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of biocompatible pig skin
collagen and application of collagen-based films
for enzyme immobilization
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Based on the excellent biocompatibility of collagen, collagenwas extracted from pig skin by acid-enzymatic

method. The films were prepared by the self-aggregation behavior of collagen, and the catalase was

immobilized by adsorption, cross-linking and embedding. The experiment investigated the effects of

glutaraldehyde on the mechanical properties, external sensory properties, and denaturation temperature

of the films. The results showed that self-aggregating material could maintain the triple helix structure of

pig skin collagen. The self-aggregation treatment and cross-linking treatment can improve the

mechanical properties to 53 MPa, while the glutaraldehyde cross-linking agent can increase the

denaturation temperature of the pig skin collagen self-aggregating membrane by 20.35% to 84.48 �C.
This means that its application to immobilized catalase has better stability. The comparison shows that

the catalase immobilized by the adsorption method has strong activity and high operational stability, and

the cross-linking agent glutaraldehyde and the initial enzyme concentration have a significant effect on

the immobilization, and the activity can reach 175 U g�1. After 16 uses of the film, the catalase was

completely inactivated. This study provides a reference for the preparation of a catalase sensor that can

be used to detect hydrogen peroxide in food by a catalase sensor.
Introduction

A ubiquitous enzyme called catalase, is involved in oxidative
stress protection. The hydrogen peroxide is usually produced by
a superoxide dismutase in the mitochondria. The substrate of
this process is the anion superoxide which is extremely harmful.
Catalase contains a heme cofactor in active site and it converts
hydrogen peroxide to harmless oxygen and water.1 Catalase has
found a place in every eld of the biological sciences, because of
many unique features. Catalase is one of the enzymes which has
the highest turnover number with an isoelectric point of 5.4 and
a molecular weight of 240 kDa.2 Enzymes have a high degree of
selectivity, act under mild conditions and produce a reduced
number of undesirable by-products compared to chemical
catalysts. Therefore, enzymes have been used to generate high
value chemicals from a low-cost start.3 Catalase has several
applications in food, medicine, bioremediation, and textile
industries.4 Moreover, the cosmetic industry uses it in the skin
formulations as an antioxidant or together with hydrogen
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peroxide in facial masks to increase cellular oxygenation in the
epidermis. Catalase, used for removing hydrogen peroxide from
milk in the food industry, is one of an essential commercial
catalysts.5 But, catalase is typical of some enzymes, and exhibits
a shorter period of use, poor operational stability and reus-
ability. Therefore, its potential application has been limited.6

With immobilized enzymes, improved stability, reuse, contin-
uous operation, better control of reactions, high yield and high
quality has been achieved and it has been expected to bring
more favorable economic costs.7 Research shows that the
immobilized catalase showed higher activity concerning the
free catalase in the lower temperature and acidic region and
immobilization can enhance the enzyme activity in the initial
pH region.8 Thus, immobilization, of late, has been receiving
considerable attention as a widely used strategy to promote
enzymes in the bulk scale.

There are three main methods for enzyme immobilization,
including cross-linking, adsorption, and embedding, but none
is generally valid for a specic enzyme.9 Different immobiliza-
tion methods indicate the different interaction between enzyme
and the carrier material.10 The activity of immobilized catalase
is affected by the immobilization method. The activity of cata-
lase is closely related to the subunits. Preventing the dissocia-
tion of the subunits and achieving the characteristics of the
enzyme are the important requirements for immobilizing
catalase.11 However, common methods such as cross-linking,
This journal is © The Royal Society of Chemistry 2020
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adsorption, and embedding cause different activities of
immobilized enzymes due to different mechanisms of action.12

Therefore, studying the effects of different methods on immo-
bilized peroxidase and optimizing the relevant parameters of
different methods of immobilized peroxidase are important for
collagen immobilized catalase.13 There are few studies on
collagen immobilized catalase.

Besides immobilization techniques, another affecting
factor which is of vital importance for enzymes immobiliza-
tion is the support material.10 Catalase has been xed on
various carriers and widely used in industrial elds. Synthetic
polymers, natural macromolecule materials and inorganic
compounds are used as carrier materials in many immobili-
zation processes.2 In many studies, catalase was immobilized
on substrates such as poly(2-hydroxyethyl methacrylate-
glycidyl methacrylate) cryogel,2 graded macroporous/
mesoporous silica sphere.14 Studies have shown that immo-
bilized system exhibits high activity recovery, and possesses
considerable reusability. However, the immobilization process
hinders the contact of enzyme substrates, thus reducing the
catalytic efficiency of the enzyme.

In recent years, collagen is expanding its use in food,
cosmetics, and biomaterials due to its wide range of sources
and high cell compatibility.15 Collagen is a main constituent of
the extracellular matrix and therefore the most abundant
protein in the human body.16 The most common types of
collagen are types I and III, which are comprising approximately
90% of total collagen.17 Collagen molecules have excellent
properties such as biodegradability, weak antigenicity, good
biocompatibility, and they have unique self-assembled bril
formation characteristics.18 In addition, type I collagen mole-
cules with a triple helix structure of 1.5 nm in diameter and
300 nm in length can self-assemble through hydrophobic,
electrostatic and hydrogen bond interactions to form well-
organized bers under physiological conditions. These
collagen brils with regions of loosely packed collagen and
areas of densely packed collagen contain a periodic cross-
striated structure (D-periodicity).19 Type I collagen is a rich
protein in animal tissues. It is a heterotrimeric trimer of alpha
chain and interweaves into a triple helix structure. Self-
assembly is its inherent characteristic. Through this charac-
teristic, free collagen can spontaneously form brils similar to
those in vivo in vitro, making it possible to manufacture
different products. This is the reason why type I collagen used
widely in biological materials and tissue engineering.20 There-
fore, the use of collagen self-aggregation behavior to prepare
biological materials for immobilized enzymes has broad
development prospects. Type I collagen was most prevalent and
found in connective tissues such as skin, bone, and cornea of
the eyes.21

