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Salecan, a new water-soluble b-glucan, has excellent physicochemical and biological characteristics.

Here, a series of pH-sensitive hydrogels based on Salecan grafted with [2-(methacryloxy)ethyl]

trimethylammonium chloride were developed for controlled drug delivery. The successful preparation of

the grafted hydrogels was confirmed by Fourier transform infrared spectroscopy, X-ray diffraction, and

thermogravimetric analysis. After that, rheology and scanning electron microscopy tests showed that the

mechanical and morphological properties of these hydrogels were strongly influenced by the Salecan

content. Moreover, the swelling behavior of the resulting hydrogels was systematically studied, and the

results suggested that they exhibited pH sensitivity. Loading and delivery experiments demonstrated that

5-fluorouracil was efficiently encapsulated into the hydrogel matrices and released in a predictable

manner via pH and Salecan dose control. Finally, cell viability and adhesion assays verified the cell

compatibility of the designed hydrogels. Altogether, these attributes make the Salecan-based graft

hydrogel a promising platform for controlled 5-fluorouracil delivery.
1 Introduction

Hydrogels are prepared from hydrophilic polymers with a three-
dimensional (3D) network that are capable of uptaking large
volumes of water without dissolving.1–3 In particular, stimuli-
responsive hydrogels, also termed intelligent hydrogels, which
can undergo a reversible phase transition in response to a great
deal of external stimuli including temperature,4 light,5 pH,6

electric eld,7 have attracted considerable attention in medical
and biological applications.8,9 Of these intelligent hydrogel
materials, the pH-responsive ones are widely investigated
because the pH value is a crucial environmental factor in
human bodies.6,10,11

In recent decades, natural polymers such as polysaccharides,
have frequently been used to design intelligent hydrogel drug
carriers (reserving drugs in a de-swollen state and releasing drugs
in a swollen state) owing to their superior physiochemical and
biological properties (e.g., biodegradability, renewability and
biocompatibility).12,13 However, polysaccharide-based hydrogel
drug devices have two signicant inherent limitations: one is the
poor mechanical strength, and the other is the lack of sustained
release ability.14 Typically, drugs are wrapped in the hydrogel
matrices by simple physical forces only, resulting in a burst
release of encapsulated drugs because of the relatively weak
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intermolecular interactions between hydrogels and drugs.12,15

Thus, it remains a formidable challenge to design carriers that are
able to release loaded drugs in a predictable fashion.16 The fusion
of natural polysaccharides and synthetic polymers may benet to
bridge these gaps and share the merits of each component.17,18

Gra copolymerization is an effective and versatile approach to
modify the architecture of native polysaccharides.13 This tech-
nique greatly enlarges the applications of polysaccharide-
constructed hydrogels.14,19 For instance, various synthetic poly-
mers including [2-(methacryloxy)ethyl]trimethylammonium chlo-
ride,20 N-isopropylacrylamide4 and acrylic acid,15 have been
successfully introduced into the polysaccharide skeleton. The
resulting gra hydrogels has various desirable characteristics
like stimuli-responsive features, moderate swelling capacity and
improved mechanical strength, making them more appropriate
for drug encapsulation/release.15,19

Salecan, a novel linear b-glucan, is produced by a new strain of
Agrobacterium sp. ZX09 isolated from Dongying soil by our
group.21 It is composed of a-1-3-linked and b-1-3-linked gluco-
pyranosyl units (Fig. 1). Like other microbial polysaccharides,
Salecan has fascinating biological properties including anti-
oxidation and nontoxicity, which are typically needed in food and
pharmaceutical industries.22–24 Additionally, Salecan contains
plenty of hydroxyl functional groups located on its backbone, and
consequently making it convenient to be chemically modied. A
series of Salecan-containing hydrogels were developed by our
laboratory recently. We found that these novel gels were adequate
materials to be employed in drug delivery and tissue engineering
eld.16,25–27
RSC Adv., 2017, 7, 14337–14347 | 14337
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Fig. 1 Scheme showing the fabrication of Salecan-g-PDMC hydrogels.
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[2-(Methacryloxy)ethyl]trimethylammonium chloride (DMC)
is a signicant monomer that is commonly used for the fabri-
cation of functional hydrogels. By incorporation of DMC into
the network, hydrogels can be used for selective removal of dyes
or metal ions.28,29 Especially, the incorporation of quaternary
ammonium groups imparts hydrogels response to a number of
external stimuli such as salt and pH, and thus allows their
application in drug release systems.30,31

