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Abstract
In this paper, the reaction process parameters of the hydrogel produced by the modified gelatin from chicken, bovine and porcine lungs with

carboxymethyl  chitosan (CMCS)  and oxidized glucomannan (OKGM) were  optimized to  produce Schiff  base  reaction.  The results  showed the

properties  of  the  three  composite  hydrogels  are  improved  when  the  value  of  gelatin/CMCS/OKGM  reached  1:2:2.  The  best  modified

gelatin/CMCS/OKGM of bovine lung composite hydrogel (COBH) had a gelatin strength of 8.14 N, a swelling rate of 257%, a water evaporation

rate of 66.86%, and an antibacterial  property of 38.02%. The properties of modified gelatin/CMCS/OKGM of chicken lung composite hydrogel

(COCH)  were  similar  to  those  of  COBH.  However,  the  water  holding  capacity  of  COCH  was  higher  than  that  of  COBH.  The  properties  of  the

modified gelatin/CMCS/OKGM for porcine lung composite hydrogel (COPH) were significantly decreased over those of the other two. Therefore,

COCH has potential applications in food coating and preservation.
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 Introduction

In  recent  years,  hydrogels,  as  an  important  new  class  of
biomaterials,  can  be  used  by  oxygen,  drug  molecules  and
other  water-soluble  small  molecules  through.  Therefore,  it  is
widely  used  in  the  fields  of  tissue  engineering[1],  drug  deliv-
ery[2],  edible  films[3] and  biosorbents[4].  Gelatin  is  homolo-
gous  with  collagen,  it  has  good  thermal  reversibility,  water
binding ability, film forming, foaming and emulsifying ability.
Gelatin  can  be  converted  to  hydrogel  by  using  physical,
chemical and enzymatic treatments[5].  The search for alterna-
tive  sources  of  bovine  and  porcine  gelatin  has  been  put  on
the  agenda  due  to  bovine  spongiform  encephalopathy  and
Islamic religious beliefs.  Aquatic  products also contain abun-
dant collagen, but their thermal stability is worse than that of
terrestrial organisms. Chicken lung contains a large amount of
collagen, with a content of 3.0%−3.5%, which can be used for
the  extraction  of  gelatin.  The  annual  slaughter  volume  of
broilers is as high as 100 billion in China. Chicken lungs, as by-
products  of  their  processing,  were  mostly  treated  as  waste.
They were not only polluted the environment but also wasted
resources.  Through  preliminary  study  by  our  team,  it  was
found that chicken lungs were rich in collagen.

Carboxymethyl  chitosan  (CMCS),  as  a  chitosan  derivative,
has  physical  and  biological  properties  such  as  gelling,  film-
forming,  antibacterial  and  good  biocompatibility[6].  Cao  et
al.[7] prepared  a  CMCS/oxidized  carboxymethylcellulose/

curcumin  film  using  the  cast  film  method,  which  showed
good  color  protection  and  mold  growth  inhibition  for  fresh-
ness  preservation as  a  coated antibacterial  material.  Polysac-
charide hydrogels have many advantages, but also disadvan-
tages  such  as  poor  mechanical  properties  and  unstable
gelatin performance have limited their practical application in
industrial production.

Konjac  glucomannan  (KGM)  has  good  biocompatibility,
high  viscosity  and  is  biodegradable[8] as  well  as  regulating
intestinal  function,  lipid  metabolism[9] and  other  functions.
During  the  oxidation  reaction,  aldehyde  groups  are  gener-
ated in the KGM molecular chains, which are chemically cross-
linked  by  the  Schiff  base  reaction  between  the  free  amino
group of CMCS and the aldehyde group of OKGM, enhancing
the  mechanical  properties  and  functionality  of  the
hydrogel[6].  In  this  paper,  hybrid  hydrogels  were  made  by
cross-linking  lung-modified  gelatin  with  CMCS  and  OKGM,
and  the  structure  and  properties  of  the  hydrogel  composite
system  were  analyzed.  The  effect  of  different  OKGM  mixing
ratio  on  hydrogel  performance  was  studied  to  find  compos-
ite hydrogels with good performance.

