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Abstract Composite hydrogels were prepared from
pineapple peel cellulose with the combinations of
polyethylene glycol (PEG), polyvinyl alcohol (PVA),
K-carrageenan (CN), or soluble starch (SH) in 1-allyl-
3-methylimidazolium chloride solvent. Impacts of
these macromolecules on the texture profile analysis
(TPA) parameters, equilibrium swelling ratio (ESR),
and sodium salicylate (NaSA) load of the prepared
hydrogels were studied. The NaSA release kinetics of
the composite hydrogels were also compared. The
composite hydrogels exhibited differences in Fourier
transform infrared spectroscopy (FTIR), TPA param-
eters, ESR, NaSA load ratio, and release kinetics. CN
addition increased the hardness of the hydrogels, while
PEG played an opposite role. SH and PVA could
decrease hardness, gumminess, and resilience, and SH
could increase the springiness and cohesiveness of the
hydrogels. Most of the composite hydrogels exhibited
the same basic FTIR features as the simple hydrogel.
Freeze-dried composite hydrogels exhibited a mark-
edly higher ESR than the oven-dried ones, and
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additions of PEG, PVA, CN, and SH showed the
same effect. Addition of the PEG and PVA combina-
tion could lower the ESR of the hydrogels, whereas
additions of the PEG and CN combination or PEG and
SH combination could markedly increase the ESR of
the hydrogels. Addition of PEG, PVA, CN, and SH
respectively could increase the NaSA load ratio of the
hydrogels. Oven-drying treatment, additions of the
PEG and PVA combination or PEG and CN combi-
nation were propitious for extending the NaSA fast-
release phase of the hydrogels.

Keywords Composite hydrogels - Pineapple
peel cellulose - Ionic liquid - Texture profile
analysis - Drug load ratio and release

Introduction

As a kind of typical tropical fruit with distinctive
flavor characteristics, pineapple (Ananas comosus
(L.) Merr.) is widely cultivated in the tropics of the
world. The relevant processed products, such as
canned pineapple and pineapple juice, are favorite
foods of most consumers. Another deep processing
method for pineapple fruit is bromelain extraction
from pineapple peel. However, both the processing of
pineapple fruits and bromelain extraction produce a
great quantity of peel and residue (usually accounting
for 30-50 % of the total fresh fruit weight). Hence,
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properly processing and handling these peels and
residues are of practical and academic significance,
especially in the prevention of biological resource
waste and environmental pollution. Pineapple peel
and residue mainly consist of cellulose, hemicellu-
lose, lignin, pectin, and other components (Bardiya
et al. 1996). In spite of having less color and rich
cellulose (accounting for 20-25 % of the dry weight),
pineapple peel and residues are seldom utilized as an
industrial product, and little research on the use of the
cellulose has been carried out so far. Recently, Hu
et al. (2010a, b, 2011) reported their work on the
modification of pineapple peel cellulose (PPC) as
hydrogels and absorbents of heavy metals in waste.
Hydrogels prepared from plant fiber and the relevant
cellulose derivatives have many other potential
applications, such as invisible eyes, wound dressing,
and super-absorbent and drug release systems because
of their perfect hydrophily (Gin et al. 1990; Matthew
et al. 1993; Mishra et al. 2008). Plant cellulose
contains many anhydroglucopyranose units bound by
B-(1 — 4)-glycosidic linkage, which is described as a
linear-polymer glucan with uniform chain structure
(Fengel and Wegener 1984). Due to the existence of
intramolecular and intermolecular hydrogen bonds,
plant cellulose is generally insoluble in most solvents
and is difficult to process. Hence, the use of plant
cellulose is limited in many fields. Recently, due to
the innovation of some novel green solvents for many
plant celluloses, such as room-temperature ionic
liquid, processing of plant cellulose has become much
easier than before. The characteristics of excellent
solubility, zero vapor pressure, and recycling of this
kind of novel green solvent make plant cellulose new
potential applications (EI Seoud et al. 2007; Murug-
esan and Linhardt 2005). For example, 1-butyl-3-
methylimidazolium chloride (BMIMCI) and 1-allyl-
3-methylimidazolium chloride (AMIMCI) have been
used to dissolve and turn cellulose into colloidal or
composite materials for controlled release of drugs
and fertilizer (Kadokawa et al. 2008a, b, 2009;
Murakami et al. 2007; Murugesan and Linhardt
2005; Prasad et al. 2009a, b; Swatloski et al. 2002;
Wau et al. 2004; Zhang et al. 2005). In fact, there are
many kinds of ionic liquids suitable for hydrogel
preparation from cellulose, mainly including four
types, alkyl-substituted imidazole type ionic liquid
([R{R, Mim]™), alkyl-substituted pyridine type ionic
liquid ([RPy]"), alkyl quaternary ammonium type
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ionic liquid ([NRy, H,_,]%), and alkyl quaternary
phosphonium type ionic liquid ([PRy H, 1. AMI-
MCI and the relevant derivatives belong to alkyl-
substituted imidazole type ionic liquid. When an ionic
liquid is chosen, the potential toxicity, solubility,
environmental impact, and economy of the ionic
liquid must be considered. The purpose of this
research was to prepare composite hydrogels from
PPC in AMIMCI solvent and study the impacts of
some macromolecule additives, such as polyethylene
glycol (PEG), polyvinyl alcohol (PVA), k-carra-
geenan (CN), and starch (SH) on the characteristics
of the prepared hydrogels. The swelling and drug-
release behaviors of the prepared hydrogels were also
compared.