Collagen ber is a rich biopolymer natural material used as
a support matrix for immobilized catalase. Collagen has unique
biocompatibility to enzymes that cannot be replaced by other
substrates, which is unmatched by other inorganic metabo-
lisms. It is important that collagen can adjust its conformation
when it comes into contact with the substrate. Therefore, the
use of collagen immobilized enzyme can effectively maintain
This journal is © The Royal Society of Chemistry 2020
the enzyme activity, and can adjust its conformation to adapt to
the geometric size of the enzyme, and achieve high efficiency of
the immobilized enzyme.22 The scholar immobilized catalase
on zirconium(IV)-modied collagen bers by adsorption.
Immobilized catalase catalyzes the decomposition of hydrogen
peroxide with enhanced temperature and pH stability, as well as
better reusability and storage stability.23 Li et al. added hemo-
globin and catalase to the collagen lm modied on the pyro-
lytic graphite electrode. The results show that the heme protein
in the collagen lm maintains its nearly natural conformation,
and the heme protein-collagen lm has good electrocatalytic
properties. It fully shows that collagen has excellent biological
compatibility, and the catalase-bound lm has good stability.
Collagen lms have great potential for the preparation of novel
biosensors or bioreactors based on direct electrochemistry of
proteins.24

Usually, collagen has been extracted from mammals, cattle
and pig skin, for food, cosmetic.25,26 Affected by religion,
disease, and thriy society, collagen extraction research has
gradually turned to by-products of other animals. There are
many studies on extracting collagen from gutted silver carp,27

ovine bones,26 scales of tilapia,28 etc. to improve waste utiliza-
tion. But pig skin collagen is still themain source of commercial
collagen.29 It is estimated that 2 billion tons of waste are
generated from sheries and meat (bovine, pig, and poultry)
residues worldwide each year, of which the uoride produced by
meat can reach 82.5%.30 The problem of meat waste is more
urgent and more widespread than sh. Recycling animal resi-
dues at the molecular level and applying them to medicine,
cosmetics, etc. to achieve high-value transformation may be
a feasible and more protable option. In the international
frame, China emerges as the main producer of collagen. It can
be seen that the extraction of collagen from a large amount of
waste such as pigs and cattle has broad development pros-
pects.31 Immobilization of extracted pig skin collagen catalase
can effectively improve the high value utilization of pig skin
tibia.

In this study, unlike collagen or enzymatic extraction of
collagen, we extracted collagen from collagen-rich pig skin by
acid-enzyme binding. Based on the self-aggregation behavior of
collagen, an immobilized hydrogen peroxide membrane is
prepared by adsorption, embedding and cross-linking, thereby
improving catalase stability and the number of repeated uses.
The best method for selecting the best pig skin collagen
immobilized catalase is to provide a reference for its application
to immobilized catalase. We tested the mechanical properties,
external sensory properties, scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy (FT-IR)
characteristics of pig skin collagen self-aggregating membrane
materials, and studied different immobilization methods for
immobilized peroxidation. The effects of hydrogenase activity
and operational stability. In addition, the parameters of the
optimal immobilization method such as enzyme concentration
and glutaraldehyde concentration were optimized, which
provided theoretical basis and data reference for the application
of collagen materials.
RSC Adv., 2020, 10, 7170–7180 | 7171
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Materials and methods
Materials

The raw pig skin we used was purchased from the local market
in Ya'an City, Sichuan Province, China. The pig skin was
cleaned, removed hair, scraped fat, and add sodium dode-
cylbenzene sulfonate (SDBS, 0.75%) for degreasing in an ultra-
sonic cleaner (pig skin : SDBS ¼ 1 : 2.5, 25 �C, 120 W) aer
chopping and soaked by NaCl (1%, 6 h) to remove other protein.

We used sodium chloride (NaCl), acetic acid, sodium dihy-
drogen phosphate, sodium dodecylbenzene sulfonate (SDBS)
glutaraldehyde, dibasic sodium phosphate from Chengdu Kelong
Reagent Co., China. All other chemicals and solvents were of
reagent grade or higher purity and were purchased from Yan'an
Wanke Reagent Co., China, unless otherwise indicated. The
pepsin (biological reagent, 99%, initial enzyme activity 10 000 U
g�1) and catalase (biological reagent, 99%, initial enzyme activity
2000–5000 U mg�1, from bovine liver) we used came from Shan-
dong Fengtai Biotechnology Co., Ltd., and Shanghai Meiruil
Chemical Technology Co., Ltd., China, respectively.

Extraction of collagen from pig skin

According to Liu et al.,32 the extraction of collagen mainly
consists of three steps. First, the pig skin is enzymatically
acidied with acetic acid and pepsin, followed by salting out,
and nally purication. The collagen was extracted from
pigskin by stirring at 4 �C for 18 h using pepsin in acetic acid
(pH ¼ 2.2, 0.5 mol L�1) as a substrate for enzymatic hydrolysis.
The slurry is ltered and the supernatant is removed. Add NaCl
to the above supernatant and stir until it dissolves, salting out at
4 �C for 8–12 h. Aer centrifugation (10 000 rpm, 10 min), the
precipitates were taken out. Finally, the precipitate was dis-
solved in acetic acid (0.5 mol L�1, pH 2.2). The solution was
dialyzed with acetic acid (0.1 mol L�1, 48 h) and ultrapure water
(24 h), then lyophilized to obtain the target product.