 Materials and methods

 Materials and reagents
Modified  gelatin  of  chicken,  bovine  and  porcine  lung  was

homemade in the laboratory, whose content of collagen was
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20% and 30%, respectively. Briefly, lung gelatin is dissolved in
phosphate  solution  followed  by  the  addition  of  ethylenedi-
amine  and  1-Ethyl-3-(3-dimethylaminopropyl)  carbodimide
hydrochloride (EDC). The modified lung gelatin was obtained
after heating at 37 °C for 2 h and filtering through a 3,500 kDa
dialysis  bag  for  3  d.  Carboxymethyl  chitosan,  konjac  gluco-
mannan,  sodium  periodate,  and  ethylene  glycol  were
purchased  from  Shanghai  Maclean  Biochemical  Technology
Co.,  Ltd.  (Shanghai,  China).  Brain  heart  infusion  broth  ulture
medium  was  purchased  from  Qingdao  Haibo  Biotechnology
Co., Ltd. (Qingdao, China). The remaining substances were all
analytical-grade compounds and solvents.

 Preparation of OKGM
The experimental method of OKGM preparation was using

the method of Jiang et al.[10] with slight modification. KGM (5
g)  was  put  into  a  250  mL  beaker.  Deionized  water  (150  mL)
was added and they were mixed well. They were divided into
seven  groups  and  10  mL  of  0.04,  0.06,  0.08,  0.10,  0.12,  0.14,
and 0.16 g/mL of NaIO4 solution was added dropwise, respec-
tively.  After  measuring  the  optimal  oxidant  concentration
conditions,  the  mixture  was  stirred  in  the  dark,  at  room
temperature for 8, 9, 10, 11, 12, 13, and 14 h, respectively. An
equimolar  amount  of  ethylene  glycol  with  NaIO4 was  added
and stirred for 2 h to terminate the reaction. The mixture was
dialyzed with 3,500 kDa dialysis bag for 3 d until the solution
was  free  of  periodate  (checked  with  silver  nitrate).  The
dialysates  were  frozen  and  lyophilized  in  a  freeze-dryer  for
subsequent measurements.

 Determination of aldehyde group content in OKGM
The  determination  of  aldehyde  group  content  for  OKGM

was carried out according to the method of Yan et al.[11] with
slight  modification.  OKGM  (0.2  g)  was  dissolved  in  50  mL  of
hydroxylamine-methyl  orange  hydrochloride  solution  and
mixed well  for  2  h.  The samples were titrated with 0.1 mol/L
NaOH  standard  solution  and  stopped  when  the  color  of  the
solution  was  changed  from  orange-red  to  light  yellow  with
the  last  pH  of  5.0.  The  titration  curve  was  plotted  using  the
volume of NaOH standard liquid consumed as the horizontal
coordinate and the pH value as the vertical coordinate.

Aldehyde group concentration =
∆V ×0.001×nNaOH

W
Where: ΔVis  the  volume  of  NaOH  standard  liquid

consumed  at  the  end  of  the  titration.  nNaOH is  the  molar
concentration  of  NaOH  standard  solution.  W  is  the  mass  of
OKGM.

 Preparation of chicken, bovine and porcine
gelatin/CMCS/OKGM composite hydrogels

In  this  experiment,  CMCS  (4%,  w/v),  OKGM  (4%,  w/v)  and
modified lung gelatin (15%, w/v) were used to prepare hydro-
gel  by  our  previous  study.  The  volume  ratio  of  CMCS:
aminized  lung  gelatin:  OKGM  solution  was  homogeneously
mixed of 1:2:1, 1:2:2, 1:2:3, 1:2:4. Three of the above different
mixture  of  chicken,  bovine  and  porcine  lung  modified
gelatin/CMCS/OKGM  composite  hydrogels,  named  COCH-1,
COCH-2,  COCH-3,  COCH-4,  COBH-1,  COBH-2,  COBH-3,  COBH-
4,  COPH-1,  COPH-2,  COPH-3,  and  COPH-4,  respectively,  were
prepared.

 Infrared spectral analysis
FTIR  spectroscopy  was  determined  using  the  method

described  by  Shi  et  al.[12].  The  FTIR  spectra  of  samples  were
analyzed with a 32 scans/min at a resolution of 4 cm−1 in 400
cm−1 and 4,000 cm−1.

 Scanning electron microscope characterization
The  determination  of  scanning  electron  microscope  (SEM)

characterization was carried out as using the method of Shi et
al.[12] with  slight  modification.  The  microstructure  of  the
upper surface of the samples was visualized using a scanning
electron microscope at an accelerating voltage of 10 kV. Prior
to  visualize,  the  samples  were  mounted on a  brass  stub and
sputtered with gold in order to make the sample conductive,
and  photographs  were  taken  at  8000×  magnification  for
surface.

 Determination of gelatin strength
Gelatin  strength  was  determined  using  the  method

described by Fan et  al.[13].  The texture instrument was set  to
TPA  gel  strength  mode.  The  Bloom  gel  strength  was  deter-
mined  with  the  texture  analyser,  which  was  set  to  a  P36R
probe with a starting force of 0.15 N and a speed of 2 mm/s to
80% deformation.

