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Abstract Natural polymers hydrogels were pre-
pared by solution blending of gelatin, sodium alginate
and carboxymethyl cellulose isolated from pineapple
peel, and cross-linking with CaCl, and glutaraldehyde
solutions. The prepared hydrogels were characterized
by Fourier transform infrared spectroscopy, X-ray
diffraction and field emission scanning electron
microscope. The swelling behaviors and responsive-
ness to pH, salt and electric field were also investi-
gated. The swelling dynamic mechanism of hydrogels
agreed well with the Fickian diffusion and Schott’s
pseudo second order models. The addition of car-
boxymethyl cellulose enhanced the swelling ability of
the hydrogels in the selected mediums and sensitivities
to pH, salt and electric field. The electric response of
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the hydrogels showed pH-dependent, ionic strength-
dependent and electric voltage-dependent. This mul-
tiple-responsive characteristic of the prepared hydro-
gels was conducive to application as potential
biomaterials such as microsensors, actuators, artificial
muscles and drug delivery systems.

Keywords Pineapple peel - Carboxymethyl
cellulose - Hydrogel - Electric field - Multiple response

Introduction

Until now, most low-cost agricultural byproducts or
wastes such as straw, leaves, corn cob, and fruit peels,
have still remained largely unutilized and been
discarded as wastes (Dai and Huang 2016; Zhao
et al. 2013). Pineapple (Ananas comosus L. Merryl) is
a typical and popular tropic fruit with total production
of 16-19 million tonnes per year around the world.
Besides consuming as fresh fruit, pineapple can be
processed into can food and food complements used in
desserts, salads, fruit cocktail, jam, juice combina-
tions, and also available for bromelain extraction (Dai
and Huang 2017a, b; Foo and Hameed 2012; Hu et al.
2010; Wan et al. 2016). Unfortunately, pineapple peel,
accounting for 35% of the total pineapple weight, is
discarded with little or no economic value during the
pineapple processing, subsequently resulting in a
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potential risk towards the environments and ecosys-
tems (Dai and Huang 2017a, b; Hu et al. 2010).
Therefore, taking full advantage of pineapple peel is of
great practical significance. Pineapple peel principally
consists of cellulose, hemi-cellulose, lignin and pectin,
in which cellulose accounts for 20-25% of the dry
weight and has the tremendous potential for producing
cellulosic based-materials (de Almeida et al. 2016;
Rattanapoltee and Kaewkannetra 2014). In our previ-
ous studies, we have successfully prepared the
pineapple peel cellulose and a series of pineapple
peel cellulose based-hydrogels for the applications of
drug release, dye and heavy metal adsorption, and
enzyme  immobilization (Dai and  Huang
2016, 2017a, b; Dai et al. 2017; Hu et al.
2010, 2013). However, there is still an urgent need
for more effective use of pineapple peel cellulose and
its hydrogels.

Cellulose, the most abundant renewable carbon
resource available on earth, consists of a straight chain
linked by anhydroglucopyranose units (AGU) via B-
(1 — 4) glycosidic linkage and contains numerous
intra- and inter-molecular hydrogen bonds (Dai and
Huang 2017a, b; Saelo et al. 2016). With the
increasing concerning for environmentally friendly
and biocompatible products, numerous cellulose-
based materials are being developed over a broad
range of applications due to its nontoxicity, biodegra-
dation, biocompatibility, superior thermal and
mechanical properties as well as inexhaustibility
(Dai and Huang 2016). However, due to its indissol-
ubility in most common solvents, cellulose is gener-
ally converted into available derivatives by
etherification prior to further processing (Zhang
et al. 2017). Herein, carboxymethyl cellulose (CMC)
is one of the most common derivates obtained by the
carboxymethylation of the hydroxyl groups of cellu-
lose (Lin et al. 2015). Due to its solubility, biocom-
patibility and biodegradation, CMC exhibits the
greatest potential use in food, paper, cosmetics, textile,
pharmaceutical and paint industries (Dai and Huang
2017a, b; Dai et al. 2017; Sommer et al. 2016).

