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Once cracks have formed within hydrogel materials, the integrity of the structure is signifcantly compromised, regardless of
the application. Here, we demonstrate cross-linked CMCS hydrogels can be engineered to exhibit self-healing under mild
conditions. CMCS hydrogels based onCMCS and acryloyl-6-aminocaproic acid (A6ACA)were synthesized by free radical aqueous
copolymerization using ammonium persulfate as initiator. A series of hydrogels was synthesized varying the percentage of A6ACA.
The hydrogels were characterized by Fourier transform infrared spectroscopy (FTIR) techniques and their morphologies were
investigated by scanning electron microscope (SEM) images. When the proportion of A6ACA was increased, the compressive
strength, stress, and strain of hydrogels were increased. The cross-linked hydrogel based on CMCS that can autonomously heal
between cut surfaces after 1 h was formed under mild conditions. The increase of A6ACA content in the hydrogels will lead to
increased mechanical properties and mechanical healing efficiencies for highly cross-linked polymeric networks. Hydrogen bond
is the main reason for self-healing ability, and the covalent cross-linkss and noncovalent cross-links both bear loads in the hyrogel.
Polymers with the ability to self-repair after sustaining damage could extend the lifetime of materials used in many applications.

1. Introduction

Hydrogels consist of three-dimensional hydrophilic polymer
networks in which a large amount of water is interposed.
Because of their unique properties, a wide range of medical,
pharmaceutical, and prosthetic applications has been pro-
posed for them [1–3]. Carboxymethyl chitosan (CMCS) has
many unique chemical, physical, and biological properties
such as low toxicity, biocompatibility, and good ability to form
films, fibers, and hydrogels [1–3]. Hydrogels with the ability to
repair themselves after sustaining damage could extend the
lifetime of materials used in many applications. So far, self-
healing has been demonstrated in linear polymers, host-guest
polymers [4, 5], supramolecular networks [6, 7], dendrimer-
clay systems [8], metal ion-polymer systems [9], and multi-
component systems [10–12]. In recent years there has been
intense research into supramolecular network induced self-
healing materials [13–15].

Supramolecular network is an effective way to pre-
pare self-healing materials. However, the self-healing CMCS

hydrogels based on cross-linked network integrated by physi-
cal or chemical methods have seldom been reported. It would
be interesting to study the preparation of self-healing CMCS
hydrogels by an easy method. Here we describe a strategy for
introducing physical and chemical cross-links into a synthetic
CMCS network and demonstrate that such a network indeed
displays self-healing properties.

2. Experimental

2.1. Material and Methods. Carboxymethyl chitosan, amino-
caproic acid, acryloyl chloride, and acrylamide, ammonium
persulfate, andN,N-methylenebisacrylamide were of analyt-
ical grade and used without further purification.

IR spectra were recorded by FTIR (Nicolet iN10 Thermo
Fisher Scientific, China) in the region of 400–4000 cm−1.The
morphological characterization of gel was performed with
scanning electron microscopy (S-3400N, HIACHI, Japan);
the gravimetric method was employed to measure the
swelling ratios of the gels in distilled water at 25∘C. After

Hindawi Publishing Corporation
Journal of Polymers
Volume 2015, Article ID 719529, 6 pages
http://dx.doi.org/10.1155/2015/719529



2 Journal of Polymers

HO

HO

N

C O

NH

NH

H
H

C
O

C O

CO

HN

CO
OH

OH

OH

C
O

NH

Cut

C O

CO

Carboxymethyl chitosan
Poly(AM-co-A6ACA)
Covalent bond
Hydrogen bond

Self-healed

(CH2)5
(CH2)5 (CH2)5

(CH2)5

–OH

–NH

–CONH2

–COOH

Figure 1: Schematic illustration of the network in hydrogels.

immersion in distilled water for about 48 hr to reach swelling
equilibrium, the gel samples were taken out and weighed
after removing the excess water on the surfaces. Each data
was measured in three samples, and the average value of
three measurements was taken. The equilibrium swelling
ratio (SR) was calculated as SR = 𝑊

𝑠
/𝑊
𝑑
, where 𝑊

𝑠
is the

weight of the swollen gel and 𝑊
𝑑
is the weight of the gel

at the dry state; mechanical property was measured using
an Instron 3365 Universal Testing Machine (Norwood, MA)
with the following parameters: sampling rate, 10.000 pts/sec;
beam speed, 1.0000mm/min; full scale load range, 0.1000 kN;
humidity, 25%; and temperature, 23∘C.