 Determination of swelling rate
The experimental  method of  swelling rate  of  samples  was

carried  out  using  the  methods  of  Fan  et  al.[14] with  slight
modification. The hydrogels were freeze-dried into uniformly
sized discs and the weight was recorded as M0. The hydrogel
was  dissolved  in  PBS  buffer  of  pH  7.4  at  37  °C,  which  was
weighed again after every interval and recorded as M1.

Swelling rate ESR (%) =
m1−m0

m0
×100%

 Thermal variation analysis
The experimental method of thermal variation analysis was

carried out using the methods of Bai et al.[4] with slight modi-
fication.  The  sample  was  placed  in  a  thermogravimetric
analyzer  for  thermal  stability  analysis.  Dried  samples  (0.2  g)
were scanned using a thermogravimetric analyser from 20 to
400 °C at a rate of 10 °C/min. Nitrogen was used as the purge
gas at a flow rate of 60 mL/min.

 Determination of moisture evaporation rate
The method of Liu et al.[15] was used to determinate mois-

ture  evaporation  rate  of  the  samples.  The  hydrogel  was
freeze-dried  into  uniform-sized  discs.  The  hydrogel  was
immersed  in  distilled  water  and  then  left  until  it  reached
dissolution  equilibrium.  The  water  on  the  surface  of  the
hydrogel was wiped away by absorbent paper and the weight
was  recorded  as  m1.  The  hydrogel  was  then  placed  in  a
constant  temperature  oven  and  weighed  periodically  until
constant.

Moisture evaporation rate =
m1−m2

m1−m3
×100%

where  m1,  m2,  m3 are  the  initial  weight,  measured weight  and
final weight of the hydrogel, respectively.

 Low field-nuclear magnetic resonance (LF-NMR)
characterization

LF-NMR  was  calculated  following  the  procedure  outlined
by  Jiang[16].  An  instrument  was  used  to  obtain  relaxation
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curves of the hydrogel at 25.0 °C. Sixteen scans (acquisitions)
were  accumulated  to  increase  the  signal-to-noise  ratio.  The
recycle  delay  between  the  scans  was  10  s  to  allow  full  spin
relaxation.  The pulse  spacing was set  to  0.4  ms between 90°
and 180° pulses and the number of echoes was 15,000. Each
sample was measured twice.

 Antimicrobial properties
The  method  of  Bian  et  al.[17] was  used  to  measure  antimi-

crobial  properties  of  samples.  The inhibition of  COCH,  COBH
and  COPH  hydrogels  on  Staphylococcus  aureus  (S.  aureus)
and  Escherichia  coli  (E.  coli)  was  determined  by  spectropho-
tometry.  The  pH  of  the  brain  heart  infusion  medium  was
adjusted to 7.2 with NaOH solution, and then sterilized in an
autoclave for 15 min. The prepared hydrogels were irradiated
by UV for  1  h  before  the experiment,  and the medium with-
out  hydrogels  was  used  as  a  blank  control.  Three  equal
weights of  hydrogels  were added to the medium and mixed
well and then 200 µL of diluted bacterial solution was inocu-
lated  into  the  medium.  The  absorbance  values  were
measured  at  600  nm  after  the  samples  were  continuously
oscillated at 37 °C and 120 r/min for 12 h.

Bacteria inhibition rate =
A0−A1

A0
×100%

Where,  A1 is  the  absorbance  after  adding  these  composite
hydrogels, and A0 is the absorbance of the control group.

 Statistical analysis
Means  ±  standard  deviations  were  used  to  represent  the

data.  SPSS  19.0  program,  a  one-way  analysis  of  variance
(ANOVA)  and  Duncan's  test  were  performed  to  evaluate  the
differences between the data.

 Results and discussion

 Aldehyde group content of OKGM
The principle of  oxidative modification for  OKGM is  to use

oxidants  to  oxidize  the  hydroxyl  groups  on  polysaccharides
into  carboxyl  and  aldehyde  groups.  The  effect  of  aldehyde
group  content  in  OKGM  after  oxidation  was  explored  by
different  oxidation  times  when  oxidation  temperature  and
NaIO4 concentration  were  constant.  As  shown  in Fig.  1a,  the
content  of  aldehyde group of  OKGM was increased with  the
increase  of  oxidation time before  12  h.  A  maximum value of
7.96 mmol/g of aldehyde group content was occurred at 12 h
of oxidation, which was used to oxidize OKGM.