Preparation of self-aggregating collagen lm and testing

The lyophilized collagen is used as a solute, and the 0.5 mol L�1

acetic acid solution is used as a solution, and the 1% collagen
solution is prepared by fully dissolving at 4 �C. The solution was
placed in a dialysis bag and dialyzed for 24 h at 4 �C in phos-
phate buffer (PBS) contained 150 mmol L�1 NaCl at pH 7.0.
Second, the sample in the dialysis bag was self-aggregated at
30 �C for 10 h to obtain a lm-forming solution aer self-
aggregation. Finally, 10 mL of the lm forming solution was
cast onto a polytetrauoroethylene plate and dried at 30 �C to
form a lm. Aer lm formation, 10 mL of glutaraldehyde (3%)
solution was added dropwise to the membrane for xed cross-
linking. Aer air drying for 1 h, it was washed with distilled
water, and aer drying, a self-aggregating lm of pig skin
collagen was obtained. Before testing all the samples, put them
in a constant temperature and humidity chamber (25 �C, RH
50%, LS-TH-80Z, Dongguan Laisi Test Equipment Co., Ltd.,
Dongguan, China) to balance for 24 h.

Thickness. The thickness of the lm was measured by hand-
held micrometers (ACE-H1012, Dongguan city Express
7172 | RSC Adv., 2020, 10, 7170–7180
Measuring Instrument Co., Ltd., Dongguan, China) with
a sensitivity of 0.0001 mm at 5 random positions for each
sample.

Film sensitivity index. In the absence of external interfer-
ence, the external sensory properties of pig skin collagen self-
aggregating lms were roughly evaluated, including the color,
odor, transparency, solubility in water and removal of the lm
from the Teon plate.33

Transmittance. Transmittance through the lms (10 mm �
30 mm) was recorded between 190 and 1100 nm on an
ultraviolet-visible spectrophotometer (a1860, Shanghai Puyuan
Instrument Co., Ltd., Ltd. Shanghai, China). The formula for
calculating the transmittance is as follows. Five replications
were done for each treatment.34

Transmittance (%) ¼ 102�A

where A is the absorbance value at 500 nm.
Moisture absorption. The lms, dried at 40 �C for three days

in a vacuum oven, were placed inside an environmental
chamber maintained at 75% relative humidity (RH) and 25 �C,
to obtain water sorption kinetics. Samples were taken out of the
chamber at regular time intervals and weighed with a precision
of �0.01 g. To ensure the repeatability of the results, four
specimens for each sample were tested. The equilibrium
moisture content of the lms was calculated as follows:35

Moisture absorption ¼ (m2 � m1)/m1 � 100%

where m1 is the initial (dry) weight of the sample (g), m2 is the
mass at which the sample absorbs moisture to reach equilib-
rium, aer about 6 hours (g).

Mechanical properties. The tensile strength (TS) and elon-
gation (E) at the break of lms were tested by a texture analyzer
(TX-700, Lai Lejin Supply Chain (Shenzhen) Co., Ltd., Shenzhen,
China). Carefully cut each sample into the appropriate size (10
� 80 mm), install it, clamp it between the stretching xtures,
and stretch it at a speed of 5 mm s�1, the stretching distance is
50 mm and the triggering force is 5 N. Record the maximum
tensile force and extension distance of each lm at break, and
test each sample eight times. The TS was calculated as follows:36

TS ¼ Fm/S

where TS is tensile strength (kPa); Fm is the maximum tension
of lm at break (N); S is cross-sectional area of the lm (mm2).
The E was counted by the following equation:

E ¼ DL/L � 100%

where E is elongation at break (%); DL is extension distance of
each lm at break (mm); L is xture distance (mm).

Fourier transform infrared spectroscopy (FT-IR) and
differential scanning calorimeter (DSC)

Instruments (FT-IR 6600, Jiangsu Tianrui Instruments Co., Ltd.,
Jiangsu, China) are used to record FTIR of thin lms, equipped
with attenuated total reection accessories. All samples were
This journal is © The Royal Society of Chemistry 2020
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dried to constant weight in a constant temperature and
humidity oven (25 �C, RH 50%), and a at, non-destructive,
uniform lm was placed on the annex. The parameters of the
infrared spectrometer are set as follows: the scanning range is
4000–650 cm�1, and the resolution is 4 cm�1. Aer background
correction, all spectra were baseline corrected, and then spectra
were obtained.37 Thermal analysis a differential scanning calo-
rimeter (DSC) was performed to examine the thermal properties
of lms, using a piece of equipment (Q200, American TA
Instruments, American). The samples were conditioned in
hermetic aluminum pans, with a sample weight around 1–2 mg.
The test was implemented at a heating rate of 5 �C min�1 from
20 to 100 �C, in inner atmosphere of N2.38
Pig skin collagen self-aggregating lm material immobilized
catalase and its performance test

Immobilization of catalase by self-aggregation of pork skin
collagen lm was realized by three methods: adsorption, cross-
linking and embedding. (I) Adsorption method: the prepared,
dry and undamaged collagen self-aggregating lm material was
placed in 50 mL enzyme solution (catalase enzyme powder
dissolved in PBS solution, the same as below, 0.01 mg mL�1) to
adsorb and immobilize catalase for 24 h at 4 �C. Aer ventila-
tion and drying, the collagen lm material immobilized by
adsorption method was obtained. (II) Cross-linking method:
10 mL of the catalase enzyme solution was added dropwise to
the dried collagen self-aggregating lm, which was cast from
a self-aggregating collagen solution onto a Teon plate and
dried in a 30 �C incubator (DHG-9162, Shanghai Yiheng Tech-
nology Co., Ltd., Shanghai, China) to form a lm. Aer natural
drying, the lm material immobilized catalase by cross-linking
method is prepared by glutaraldehyde xed cross-linking (3%),
ventilated, dried, and then dried. (III) Embedding method: the
lm sample was prepared by mixing pig skin collagen self-
aggregating membrane solution with catalase solution (0.1 mg
mL�1). The lm was cast onto Teon board and dried at room
temperature to obtain the lm. Aer glutaraldehyde cross-
linking (3%), ventilation and drying, distilled water washing
and drying again, the immobilized CAT lm material was ob-
tained by embedding method. All prepared samples were stored
in a refrigerator (BCD-258WDPM, Qingdao Haier Co., Ltd.,
Qingdao, China) at 4 �C for use.