Materials and methods
Extraction of pineapple peel cellulose

Cellulose was extracted from pineapple peel as
hydrogel materials according to the method reported
by Hu et al. (2010a, b). Briefly, after cleanout,
pineapple peel was pulped with a beater. The pulp
was then filtrated with etamine, and the residue was
dried in an oven at 50 °C for 24 h. The dried residue
was ground with a miller and filtrated through a fine
mesh; 30 g of the dried pineapple peel powder was
treated with 600 mL distilled water at 80 °C for 2 h
and then was delignified with sodium chlorite at pH
3.8-4.0 and 75 °C for 2 h. After distilled water and
ethanol washing, the residue was dried at 50 °C for
16 h. The dried residue was then extracted with KOH
solution (10 %, w/v) at room temperature for 10 h so
as to remove the semi-cellulose and other impurities,
followed by water-washing filtration and ethanol
(95 %, v/v) washing filtration in sequence until the
filtrate became neutral. Pineapple peel cellulose was
completed after drying at 50 °C for 16 h and was
subjected to hydrogel preparation. The weight ratio of
the PPC extracted from pineapple peel by the above
processing was about 22 %.

Preparation of composite pineapple peel cellulose
hydrogels

Composite PPC hydrogels were prepared mainly via
heating-cooling-washing (HCW) processing and
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Table 1 Formulations of hydrogels prepared from PPC

No Hydrogel prepared Additives (% of AMIMCI) Process Washing solvents
PPC PEG PVA CN SH
1 PPC5 5.0 HCW Water
2 PPC5-FT 5.0 HCFTW Water
3 PEG7.5-PPC5 5.0 7.5 HCW Water
4 PVAS-PPC5-FT 5.0 5.0 HCFTW Water
5 CNS5-PPC5 5.0 5.0 HCW Water
6 CNS5-PPCS-FT 5.0 5.0 HCFTW Water
7 SH5-PPC5 5.0 5.0 HCW Water
8 SH5-PPC5-FT 5.0 5.0 HCFTW Water
9 PEG7.5-PVA5-PPC5-FT 5.0 7.5 5.0 HCFTW Water
10 PEG7.5-CN5-PPC5 5.0 7.5 5.0 HCW Water
11 PEG7.5-CN5-PPC5-FT 5.0 7.5 5.0 HCFTW Water
12 PEG7.5-SH5-PPC5 5.0 7.5 5.0 HCW Water
13 PEG7.5-SH5-PPC5-FT 5.0 7.5 5.0 HCFTW Water
14 PEG7.5-PVA5-CN5-PPC5-FT 5.0 7.5 5.0 5.0 HCFTW Water

The figures following the abbreviations mean their percentages accounting for AMIMCI

PPC pineapple peel cellulose, PEG polyethylene glycol 4000, PVA poly vinyl alcohol, CN x-carrageenan, SH soluble starch, FT the
hydrogel was prepared by freezing-thawing, HCW heating-cooling-washing process, HCFTW heating-cooling-freezing-thawing-

washing process

heating-cooling-freezing-thawing-washing (HCFTW)
processing in AMIMCI solvent (purchased from Shang-
hai Cheng Jie Chemical Co., Ltd., China) according to
Hu et al. (2010a, b); Kadokawa et al. (2008b, 2009); Li
et al. (2009a, b) and Prasad et al. (2009a, b). Table 1
shows the proportion of different additives in PPC for
the preparation of different composite hydrogels. The
numbers following the abbreviations show the corre-
sponding percentages of the materials and additive. For
HCW processing, PPC was stir-treated with AMIMCI
and the additives at 100 °C for 12 h in a shaker until
complete dissolution. Composite hydrogels formed
after the solutions were cooled to ambient temperature.
The excessive ionic liquid in the prepared hydrogels was
leached out via distilled water or ethanol washing. For
HCFTW processing, AMIMCI, PPC, and the corre-
sponding additives were stir-treated at 100 °C for 12 h
in a shaker until complete dissolution. After cooling to
ambient temperature, the formed hydrogels were sub-
jected to a six-cycle treatment of freezing—thawing
(frozen at —20 °C for 12 h and then thawed at ambient
temperature for 12 h). The excessive ionic liquid in the
hydrogels was leached out with distilled water or
ethanol. The composite hydrogels prepared in this way
were marked as FT.