The effect of different NaIO4 concentrations on the content
of  aldehyde  groups  was  investigated  in  oxidized  OKGM  at
constant  oxidation  temperature  and  time.  The  results  are
shown in Fig. 1b. The aldehyde content in OKGM was gradu-
ally  increased  with  the  increase  of  NaIO4 concentration.  Due
to the increase of NaIO4 concentration, the cleavage of C=C of
KGM into aldehyde groups was intensified, and the content of
aldehyde  groups  was  significantly  increased.  When  the
concentration of  NaIO4 was higher than 0.12 g/mL,  the alde-
hyde  content  of  OKGM  was  decreased  with  the  increase  of
oxidant concentration. It was due to that, the aldehyde group
on the chain of OKGM molecule might be combined with the
unoxidized  residual  hydroxyl  group  to  form  a  hemiacetal
structure with the increase of NaIO4 concentration. Therefore,

the oxidation condition of OKGM was obtained by 0.12 g/mL
NaIO4 for 12 h to prepare hydrogel.

 Infrared spectrogram
The infrared spectra of COCH, COBH and COPH in the range

of 4,000−500 cm−1 are shown in Fig. 2. It can be seen that the
three composite hydrogels COCH-1, COBH-1 and COPH-1 had
the  absorption  peaks  at  3,400,  1,638,  1,576,  and  1,236  cm−1.
The wave number of 3,400 cm−1, which were corresponded to
the  stretching  vibrations  of  -OH  and  -NH2.  The  absorption
amide I  band was corresponded to 1,638 cm−1.  The bending
vibration  peak  of  -NH2 was  at  1,576  cm−1.  The  absorption
peak  of  the  symmetric  stretching  vibration  of  -COO-  was  at
1,416  cm−1,  and  the  absorption  band  of  –OH  was  at  1,236
cm−1[18].

When  the  ratio  of  OKGM  increased,  the  spectrogram  of
COCH-2,  COCH-3,  COCH-4,  COBH-2,  COBH-3,  COBH-4,  COPH-
2,  COPH-3,  and COPH-4 produced new vibrational  stretching
peaks of  C=N bonds (1,638 cm−1).  This  appearance indicated
that  the  aldehyde  group  in  the  OKGM  molecule  was  cross-
linked  with  the  amino  group  in  the  CMCS  or  lung  gelatin

a

b

 
Fig. 1    Aldehyde content of OKGM prepared under different (a)
oxidation times and (b) oxidant concentrations. The data in this
figure  is  expressed  as  mean  ±  SD,  different  letters  in  this  curve
indicate significant differences (p < 0.05).
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molecule  to  form  a  composite  hydrogel.  This  phenomenon
was  also  found  in  the  infrared  spectra  of  carboxybutyryl
chitosan-serine peptide/OKGM injectable hydrogels by Wang
et  al.[19] Additionally,  when  the  proportion  of  OKGM  was
increased, the corresponding absorption peaks at 1,576 cm−1

and 1,236 cm−1 were weakened. It showed that the aldehyde
group and the amino group had been condensed. The Schiff
base  reaction  had  been  occurred,  and  the  composite  hydro-
gel had been successfully cross-linked. The broad absorption
band of the three composite hydrogels at 3,300 cm−1 was the
absorption peak of the stretching vibration of the O-H group
and  the  N-H  group.  The  absorption  peak  was  become  wider
when the increase of the proportion of OKGM addition. It was
possible that the -OH in KGM was interacted with the -NH2 in
CMCS to form a hydrogen bond. Therefore, a broader absorp-
tion peak appeared[20]. This phenomenon was consistent with
the  result  of  composite  packaging  films  prepared  by  Tian  et
al.[21] The  results  showed  that  the  three  preparations  had
good compatibility  and can be  used as  active  ingredients  to
improve the composite hydrogels.