2.2. Preparation of Hydrogel

2.2.1. Synthesis of A6ACA. 0.1mol 6-aminocaproic acid and
0.11mol NaOH were dissolved in 80mL deionized water in
ice bath under vigorous stirring. To this, 0.11mol acryloyl
chloride in 15mL tetrahydrofuran was added dropwise. The
pHwasmaintained at 7.5 until the reactionwas complete.The
reaction mixture was then extracted with ethyl acetate. The
clear aqueous layer was acidified to pH 3.0 and then extracted
again with ethyl acetate. The organic layers were collected,
combined, and dried over sodium sulfate. The solution was
then filtered, concentrated, and precipitated in petroleum
ether. Further purification was achieved by repeated precipi-
tation and the product was lyophilized [16].

2.2.2. Synthesis of Hydrogels. Hydrogels were prepared by
free radical polymerization in aqueous solution contain-
ing certain amounts of 86wt.% distilled water, reactants
(CMCS : A6ACA = 1 : 1 mass ratio), 0.6 wt.% N,N-methyl-
enebisacrylamide, and 0.5 wt.% ammonium persulfate that
were added to a three-neck reactor and dissolved in solution,
polymerized for 24 h at 37∘C.

3. Results and Discussion

3.1. Preparation and Structure of Hydrogels. During the free
radical polymerization, the reactive double bonding groups
on the surface of CMCS form highly branched polymer net-
works, which lead to CMCSs acting as multifunctional cross-
links and bridge the adjacent CMCSs. As a result, the inter-
twining of polymeric chainswas promoted and the hydrogen-
bonding interaction between hydrophilic groups such as
–COOH, –CONH

2
, –NH

2
, and –OH, among others, was

strengthened (Figure 1).Thus, the degree of cross-linking was
increased, fact that is extremely favorable to the improvement
ofmechanical properties.The cross-linked hydrogel based on
CMCS that can autonomously heal between cut surfaces after
1 h was formed under mild conditions (Figure 1). However,
A6ACA was main reason for the efficient and robust healing
of hydrogels, the side chain was sufficiently long and flexible,
and the network is sufficiently deformable, to make the
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Figure 2: FTIR spectra of hydrogels with different A6ACA content.
(a) CMCS; (b) A6ACA; (c) 90%wt.%; (d) 80% wt.%; (e) 50% wt.%.

functional groups across the interface accessible to each other
beyond the corrugation of the interface [15].

Figure 2 shows the FTIR spectra of the unmodified chitin
and a series of products obtained by the grafting of CMCS
with A6ACA and AM. As shown in Figure 2, the peaks for
CMCS are at 1654 cm−1 for the C=O bonds of the carboxyl
groups. After free radical copolymerization with A6ACA, the
spectra showed several new absorption bands in addition to
the original peaks of pure CMCS (Figures 2(c), 2(d), and
2(e)). The new absorption band at 1715 cm−1 was assigned to
the C=O stretching vibration of the amide group, and those
appearing at 1562 cm−1 and 1404 cm−1 were assigned to the
asymmetric and symmetric stretching vibrations, respec-
tively [17]. This clearly indicates that CMCS grating of
polyA6ACA was successfully performed.

3.2. Mechanical Properties. All mechanical tests were per-
formed in air, at room temperature, using a tensile machine
with a 100N load cell.The gel specimens weremade into cube
shape measuring 10 × 10 × 10mm3.

We prepared hydrogels containing various proportions of
water to study the best ratio of the hybrids which lead to the
stretchable and strong properties. When the proportion of
water was increased, the elongation at break and the strain
of the hybrid hydrogel increased and then decreased from
86wt.% (Figure 3). However, the critical stretch at rupture
reached a maximum at 86wt.% water. When the water con-
tent is relatively low, the molecular chains will not effectively
stretch, which result in the reactive group contact insuffi-
ciently; also when the water content is too high, monomer
functional groups will not collide effectively owing to lower
concentration, which result in low cross-linking density in
both cases. Correspondingly, the mechanical properties are
poor. Unless otherwise stated, the water content was fixed at
86wt.%.