Texture profile analysis (TPA) and Fourier
transform infrared spectroscopy (FTIR)
characterization of hydrogels

TPA on the prepared hydrogels was performed
according to the method reported by Hu et al
(2010a, b), Bourne (1982), and Lin et al. (2009).
A TA-XT2i®R Texture Analyzer (Stable Microsystems,
Surrey, UK) equipped with a 5-kg load cell was
employed. Hydrogels were clipped to 0.8 cm in length
and 2.5 cm in diameter as the test samples, and each
hydrogel sample was subjected to compression to
30 % of their initial length at a constant pre-speed of
5 mm sfl, cross-head speed of 1 mm sfl, and post-
speed of 5 mm s, respectively, by a cylindrical
stainless-steel probe (P5: 5-mm DIA CYLinDer
Stainless). All the measurements were duplicated six
times. The tested TPA parameters of the prepared
hydrogels including hardness, springiness, cohesive-
ness, gumminess, and resilience were computed via
Texture Expert software. FTIR was recorded to
characterize the prepared hydrogels from 4,000 to
400 cm ™" at a resolution of 2 and 32 scans per sample,
were performed with a FTIR Spectrometer (Vector
33, Bruker, Germany).
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Determination of the equilibrium swelling ratio
(ESR) of hydrogels

The equilibrium swelling ratio of the prepared hydro-
gels was determined based on the routine gravimetric
method according to Chen et al. (2009) and Hu et al.
(2010a, b). Swelling was performed by immersing the
weighed hydrogel samples in water for 3 days at room
temperature so as to reach equilibrium status. The
excess water on the hydrogel surface was blotted up
with filter paper, and the swollen hydrogel samples
were then weighed. The ESR was calculated according
to the following equation:

ESR (%) = (Ws — Wq)/Wq x 100

where Wy was the weight of the swollen hydrogel
samples at equilibrium status, and Wy was the weight
of the hydrogel samples prior to swelling. All of the
experiments were conducted in triplicate.

Determination of drug load ratio and release
kinetics of hydrogels in vitro

The drug load and release experiments on the prepared
hydrogels were performed with sodium salicylicum
(NaSA) as the model drug. The dried hydrogel
samples were incubated and equilibrated in 20 mL
NaSA solution (10 %, w/v) in vials for 2 weeks at
ambient temperature. After incubation, the drug-
loaded hydrogels were removed from the NaSA
solution and rinsed twice with distilled water. The
drug-loaded hydrogels were then vacuum-dried to
constant weight at room temperature. The residual
NaSA content of the tested NaSA solution was
determined according to Demir et al. (2008). NaSA
load ratios (%) of the prepared hydrogels were
calculated based on the following equation.

NaSA load ratio (%) = (CoVy — C,V;)/m

where m is the mass of hydrogel samples prior to
loading. Cyy and Vj, are the concentration and volume of
NaSA solution prior to loading, respectively. C, and V,
are the concentration and volume of NaSA solution
after loading, respectively.

Drug release kinetics experiments on the prepared
hydrogels were performed by immersing the drug-
loaded hydrogels in a vial filled with 200 mL distilled
water (dissolution medium) at 37 °C. The tested vials
were stirred in a shaker at 120 revolutions per minute.
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During the stir-treatment, 5 mL of the dissolution
medium was sampled at intervals for NaSA concen-
tration determination, and meanwhile an equal volume
of distilled water was pipetted back to the vials so as to
maintain the volume constant. The release percentage
of NaSA was calculated according to the following
equation:

Cumulative amount released (%) = W,/ Wy X 100

where W, is the NaSA amount released from hydrogels
at time 7, and W, is the total NaSA amount loaded in
hydrogel samples.

Statistical analysis

The Statistical Analysis System (SAS Institute, 1998)
was employed to perform the analysis on variance and
Duncan’s multiple range tests. A value of P < 0.05
was regarded as significantly different.