 SEM
The  role  of  porosity  and  interconnectivity  in  hydrogels  is

important  for  resistance  to  bacterial  proliferation  and  water
retention  functions[22]. Figure  3 shows  the  internal  micro-
scopic morphology of various hydrogels at 20 µm. It was clear
that  all  the  composite  hydrogels  prepared  by  adding  differ-
ent  proportions  of  OKGM  had  similar  porous  structures.  The
pores inside the hydrogel were interconnected and varied in
size from 5−150 µm. The pore size of the composite hydrogel
with a high percentage of OKGM was smaller than that of the
composite  hydrogel  with  a  low  percentage  of  OKGM.  It  was
caused  by  the  cross-linking  between  OKGM  and  CMCS,  and
the  two  had  good  compatibility  and  miscibility[23].  The
crosslinking  degree  of  the  hydrogel  was  increased,  the  pore
size was gradually reduced,  and the pores were dense.  More
three-dimensional  network  structures  were  formed  in  the
composite  hydrogel.  Similar  conclusions  were  also  obtained
by  Wu  et  al.[24].  When  the  OKGM  ratio  was  increased,  there
were entangled clusters in SEM. It may be that the molecular
weight  of  OKGM  was  large  and  some  unreacted  OKGM
molecular  chains  were  folded  and  bound  to  form  tangled
clusters. According to the microstructure, the porous internal
structure within the composite hydrogel could be applied to
drug  encapsulation  and  slow  release  as  well  as  cell  culture
utilization, etc.

 Gelatin strength
The mechanical  properties  of  COCH,  COBH,  and COPH are

depicted in Fig. 4. As shown in Fig. 4, among the four hydro-
gels with the same configuration ratio, COBH had the highest
gelatin  strength,  followed  by  COCH.  However,  COPH  hydro-
gel had the lowest gelatin strength. According to the ratio of
OKGM addition, the highest gelatin strength of hydrogel was
obtained  when  the  ratio  of  OKGM  addition  was  1:2:2.  The
lowest gelatin strength of hydrogel was obtained by the ratio
of  1:2:4.  The  gelatin  strength  of  the  composite  hydrogels  in
COCH,  COBH,  and  COPH  with  a  mixing  ratio  of  1:2:2  was
significantly  increased.  The  gelatin  strength  of  the  gelatin-
chitosan-sodium  alginate  composite  gelatin  was  5.95  N  as
reported by Liu et al.[25]. The gelatin strength of the hydrogel
made in  this  study was increased four  times,  compared with
the chitosan/bletin gum hydrogel (202.40 ± 6.35 g) prepared
by  Luo  et  al.[26].  These  results  indicated  that  the  gelatin
strength of the hydrogels was increased to some extent with
the  increase  of  OKGM  content,  which  showed  a  positive
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Fig.  2    Infrared  spectra  of  (a)  COCH,  (b)  COBH  and  (c)  COPH
with different mixing ratios.
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correlation  with  the  study  of  Xiong[27].  He  found  that  the
strength,  hardness  and  adhesion  of  the  composite  hydrogel
was  increased  with  the  increase  of  polysaccharide.  This  may
be due to the cross-linking of the hydrogel being deepened,
leading to an increase in gelatin strength. Schiff base reaction
was  produced  continuously  when  the  ratio  of  OKGM
increased.  But  the  gelatin  strength  of  hydrogel  was  reduced
when OKGM was added with an excessive proportion.  It  was
possible  that  the  hybrid  hydrogel  might  be  over-crosslinked
to exhibit excessively brittle mechanical properties when the
aldehyde  group  content  was  too  high[28].  Three  composite
hydrogels of the same mixing ratio were exhibited with differ-
ent  gelatin  strengths  probably  due  to  their  different  species
origin.  Hydrogels  usually  prepared  from  high  molecular
weight gelatin were shown to have high gelatin strength[29].

 Swelling ratio
In  general,  a  good  food  adhesive  or  coating  film  can  be

characterized by the swelling ratio of the hydrogel to its abil-
ity  to  absorb  and  retain  water.  As  the  lyophilized  hydrogel
was soaked for a longer time, the overall trend of the compos-
ite  hydrogel  swelling  was  to  first  increase  rapidly  and  then
level off. The results showed that the composite hydrogel had
better  water  absorption  and  water  retention  capacity.  Com-
posite hydrogels swelled because of hydrophilic groups such

as hydroxyl, amino and amide groups in their structure, which
allowed  the  hydrogel  to  hold  a  large  number  of  water
molecules[30]. As shown in Fig. 5, the swelling rate of compos-
ite hydrogels with mixing ratios of 1:2:2, 1:2:1, 1:2:3, and 1:2:4
was  gradually  decreased,  respectively.  In  general,  the  high
concentration of OKGM was caused the dissolution rate of the
composite hydrogel  to be reduced.  These results  were to be
expected. This result indicated that increasing the concentra-
tion  of  OKGM  allowed  the  degree  of  cross-linking  to  be
increased,  the  pore  size  to  be  reduced  (as  shown  in Fig.  5),
and  the  swelling  ratio  to  be  reduced[31].  It  can  be  seen  that
the swelling rate of hydrogel reached the highest level when
the  mixing  ratio  of  OKGM  was  1:2:2.  The  lowest  swelling  of
the composite hydrogel with a mixing ratio of 1:2:4 might be
due  to  the  tightness  of  its  internal  structural  cross-linked
network, which made it difficult for water molecules to enter,
and  the  internal  water  was  firmly  locked  in  the  gelatin
network.  The  COBH  with  the  highest  swelling  ratio  had  a
higher  maximum  swelling  ratio  compared  to  the
OKGM/CMCS/graphene  oxide  hydrogel  made  by  Fan  et  al.[6]

for use as a wound dressing.