Hydrogels are defined as the three-dimensional
hydrophilic networks, which are capable of absorbing
large amounts of water and retaining the swollen state
instead of being dissolved in medium (Mahdavinia
et al. 2016). Especially, by changing their volume or
shape reversibly, intelligent hydrogels can respond to
external stimuli such as the changes in temperature,
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pH, salt, light, electric field and multiple stimuli
(Bekin et al. 2014; Dai and Huang 2017a, b;
Tungkavet et al. 2015). Based on these responsive
characteristic, smart hydrogels have been intensively
explored for applications in various fields, such as
drug delivery (Constantin et al. 2017), enzyme
immobilization (Ullah et al. 2015), 3D bioprinting
(Gou et al. 2014), adsorbents (Ren et al. 2016), and
agriculture industry (Zhang et al. 2017). Compared
with synthetic polymers such as acrylic acid, acry-
lamide and poly(ethylene glycol), the smart hydrogels
based on natural polymers possess advantages such as
high hydrophilicity, biocompatibility, nontoxicity and
biodegradability and subsequently obtain more atten-
tion (Dai and Huang 2017a, b; Thakur et al. 2014; Yu
et al. 2016). On the smart hydrogels, electric-sensitive
hydrogels have inspired tremendous interest recently
due to their merits of easy control by electric signal
and energy conversion from electric to mechanical
energy (Bekin et al. 2014; Tian et al. 2010). Compared
with the electric-sensitive hydrogels based on syn-
thetic polymers, electric-sensitive hydrogels based on
natural polymers exhibit better potential access to
sensors, artificial muscles, membrane separation
devices, and drug delivery systems due to their
biocompatibility and non-toxicity (Tian et al. 2010).

Among the most natural polymers, sodium alginate,
a non-toxic biodegradable polyanionic copolymer
extracted from marine brown algae, is a linear chain
of a-L-guluronic acid (G) and B-p-mannuronic acid
(M) residues joined by 1,4-glucosidic linkages (Ibra-
him et al. 2014). Due to its remarkable gelation
characteristic in the presence of divalent cations and
the advantages of hydrophilicity, biocompatibility and
biodegradability, sodium alginate based-hydrogels
have captured tremendous research interest in various
application fields recently (Isiklan 2006; Mahdavinia
etal. 2016; Ren et al. 2016; Saarai et al. 2013; Samanta
and Ray 2014). Gelatin is a biopolymeric-protein
obtained by partial hydrolysis of animal collagen from
bones and skin regarded as wastes during animal
slaughtering and processing (Mu et al. 2012). Besides
low-cost and abundance, gelatin exhibits the charac-
teristics  of  biocompatibility,  hydrophilicity,
biodegradability and nontoxicity (Jana et al. 2016).
By virtue of these attractive advantages, gelatin has
been broadly utilized as a natural raw material of
hydrogels recently (Jana et al. 2016; Mu et al. 2012;
Thu and Ng 2013; Tungkavet et al. 2015).
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However, the hydrogels based on neat sodium
alginate or gelatin still suffer from significant disad-
vantages of poor mechanical strength and low thermal
stability (Badawy et al. 2017; Saarai et al. 2013). In
addition, rapid dissolution of neat gelatin-based
hydrogels in aqueous environment also limits its
application (Jana et al. 2016). It is also reported that
neat sodium alginate-based hydrogel is mainly sensi-
tive to the environmental pH change and nearly absent
in electrical responsiveness under electric field (Shi
et al. 2015). To overcome these limitations, some
kinds of synthetic or natural polymers have been
added to form composite hydrogels by chemical and/
or physical cross-linking. Based on the above descrip-
tion, in the present study, the multi-component
hydrogels based on sodium alginate, gelatin and
carboxymethyl cellulose were synthesized by dou-
ble-crosslinking with CaCl, and glutaraldehyde, and
based on the characterization of the structure and
morphology by Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), and scan-
ning electron microscopy (SEM), the swelling
behavior and responsiveness to pH, salt and electric
field of the prepared hydrogels were investigated and
compared.

Materials and methods
Materials and reagents

Pineapple peel was collected from a local pineapple
processing factory (Guangzhou City, China), consist-
ing of 23.67% cellulose, 15.61% hemicellulose,
6.87% lignin, 5.71% pectin and 2.37% ash (Dai and
Huang 2017a, b). Pineapple peel carboxymethyl
cellulose (PCMC) was prepared and obtained accord-
ing to our previous study (Dai and Huang 2017a, b).
Gelatin (GL) was supplied by BDH Chemicals Co.,
Ltd (Poole City, England), approximately 150 Bloom,
from pig skin. Sodium alginate (SA) was provided by
Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin
City, China). Glutaraldehyde (25%, w/v, aqueous
solution) was provided by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All other
chemicals and solvents used in this study were of
analytical grade and solutions were prepared with
distilled water.