Results and discussion

Texture profile comparison between the composite
hydrogels and the impacts of additives

Table 2 shows the TPA results of the composite
hydrogels prepared from PPC and different additives.
Substantially, the prepared hydrogels were the deriv-
atives of plant cellulose belonging to the three-
dimensional structure of the cross-linked polymer
and possess a strong ability to imbibe and hold water
within the internal structures (Gin et al. 1990;
Matthew et al. 1993; Mishra et al. 2008). However,
there are differences in the composition of anhydrog-
lucopyranose units, type of B-(1 — 4)-glycosidic
linkage, and branch ratio among different kinds of
celluloses. Hence, each cellulose usually exhibits
various characteristics, especially in mechanical prop-
erties (TPA parameters), ESR, drug load ratio, and
release kinetics (Fengel and Wegener 1984). Addi-
tives make these differences more complicated. From
Table 2, it was observed that gumminess showed the
biggest variety (2.72-640.46) among the hydrogels,
followed by hardness (22.99-1,473.08), springiness
(0.27-2.02), cohesiveness (0.12-0.67), and resilience
(0.18-0.55), respectively. Although prepared at the
same PPC content, PPC5-FT was significantly higher
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Table 2 TPA parameter comparison among different hydrogels prepared from PPC

No  Hydrogel prepared Hardness Springiness Cohesiveness ~ Gumminess Resilience

(® (-gs) (®

1 PPC5 1,140.77* &£ 109.81  0.89" £0.02 0.54" £ 0.02 617.61" £ 42.72 0.55* + 0.03
2 PPC5 -FT 1,473.08° + 107.15 091 £ 0.07 0.42° + 0.08  640.46° + 194.17  0.41° + 0.10
3 PEG7.5-PPC5 1,053.94° &+ 43.12 0.89* £ 0.01 0.53* £ 0.02  556.16° £ 8.82 0.49° + 0.01
4 PVAS-PPC5-FT 57.72¢ £ 8.03 0.96" £ 0.04 047° £0.07  26.78" £ 3.94 0.29* £+ 0.06
5 CNS5-PPCS5 1,266.43° £+ 141.60  0.82° £ 0.09 0.39° £ 0.02  225.07° + 59.92 0.26% + 0.04
6 CN5-PPC5-FT 1,260.48° + 105.27  0.85°+0.12  0.37°+0.03  469.927 &+ 67.91 0.30Y £ 0.04
7 SH5-PPC5 150.92° 4 23.48 128"+ 0.18 0.67 £ 0.01  100.57% + 16.17 0.46° + 0.03
8 SH5-PPC5-FT 293.11% £ 29.56 2.02°4+ 074 0.67°+£0.01  196.82" & 22.08 0.41° £ 0.04
9 PEG7.5-PVAS-PPC5-FT 22.99" 4+ 2.24 0.65" £ 042 035+ 0.05 7.57 + 1.30 0.27¢ £ 0.02
10  PEG7.5-CN5-PPC5 389.81" & 31.65 0.92* £ 0.03  0.33° £ 0.01 127.95 + 10.44 0.18° + 0.01
11 PEG7.5-CN5-PPC5-FT 428.61' & 22.57 0.88* + 0.03 0.36°+£0.01 153.77" £ 9.84 0.21° + 0.02
12 PEG7.5-SH5-PPC5 145.03" + 12.44 1.88% £ 0.23  0.63° + 0.01 91.13% + 7.45 0.49° £+ 0.02
13 PEG7.5-SH5-PPC5-FT 159.39" + 16.37 1.585 £ 0.13  0.65° £ 0.02  103.64% + 13.03 0.44° + 0.04
14 PEG7.5-PVA5-CN5-PPC5-FT 29.72" +2.22 027" £0.02 0.12" 4+ 0.06 2.72% £ 0.74 0.21° + 0.03

The figures following the abbreviations mean their percentages accounting for AMIMCI. Values in a column with the same

superscript mean non-significant difference (P < 0.05)

PPC pineapple peel cellulose, PEG polyethylene glycol 4000, PVA poly vinyl alcohol, CN k-carrageenan, SH soluble starch, FT the
hydrogel was prepared by freezing-thawing, EL the hydrogel was washed with ethanol

in hardness and gumminess than PPC5, but showed
little change in springiness, cohesiveness, and resil-
ience, indicating that the freeze—thaw cycle enhanced
the textural properties of hydrogel in hardness and
gumminess. In the case of PEG addition, PEG7.5-
PPC5 was significantly weakened in hardness, gum-
miness, and resilience as compared with PPC5, but
unchanged in springiness and cohesiveness. In the
case of PVA addition, PVAS-PPCS5-FT declined
markedly in hardness, gumminess, and resilience
compared with PPC5 and PPC5-FT. In the case of
CN addition, CN5-PPC5 and CN5-PPC5-FT showed a
slight increase in hardness and springiness, but
showed a decrease in cohesiveness, gumminess, and
resilience as compared with PPC5. Like the hydrogel
prepared via HCFTW processing, CN5-PPC5-FT had
significantly higher gumminess than the hydrogel
CNS5-PPCS prepared via HCW processing but was
unchanged in hardness, springiness, cohesiveness, and
resilience basically, indicating HCFTW processing
can significantly improve the mechanical properties of
hydrogels in gumminess. In the case of SH addition,
hydrogels SH5-PPC5 and SHS5-PPCS5-FT decreased
markedly in hardness, gumminess, and resilience, but