In the present work, we attempted to develop Salecan-g-
PDMC hydrogels with different Salecan content for controlled
release application. This is the rst article, to the best of our
knowledge, to design and prepare Salecan-based hydrogels for
5-uorouracil delivery. In these novel gra hydrogels, Salecan
serves as the host polymer network, and the introduction of
DMC unit endows the gels with stimulus-sensitive features. We
anticipate that the combination of the biocompatible charac-
teristic of Salecan with the stimulus-sensitive property of DMC
will permit efficient drug encapsulation/delivery.
2 Materials and methods
2.1. Materials

Salecan was fabricated by Nanjing University of Science & Tech-
nology. [2-(Methacryloxy)ethyl]trimethylammonium chloride
(DMC, 80% in water) was provided by TCI (Shanghai, China) and
applied as received. Ammonium persulfate (APS, 99.5%), 5-uo-
rouracil (99.0%) and N,N0-methylenebisacrylamide (MBAA,
99.0%) were acquired from Sigma-Aldrich (Shanghai, China) and
used without further purication. Ethidium bromide/acridine
14338 | RSC Adv., 2017, 7, 14337–14347
orange (EB/AO), and bovine serum albumin (BSA) were
supplied by Meilun Biotech Co., Ltd (Dalian, China). The cell
proliferation and cell cytotoxicity detection kit was procured from
KeyGen Biology Technology Co., Ltd (Nanjing, China).

2.2. Synthesis of Salecan-g-PDMC hydrogels

Hydrogels were prepared by free-radical gra copolymerization
of DMC and Salecan utilizing MBAA as the cross-linking agent
and APS as an initiator. Typically, variable amounts of Salecan
solution (2%, w/v) were incorporated into a 50 mL three-neck
ask with a magnetic stirrer, a water circulation system and
a nitrogen line. Salecan solution was heated to 65 �C in a water
bath and then degassed with nitrogen for 15 min to eliminate
dissolved oxygen. Thereaer, a certain content of APS was
added into the ask under vigorous stirring at 65 �C for 15 min
to generate radicals. Aer cooling to 25 �C, the ask was taken
out from the water bath, the DMC solution (80%, w/v) con-
taining the calculated amount of MBAA (80 mg) was poured into
the reaction system successively. The obtained precursor solu-
tion (the nal volume of the mixture was xed at 20 mL by
adding deionized water) was continuously stirred at 37 �C for
10 min under nitrogen atmosphere and then introduced into
a Petri dish. The dish was placed into a water bath at 60 �C 24 h.
Aer polymerization, the formed hydrogels were gently taken
out and immersed in deionized water for 4 days. During this
period, the water was substituted with fresh deionized water at
least two times daily so as to remove the unreacted chemicals.
All gel samples were freeze-dried for further use. The feed ratios
of the reaction mixtures in this work are displayed in Table 1.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Compositions of initial reaction mixtures utilized for the
fabrication of Salecan-g-PDMC hydrogels

Ingredient

Designation

PDMC SGD1 SGD2 SGD3 SGD4

Salecan (2%, w/v) (mL) 0 2.5 5 7.5 10
DMC (80%, w/v) (mL) 1.5 1.5 1.5 1.5 1.5
MBAA (2%, w/v) (mL) 4 4 4 4 4
APS (3.2%, w/v) (mL) 1 1 1 1 1
Deionized water (mL) 13.5 11 8.5 6 3.5
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2.3. Fourier transform infrared (FT-IR) spectra

FT-IR spectra were recorded by a Nicolet IS-10 spectrometer
(Thermo Fisher, America) working in attenuated total reec-
tance mode, the resolution being 2 cm�1, in the range 4000–600
cm�1 with a 32 scans per sample cycle.
2.4. X-ray diffraction (XRD)

XRD proles of the samples were detected with a DMAX-2200
diffractometer (40 kV and 40 mA) equipped with a Cu Ka radi-
ation (0.154 nm) over the range of 10–60�.