The catalase activity. The activity of immobilized catalase
was determined by spectrophotometry. The catalase activity was
calculated by the rate of change of absorbance of hydrogen
peroxide solution (0.05 mol L�1) at 240 nm for 1 min, during
which the activity followed the rst-order reaction kinetics. A
catalase active unit is dened as the decomposition of 1 mmol
hydrogen peroxide per minute at 25 �C and pH 7.0.8 Prepare
0.02, 0.03, 0.04, 0.05, 0.06 mol L�1 hydrogen peroxide solution
accurately by PBS, the absorbance at 240 nm was tested
respectively, choose the absorbance value as the ordinate, the
solution concentration as the abscissa, and absorbance stan-
dard and the solution concentration curve were plotted. The
assay was terminated when the relative activity of the immobi-
lized enzyme was close to 10% or its activity was 0.
This journal is © The Royal Society of Chemistry 2020
Catalase activity (U g�1) ¼ V � (C0 � C1) � 103/(t � m)

where V is the volume of hydrogen peroxide (mL), t is the
reaction time (min), m is the mass of the immobilized carrier
(g), C0 is the initial concentration of hydrogen peroxide (mol
L�1), C1 is the concentration of hydrogen peroxide aer reaction
(mol L�1).

Immobilized catalase operational stability. At room
temperature, the collagen lm immobilized enzyme with 3 g
was added to 30 mL PBS solution (0.05 mol L�1 H2O2). Aer 3
minutes of reaction, the immobilized collagen lm was
removed. Aer washing with PBS, repeat the test under the
same conditions, and the immobilized enzyme activity aer
each repeated experiment was measured to judge the opera-
tional stability of the immobilized enzyme.5

SEM. Surface morphologies of collagen lm and collagen/
catalase lms were observed using eld emission scanning
electron microscopy (SU8010, Hitachi High-Technology Corp.,
Tokyo, Japan) with an accelerating voltage of 2 kV. The samples
were sputtered with gold on their surfaces in a vacuum before
testing.39
Statistical analysis

All assays were conducted on at least three replicates and the
results were recorded as mean � standard deviation (SD). IBM
Statistics SPSS 22 statistical soware was used for the analysis of
variance (ANOVA) of the data. Duncan's test was utilized to
determine the differences in the mean values (p < 0.05).
Results and discussion
Inuence of collagen appearance quality of the pig skin lm

Table 1 shows the inuence of glutaraldehyde on the sensory
performance of pig skin collagen self-aggregating lm mate-
rials. With the change in glutaraldehyde content from 5% to
25%, the lm materials thickness continued to increase, while
the moisture absorption and transmittance changedminimally.
As the glutaraldehyde content increased, the transmittance of
the composite lm decreased slightly. When the glutaraldehyde
content was 25%, the moisture absorption and transmittance
were the maximum at 13.83% and 44.46%. All collagen lm
materials were easily removed from the board, no odor, and
solubility was zero. All collagen lm materials exhibited yellow,
and the lightest color is cross-linked by 5% glutaraldehyde. Tian
et al. prepared collagen hydrogels and they noticed that all the
hydrogels composed of collagen brils were milky and the
cross-linked collagen hydrogels showed yellow observed by the
naked eye.40 This result could be owing to the polymeric
glutaraldehyde which took shape from the self-polymerization
of glutaraldehyde molecules. This also implies that the light
transmittance rate of the composite lm will decrease. Table 1
shows the thickness of lms. Film thickness had not change
obviously. The thickness of the lm increased from 0.0326 mm
to 0.0426 mm with the increase in glutaraldehyde. Therefore,
the increase in thickness may be related to the crosslinking
reaction. At the same time, they also think that thickness is
RSC Adv., 2020, 10, 7170–7180 | 7173
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Table 1 The effect of glutaraldehyde on the quality of porcine skin filma

GTA Thickness (mm) Transmittance (%) Moisture absorption (%) Remove Colour and transparency Odor Solubility in water

5% 0.0326 � 0.0029c 51.68 � 3.02a 18.90 � 0.02a Easily Light yellow translucent No No
10% 0.0372 � 0.0080c 48.75 � 2.20b 17.62 � 0.03b Easily Yellow translucent No No
15% 0.0392 � 0.0077c 45.60 � 1.75c 18.81 � 0.04a Easily Yellow translucent No No
20% 0.0415 � 0.0051c 45.30 � 2.32c 16.87 � 0.03c Easily Yellow translucent No No
25% 0.0426 � 0.0092c 44.46 � 3.33d 13.66 � 0.01d Easily Yellow translucent No No

a The different letters (a–d) indicate signicant differences between samples (p < 0.05) in the same column, and the values are mean� SD, the same
below.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 6
:0