increased significantly in springiness and cohesive-
ness as compared with PPC5. SH5-PPCS5-FT (pre-
pared via HCFTW processing) had enhanced
hardness, springiness, and gumminess as compared
with SHS5-PPCS (prepared via HCW processing).
From Table 2, it was found that PVAS5-PPC5-FT
declined significantly in hardness and gumminess as
compared with PPC5-FT, and SHS5-PPC5 declined
significantly in hardness and gumminess as compared
with PPCS5, indicating PVA and SH can decrease the
hardness and gumminess of hydrogels.

In Table 2, the composite hydrogels numbered from
9 to 14 were prepared from PPC and two or three kinds
of additives, among which PEG7.5-PVAS5-PPC5-FT
declined markedly in all TPA parameters, including
hardness, springiness, cohesiveness, gumminess, and
resilience, especially hardness and gumminess as com-
pared with the hydrogels PPCS5, PPC5-FT, PEG7.5-
PPC5, and PVA5-PPC5-FT. PEG7.5-CN5-PPCS5 also
had lower hardness, gumminess, resilience, and cohe-
siveness than PEG7.5-PPC5 and CN5-PPCS5. Although
CN5-PPCS was significantly higher than PPCS in
hardness due to the addition of CN, PEG7.5-CN5-
PPC5 had lower hardness than PPC5 and CN5-PPC5,
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indicating that CN plays a hardness-increasing role,
while PEG plays a hardness-decreasing role in com-
posite hydrgels.

Compared with PEG7.5-PPCS5, PEG7.5-SH5-PPC5
declined markedly in hardness and gumminess, but
increased significantly in springiness. Similarly,
PEG7.5-SH5-PPC5-FT had lower hardness and gum-
miness but higher springiness than PEG7.5-PPCS.
SHS5-PPC5-FT showed significantly lower hardness
and gumminess than PPCS5-FT but higher springiness.
SH5-PPC5 had significantly lower hardness and
gumminess but higher springiness than PPC5. These
indicate that SH plays a hardness- and gumminess-
decreasing role and springiness-increasing role for
composite hydrogels. Compared with PEG7.5-CN5-
PPC5 and PEG7.5-SHS5-PPCS5, PEG7.5-CN5-PPCS-
FT and PEG7.5-SH5-PPC5-FT were basically
unchanged in hardness, springiness, cohesiveness,
and resilience, but had higher gumminess, again
indicating that HCFTW processing plays little part in
the improvement of hardness, springiness, cohesive-
ness, and resilience but can increase the gumminess of
hydrogels.

The impacts of the macromolecules and the various
processing methods on the characteristics of the
prepared hydrogels may involve many more compli-
cated factors, both chemically and physically, for
example, the chemical crosslinking between additives
and cellulose molecules, interaction between PPC and
AMIMCI, the ratio of hydrophilic/hydrophobic group
inside the additive molecule itself, and the residue of
additives in hydrogels (Abitbol et al. 2011; Fukae et al.
2011; Hu et al. 2010a, b; Mihranyan 2013). For further
rational understanding about the prepared composite
hydrogels, detailed rational research needs to be
carried out in this area. The work reported by
Mihranyan (2013) indicated that reinforcement of
PVA hydrogels could be achieved by direct chemical
crosslinking of surface-modified microcrystalline cel-
lulose whiskers with PVA. In his work, modified
microcrystalline cellulose whiskers were first obtained
by TEMPO-mediated oxidation of the cellulose sub-
strate and ultrasonication followed by direct cross-
linking to PVA via forming acetal bonds and freeze-
thawing. The viscoelastic properties of the produced
hydrogels were clearly improved following the chem-
ical cross-linking, featuring values for viscous and
elastic moduli.
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Fig. 1 FTIR spectra of PPC hydrogel and its composite
hydrogels a PPC5-FT, b PEG7.5-PVA5-PPC5-FT, ¢ PEG7.5-
CN5-PPCS-FT, d PEG7.5-SH5-PPC5-FT

FTIR features of pineapple peel cellulose
hydrogels compounded with PEG, PVA, CN,
and SH