2.5. Thermogravimetric analysis (TGA)

TGA assay was conducted on a TA Q-600 thermal analyzer. The
sample was heated until 600 �C at 20 �C min�1 in nitrogen
atmosphere.
2.6. Morphology observation

The cross-section surface morphology of hydrogels was
observed by a scanning electron microscope (SEM, JSM-6380LV,
JEOL, Tokyo, Japan) at 30 kV. For such measurement, the
prepared hydrogels were rst freeze-dried and fractured in
liquid nitrogen. Then, the hydrogels were pasted onto a mica
sheet and vacuum coated with gold. The average pore size was
evaluated from the SEM photographs by the Nano Measurer
1.2.5 soware designed by Fudan University (Shanghai, China).
2.7. Mechanical properties

Mechanical performances of the developed hydrogels were
studied using a Physica MCR 101 rheometer (Anton Paar) with
a parallel plate of 40 mm diameter. Before the experiment,
dynamic strain sweep experiments were conducted to identify
the linear viscoelasticity region. Dynamic frequency sweep
assays (0.01% strain) were performed on the graed hydrogel
samples in the range 0.1–10 Hz at 25 �C.
2.8. Swelling behaviors

Freeze-dried hydrogels with conrmed weights (Wd) were
immersed in different buffer solutions at pH 7.4, 4.0 and 1.2. At
selected time intervals, the hydrated gels were carefully taken
out and weighed (Wt) aer the excess supercial buffer was
removed with a wet lter paper. This procedure was repeated
until no further weight increment occurred (We). The swelling
This journal is © The Royal Society of Chemistry 2017
ratio (SR) and equilibrium swelling ratio (ESR) were obtained
according to the following expression:

SR ¼ (Wt � Wd)/Wd (1)

ESR ¼ (We � Wd)/Wd (2)

where, Wd represents the dry weight of the gel specimen, Wt

represents the swollen weight of the gel specimen aer a certain
time and We represents the equilibrium swollen weight of the
gel specimen. The swelling ratios in different concentration of
KCl solution were tested in the same way.

The water retention (WR) in hydrogels during the deswelling
step at 40 �C was evaluated gravimetrically in deionized water at
pH 7.4, by eqn (3):

WR (%) ¼ (Wt � Wd)/(We � Wd) � 100 (3)

2.9. Drug loading and release

In this work, 5-uorouracil was chosen as a model drug to
explore the drug loading and release property of Salecan-g-
PDMC. 5-Fluorouracil was incorporated into the Salecan-g-
PDMC hydrogels by a swelling–diffusion approach. Briey,
powder of 5-uorouracil was solubilized in a 0.01 M pH 9.18
phosphate buffers to gain the 5-uorouracil solution (500 mg
mL�1). Subsequently, the lyophilized hydrogel sample of known
weight (100 mg) was soaked in 20 mL of the 5-uorouracil
solution under shaking for 24 h. Aer drug solution (absorp-
tion) equilibrium was attained, all hydrogel samples were
removed from the drug solution and washed with phosphate
buffer three times to get rid of the surface adsorption of drug.
The remnant 5-uorouracil solution and the phosphate buffer
used to rinse the 5-uorouracil-loaded hydrogel samples were
collected together. The content of 5-uorouracil le in the
loading solution was calculated utilizing the Bradford assay kit
by UV-vis spectrophotometer (TU-1900, China) measurements
at 268 nm.6 The drug loading efficiency (DLE) was gained
according to the equation below:

DLE (wt, %) ¼ (W0 � We)/W0 � 100 (4)

here, W0 and We are the total mass of the 5-uorouracil in
immersing medium before and aer loading of the hydrogel
sample, respectively.

With regard to in vitro 5-uorouracil release test, the above-
mentioned 5-uorouracil-loaded hydrogel samples were rst
soaked in 20 mL of buffer solutions (pH ¼ 7.4 and 1.2) at 37 �C
with shaking speed of 100 rpm. At selected time periods, 2 mL
supernatant was withdrawn and replaced with 2 mL fresh
buffer. The concentration of released 5-uorouracil was quan-
tied by UV-vis spectrophotometry at a wavelength of 268 nm
and the cumulative percent 5-uorouracil release was acquired
by formula (5):

Cumulative drug release ð%Þ ¼ 2:0
X

Cn�1 þ 20Cn

m
� 100 (5)
RSC Adv., 2017, 7, 14337–14347 | 14339
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where, m represents the amount of 5-uorouracil in the
hydrogel sample before release, Cn�1 is the concentration of 5-
uorouracil in the releasing media aer n � 1 withdrawing
steps, and Cn denotes the concentration of 5-uorouracil in the
nth hydrogel sample.
2.10. Cellular assays

2.10.1. Cell culture. African green monkey kidney cells
(COS-7) and human embryonic kidney (HEK) 293T cells were
acquired from Center for Molecular Metabolism (NJUST,
China). Both of the cells were maintained in Dulbecco's modi-
ed Eagle medium (DMEM) containing 10% fetal bovine serum
and 1% antibiotics (0.1 mg mL�1 streptomycin and 100 U mL�1

penicillin) in an incubator at 5% CO2 and 37 �C. The culture
medium was replaced every other day.