6:
59

 P
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
related to temperature. The intermolecular distance of the
collagen molecules was tiny under low-temperature circum-
stance. Therefore, it beneted the interaction between collagen
molecules. Collagen's helix structure was loosened gradually
with the temperature increased to 35 �C, but there was no chain
cracking. The thickness of the lm and the distance between
the molecules may increase because of those changes.41 The
moisture absorption of collagen lms was found to be in the
range of 13.83–18.98% (Table 1). According to the cross-linked
lms, the moisture absorption was low in 25% (13.8%). In the
current study, the decline water solubility and swelling of
collagen–glutaraldehyde lms might be caused by the following
reason: a high degree of chemical crosslinking occurred
between the free aldehyde group (CHO) of glutaraldehyde and
the amine group of collagen. Therefore, the hydrophobicity of
collagen lm become stronger.34 Elango et al.42 also reported
that the collagen–sorbitol lms' water solubility varied from
6.3% to 67%. The pure collagen lms show the highest water
solubility among those lms. Our collagen lm has a water
solubility of 0, and its water solubility is superior to collagen–
sorbitol lms and pure collagen lms. In general, collagen and
collagen based composites are hydrophilic bril matrix. And to
reduce the water solubility of collagen, the chemical modica-
tion of collagen by its cross-linking with glutaraldehyde is
common, which has been used for a long time.43 It is generally
considered that the interaction between aldehyde groups of
glutaraldehyde and e-amino groups of lysine or hydroxylysine of
collagen is the major reaction of glutaraldehyde with collagen,
and it caused the constitution of a Schiff base type compound.
The procedure of linking polymer chains by covalent or non-
covalent bonds and forming three-dimensional networks is
called as cross-linking. It is these intermolecular crosslinks that
confer the insolubility typical of collagenous tissues.43 Tian et al.
reported that a closer-knit spatial network structure can be
formed by the cross-linked structure catalyzed by glutaralde-
hyde, which can decrease the intermolecular space. Thus, the
diffusion of water molecules and the solubility of lms
reduced.43
Fig. 1 Effect of glutaraldehyde on TS and E of the pig skin collagen re-
assembled fiber film.
Effect of glutaraldehyde on TS and E of the pig skin collagen
re-assembled ber lm

As we all know, the mechanical properties of lms are described
as TS and E. The lm can be more extensible with higher value
of E and more rigid consistently with higher value of TS.41
7174 | RSC Adv., 2020, 10, 7170–7180
Collagen has good lm-forming ability and extra strength and
stability through self-polymerization, so it has been widespread
used for various applications. Ideally, the difficulty of prevent-
ing collagen molecules from sliding past each other under
stress can be solved by the introduction of additional cross-
links, and it also enhances the collagen bers' mechanical
strength.20 Great majority of the studies have been performed
with glutaraldehyde as the crosslinker with collagen lms the
better mechanical properties and lower water solubility of it.42

Fig. 1 shows the data of TS and E. With the change in glutar-
aldehyde content from 5% to 25%, the lm of TS and E
continued to increase, while the lm of TS and E changed
minimally when the glutaraldehyde is greater in 25%. The TS of
the shark catsh skin collagen lms ranged from 3.5 to 6.4 MPa.
It was lower than the pig skin collagen lms (>40 MPa). The TS
of pig skin collagen is 6 times that of shark collagen.43 The
research report of Chen et al. Showed that glutaraldehyde cross-
linking signicantly improved the mechanical properties of
collagen lm. Compared with untreated collagen lm (TS ¼
2.3 MPa, E ¼ 52.5%), their TS was increased by more than three
times, TS was about 6.5%, but the E of the collagen was
signicantly reduced. Its TS is lower than pig skin collagen lm
aer glutaraldehyde cross-linking, but its (17%) E is much
higher than pig skin collagen lm (2%).44 The above observa-
tions indicated that glutaraldehyde forms a stable structure in
the collagen network by covalent bonds.45 The introduction of
This journal is © The Royal Society of Chemistry 2020
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Table 2 Denaturation temperature of the pig skin collagen re-
assembled fiber filma

GTA Denaturation temperature (�C)

0% 67.75 � 0.79f
5% 76.22 � 0.83e
10% 79.16 � 0.56c
15% 78.38 � 0.61d
20% 84.48 � 0.95a
25% 81.54 � 0.33b

a Different letters (a–f) indicate signicant differences in the same
column among denaturation temperature (p < 0.05) due to
glutaraldehyde.
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crosslinking bonds hindered the intermolecular slippage with
the addition of glutaraldehyde, resulting in the decrease of the
deformation.46 Cheng et al. reported that the mechanical
strength and E of the lm are increased by the isopeptide bonds
formed by crosslinking, and the mechanical strength of gelatin
lm was concerning the degree of crosslinking of glutaralde-
hyde.39 According to the result, we can see that the nature of the
cross-linking agent and degree of cross-linking can effect the
mechanical properties of collagen lms. Collagen self-assembly
starts with three amino acid peptides strands of polyproline
type II helical structure were used. Then they entangled with
each other to form triple helixes, which could be packaged in
quasi-hexagonal and interlaced ways to form collagen with
nanobers. Subsequently, collagen bers and networks are
formed by linear and transverse self-assembly. Both crosslinked
networks and collagen ber networks can effectively improve
the mechanical properties of collagen-based materials.47,48 This
phenomenon can be observed in the research of He et al., but
the results show that the mechanical properties of collagen in
grass carp scales are lower than those of pig skin collagen lm.
Different collagen sources, different collagen content and
different structures lead to different results.12,32 Studies by Liu
et al. show that the degree of collagen aggregation of sh skin,
sh scales, and cattle Achilles tendon are different, which are
28.00% � 0.65%, 27.33% � 0.41%, and 56.74% � 1.38%.
Obviously, the degree of collagen aggregation of bovine Achilles
tendon is much higher than that of collagen extracted from sh,
which may be due to the difference between their aggregation
state and microstructure. In the study by Tang et al., the TS of
tilapia skin, grass carp skin, and silver carp skin were 51.24 �
2.81 MPa, 35.85� 5.68 MPa, and 40.17� 4.73 MPa, respectively,
and E were 36.71� 4.94%, 44.47� 6.00%, and 25.90� 5.38%, it
can be seen that the strength of collagen in tilapia skin is the
best, which is better than that of grass carp skin, sh skin, and
cross-linked pig skin collagen. This may be due to the plasti-
cizer.23,32 They added 20% glycerol as a plasticizer when
preparing the collagen lm, which greatly improved the
mechanical properties of the collagen lm. The ductility of pig
skin collagen in the study was signicantly poor, which may be
due to the reduction of the ductility of pig skin collagen aer
cross-linking.49 Expansion of the application of collagen lm
should also give due consideration to the addition of
plasticizers.
Effect of glutaraldehyde on DSC of collagen self-assembled
brous lm