Hydrogels preparation

Briefly, GL solutions were prepared by addition of
4.0 g of GL into 100 mL of distilled water and the
mixtures were stirred mechanically at 60 °C until to
complete dissolution of GL. Then, as the different
treatments, three different proportions of SA and
PCMC, including: (1.6 g SA), (1.2 g SA+ 04 ¢
PCMC) and (0.8 g SA + 0.8 gPCMC), were added to
the GL solutions and stir-treated to form a homoge-
neous solution respectively. After removing the air
bubbles by sonication, the resulting solutions were
poured into circular moulds such as 24-well plate and
Petri dish and immersed in 0.1 mol/L CaCl, solution
for 4 h to form the insoluble and stable hydrogels.
After washing with distilled water, further cross-
linking was achieved by treatment with 0.5% (v/v) of
glutaraldehyde solution for 2 h, then washing with
distilled water and freeze-drying for the hydrogels
were performed. The prepared hydrogels were now
available for the following study and coded according
to their treatments with the initial compositions,
namely GL4.0/SA1.6, GL4.0/SA1.2/PCMC0.4 and
GL4.0/SA0.8/PCMCO0.8. The preparation process of
the hydrogels is briefly described in Scheme la, and
the photographs of the prepared hydrogels are shown
in Scheme 1b (Petri dish as a mold) and Scheme 1c
(24-well plate as a mold).

Characterization

FTIR spectra of the samples were recorded on a FTIR
spectrometer (Vector 33, Bruker, Germany) within the
frequency range of 4000-500 cm™" at a resolution of
4 cm™'. XRD patterns of the samples were recorded
on an X-ray diffractometer (D8 ADVANCE, Bruker,
Germany) with Cu-Ka radiation (A = 0.15418 nm) at
40 kV and 40 mA. The XRD data were collected in
the region of the diffraction angle (20) from 4° to 50°
with a scanning speed of 2°min. The surface
morphologies of the samples were investigated using
a scanning electron microscope (S-3700 N, Hitachi,
Japan). Prior to observation, the surface of the tested
samples was sputter-coated with gold using a sputter
coater (Cressington 108 auto, Watford, UK).
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Scheme 1 The brief (a)
hydrogel preparation
process and the photographs
of the hydrogels GL4.0/
SA1.6, GL4.0/SA1.2/
PCMCO0.4 and GL4.0/
SA0.8/PCMCO.8 prepared
using different molds
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Swelling kinetics of the prepared hydrogels

In this study, the swelling ratio (SR) of the prepared
hydrogels in distilled water and 0.9% NaCl solution
was investigated using the gravimetric method. 20 mg
of the dried hydrogels was completely immersed in
excess distilled water or 0.9% (w/v) NaCl solution at
room temperature. After preset time intervals, the
swollen hydrogels were taken from the swelling
medium and weighed immediately after the removal
of the excess surface water using filter paper. The SR
of the hydrogels at a specified time can be obtained
using Eq. 1.

SR(g/g) = 2= Wa

i (1)

where SR (g/g) is the swelling ratio defined as the
grams of absorbed water per gram of the dry hydro-
gels; W, (g) and Wy (g) are the weights of swollen
hydrogels at time ¢ (min) and dried hydrogels,
respectively.
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Glutaraldehyde crosslinking

Swelling of the prepared hydrogels in various pH
solutions

50 mg of the dried hydrogels was immersed in
different solutions at pH 2.0, 7.0 and 12.0 respectively.
The ionic strengths of all the solutions were adjusted to
0.1 mol/L by adding appropriate amounted NaCl. To
investigate the pH sensitivity of the prepared hydro-
gels, the swelling kinetics at various pH solutions (pH
2.0, 7.0 and 12.0) were also recorded and compared.

Swelling of the prepared hydrogels in various
saline solutions

To investigate the influence of salt species and
strengths on the swelling behaviors of the prepared
hydrogels, the swelling abilities of the hydrogels were
studied in NaCl and FeClj; solutions respectively with
various concentrations ranged from 0.02 to 0.1 mol/L.
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Bending behavior of the prepared hydrogels
under electric stimulus

To evaluate the bending behavior of the prepared
hydrogels under DC electric field, a Petri dish
equipped with two parallel graphite plate electrodes
was immersed in NaCl aqueous solution as the
electrolyte solution. The gap between the electrodes
was set 45 mm. Prior to measurement, the dried
hydrogels were immersed in the selected NaCl solu-
tion for 24 h and were cut into identical sheets with the
dimensions of 20 x 5 x 2 mm. The swollen hydro-
gels were fixed at the middle of the electrodes.
Measures of the bending degree of the hydrogels were
performed by attaching a full-circle protractor on the
bottom of Petri dish. When an electric stimulus was
applied, the degrees of bending () were measured by
reading the deviated angle from the vertical position.