The FTIR spectrum of PPC was reported by Hu et al.
(20104, b) to compare with the hydrogel prepared from
PPC and polyvinyl-polypyrrolidone. Pineapple peel
cellulose exhibited the main absorption peaks at 3,411,
2,914, 1,431, 1,165, and 1,032 cm™ !, respectively,
which are considered as the attribution from cellulose
structure, O—H stretching of polymeric compounds,
and characteristic vibration of C—H stretching, respec-
tively (During 1991; Silverstein et al. 1981; Wang
et al. 2007). After PPC was prepared into hydrogel, its
FTIR spectrum bands appeared at 3,425,2,917, 1,642,
1,426, 1,374, 898, and 617 cm™! respectively, sug-
gesting the existence of an interaction between PPC
and AMIMCI (Hu et al. 2010a, b). FTIR changes of the
PPC hydrogel and its composite hydrogels prepared
with the additives PEG, PVA, CN, and SH are shown
inFig. 1. As for the hydrogel of PEG7.5-PVAS5-PPC5-
FT, PEG and PVA were compounded. The FTIR
maintained the basic features as PPC5-FT, although
the characteristic peaks were slightly shifted from
3,425, 2,917, 1,642, 1,426, 1,374, 898, 617 to 3,420,
2913, 1,646, 1,436, 1,377, 900, and 614 cm™',
respectively. The characteristic peaks of PEG on
FTIR disappeared, while the characteristic peaks of
PVA on FTIR appeared at 1,707, 1,143, 1,095, and
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851 cm_l, respectively, indicating PEG was much
easier to remove than PVA by washing after hydrogels
were completed.

As for the hydrogel of PEG7.5-CN5-PPC5-FT, PEG
and CN were compounded. Similarly, the FTIR main-
tained the basic features as PPC5-FT, although the
characteristic peaks were shifted at 3,427,2,915, 1,641,
1,428, 1,320, 1,067, and 615 cm_l, respectively. The
characteristic peaks of PEG and CN on FTIR disap-
peared, indicating both PEG and CN were easy to
remove by washing after hydrogels were completed. As
for hydrogel of PEG7.5-SH5-PPC5-FT, PEG and SH
were compounded. The FTIR also maintained the basic
FTIR features as PPC5-FT, although the main peaks
were shifted at 3,438, 2,916, 1,639, 1,427, 1,375, 1,061,
and 615 cm™', respectively. The characteristic peaks of
PEG and SH on FTIR disappeared, indicating both SH
and PEG were easy to remove by washing after
hydrogels were completed.

Equilibrium swelling ratios of the composite
pineapple peel cellulose hydrogels

Table 3 shows the measured ESR of the hydrogels
prepared from PPC hydrogels and different additives,

also involving the oven-dried and freeze-dried pro-
cessing forms. Compared with the oven-dried forms,
each of the freeze-dried composite hydrogels exhib-
ited a markedly higher ESR, regardless of addition of
PEG, PVA, CN, or SH. This maybe suggests that
freeze-drying processing is beneficial for construction
of fine intrinsic hydrogel structures. Primary FESEM
(field emission scanning electron microscope) image
observation proved that the hydrogels prepared via
freeze-drying processing usually showed smoother
surface, evenly distributed micro-apertures than those
hydrogels prepared via oven-drying processing.
Table 3 also shows that the freeze-dried PEG7.5-
PPC5, CN5-PPCS5, and SH5-PPCS5 exhibited a higher
ESR than the freeze-dried PPC5. The oven-dried
PEG7.5-PPC5 and SH5-PPCS5 also had a higher ESR
than the oven-dried PPC5. Both the freeze-dried
PVAS5-PPC5-FT and oven-dried PVAS-PPC5-FT had
a higher ESR than the freeze-dried PPC5 and oven-
dried PPC5. These results indicate that freeze-drying
processing and additions of PEG, PVA, CN, and SH
can increase the ESR of the hydrogels, respectively.
However, both the freeze-dried CN5-PPC5-FT and
SH5-PPC5-FT showed a lower ESR than the freeze-
dried CN5-PPC5 and SH5-PPC5 and the oven-dried

Table 3 Equilibrium swelling

ratios (%) and NaSA load Hydrogels
ratios (%) of different PPC5
composite PPC hydrogels

PEG7.5-PPC5

PVAS5-PPC5-FT

CNS5-PPC5
CNS5-PPCS5-FT
SH5-PPC5
The figures following the
abbreviations mean their
SH5-PPC5-FT

percentages accounting for
AMIMCIL. Values in a column
with the same superscript mean
non-significant difference

(P < 0.05)

PPC pineapple peel cellulose,
PVA poly vinyl alcohol, CN
k-carrageenan, SH soluble
starch, FT the hydrogel was