The denaturation temperature of pig skin collagen self-
aggregating lm material changes with the concentration of
glutaraldehyde as shown in Table 2. When the highest dena-
turation is 20% glutaraldehyde, the denaturation temperature
of collagen self-aggregating lm material is 84.48 �C. Glutaral-
dehyde can signicantly increase the thermal transition
temperature of self-assembled lm materials compared to
collagen lms that have not been cross-linked with glutaralde-
hyde. The improvement in thermal stability upon cross-linking
was explained by the denaturation temperature shiing, which
This journal is © The Royal Society of Chemistry 2020
was higher with increasing the glutaraldehyde. It is well known
that collagen structure and denaturation bril-forming collagen
molecules which is comprised of three similar or identical
protein-chains, has a le-handed twist, that are wound to form
a supercoiled right-handed triple helical structure.48 Non-
covalent interactions (hydrogen bonding, hydrophobic and
electrostatic interactions) combining together form the recon-
stituted collagen brils. They are so unstable that the collagen
molecules can slide relaxingly and the bril can easily be
dissociated by variations in ionic strength, pH, temperature or
collagenase.40 As we all known, thermal stability of col-based
scaffolds depends on the density of crosslinking. Marzec
et al.41 proposed that the glutaraldehyde inuenced collagen
structure stabilization is manifested by a shi of both peaks
towards higher temperatures, which results in a higher thermo-
stability of the collagen–glutaraldehyde scaffolds. Crosslinking
by glutaraldehyde tends to abatement the hydrogen-bonded
network. Conversely, it can declines energy required to break
the bonds formed by the absorbed water with polar regions on
the col surface. It same as reported by Tian et al. They think that
the transformation from natural triple helix into random coil
structure of collagen is reected by the thermal denaturation
temperature, which is due to cross-linking bonds within
collagen and hydrogen bonds. A close reason for the improve-
ment in thermal stability was that the alignment of the collagen
bers tended to be dense due to the introduction of cross-
linking bonds, and the arrangement between the collagen
brils was very compact.50 So, the increase of the intermolecular
crosslinks among the triple helix structures of collagen had not
only limited the degrees of freedom of its a-chain, but also
prevented unraveling of the collagen microbrillar arrange-
ment caused by heating.18 Tian et al. also proposed that the
thermal stability of collagen triple helix conformation strongly
depends on the inter- and intra-molecular hydrogen bonds and
the degree of crosslinking among the chains conrming that
crosslinked collagen possessed better thermal stability than the
native one.51 The denaturation temperature of uncrosslinked
pigskin collagen is 67.75 �C, which is slightly higher than that of
grass carp scale collagen prepared and extracted by He et al.12

The denaturing temperature of bovine collagen is 42 �C, the
denaturing temperature of shark skin collagen is 37.8 �C, and
the temperature of acid-soluble collagen of eel is 39 �C.8,52
RSC Adv., 2020, 10, 7170–7180 | 7175
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Fig. 2 FT-IR of pig skin collagen re-assembled fiber film.

Fig. 3 Operational stability and enzyme activity of immobilized cata-
lase with three methods. (Catalase ¼ 0.1 mg mL�1, glutaraldehyde ¼
3%, and pH ¼ 7.)
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Collagens from different sources have different numbers of
protein molecules, and the interactions between or within
proteins are related to the aggregation of collagen molecules,
resulting in different heat resistance and viscosity. The different
moisture content of the lm, the degree of cross-linking, and
the degree of self-aggregation all affect the collagen protein
denaturation temperature.12,49,53

FTIR of pig skin collagen re-assembled ber lm

As revealed in Fig. 2, the amide A and B peak, respectively cor-
responding to the stretching vibration of N–H and O–H,
appeared at 3300 and 2929 cm�1.36 Collagen's main character-
istic bands were amide I, II and III bands. The absorption band
at 1630–1660 cm�1 for amide I band was originated from C]O
stretching vibration and amide II band at 1550 cm�1 was
usually responsible for the combination of N–H bending and
C–N stretching vibrations; what's more, 1240 cm�1 was attrib-
uted to amide III band for C–N stretching and N–H in-plane
bending from amide linkages.48,51 The second derivative of the
amide II region showed that the native pig collagen and the
prominent peaks at 1550 cm�1, indicative of helical structure.43

It has been used to describe collagen structure. With increasing
glutaraldehyde from 5% to 25%, all of the bands of crosslinked
collagen nearly unchanged. This indicates that structure of
collagen didn't effect by the glutaraldehyde cross-linking and
the collagen structure extracted from pig skin remains intact.
Furthermore, one of the ways to forecast the preservation of
integrity of collagen triple helical structure is the absorption
ratio of 1240 cm�1 (amide III band) to 1455 cm�1 (AIII/A1455).51

The value of AIII/A1455 was 1.00, indicating triple helical
structure is present, which indicated that the triple helix
structure was destructed by glutaraldehyde.