 Thermal analysis
The  thermal  stability  of  various  composite  hydrogels  can

be studied by DSC analysis and the results are shown in Fig. 6.
The  three  composite  hydrogels  had  an  absorption  peak  at
60−75 °C at  a mixing ratio of  1:2:1.  When the mixing ratio of
OKGM  was  increased,  the  previous  absorption  peak  was
disappeared.  This  result  indicated  that  Schiff  base  reaction
occurs  cross-linking  was  produced  (as  shown  in Fig.  2).  The
complex  and  stable  network  structure  was  constructed  by
covalent  and  non-covalent  bonding  of  polysaccharides  and
proteins, which increased the denaturation temperature.

As can be seen from Fig. 6, the thermal variation curves of
all  hydrogel  samples  showed  similar  trends.  When  the
temperature  ranges  from  0  to  120  °C,  the  reduction  of  the
initial mass of the sample was mainly due to the evaporation
of water.[32] Subsequently, mass loss can be attributed to the
degradation  of  exposed  OKGM,  CMCS  and  lung-modified
gelatin  side  chains.  Polysaccharides  were  decomposed  at
high  temperatures  to  produce  gaseous  products  and  solid
coke.[33] A  central  peak  region  appeared  near  230  °C.  The
main reason might be due to the cleavage of physical forces
such  as  electrostatic  forces,  hydrogen  bonds  and  van  der
Waals forces in the internal structure of the hydrogel and the
imine  bonds  in  the  Schiff  base  reaction.  The  phenomenon
was the same as the results of the collagen-hyaluronic acid in

COCH-1 COCH-2

COCH-3 COCH-4

COBH-1 COBH-2

COBH-3 COBH-4

COPH-1 COPH-2

COPH-3 COPH-4

 
Fig. 3    Microstructure of COCH, COBH and COPH with different mixing ratios.

 
Fig.  4    Gelatin  strength  of  COCH,  COBH  and  COPH  with
different  mixing  ratios.  The  data  in  this  figure  is  expressed  as
mean  ±  SD,  different  letters  in  the  same  material  indicates
significant differences (p < 0.05).
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situ hydrogel  thermal  transformation  study  trend  studied  by
Ying[34].  Further  cross-linking of  hydrogels  led  to  an  increase
in  thermal  denaturation temperature.  In  this  study,  the  peak
areas  of  the  hydrogels  prepared  with  three  different  mixing
ratios  and  the  positions  of  the  peak  temperatures

corresponding  to  the  regions  of  the  reaction  peaks  were

showed  slight  deviations.  This  result  suggested  that  the

different  strength  of  interactions  within  these  hydrogels

might be related to their different access sources.

a

b

c

 
Fig. 5    Swelling rate of (a) COCH, (b) COBH, and (c) COPH with
different mixing ratios.
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Fig. 6    Thermogravimetric analysis of (a)  COCH, (b) COBH, and
(c) COPH with different mixing ratios.
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 Water evaporation rate
In  general,  the  moisture  content  of  a  food  product  is  very

closely  related  to  its  food  quality.  Therefore,  the  edible  and

nutritional  qualities  of  foods  with  lower  water  evaporation
rates  can  be  better  preserved. Figure  7 showed  the  water
evaporation  rate  of  hydrogels  with  different  mixing  ratios.  It
can  be  seen  that  the  water  loss  rate  of  all  hydrogels  was
increased rapidly in the first 12 h and then reached a constant
percentage  in  24  h  and  maintained  20%  to  25%  of  water
content.  The results  showed that  these composite hydrogels
all had a low water evaporation rate. The final water evapora-
tion rates of the three composite hydrogels with 1:2:4 mixing
ratios  in  this  study  were  better  than  the  OKGM/CMCS/
graphene oxide hydrogels made by Fan et al.[6] The water loss
rate  of  hydrogel  was  gradually  reduced  when  the  OKGM
content gradually increases. This might be due to the gradual
stabilization  of  the  structure  of  the  gelatin  network  and  the
weakening  of  water  mobility  within  the  gelatin  structure,  as
can be seen in Figs 3 & 5. Additionally, the water evaporation
rate of three composite hydrogels with the same mixing ratio
was  the  best  for  COBH  and  the  worst  for  COPH.  It  might  be
related to its gelatin type, and the water holding capacity was
affected  by  the  different  content  of  hydrophobic  groups  in
gelatin[35]. This result also affected the water evaporation rate
of the composite hydrogel produced.