Results and discussion

Characterization

FTIR analysis

The FTIR spectra of the prepared hydrogels GL4.0/
SA1.6, GL4.0/SA1.2/PCMC0.4, GL4.0/SA0.8/
PCMCO0.8 and their original components, including

GL, SA and PCMC are displayed in Fig. 1. For GL,
the bands at 3493, 1651, 1533 and 1230 cm™! were
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Fig. 1 FT-IR spectra of GL, SA, PCMC, and the prepared
hydrogels GL4.0/SA1.6, GL4.0/SA1.2/PCMC0.4 and GL4.0/
SA0.8/PCMCO0.8

attributed to the N-H stretching vibration, amide I
vibration, amide II bending vibration and amide III
vibration, respectively (Devi and Kakati 2013; Piao
and Chen 2017). For SA, the characteristic bands at
3351, 1625 and 1426 cm™! were assigned to the O-H
stretching, asymmetric stretching of -COO groups and
symmetric stretching of —COO groups, respectively
(Devi and Kakati 2013; Samanta and Ray 2014).The
absorption bands at 820-1100 cm ™" were ascribed to
the symmetric stretching of the C—C, C—H, and C-O—
C skeletal vibrations of the glucose units and/or the
polysaccharide structure (Mas Haris and Raju 2014).
For PCMC, the bands at 3460, 2900 and 1053 cm ™!
were ascribed to the stretching vibrations of O-H, C—
H and C-O-C groups, respectively (Dai et al. 2017).
The band at 1322 cm™' was due to the bending
vibration of O—H. The very intense bands at 1653 and
1423 cm™' were corresponded to the stretching
vibration of —COO and its salt forms, corresponding
to the typical adsorption of carboxymethyl cellulose
(Dai and Huang 2017a, b; Yadav et al. 2014).
Compared GL, SA and PCMC in the spectrum with
the prepared hydrogels (GL4.0/SA1.6, GL4.0/SA1.2/
PCMC0.4 and GL4.0/SA0.8/PCMCO0.8), it was
observed that the band for O-H stretching vibration
became broader and flatter, and showed increased
intensity with the increase of PCMC content, suggest-
ing that the extensive formation of hydrogen bonds
probably among GL, SA and PCMC during the
hydrogels network. The band at 1680 cm™' was the
characteristic of imine stretching vibrations corre-
sponding to the reaction between -NH, groups of GL
and —CHO groups of glutaraldehyde (Isiklan 2006).
The band for the -COO symmetric stretching exhib-
ited a slight shift from 1426 cm™ ! (for SA) to
1445 cm™" (for the hydrogels) with the decreased
intensity, suggesting the presence of the ionic binding
between the Ca’** and —COO of SA (Saarai et al.
2013).

XRD analysis

The XRD spectra of the prepared hydrogels GL4.0/
SA1.6, GL4.0/SA1.2/PCMCO0.4, GL4.0/SA0.8/
PCMCO.8 and their original components, including
GL, SA and PCMC are shown in Fig. 2. GL showed a
typical broad diffraction peak at 20 = 20.7° and a
relative weak peak at 20 = 7.8°. SA showed a strong
diffraction peak at 20 = 13.5° accompanied by a weak
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Fig. 2 XRD patterns of GL, SA, PCMC, and the prepared
hydrogels GL4.0/SA1.6, GL4.0/SA1.2/PCMC0.4 and GL4.0/
SA0.8/PCMCO0.8

peak centered at 20 = 21.6°, indicating its amorphous
nature (Devi and Kakati 2013). Similar positions of the
relevant peaks in the diffractograms for GL and SA
were also reported by other authors (Dong et al. 2006;
Thu and Ng 2013). As for PCMC, our previous study
showed that pineapple peel cellulose displayed char-
acteristic crystalline peaks of cellulose 1 at
20 = 21.8°, 15.3° and 34.6° (Dai and Huang
2017a, b). However, after carboxymethylation of
pineapple peel cellulose, only a broad and weak
diffraction peak at 20 = 22.1° was observed for
PCMC, indicating carboxymethylation induces the
low crystallinity of PCMC and the possible shift of
crystalline structure from cellulose I to cellulose II
(Dai and Huang 2017a, b; Dai et al. 2017). After
formation of hydrogels, GL4.0/SA1.6, GL4.0/SA1.2/
PCMCO0.4 and GL4.0/SA0.8/PCMCO0.8 showed a very
broad peak but decreased in intensity at 260 = 19.8°,
indicating the conversion from the original crystalline
structure of GL, SA and PCMC to the characteristics
of amorphous. Furthermore, with the increase of
proportion of PCMC and decrease of SA in the
hydrogels, the typical peak of SA at 20 = 13.5°
disappeared and the peak of GL at 20 = 7.8° shifted to
260 = 8.5°. This disappearance and shift may be due to
the results of cross-linked reaction and presence of
strong interactions among SA, GL and PCMC,
especially electrostatic attraction (Thu and Ng 2013).
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SEM analysis