Immobilized catalase by the pig skin collagen re-assembled
ber lm

Operational stability and enzyme activity of immobilized
catalase with three methods. Fig. 3 shows the enzymatic activity
and operational stability of the immobilized catalase using
7176 | RSC Adv., 2020, 10, 7170–7180
three methods. At the same time, we provide Table 3 for easy
reading of relevant data. Immobilized enzymes in industrial
applications have many advantages, such as lower quantity of
required enzyme, reusability concerning free form, and easier
recovery from reaction medium.4 Inanan reported that using 2-
hydroxyethyl methacrylate as a synthetic material and chitosan
as a natural material to immobilize catalase to synthesize
synthetic-natural copolymer at nano-scale, show that the
storage stability of the enzyme has be enhanced by immobili-
zation.8 Fig. 3 shows the operational stability and enzyme
activity of catalase immobilized by cross-linking, embedding
and adsorption. Aer cross-linking, immobilized catalase
activity reached 39 U g�1. At the end of 5th cycle, a decrease of
50% at the original activity was measured. At the end of 8th
cycle, the catalase lost its all activity. In physical adsorption,
hydrophobic interactions, van der Waals forces, hydrogen
bonds and ionic bonds made the enzymes immobilized on the
support surface.54 Immobilized catalase activity reached 175 U
g�1 by adsorption. A decline of 50% at the original activity was
measured at the end of 9th cycle. At the end of 15th cycle, the
immobilized catalase obtained 0% of its original activity.
Immobilized catalase activity reached 73 U g�1 by embedding. A
decline of 50% at the original activity was measured at the end
of 2nd cycle. At the end of 5th cycle, the catalase lost it all
activity. This immobilization approach is different due to using
assembling the carrier in the existence of the soluble biocatalyst
in place of prefabricated support materials. In the existence of
the enzyme, materials are required to assemble into supramo-
lecular structures such as gels.55 The comparison shows that
different immobilization methods have different xed amounts
and operational stability, and the adsorption method is supe-
rior to the cross-linking method and the embedding method.

Adsorption is one of the immobilization methods, which
involves reversible interactions between enzyme and carrier (or
sorbent). The reversible interaction is formed by weak forces
such as van der Waals forces, hydrophobic, electrostatic, and
hydrogen bonding interactions. Some obvious advantages had
This journal is © The Royal Society of Chemistry 2020
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Table 3 Operational stability and enzyme activity of catalase immobilized using three methodsa

Methods

Enzyme activity aer use

Available times1 times 5 times 10 times 15 times

Embed 39 � 1.23 18 � 2.00 — — 8 � 1b
Adsorption 175 � 1.50 123 � 2.00 73 � 2.13 21 � 1.00 16 � 1a
Cross-linking 73 � 1.90 5 � 0.50 — — 6 � 2b

a Different letters (a and b) indicate signicant differences in the same column among available times (p < 0.05) due to the methods. “—” indicates
that the relative activity is less than 10% or the activity is 0, and there is no data state aer the experiment is terminated, the same below. (Catalase¼
0.1 mg mL�1, glutaraldehyde ¼ 3%, and pH ¼ 7.)
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this method have, such as cheapness, comfort, speed and
reversibility, and no change to the carrier or enzyme.4 It is
speculated that glutaraldehyde is cross-linking inactivation to
catalase, and the adsorption method remains high because the
catalase is not directly exposed to glutaraldehyde. And the
adsorption method is easier and faster to immobilize. Another
reason is that the brillar structure of collagen became closer-
knit by cross-linking and this steric hindrance blocks the
immobilization of catalase.32 Inanan et al.4 also reported that it
could be due to either conformational changes. Immobilization
or lower accessibility of substrate to immobilized catalase
caused this situation. Similarly, Song et al. also observed the
compatibility of collagen with enzymes. They extract collagen
bers from cowhide by acid method, rst chelate collagen bers
with Zr(IV), and then immobilize catalase by adsorption. The
immobilized catalase has increased operational stability and
can be reused 70 times.22 Compared with the pig skin collagen
adsorption immobilized catalase used in this experiment, the
pig skin collagen immobilized catalase can only be used 16
times. The reason for this difference may be related to the
amount of enzyme added and the initial activity of catalase, and
the source of collagen and the purity of extraction may also
result in different adsorption amounts and operational
stability. Most importantly, collagen has increased its stability
Fig. 4 Effect of concentration of glutaraldehyde on the activity of
immobilized catalase. (Catalase ¼ 0.1 mg mL�1, T ¼ 4 �C, and pH ¼ 7.)

This journal is © The Royal Society of Chemistry 2020
and affinity for catalase due to chelation and Zr(IV) reaction. The
immobilization of catalase by different materials should be
deepened.

Inuence of glutaraldehyde concentration on immobilized
catalase activity in grass carp scale collagen re-assembled ber
lm with adsorption method. Since the adsorption method is
the best among the three immobilized catalase enzymes, Fig. 4
presents the impact of glutaraldehyde on the immobilized
catalase by adsorption. Increasing the glutaraldehyde concen-
tration, the catalase initial activity increases and, aer getting
an optimum value, the activity decreases, but the activity is not
much different. The catalase shows themaximum activity of 170
U g�1 at 20%, and the catalase shows the minimum activity of
152 U g�1 at 5%. Formation of Schiff base compounds due to
glutaraldehyde and 3-amino groups of lysine or hydroxylysine of
collagen.43 Tian et al. also reported that themore glutaraldehyde
caused the higher the cross-linking degree. In theory, the amino
groups should react with the aldehyde groups totally when the
[CHO]/[NH2] ratio was 1, however, the cross-linking degree was
only 46.79%.43 The reason might be that some hydroxylysine
within collagen brils or amino groups of lysine were unable to
approaching aldehyde groups. And the collagen and glutaral-
dehyde molecules cannot be uniformly mixed in a short time if
the concentration is too high, an uneven reaction will happen.
The brillar structure of collagen became closer-knit by cross-
linking and this steric hindrance blocks the immobilization of
catalase.43 Therefore, in the late stage, the concentration of
glutaraldehyde has no signicant effect on the reaction.