 LF-NMR
The  distribution  and  state  of  moisture  in  meat  used  LF-

NMR  techniques  to  analyze  the  relaxation  properties  of
hydrogen nuclei in samples by measuring them in a magnetic
field[36]. The differences in relaxation times and signal magni-
tudes of  T2 inversion spectra were used to analyze the mois-
ture distribution and migration patterns of COCH, COBH and
COPH. As shown in Table 1,  the T2 relaxation inversion spec-
trum  varied  from  0.01  to  10,000  ms,  and  recorded  as  T21

(0.01−10 ms), T22 (10−100 ms), and T23 (100−1,000 ms) in that
order.  These  three  corresponded  to  bounding  water,  non-
fluidizable water and free water in the composite hydrogel[37].
Binding water (T21) value was the smallest, which was mainly
in  cell  wall  fibrous  structures,  polysaccharide  structures,  and
sieve tube and duct pores[38]. Non-fluidizable water (T22) value
was the next best,  which was mainly in the cytoplasm in the
form  of  enzymes,  hydrated  hemisaccharides,  intermediate
metabolites,  and  macromolecules.  The  free  water  (T23)  value
was the largest and it existed mainly in free form in the vesi-
cles.  Additionally,  the  T2 peak  area  in  the  spectrum  was
proportional  to  the  number  of  hydrogen  protons  in  the
sample[39]. Therefore, the content of water in the three states
of bounding water, non-fluidizable water and free water were
represented by P21, P22 and P23.

As  shown  in Table  1,  with  the  constant  addition  ratio  of
CMCS and modified gelatin,  P21 and P22 of  COCH,  COBH and
COPH showed an increasing trend and P23 showed a decreas-
ing  trend  with  the  increasing  addition  of  OKGM.  This  indi-
cated  that  the  conversion  of  free  water  to  non-fluidizable
water  and  bounding  water  in  the  hydrogel  was  gradually
enhanced  as  the  ratio  of  OKGM  increased,  resulting  in  an
increase  in  water  retention  capacity.  This  reason  might  be
due  to  the  generation  of  Schiff  base  reaction.  The  internal
network structure of  hydrogel  became more dense.  The free
water  was  converted  into  non-fluidizable  water,  and  the
stability  was  greatly  enhanced.  Additionally,  the  value  of
homogeneous  hydrogel  T23 gradually  decreased  with  the
increase  of  OKGM  addition.  This  result  was  similar  to  the

b

a

c

 
Fig. 7    Moisture evaporation rate of (a) COCH, (b) COBH, and (c)
COPH with different mixing ratios.
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previous study by Chitrakar et al.[40],  who suggested that the
mobility of water was decreased with the addition of polysac-
charides  due  to  the  binding  between  polysaccharide
molecules. As the concentration of polysaccharides increased,
tighter linkages between polysaccharide molecules occurred,
depending  mainly  on  the  molar  mass  of  the  polysaccharide
and  inter-chain  interactions[41].  At  the  same  time,  water
molecules  were  slower  to  reorient  in  denser  network  struc-
tures because they were more tightly  bound to biopolymers
with hydrogen bonds[42]. The decrease in T23 value was due to
that more water molecules were locked in the polysaccharide
structure  resulting  in  a  gradual  decrease  in  mobility  as  the
polysaccharide concentration increases.

 Antibacterial properties
Hydrogels  with antibacterial  properties  have a  wide range

of potential applications in the food industry. Figure 8 repre-
sents  the  inhibition  of E.  coli and S.  aureus by  composite
hydrogels  at  different  mixing ratios.  The results  showed that
all  composite  hydrogels  exhibited  inhibitory  effects  on  both
E. coli and S. aureus. The best antibacterial effect of composite
hydrogel  was  COBH  hydrogel.  When  the  hydrogel  mixing
ratio  was  1:2:2,  the  antibacterial  effect  of E.coli was  38.02%,
and  the  antibacterial  effect  of S.aureus was  37.39%.  Because
more CMCS can cross-link with OKGM to form a hydrogel with
a  network  structure  and  thus  the  antibacterial  activity  was
enhanced when the OKGM content increased. This result was
consistent with the finding of Bozaci et al.[43] When the CMCS
content  in  hydrogel  films  was  6%,  the  corresponding  films
exhibited  desirable  antimicrobial  properties.  CMCS  had  an
inhibitory effect on bacteria by changing the permeability of
the  bacterial  cell  wall  through  the  interaction  of  its  cations
with the anionic groups of the bacterial cell wall.[44] However,
as the OKGM content continued to increase, the antibacterial
activity  of  the  hydrogel  was  slightly  weakened  instead  of
enhanced.  This  appearance  was  due  to  the  fact  that  the
gelatin  structure  became  denser  in  structure,  the  pore  size
became smaller, and the carboxymethyl group was difficult to
contact  with  bacteria.  These  composite  hydrogels  of  COBH
and COCH can be used in food packaging and preservation.