One effectiveway to improve themechanical properties of
hydrogelswas increasing the cross-linking density [18].When
the proportion of A6ACA was increased, the compressive
strength, stress, and strain were increased (Figures 4(a) and
4(b)). With increasing amounts of A6ACA from 10wt.%
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Figure 3: Effects of water content on mechanical properties of
hydrogels (water content: (a) 80wt.%; (b) 83wt.%; (c) 86wt.%; (d)
90wt.%).

to 80wt.%, the elongation at break and strain increased
from 47% to 101% and 76KPa to 850KPa, respectively
(Figure 4(a)). However, the critical stretch at rupture reached
a maximum at 80wt.% A6ACA.The densities of noncovalent
and covalent cross-links also strongly affect the mechani-
cal behaviour of the hydrogels. The increased compressive
strength, strain, and elongation at break were consistent with
the expected increases in the cross-linking densities in the
three-dimensional network structure.The hydrogen bonding
in physical or chemical covalent cross-linked network was
strengthened by more A6ACA, because the A6ACA provides
both vinyl groups, which can form covalent bonds, and
–CONH

2
, –NH–, and –COOH groups, which can form

hydrogen bonding [15]. More A6ACA in matrix will corre-
spondingly improve the mechanical properties of hydrogels.

3.3. Absorbency of Hydrogels. We prepared hydrogels con-
taining various proportions of A6ACA to study the effect
of A6ACA on the water absorbing capacity of hydrogels.
According to Flory’s theory [19], cross-linking density is a key
factor influencing the ability of water absorption hydrogels.
According to Figure 5, there is a maximum swelling ratio
at A6ACA 30wt.% amount. Increasing the A6ACA amount
from 10wt.% to 30wt.%, the swelling ratio was increased
because the low content of A6ACA enhanced the hydrophil-
icity of the hydrogel and caused a greater affinity for water,
which was originated from the more hydrophilic groups
generated from A6ACA. It can be observed that the capacity
of water absorption by the gel decreases significantly with
increasing concentration of A6ACA from 30wt.% to 70wt.%.
This is because the networks formed with high concentration
of A6ACA are strongly cross-linked and this fact reflects
in a smaller expansion of matrix and, consequently, smaller
volume of water diffuses into the interior of the matrix [19,
20]. Similar behavior was presented by Aouada et al. [20] and
Pourjavadi et al. [21].
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Figure 4: Effects of A6ACAcontent onmechanical properties of hydrogels (A6ACAcontent: (a) 10 wt.%; (b) 30wt.%; (c) 50wt.%; (d) 70wt.%;
(e) 80wt.%).
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Figure 5: The effect of A6ACA on the swelling ratio of hydrogels.

3.4. The Self-Repairing Performance of Hydrogels. Hydrogels
were synthesized using different concentrations of A6ACA,
which presents an important role in the self-healing charac-
teristics of the hydrogel. Hydrogels without A6ACA will lose
self-repairing capacity.The increase of A6ACA concentration
in the CMCS hydrogels will lead to increased mechanical
properties (stress increased from 76KPa to 632KPa and
strain increased from 47% to 71% (Figure 6)), which lead
to both physical and chemical cross-links, and mechanical
healing efficiencies (stress healing efficiencies increased from
19% to 48% and strain healing efficiencies increased from
66% to 85% (Figure 6)), which lead to physical crosslinks [15,
22]. Even at the highest A6ACA concentrations of 70wt.%,
the mechanical performance in healed hydrogels is lower
than in single hydrogels because in the hydrogel the covalent
cross-links and noncovalent cross-links both bear loads and
hydrogen bond is the main reason for self-healing ability.
Failure in single hydrogels involves breakage of both covalent

bonds and intramolecular hydrogen bonds, whereas failure
in healed hydrogels involves only breakage of intermolecular
hydrogen bonds across the interface, which is a phenomenon
that has been observed in other supramolecular self-healing
polymer systems [22].

4. Conclusions

In summary, we have demonstrated that self-healing can
be achieved in chemically cross-linked systems through
introduction of pendant side chains, offered by A6ACA. Such
materials will increase the reliability and service life of ther-
mosetting polymers used in a wide variety of applications.
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Figure 6:The self-healing properties of hydrogels (the content of A6ACA in the systemwas (a) 10wt.%; (b) 30wt.%; (c) 50wt.%; (d) 70wt.%).
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