2.10.2. Cell compatibility. Cell compatibility of the
designed hydrogels against two cell lines (COS-7 and HEK 293T
cells) was analyzed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay by an indirect
extraction test according to ISO 10993-5 protocol.32 Briey, all
gels were sterilized with ethanol (70%) followed by rinsing with
sterile PBS (pH 7.4). Subsequently, the sterile gels were soaked
in 20mL of DMEM at 37 �C for 48 h. Next, the gels were carefully
taken out from the DMEM medium and the acquired extract
liquids were ltered through syringe lters (with pore size of
0.22 mm). At the same time, all cells were separately seeded into
a 96-well plate (5000 cells per well) and maintained overnight to
allow cell attachment. Aer that, the cell culture solution in
each well was aspirated and changed with 200 mL of the
hydrogel extracts. 24 h later, the culture medium was replaced
with fresh DMEM containing 50 mL of MTT, and these two cells
were cultured for another 4 h. Finally, the medium in each well
was completed aspirated and the purple formazan crystal
generated by viable cells was solubilized with 150 mL of dimethyl
sulfoxide. The cell viability was computed by comparing the
absorbance at 570 nm with control wells containing only cell
culture media.

2.10.3. Cell adhesion. Sterilized hydrogel lms (SGD4) were
transferred into 6-well cell-culture plates with DMEM and
cultured at 37 �C for 2 days. HEK 293T and COS-7 cells were
seeded at a density of 1 � 104 cells per cm2 on the surface of the
gels and cultured in a 5% CO2 atmosphere at 37 �C for 2 days,
respectively. During the whole incubation period, the medium
was refreshed every day. Finally, the cells were stained with
ethidium bromide/acridine orange (EB/AO), and cell
morphology was inspected through a phase-contrast optical
microscope (OLYMPUS ckx31, Japan).
3 Results and discussions
3.1. Fabrication of Salecan-g-PDMC hydrogels

In this study, homogenous gra polymerization of the DMC
onto the Salecan backbone was carried out utilizing MBAA as
cross-linker and APS as radical initiator. The possible mecha-
nism is outlined in Fig. 1. First, the initiator APS was decom-
posed by heating to produce sulfate anion-radicals. Second,
14340 | RSC Adv., 2017, 7, 14337–14347
these anion radicals extracted hydrogen from the –OH groups of
the active ingredients in Salecan skeleton to generate macro-
radicals, leading to active centers on the polysaccharide back-
bone.14 Third, the monomer molecules (DMC), close to these
active sites, turn into acceptors of macro-radicals, causing chain
initiation and aerward themselves converted into free radical
donors, which resulted in the growth of gra chain. Finally, in
the chain propagation period, the end vinyl groups of the MBAA
cross-linker reacted with the as-formed polymer chains,
thereby, the copolymer hydrogel composed of a cross-linked
architecture was formed.19,33