PEG7.5-PVA5-PPC5-FT

PEG7.5-CN5-PPCS5-FT

PEG7.5-SH5-PPC5-FT

Drying processing ESR (%) NaSA load ratio (%)
Freeze-dried 486.67* + 12.47 48.65% £+ 1.15
Oven-dried 130.88° + 2.20 2.35° £ 0.09
Freeze-dried 766.67° + 20.39 73.08° + 2.35
Oven-dried 143.42° + 4.65 3.62° £ 0.11
Freeze-dried 875.00¢ & 25.02 55.83° £ 1.13
Oven-dried 276.92° + 10.01 40914 £ 1.19
Freeze-dried 740.00° £ 26.45 84.13° £ 2.05
Oven-dried 126.67° + 5.03 10.77" + 0.40
Freez-dried 718.18° + 21.69 74.19° + 2.15
Oven-dried 152.63° + 6.09 10.277 4+ 0.34
Freeze-dried 766.67° + 29.00 88.56° + 2.17
Oven-dried 339.06" + 10.06 38.608 & 1.13
Freeze-dried 761.53° + 27.33 80.56" & 2.09
Oven-dried 313.63" + 10.24 34318 + 1.28
Freeze-dried 643.47% £+ 19.17 64.89' + 2.48
Oven-dried 240.00" £ 9.24 41.12% + 1.31
Freeze-dried 833.33" 4 23.99 83.87° + 2.69
Oven-dried 138.71° + 16.27 11.52F 4+ 0.06
Freeze-dried 918.18 + 33.11 106.15 + 4.25
Oven-dried 359.32% & 14.69 40.66" £ 1.63

prepared by freezing—thawing
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SH5-PPC5-FT had a lower ESR than the oven-dried
SHS5-PPCS, suggesting that the freeze—thaw treatment
had slight effect on the ESR of the hydrogels. The
oven-dried PEG7.5-PVAS-PPCS5-FT had a lower ESR
than the oven-dried PVA5-PPC5-FT, suggesting that
simultaneous additions of PEG and PVA can decrease
the ESR of hydrogels. However freeze-dried PEG7.5-
CN5-PPCS-FT and PEG7.5-SH5-PPC5-FT had higher
ESRs than freeze-dried CNS5-PPCS5-FT and SHS5-
PPCS5-FT, suggesting that addition of the PEG and
CN combination or PEG and SH combination can
markedly increase the ESR of hydrogels. In fact, more
complicated factors may possibly be involved in the
ESR of the hydrogels, such as the ratio of the
hydrophilic/hydrophobic group inside the additive
molecules, washing method, and additive residue in
the hydrogels. For further rational understanding,
further research needs to be carried out in this area.

NaSA load ratio and release behaviors
of the prepared composite hydrogels

In the present research, NaSA was used as a model
drug to study the drug load ratio and controlling
release kinetics of the composite hydrogels. The load
ratios of the prepared composite hydrogels at room
temperature are listed in Table 3. Similarly to the
ESR, all the freeze-dried composite hydrogels had a
significantly higher NaSA load ratio than the oven-
dried composite hydrogels. This is perhaps the con-
tribution of freeze-drying treatment to the fine struc-
ture of the hydrogels (smoother surface, evenly
distributed micro-apertures) Table 3 also shows that
all the freeze-dried composite hydrogels involving the
freeze-dried PEG7.5-PPC5, freeze-dried CN5-PPCS5,
and freeze-dried SH5-PPC5 had higher NaSA load
ratios than the freeze-dried simple hydrogel PPCS5.
Similarly, all the oven-dried composite hydrogels,
involving the oven-dried PEG7.5-PPC5, oven-dried
CNS5-PPCS, and oven-dried SH5-PPCS5 similarly had
higher NaSA load ratios than the oven-dried simple
hydrogel PPC5. Both freeze-dried and oven-dried
PVAS5-PPC5-FT showed relatively high NaSA load
ratios. These results suggest that the addition of PEG,
PVA, CN, and SH can increase the NaSA load ratio of
hydrogels.