The SEM images of GL, SA, PCMC, and the prepared
hydrogels GL4.0/SA1.6, GL4.0/SA1.2/PCMCO0.4 and
GL4.0/SA0.8/PCMCO0.8 are shown in Fig. 3. As can
be seen from Fig. 3a—c, as the original components of
the prepared hydrogels, GL (Fig. 3a) exhibited an
obvious block-like structure with smooth surfaces.
Unlike the block-like structure of GL, SA (Fig. 3b)
showed an agglomerated and irregular rod-like mor-
phology with rough surfaces. As observed in Fig. 3c,
PCMC revealed a fiber-like structure with relatively
smooth surfaces. Compared with the original compo-
nents, as shown in Fig. 3d—f, the prepared hydrogels
exhibited a uniform surface structure. It can be clearly
observed that the GL4.0/SA1.6 (Fig. 3d) only showed
a smooth and non-porous surface. However, after the
introduction of PCMC, as depicted in Fig. 3e, f, the
surfaces of GL4.0/SA1.2/PCMCO0.4 and GL4.0/
SA0.8/PCMCO0.8 possessed many hole-shaped wrin-
kles whose quantity increased with the increase of
PCMC content. Significantly, these wrinkles could
provide an increase in surface area of the prepared
hydrogels, leading to the easy diffusion of aqueous
fluid into the hydrogel network and a higher swelling
capacity (Wang et al. 2011).

Swelling kinetics and comparison
between the prepared hydrogels

The swelling kinetics of the prepared hydrogels
GL4.0/SA1.6, GL4.0/SA1.2/PCMC0.4 and GLA4.0/
SA0.8/PCMCO.8 in distilled water and 0.9% NaCl
solution are displayed in Fig. 4a, b, respectively. As
clearly observed from the figure, the swelling capacity
of the prepared hydrogels was significantly improved
with the increased content of PCMC. The enhanced
swelling capacity may be ascribed to the abundance of
highly hydrophilic hydroxyl group and carboxymethyl
group of PCMC, which favor enhanced affinity of the
hydrogels network to water molecules (Chang et al.
2010). As depicted in Fig. 4a, b, the swelling ratio
increased drastically during the initial 120 min, and
then became slower until reaching a plateau. After the
addition of PCMC, in comparison with GL4.0/SA1.6
(prepared without addition of PCMC) and GL4.0/
SA0.8/PCMCO0.8, the corresponding equilibrium
swelling ratio increased from 9.76 to 11.79 g/g in
distilled water and from 10.59 to 12.51 g/g in 0.9%
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Fig. 3 SEM images of GL (a), SA (b), PCMC (c), and the prepared hydrogels GL4.0/SA1.6 (d), GL4.0/SA1.2/PCMC0.4 (e) and
GL4.0/SA0.8/PCMCO0.8 (f)

NaCl solution, indicating that the addition of PCMC To investigate the dynamic swelling behaviors of
into the hydrogels can enhance the swelling capacity. the hydrogels, the whole swelling processes were
Interestingly, compared with the swelling in distilled analyzed by the Fickian diffusion for the penetration
water, the prepared hydrogels showed a slightly higher of the solvent molecules into the void spaces in the
swelling ratio in 0.9% NaCl solution. network at the initial swelling stage and the Schott’s
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second-order-kinetic model for the subsequent relax-
ation of the polymeric chains, respectively.

At the initial swelling stage (about 60% of the
maximum water uptake), the Fickian diffusion model
was applied to describe the penetration mechanism
and it can be expressed as Eq. 2 (Dai and Huang
2017a, b; Lima-Tenério et al. 2015).

F=—=K{"

o @)
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where F represents the fractional uptake at a given
time ¢ (min); M, (g) and M., (g) are the weights of water
absorbed at the given time ¢ and equilibrium during
swelling process, respectively; K is the characteristic
constant of the hydrogels, and n is the diffusional
exponent of the solvent. In the cases of n < 0.5,
Fickian diffusion is dominant, where the water
transport was governed by a simple concentration
gradient. In the cases of 0.5 <n < I, non-Fickian
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diffusion is dominant, where the water uptake was
controlled collaboratively by water diffusion and
relaxation of polymer chains. In the cases of n > 1,
the relaxation of polymer chains would control the
diffusion system (anomalous diffusion). Plotting with
In (F) versus In (¢) for the prepared hydrogels swelling
in distill water and 0.9% NaCl solution are shown in
Fig. 4c, d respectively. The corresponding n, K and R>
of the hydrogels were calculated from the slope and
intercept of the plots and listed in Table 1. The plots
displayed straight lines with perfect linear correlation
coefficient (R* > 0.99), suggesting the effectiveness
of the Fickian diffusion model. The n values were all
below 0.5, indicating the characteristic of Fickian
diffusion behavior during the initial swelling stage in
distilled water or 0.9% NaCl solution. As listed in
Table 1, a slight higher n value was observed with the
increase of PCMC content in hydrogels, implying that
PCMC can accomplish easier relaxation of polymer
chains for the water uptake.