3.2. FT-IR

FT-IR spectroscopy was employed to obtain structural informa-
tion of Salecan, Salecan-g-PDMC (SGD4) and pure PDMC hydro-
gels as clearly depicted in Fig. 2(a). In case of Salecan, a broad
absorption peak located at approximately 3290 cm�1 belonged to
the O–H stretching vibration.18 Characteristic bands of Salecan
emerged in the region of 1100–800 cm�1.16,18 More specically,
the peak entered at 1040 cm�1 was ascribed to C–OH stretching
of glucopyranose, a weak band at 896 cm�1 displayed that D-
glucopyranose possessed b-conguration and a small absorption
peak emerged in 813 cm�1 was associated with the existence of
a little a-glucopyranose.14,32 With regard to the FT-IR curve of
PDMC, the characteristic peak at 1723 cm�1 was due to the
stretching vibrations of the carbonyl group, and the bands at
1477 and 951 cm�1 were attributed to the bending and stretching
vibrations of quaternary ammonium group, respectively.34 The
spectrum of Salecan-g-PDMC hydrogel displays a mixture of
PDMC and Salecan signals, similar to pure PDMC but with some
discrimination. For example, the PDMC segment was veried by
the appearance of feature peaks of quaternary ammonium
groups at 1476 and 948 cm�1 (bending and stretching vibra-
tions),34 whereas the presence of peak at 893 cm�1 was charac-
teristic of the Salecan chains.26 Particularly, the typical
absorption peak of Salecan at 893 cm�1 was obviously weakened
aer the gra reaction, demonstrating the participation of Sale-
can in the copolymerization reaction. Following the literature,
similar results were acquired for other polysaccharide-based gra
copolymers.15,35 These observations indicated that the PDMC
chains were successfully graed onto the Salecan backbone.

3.3. XRD studies

XRD patterns of the Salecan powders, PDMC and Salecan-g-
PDMC (SGD4) hydrogels are depicted in Fig. 2(b). The diffrac-
tion spectra of Salecan demonstrated a single peak centred at
around 2q ¼ 21�, which can be ascribed to the crystalline
regions of the Salecan structure. These crystalline regions are
established by the hydrogen bonds among –OH groups of
Salecan.14 Similar results were acquired for other poly-
saccharides, such as cellulose36 and chitosan.37 Nevertheless,
for the XRD curve of Salecan-g-PDMC hydrogel, the character-
istic peak intensity of Salecan reduced drastically. The reason
was that the graing of DMC onto Salecan chain occurred in
a random manner along Salecan backbone, resulting in the
destruction of those formed crystalline regions of Salecan.14
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FT-IR spectra (a), XRD patterns (b) and TGA thermograms (c) of
Salecan, PDMC and Salecan-g-PDMC (SGD4) hydrogels.
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3.4. TGA

The thermal stability of the Salecan, pristine PDMC and Sale-
can-g-PDMC (SGD4) hydrogels was evaluated by TGA technique
(Fig. 2(c)). For Salecan, an initial 11.9% of mass loss taken
placed in the 50–205 �C temperature range, indicating the
expulsion of moisture absorbed from the air. Subsequently,
approximately 44.7% mass loss occurred in the range of 205–
This journal is © The Royal Society of Chemistry 2017
370 �C, and further a 25.1% mass loss appeared between 370
and 600 �C, which was attributed to the splitting of Salecan
main chain.14 In the case of the pure PDMC thermogram,
a three-stage degradation process was noticed. The rst stage
(50–220 �C, 25.3% weight loss) was because of the evaporation
of residual water; the second stage (220–312 �C, 42.2% weight
loss) involved the degradation of ammonium quaternary
groups; the third stage (312–600 �C, 28.8% weight loss) was due
to the destruction of the residual chain.38

As can be seen from the Fig. 2(c), Salecan was more stable
than PDMC gel sample. The glycosidic bonds that join Salecan
polysaccharides appear to be more stable than the chemical-
covalent bonds that join the hydrogels. The graed copolymer
hydrogel underwent four steps of weight loss. The previous
slight weight loss (nearly 17.1%) below 210 �C was assigned to
desorption of bound water. The second and third steps were
located at 210–271 �C (20.3% weight loss) and 271–328 �C
(19.0% weight loss). The fourth step started from 328 �C, and
26.9% decomposition was observed at 600 �C. The latter three
steps corresponded to a complex process where scission of the
PDMC chain, breakage of the gel network and fragmentation of
the Salecan skeleton was dominant.27

3.5. Rheological behaviors

As hydrogel drug carriers, their most important features are
their mechanical strength and elasticity.16 The rheological study
can disclose the quantity of energy stored in the gel system
(storage modulus, G0) and energy dissipated within the gel
system (loss modulus, G00).39 Hence, investigation of the rheo-
logical properties of the resulting hydrogels was carried out
(Fig. 3(a) and (b)). The solid-like features of these produced gels
were distinctly veried by the fact that storage modulus and loss
modulus were both nearly independent of frequency over the
range of frequencies measured in this study, and further
conrmed as the G0 value was bigger than that of G00 at all
frequencies tested.40 Furthermore, it can be observed from
Fig. 3(a) that the mechanical strength of formed hydrogel was
easily controlled by altering the concentration of Salecan
utilized to prepare the hydrogel. Specically, before the gra
reaction, the pristine PDMC hydrogel owned the strongest G0

value of about 1171 Pa. By elevating the content of Salecan in
the pregel solution to 2.5, 5, 7.5 and 10 mL, the G0 value grad-
ually decreased to nearly 824, 600, 295 and 132 Pa, respectively.
One explanation was that the incorporation of Salecan content
in the hydrogel composition helped bring a higher swelling
value (as will be described below), which caused a reduction in
gel stiffness.