NaSA release kinetics of the main composite
hydrogels prepared, including the freeze-dried and
oven-dried forms, are shown in Figs. 2, 3, 4, and 5. It
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was known that some parameters, such as the swelling
behavior of hydrogels, drug affinity to hydrogels, drug
solubility in water, and so on, are involved in the
controlling release (Brazel and Peppas 1999; Chen
et al. 2009). Basically, the release behaviors of all the
prepared hydrogels can be divided into two phases: a
linear steep release phase and a slow release phase. At
the end, most of the loaded NaSA was released out of
the hydrogels. Figure 2 shows the NaSA release
kinetics of the freeze-dried and oven-dried PPCS5,
PEG7.5-PPC5, and PVAS5-PPC5-FT. The fast NaSA
release phases of the freeze-dried PPC5, PEG7.5-
PPC5, and PVAS5-PPC5-FT existed for 90, 60 and
60 min, respectively, while those of the oven-dried
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Fig. 2 NaSA release kinetics of hydrogels PPC5, PEG7.5-
PPC5, and PVAS-PPCS-FT (filled square) for freeze-dried,
(open circle) for oven-dried; a for PPC5, b for PEG7.5-PPCS5,
¢ for PVAS-PPC5-FT. Each point is the mean of three
determinations, and each bar is equal to 1 standard error
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PPC5, PEG7.5-PPC, and PVAS-PPC5-FT were
extended to 180, 180, and 120 min, respectively. In
Fig. 3, the fast NaSA release phases of the freeze-
dried CN5-PPC5 and CN5-PPC5-FT ended at about
the 60th and 30th min, respectively, while those of the
oven-dried CN5-PPC5 and CN5-PPC5-FT basically
ended at about the 120th and 90th min, respectively.
These results indicate that oven-drying treatment is
propitious to extending the fast release phase for
hydrogels. In Fig. 4, the fast NaSA release phases of
freeze-dried PEG7.5-PVAS-PPC5-FT and PEG?7.5-
CN5-PPCS5-FT existed for 180 and 120, min respec-
tively, and were significantly higher than the freeze-
dried PEG7.5-SH5-PPC5-FT (60 min), the freeze-
dried PPC5, PEG7.5-PPC5, PVAS5-PPCS5-FT, CNS5-
PPC5, CN5-PPC5-FT, SHS5-PPCS, and SH5-PPCS-
FT, respectively (Figs. 2, 5), suggesting additions of
the PEG and PVA combination or PEG and CN
combination can significantly extend NaSA release of
the hydrogels. From Fig. 5, it was found that the oven-
dried SH5-PPC5 and SH5-PPC5-FT showed the fast
NaSA release phases within 60 and 90 min, respec-
tively, while the freeze-dried SH5-PPC5 showed a
very short fast NaSA release phase only within 2 min.
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Fig. 4 NaSA release kinetics of hydrogels PEG7.5-PVAS-
PPC5-FT, PEG7.5-CN5-PPC5-FT, and PEG7.5-SH5-PPC5-FT
(filled square) for freeze-dried; (open circle) for oven-dried;
a for PEG7.5-PVAS5-PPC5-FT; b for PEG7.5-CN5-PPC5-FT;
¢ for PEG7.5-SH5-PPC5-FT. Each point is the mean of three
determinations, and each bar is equal to 1 standard error

At the end of the fast release phase, about 99 % of
NaSA was released. A similar phenomenon was also
found for the freeze-dried SH5-PPC5-FT. The differ-
ence in the prepared hydrogels in drug (NaSA) release
might be highly correlated with some factors including
cellulose characteristics, and additive and formation
method. Also, the ratio of the hydrophilic/hydrophobic
group inside the additive molecules, washing method,
and the residue of additives in hydrogels might be
involved (Abitbol et al. 2011; Hu et al. 2010a, b;
Brazel and Peppas 1999; Chen et al. 2009; Fukae et al.
2011). From the application point of view, these
differences in drug release are of significance and
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the mean of three determinations, and each bar is equal to 1
standard error

affect practice in many areas, because it can meet the
different requirements for controlling release via
varying additives and processing methods during
hydrogel preparation, especially for the applications
of medicinal release and absorption in the pharmacol-
ogy field, farm land fertilization in agriculture,
drought resistance for horticulture, and so on.

Conclusion

Composite hydrogels prepared from PPC and additives
exhibited differences in TPA parameters, ESR, drug
load ratio, and release kinetics. The freeze—thaw cycle
could enhance the textural properties of the prepared
hydrogels, especially in hardness and gumminess.
Additives showed significant impacts on the TPA
parameters, ESR, drug load ratio, and release kinetics
of the hydrogels. CN could increase the hardness of the
hydrogels, while PEG played an opposite role. Addi-
tions of SH and PVA could decrease the hardness,
gumminess, and resilience, but SH could increase the
springiness and cohesiveness of the hydrogels. Freeze-

@ Springer

drying processing and the addition of PEG, PVA, CN,
and SH could markedly increase the ESR of the
hydrogels. Freeze—thaw treatment had a slight effect
on the ESR of the hydrogels. The addition of the PEG
and PVA combination could lower the ESR of the
hydrogels, but additions of the PEG and CN combina-
tion and PEG and SH combination could markedly
increase the ESR of the hydrogels. Addition of PEG,
PVA, CN, and SH, respectively, could increase the
NaSA load ratio of the hydrogels. Additions of the PEG
and PVA combination or PEG and CN combination
played an extension effect on NaSA release. Freeze-
drying could significantly increase the NaSA load
ratio. Oven-drying treatment was propitious to extend-
ing the NaSA fast release phase of the prepared
hydrogels.
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