For the whole swelling process, the Schott’s
second-order kinetic model was applied and described
using Eq. 3 (Schott 1992).

o1t
0 k@2 Q.

where Q. (g/g) is the swelling ratio of hydrogels at
theoretic equilibrium condition, Q, (g/g) is the
swelling ratio at a given time ¢ (min), k (g/g min) is
the initial swelling rate constant. The fitting of the
experimental data by the Schott’s second-order kinetic
model was evaluated by the coefficient of determina-
tion (R%). Based on the experimental data, the plots
using t/Q, versus t are shown in Fig. 4e, f, and the
corresponding R k and the swelling ratio (Qe ca1, 2/2)

(3)

were calculated by linear regression and listed in
Table 1. As shown in Fig. 4e, f, the plots presented
straight lines with good linear correlation coefficient
(R* > 0.97-0.99), confirming the well-fitting of data
by second-order kinetic. The Q.. values calculated
from the swelling kinetic model were close to the
experimental values (Qc cxp, 2/g), suggesting that the
Schott’s second-order kinetic model was suitable for
describing the entire swelling kinetic behaviors of the
prepared hydrogels.

Swelling comparison between the prepared
hydrogels in NaCl and FeCl; solutions

To evaluate salt sensitivity of the hydrogels, the
swelling capacities of GL4.0/SA1.6, GL4.0/SA1.2/
PCMCO0.4 and GL4.0/SA0.8/PCMCO0.8 in NaCl and
FeCl; solutions at various concentrations (0.02—
0.1 mol/L) were depicted and compared, as shown in
Fig. 5. As can be clearly seen, the prepared hydrogels
significantly exhibited lower swelling capacity in
FeCl; than NaCl solution due to the increase of ionic
charge (Fe** > Na™). The swelling ratios of GL4.0/
SA1.6, GL4.0/SA1.2/PCMC0.4 and GL4.0/SA0.8/
PCMCO0.8 in 0.1 mol/L NaCl solution were 9.47,
10.15 and 12.19 g/g, respectively, while their swelling
ratios in 0.1 mol/L FeCl; solution significantly
decreased to 2.15, 2.41 and 2.66 g/g, respectively.
The swelling capacity also decreased appreciably with
the increase of NaCl or FeCl; concentration. When
NaCl or FeCl; concentration increased from 0.02 to
0.1 mol/L, the swelling ratios of GL4.0/SA0.8/
PCMCO0.8 decreased from 16.31 to 12.19 g/g in NaCl
solution, and 4.49 to 2.66 g/g in FeCl;. These ionic
charge-dependence and ionic strength-dependence of
the prepared hydrogels in swelling demonstrated the

Table 1 Swelling kinetic

Hydrogels Fickian diffusion model Schott’s second-order kinetic model
parameters for the prepared
hydrogels GL4.0/SAL.6, K n Ocorp R Qccar Kk x 10°
GL4.0/SA1.2/PCMCO0.4 and
GL4.0/SA0.8/PCMCO.8 in In distilled water
distilled water and 0.9% GL4.0/SA1.6 0.9945 0.1156 0.3114 51524 0.9709 1079 0.82
NaCl solution GL4.0/SA1.2/PCMC0.4  0.9974 0.1145 03313 09872 12.84 0.82
GL4.0/SA0.8/PCMC0.8  0.9972 0.1192 0.3359 420.17 09906 13.01 0.93
In 0.9% NaCl solution
GL4.0/SA1.6 0.9928 0.1201  0.3595 09925 11.19 135
GL4.0/SA1.2/PCMC0.4 0.9968 0.1163 0.3641  37.89 0.9949 11.51 131
GL4.0/SA0.8/PCMC0.8  0.9984 0.1298 0.3658  28.03 0.9974 13.16 1.50

@ Springer



Cellulose (2018) 25:593-606

602
18
Swelling in NaCl solution
—0—GL4.0/SA1.6
15 1 . —0— GL4.0/SA1.2/PCMC0.4
_ r — InO— GL4.0/SA0.8/PCMC0.8
o0 & S
) 12 1 \I\j\%’—di
> NaCl %
R3] f\’?
< 9 4 =
g
:!) Swelling in FeCly solution
= ~ 5
£ 6+ FeCl —=— GL4.0/SA1.6
2 —#— GL4.0/SA1.2/PCMCO0.4
2N —=— GL4.0/SA0.8/PCMC0.8
< I
0