3.6. Swelling experiment

One particular characteristic of fabricated hydrogels is their
capacity to uptake and retain water without losing their struc-
ture integrity.41 The levels of responsiveness, swelling and
deswelling are important features to take into consideration
when designing hydrogels for drug carriers. Therefore, the
swelling property of the Salecan-g-PDMC hydrogels was
comprehensively assessed.
RSC Adv., 2017, 7, 14337–14347 | 14341
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Fig. 3 Frequency dependence of (a) storage modulus and (b) loss
modulus of PDMC and Salecan-g-PDMC hydrogels.
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3.6.1. Swelling kinetics of graed hydrogels. The dynamic
swelling features of the resulting hydrogels in pH 4.0 buffers
were measured to understand the effect of Salecan dose on the
water uptake behaviors (Fig. 4(a)). All hydrogel samples rapidly
hydrated in the rst four hours and approached to equilibrium
aer ten hours; as the Salecan contents increased, the equi-
librium swelling ratio (ESR) raised. Taking SGD1 for example,
a rapid swelling was observed at the initial stage of swelling
(from 0 to 4 h), and achieved saturation with an ESR of 32.4
aer 10 h. As for the other three investigated groups (SGD2,
SGD3 and SGD4) with distinct incorporation ratios of Salecan,
the capability to absorb water was increased remarkably (42.6
for SGD2, 58.7 for SGD3 and 66.3 for SGD4). An explanation for
this phenomenon was ascribed to the existence of a high
density of hydroxyl groups on the Salecan chains that attract
water from the incubationmedia, beneting to the diffusion of
water into gel matrix, and eventually, increasing water uptake
ability.16,26 Overall, dynamic swelling experiment showed that
the swelling properties of the as-prepared graed hydrogels
were found to be tunable by regulating the hydrophilicity of
the gel sample, which can easily be controlled by adjusting the
Salecan amount.
14342 | RSC Adv., 2017, 7, 14337–14347
3.6.2. Inuence of pH on water uptake. To evaluate the
inuence of pH on water absorption, the equipment swelling
ratio (ESR) was recorded for designed gels in buffer solutions of
pH 7.4, 4.0 and 1.2, respectively. As presented in Fig. 4(b), the
overall feeling was that all of the tested hydrogels exhibited
a similar trend with distinct extent of water uptake, namely, the
ESR decreased consecutively from pH 1.2 to 7.4. For example,
the ESR values of SGD4 were 86.1 for pH 1.2, 66.3 for pH 4.0 and
49.4 for pH 7.4. The designed semi-IPN hydrogel was pH-
sensitive due to the contribution of ionic group –N+(CH3)3.
When the pH of the solution was increased, the degree of
ionization of semi-IPN gels reduced.42 This would result in that
the electrostatic repulsion between the chains of semi-IPN
hydrogels decreased, restricting water absorption. In sum,
equilibrium swelling studies clearly revealed that the developed
hydrogels were able to respond to environmental pH, making
them quite attractive to serve as pH-responsive drug delivery
vehicles.

3.6.3. Effect of ionic strength on swelling. To assess the
effect of ion concentration on the swelling behavior of Salecan-
g-PDMC gel samples, the values of ESR as a function of potas-
sium chloride concentration are plotted in Fig. 4(c). As dis-
played in Fig. 4(c), there was the same decreasing tendency for
the equilibrium water absorption of the hydrogel in KCl solu-
tion with the addition of saline solution dose. Regardless of
hydrogel types, the ESR value dropped distinctly as the KCl
concentration raised. Specically, the ESR values of SGD3 were
36.6, 25.3 and 15.4 for KCl concentration (%, w/w)¼ 0.4, 0.8 and
1.2, respectively. The mechanisms of these results can be
understood as follows. On the one hand, the salt ions pene-
trated into the gel network and combined with ionized groups
of PDMC chains, leading to the shielding effect and weakening
the electrostatic repulsion. Therefore, the water molecules were
easily squeezed out.14,42 On the other hand, the osmotic pres-
sure between interior hydrogel and external swelling solution
was reinforced when the KCl concentration enhanced. In this
case, water in the inside architecture of the hydrogel tended to
diffuse out to the culture medium, causing reduction of water
uptake ability.9,18