 Conclusions

In  this  paper,  the  swelling  rate,  gelatin  strength,  and
antibacterial  properties  of  composite  hydrogel  increased

initially and then decreased with the increase of OKGM ratio.

The  best  swelling  performance,  gel  strength  and  the

Table 1.    Low-field nuclear magnetic characterization of COCH, COBH and COPH with different mixing ratios.

T21 (ms) T22 (ms) T23 (ms) P21 P22 P23

COCH-1 3.152 ± 0.437a 27.466 ± 0.953a 530.627 ± 0.100e 24.990 ± 0.394d 7649.545 ± 0.963m 173.803 ± 3.172d

COCH-2 2.676 ± 0.487a 19.902 ± 0.468c 526.32 ± 0.798e 27.593 ± 0.585c,d 7914.01 ± 1.024h 166.833 ± 2.574e

COCH-3 1.978 ± 0.633a,b 17.544 ± 0.200c,d 581.293 ± 1.175d 30.025 ± 0.370c 7972.7 ± 1.590e 167.659 ± 0.626e

COCH-4 0.675 ± 0.088c 14.759 ± 0.058d 332.846 ± 0.881h 32.866 ± 0.355a,b 8506.39 ± 3.585b 153.705 ± 1.037g

COCH-1 2.7845 ± 0.731a 23.558 ± 1.133b 581.118 ± 1.000d 35.838 ± 1.079a 7775.183 ± 2.558l 178.562 ± 1.297d

COCH-2 2.401 ± 1.091a 17.012 ± 1.604c,d 483.093 ± 1.696g 30.917 ± 0.319c 7944.58 ± 3.422g 161.966 ± 0.922f

COCH-3 1.5705 ± 0.484a,b 17.6185 ± 1.017c,d 504.607 ± 0.050f 33.752 ± 1.111a 8295.7 ± 0.714d 153.496 ± 2.485g

COCH-4 0.557 ± 0.086c 13.601 ± 0.200d 303.613 ± 0.945i 33.392 ± 0.177a 8912.46 ± 2.481a 124.857 ± 0.607h

COPH-1 3.382 ± 0.260a 26.308 ± 0.714a 719.183 ± 1.966b 26.274 ± 3.302c,d 7403.543 ± 0.526n 256.824 ± 0.806a

COPH-2 2.675 ± 1.422a 19.635 ± 0.999c 627.106 ± 0.112c 28.1985 ± 0.773c,d 7857.69 ± 1.734i 216.393 ± 0.314b

COPH-3 2.072 ± 1.050a 17.586 ± 0.048c,d 765.049 ± 1.832a 31.524 ± 0.061b 7952.09 ± 1.003f 193.956 ± 1.258c

COPH-4 1.548 ± 0.108b 16.209 ± 1.508c,d 506.198 ± 1.641f 31.542 ± 0.182b 8331.59 ± 0.7845c 176.078 ± 2.867d

The data in this table is expressed as mean ± SD, different letters in the same column indicates significant differences (p < 0.05).

a

b

 
Fig.  8    (a)  Anti-S.  aureus and (b) E.  coli activity  of  COCH, COBH
and COPH with different mixing ratios.
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strongest  inhibition  of E.  coli and S.  aureus was  observed
when  lung  gelatin/CMCS/OKGM  was  added  in  the  ratio  of
1:2:2  for  COCH,  COBH  and  COPH,  respectively.  The  water
evaporation  rate  of  composite  hydrogels  all  gradually
decreased with the increase of OKGM ratio. The lowest water
evaporation rate was achieved when the lung gelatin/CMCS/
OKM  addition  ratio  was  1:2:4.  Interestingly,  the  hydrogel
properties  of  COCH and COBH were  interchangeable,  but  all
were significantly different from COPH. Therefore, COCH have
potential applications in food coating and preservation.
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