T 1 T T
0.02 0.04 0.06 0.08 0.10
Concentration (mol/L)

Fig. 5 Swelling behaviors of the prepared hydrogels GL4.0/
SA1.6, GL4.0/SA1.2/PCMCO0.4 and GL4.0/SA0.8/PCMCO0.8 in
NaCl and FeCl; solutions

prepared hydrogels have the salt sensitivity. The
shrinking behavior of the prepared hydrogels in FeCly
solution could be attributed to the reduced osmotic
pressure difference between the interior polymer
network and the external solution, which is determined
by the ionic interactions between mobile ions and the
fixed charges in salt solutions (Dai and Huang
2017a, b; Huang et al. 2013) According to Donnan
osmotic pressure equilibrium, at high salt concentra-
tion, a shrinking swelling behavior can be easily
induced due to the more movable counterions and low
osmotic pressure difference between interior and
exterior of the hydrogel (Tang et al. 2014).This
behavior also can be explained by Flory’s equation
(Lanthong et al. 2006).

0 ~ (i/2VuS'2)? + (1/2 = x1)V,
Ve/Vo

(4)

where Q represents the swelling degree of the
polymer, i/V,, is the charge density of the polymer,
S is the ionic strength of solution, (1/2 — x1)/V is the
affinity between polymer and solution, Vg/Vj is the
crosslinking density of the polymer. Based on the
Flory’s equation, the swelling degree of the polymer in
salt solutions is monovalent > trivalent cations
(Na™ > Fe®™), agreeing well with the swelling capac-
ities of the hydrogels in NaCl and FeCl; solutions.

@ Springer

Swelling comparison between the prepared
hydrogels in various pH solutions

To analyze pH sensitivity of the prepared hydrogels,
the swelling kinetics and pH-dependent swelling
behaviors of GL4.0/SA1.6, GL4.0/SA1.2/PCMC0.4
and GL4.0/SA0.8/PCMCO0.8 in various pH solutions
(pH 2.0, 7.0 and 12.0 respectively) were investigated
and compared. As clearly displayed in Fig. 6, there
existed a noticeable increase in the dynamic swelling
curves from pH 2.0 to 12.0. The prepared hydrogels
swelled very little at acidic medium (pH 2.0) but much
more in neutral (pH 7.0) and alkaline medium (pH
12.0). For example, GL4.0/SA0.8/PCMCO0.8 only
showed the swelling ratio 5.32 g/g at pH 2.0, signif-
icantly lower than 10.44 g/g atpH 7.0 and 18.48 g/g at
pH 12.0. The swelling was rapid up within 30 min in
all solutions and reached the platform after 60 min at
pH 2.0 and 200 min at pH 7.0 and 12.0. The evident
pH-dependent swelling behaviors confirmed the pH-
sensitive characteristic of the prepared hydrogels.
Compared with GL4.0/SA1.6, GL4.0/SA1.2/
PCMCO0.4 and GL4.0/SA0.8/PCMCO0.8 also showed
improvement in swelling capacity due to the addition
of PCMC. Due to the characteristics of anionic
polymers, under the acidic conditions, a screening
effect of the counter ions, i.e. C1~ in the swelling
medium, prevented an efficient repulsion, leading to a
remarkable hydrogel collapsing. Meanwhile, due to
the protonation of —COO- groups, the electrostatic
repulsion among —COO- was reduced, consequently
resulting in a decreased swelling ratio (Dai and Huang
2017a, b; Saarai et al. 2013). Furthermore, the amine
groups of GL can be positively charged at lower pH
and complex with alginate which is negatively
charged, leading to the formation of more
stable state (Devi and Kakati 2013). As the external
pH increased, the electrostatic repulsion was enhanced
owing to the ionization of -COOH groups, so the
hydrogels network got more expanded and swelled
more (Zhang et al. 2015). In such system, hydrogen
bonding and a combination of attractive or repulsive
electrostatic interactions were responsible for the pH-
dependent behaviors of the hydrogels.
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Fig. 6 Swelling kinetic 21

curves for the prepared
hydrogels GL4.0/SA1.6,
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Electric stimuli response comparison
between the prepared hydrogels

Figure 7a—c displays the influences of ionic strength,
pH and electric voltage on the electric sensitivity of
the prepared hydrogels GL4.0/SA1.6, GL4.0/SA1.2/
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hydrogels and the reversible bending behaviors of the hydrogels
by alternately applying electric voltage of 25 V every 30 s (pH
7.0 and 0.1 M)