3.6.4. Water retention test. Fig. 4(d) presents the deswel-
ling prole of graed hydrogels at 40 �C as a function of time. As
observed from Fig. 4(d), the Salecan-g-PDMC hydrogels con-
taining more Salecan lost water at a faster rate and released
more water within the identical time intervals. For example,
SGD1 released over 88.4% of its absorbed water aer 500 min
whereas, during the equal time intervals, the SGD2, SGD3 and
SGD4, lost about 92.8%, 95.7% and 97.1% of their water,
respectively. Addition of the hydrophilic polysaccharide (Sale-
can), which can act as water-releasing channels, promoted the
removal of water when hydrogel network crumbled.43
3.7. Morphology of the Salecan-g-PDMC hydrogels

The microstructure of the hydrogel directly inuences its later
application as a drug carrier, while the drug adsorption and
release properties will be affected by the pore size and surface
area of the hydrogel.16 Hence, we inspected the morphology of
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Swelling behavior of the Salecan-g-PDMC hydrogels: swelling kinetic in deionized water (a), equilibrium swelling values in different buffer
solutions (b) and KCl solutions (c); water retention (d).
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the designed hydrogels. Cryo-SEM was employed here to
conrm that the morphology of each hydrogel was well-
retained. As presented in Fig. 5, all hydrogel formulations
revealed ordered and uniform porous networks, resembling
other freeze-dried hydrogel.9,44 We also observed that the gel
with higher Salecan content possessed larger pores, compared
with that of lower Salecan concentration. For instance, SGD1
had the smallest pore size with a diameter of 38.3 � 10.5 mm
among the four samples, while the average pore diameter
enhanced to approximately 53.4 � 11.6 mm, 84.7 � 24.8 mm and
102.4 � 25.7 mm for SGD2, SGD3 and SGD4, respectively. An
explanation was that the addition of Salecan enhanced the
water uptake capacity of the hydrogel, which in turn expanded
the space for water reservation. In this case, water molecules
were easy to penetrate into the hydrogel matrices, being prone
to the formation of greater ice crystal during lyophilized
process. Therefore, larger pores were yielded aer water
sublimation.14,45
Fig. 5 SEM graphs of the grafted hydrogels: (a) SGD1, (b) SGD2, (c)
SGD3 and (d) SGD4. Scale bars represent 100 mm.
3.8. In vitro drug loading and release

3.8.1. 5-Fluorouracil loading efficiency. Here, 5-uoro-
uracil, a widely used drug in cancer treatment, was chosen as
a model drug and introduced into the polymeric network by
a swelling–diffusion approach.10,46 Fig. 6(a) displays the drug
loading efficiency (DLE) of the graed hydrogel. As can be seen
from Fig. 6(a), the 5-uorouracil loading efficiency enhanced
This journal is © The Royal Society of Chemistry 2017
with the increase of Salecan dose. For instance, SGD4 contain-
ing 8 mL of Salecan showed the highest 5-uorouracil loading
efficiency of 66.3% while the SGD1 with 2 mL of Salecan only
exhibited a smallest 5-uorouracil loading efficiency of 32.4%.
Interesting, the trend of drug loading efficiency was the same as
that of water uptake values for these hydrogels discussed above.
Because of the identical concentration of 5-uorouracil solution
for drug loading, gel with stronger hydration ability could
RSC Adv., 2017, 7, 14337–14347 | 14343

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01052d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
B

ito
ot

ee
ss

a 
20

17
. D

ow
nl

oa
de

d 
on

 1
5/

01
/2

02
6 

9:
03

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
uptake more 5-uorouracil solution. Ultimately, the amount of
5-uorouracil loading increased with the improvement of
Salecan dose used in the pre-gel solution.9,26

