters the matrix, resulting in the
swelling of the hydrogel. In the second step, the polymer relaxes.
In the third step, the drug diffuses from the matrix into the
surrounding medium. The release mechanism of drug diffusion
from the polymer matrix to the medium can be divided into
Fickian diffusion, non-Fickian diffusion, and Case II diffusion
[58]. In the case of a cylinder, when n <0.45, it indicates Fickian
diffusion, so the relaxation rate is greater than the diffusion rate;
When 0.45<n<0.89, it indicates the non-Fickian diffusion, and
the relaxation rate and diffusion are comparable; When n>0.89,
it suggests that the case II diffusion takes place, and the diffusion
rate is faster than the relaxation rate; When n> 1, drug release
follows the super case II diffusion [59]. The values of n were
calculated from the slope of log ( % ) and logk under acidic and

alkaline conditions according to Eq. (6) [60].

l M, logk + nl
0g<M—m> = logKk + nlogt (6)

As shown in Table S8, when pH =38, the n values were
greater than 0.45 and less than 0.89 whether at 27 °C or
37 °C, indicating non-Fickian diffusion. When pH=2, the
n value was greater than 0.45 and less than 0.89 at 37 °C,
suggesting non-Fickian diffusion; while at 27 °C, the n value
was greater than0.89, implying the case II diffusion.

Conclusions

In summary, poly(a-L-lysine) -based interpenetrating network
hydrogels with pH sensitivity and thermo-sensitivity could be
prepared by synchronous amine-anhydride click reaction and
free radical polymerization in water. The swelling behavior and
drug release behavior were studied. The results show that the
prepared IPN hydrogels are pH and temperature sensitive, and
the pH and temperature responsiveness are closely related to the
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stimulus responsiveness of the corresponding single-network
hydrogels. The controlled release behavior of prepared IPN
hydrogels is closely related to its swelling behavior, and the
drug release rate can be adjusted by controlling pH and tem-
perature. The drug release behavior can be described by
korsmeyer-Peppas model. The strategy described here for preparing
interpenetrating network hydrogel is simple, and the reaction
conditions are mild, which has a wide application prospect in
hydrogel preparation.
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