PCMCO0.4 and GL4.0/SA0.8/PCMCO0.8 respectively.
As shown in Fig. 7a, after applying an electric field,
the maximum equilibrium bending angle of the
prepared hydrogels occurred at 0.05 M of ionic
strength. Lower or higher ionic strength could induce
the decrease of equilibrium bending angle. At low
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ionic strength, higher electrolyte concentration could
lead to more free ions moving from the surrounding
solution to counter-electrodes or hydrogels network.
Consequently, the osmotic pressure differences
between the anode and cathode of the hydrogels
network could increase, finally resulting in an
increased equilibrium bending angel (Lin et al.
2009). However, when the ionic strength of the
solution is greater than the critical concentration, a
shielding effect of the polyions can arise due to the
increase of ions in the electrolytic solute, consequently
resulting in a reduced electrostatic repulsion of the
polyions and a decreased equilibrium bending angel
(Shang et al. 2008). Similar behaviors were also
reported by Shang et al. (2008) in chitosan/car-
boxymethyl cellulose hydrogel and Tian et al. (2010)
in soy protein isolate hydrogel. The effect of pH on the
electric sensitivity of the prepared hydrogels is
depicted in Fig. 7b. Compared with the small bending
angel in acidic solution (pH 2.0), the hydrogels
showed an obviously increased bending angel in
neutral (pH 7.0) or basic solutions (pH 12.0). As
already described in Fig. 6, the prepared hydrogels
showed a low swelling ratio at pH 2.0 and thereby
formed a compact and dense structure that is adverse
to the migration of charge. These behaviors could be
ascribed to the formation of hydrogen bonds in the
hydrogels network. However, as the increase of pH,
more and more —COOH groups in the hydrogels were
ionized to —COO- so that the hydrogels became less
compact and the swelling ratio increased (Bekin et al.
2014), finally leading to the increased bending
behavior toward the cathode. As can be observed in
Fig. 7c, the equilibrium bending angle evidently
increased with an increase in applied electric voltage
across the hydrogels, indicating the bending behavior
was induced by the electric field. Compared with the
bending angel at 5 V, the bending angels of GL4.0/
SA1.6, GL4.0/SA1.2/PCMC0.4 and GL4.0/SA0.8/
PCMCO0.8 were significantly increased 6.5, 6.4 and
5.8 times respectively at 25 V. The electric field
provided the power for the electric sensitive hydrogels
to bend in electrolyte solution. More the electric
voltage increased, faster the ions in the solution
migrated, thereby generating an ionic gradient more
quickly and finally leading to an increase in bending
angle (Shang et al. 2008). Similar results were also
reported in the literatures (Kim et al. 2006; Shang et al.
2008; Tian et al. 2010; Tungkavet et al. 2015).

@ Springer

Figure 7d shows the reversible bending behavior of
the prepared hydrogels by alternately applying electric
voltage of 25 V every 30 s. As electric field turned on
and off, the hydrogels bended and returned to the
initial position quickly, exhibiting perfect reversible
bending behavior. Based on these reversibility and
natural biocompatibility and non-toxicity, the pre-
pared hydrogels have potential applications such as
microsensors, actuators and artificial muscles. Fur-
thermore, as can be clearly observed from Fig. 7 that
an enhanced electric responsive behavior was
observed by increase of bending angel as PCMC
content in the hydrogels was increased. As already
displayed in Fig. 3d—f (SEM images) and Figs. 4, 5,
and 6 (swelling capacity), addition of PCMC could
lead to the formation of hole-shaped surface and
improve the swelling and responsive properties of the
hydrogels, which may be attributed to the abundance
of highly hydrophilic hydroxyl groups and -car-
boxymethyl groups of PCMC (Chang et al. 2010).

Conclusion

This works synthesized natural polymer hydrogels
based on gelatin, sodium alginate and pineapple peel
carboxymethyl cellulose using CaCl, and glutaralde-
hyde as cross-linking agents. The FTIR and XRD
results confirmed the presence of strong interactions
among GL, SA and PCMC by hydrogen bonds. The
SEM images indicated that addition of PCMC con-
tributed to the formation of a hole-shaped structure on
the hydrogels surface. The swelling dynamic mecha-
nism of the prepared hydrogels accorded well with the
Fickian diffusion model and the Schott’s second-
order-kinetic model. The hydrogels revealed obvious
intelligent responsive behaviors to pH, salt and electric
field. The hydrogels showed a stable reversible bend-
ing behavior with the repeated on—off switching of the
electric field, and the electric responsive was influ-
enced by pH, electric voltage and ionic strength. Based
on these results, the prepared hydrogels possess the
potential applications in the fields such as technologies
as robot, sensor, artificial muscle, drug delivery
system and so on.
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