3.8.2. Drug release. To identify the release behaviors of 5-
uorouracil from the Salecan-g-PDMC hydrogels, in vitro release
studies were conducted in buffer solutions with pH values of 7.4
and 1.2 at 37 �C (simulating the pH conditions of colon and
stomach in the body). It can be seen from Fig. 6(b) and (c) that
the amount of 5-uorouracil escaped from 5-uorouracil-
loaded samples was pH-dependent. When pH of the release
medium was reduced from 7.4 to 1.2, 5-uorouracil release was
greatly increased. Specically, aer 21 h, the cumulative release
in pH 7.4 buffers was 23.1%, 29.6%, 33.7% and 38.0% for SGD1,
SGD2, SGD3 and SGD4, respectively, but such value increased to
54.3%, 62.2%, 71.0% and 78.8% for the corresponding hydrogel
in the pH 1.2 media. These differences in release can be
explained by the next two factors. (1) At pH 1.2 (The isoelectric
point of 5-uorouracil is 8.0,47 so the 5-uorouracil carries
a positive charge at the normal physiological environment.), the
strong electrostatic repulsion between –N+(CH3)3 and positively
charged drug facilitated the release of 5-uorouracil.42 (2) When
the pH of the release media was increased to 7.4, the solubility
of 5-uorouracil was decreased, restricting the liberation of 5-
uorouracil.6

Apart from the inuences of different pHs, it is also noticed
in Fig. 6(b) and (c) that the drug release was Salecan-dose
dependent, i.e., aer 21 h, the amount of 5-uorouracil
Fig. 6 (a) Loading efficiency of the hydrogel samples. In vitro 5-fluoroura
viability of HEK 293T cells and COS-7 cells after treatment with hydroge

14344 | RSC Adv., 2017, 7, 14337–14347
released from the gra hydrogels was in the order of SGD4 >
SGD3 > SGD2 > SGD1. This phenomenon could be illustrated by
considering the formation of denser structures when gels
possessed lower Salecan content, which hindered the escape of
entrapped 5-uorouracil from the gel matrix.10,17 Collectively,
the 5-uorouracil release from the hydrogel could be adjusted
by simply modulating the pH value of the release medium and
Salecan amount in the gel compositions.

3.9. Cell compatibility of the graed hydrogel samples

Cytotoxicity is a signicant factor when selecting appropriate
vectors for drug delivery.48 To act as safe drug carrier, the device
itself was required to have a low toxicity. Here, the cytotoxicities
of the Salecan-g-PDMC hydrogels were assessed in HEK 293T
and COS-7 cells utilizing an indirect MTT assay. First, these two
cells were cultured with different extracts of Salecan-g-PDMC
hydrogel samples for 24 h. As evidenced in Fig. 6(d), aer 24 h
incubation, all experiment groups displayed nearly no cytotox-
icity toward HEK 293T and COS-7 cells (cell viability > 90%),
indicating the good biocompatibility of these designed Salecan-
based drug delivery vehicles.14

To further illustrate the low cytotoxicity of Salecan-g-PDMC
hydrogels, a live/dead assay was also conducted for visualization
of cell viability by inverted microscope. The representative
micrographs of HEK 293T and COS-7 cells incubated with the
tissue culture polystyrene dishes (TCPS) and graed hydrogel
are presented in Fig. 7. EB-stained dead cells are in red and AO
cil release curves from the hydrogels at pH 1.2 (b) and pH 7.4 (c). (d) Cell
l extracts.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Phase-contrast micrographs (100�) of fluorescence images of
HEK 293T cells and COS-7 cells cultured on tissue culture polystyrene
dishes (TCPS) and Salecan-g-PDMC hydrogel surface after 2 days.
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stained living cells are in green.49 Obviously, a large number of
green uorescence and hardly any red uorescence can be
observed for Salecan-based gels similar to that seen on negative
control. These results also suggested the biocompatibility of the
Salecan-based drug delivery device itself, which was consistent
with the data obtained in MTT assay.

4 Conclusions

A new Salecan-based hydrogel drug devices was fabricated by
graing [2-(methacryloxy)ethyl]trimethylammonium chloride
onto Salecan chains in the presence of cross-linker MBAA using
APS as an initiator. By varying the concentration of Salecan in the
precursor solution, the water content, mechanical strength, pore
size and 5-uorouracil loading/release of the hydrogels can be
readily modulated. Moreover, the designed Salecan-based
hydrogel was cell compatible and supported the cell prolifera-
tion. With these excellent features, our hydrogel may serve as
a versatile and facile platform for oral drug delivery applications.
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