Inuence of enzyme concentration on immobilized catalase
activity and operational stability with adsorption method.
When the glutaraldehyde is 20%, the enzyme activity is the
strongest, then the strength of glutaraldehyde is xed at 20%,
and the impact of initial enzyme concentration on the enzy-
matic entrapment of catalase is investigated. The impact of the
initial catalase concentration on catalase immobilization was
determined with various catalase solutions in the range of 0.01–
0.1 mg mL�1 and results are showed in Fig. 5. The amount of
immobilized catalase was increased with increasing original
catalase concentration reached 0.05 mg mL�1 and arrived at
a stable value. The maximum catalase amount immobilized in
pig skin collagen re-assembled ber lm was determined as 174
U g�1. At the 14th cycle, the catalase lost it all activity (Table 4).
As we can see, too much catalase in the structure did not
RSC Adv., 2020, 10, 7170–7180 | 7177
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Fig. 5 Influence of enzyme concentration on immobilized catalase
activity and operational stability in pig skin collagen re-assembled fiber
film. (Glutaraldehyde ¼ 20%, T ¼ 4 �C, and pH ¼ 7.)

Table 4 Influence of enzyme concentration on immobilized catalase
activity and operational stability in pig skin collagen re-assembled fiber
film

CAT

Enzyme activity aer use

Available times1 times 5 times 10 times 15 times

0.01% 150 � 2.00 99 � 1.50 50 � 0.28 — 13 � 1a

0.05% 175 � 2.13 125 � 2.05 50 � 0.89 — 14 � 1a

0.10% 175 � 1.07 150 � 2.55 75 � 1.00 25 � 2.10 16 � 1a

a No signicant differences in the same column among available times
due to catalase. (Glutaraldehyde ¼ 20%, T ¼ 4 �C, and pH ¼ 7.)

Fig. 6 SEM images of mammalian collagens (�20 000). (a) Pig skin
collagen assembled in vitro, (b) pig skin collagen film. Scanning elec-
tron micrographs of collagen film (�10 000), (c) 20% glutaraldehyde
pig skin collagen self-assembled fiber film, (d) 20% glutaraldehyde pig
skin collagen re-assembled fiber film immobilized catalase with
adsorption method.
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increase in the amount of catalase, thus, at a short-term, more
catalase was immobilized onto collagen lm materials. Mean-
while, more catalase to attack the collagen lm materials
because more catalase in the structure, but the large catalase
molecules cause a steric hindrance to each other.2 And the
brillar structure of collagen became closer-knit via cross-
linking which hindrance blocks the immobilization of cata-
lase.43 The catalase extracted from grass carp scale is immobi-
lized with catalase, and its immobilized enzyme activity can
reach up to 2596 U g�1. Aer 22 uses, the enzyme activity
remains above 50% and can be reused more than 45 times. The
maximum activity of collagen immobilized enzyme extracted
from pig skin is only 174 U g�1, and all activities are lost aer 17
uses. The reason for this difference is that the content of
collagen is different, the structure is different, and the ability of
collagen to self-aggregate is different. The pig skin collagen uses
the adsorptionmethod, which has steric hindrance, resulting in
a decrease in enzyme activity, and the immobilized catalase
only adsorbs on the surface, resulting in poor durability. The
embedding method used for sh scale collagen can embed
catalase to the greatest extent and protect catalase well,
increasing durability.12,32

SEM of collagen lm collagen and re-assembled ber lm
immobilized catalase

SEM micrographs were further used to characterize the cross-
section microstructure of lms. Fig. 6a is the microstructure
of collagen extracted from pig skin aer self-polymerization,
and Fig. 6b is the collagen of pig skin without self-
polymerization. It can be seen that the pig skin collagen is
a dense lm structure before self-polymerization. The collagen
aggregates had a rough and coarse brous internal structure
because of the collagen brils. The difference in the structure
before and aer aggregation suggests that collagen self-
polymerization can signicantly alter its ultrastructure. This is
because collagen is a typical amphiphilic molecule with a large
number of hydrophilic amino acids. As the neutral salt is added
7178 | RSC Adv., 2020, 10, 7170–7180
to the collagen hydration layer, the charged residue and the
hydrophobic group are exposed, resulting in rapid aggregation
due to electrostatic forces and hydrophobic interactions.56

Collagen brils are supramolecular structures formed by
collagen molecules in the body by lateral collection and axial
aggregation. The supramolecular structure of collagen brils
confers biological properties such as good toughness and
muscular tensile strength of collagen. It also determines the
signicant application value of collagen in biology and mate-
rials to some extent. Self-polymerization in vitro can improve the
mechanical strength, enzyme degradation resistance and
thermal stability of collagen biomaterials.45 Fig. 6c is a collagen
self-aggregating lm treated by 20% glutaraldehyde cross-
linking. It indicates that the treatment of cross-linking has
a particular destructive effect on the brils of collagen. As
glutaraldehyde increased, the collagen bril components in
different directions were linked via the cross-linking bonds. As
a result, the long-distance collagen brils could be linked and
almost all the brils huddled together.43 Glutaraldehyde is
a linear 5-carbon di-aldehyde and is among the most potent
known crosslinking agents. It reacts with the primary amine
This journal is © The Royal Society of Chemistry 2020
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groups of (hydroxyl)-lysine residues in collagen to form inter-
mediate Schiff's bases, which then convert to stable and
complex crosslinks. Crosslinking reduces the anisotropy of
brils and increases the mechanical properties of the lm.57

Fig. 6d is an SEM image of the adsorption of catalase from the
aggregated lm of pig skin collagen. A small amount of enzyme
is adsorbed on the lm (see red circle for details). This indicates
that collagen self-polymerization and immobilization of perox-
idase is feasible, but the immobilization rate is low, and it is
necessary to deepen the study.
Conclusions

In this paper, we extracted collagen from pig skin by acid
enzymatic method. Collagen lm material was prepared by self-
assembled behavior of collagen. The elongation at break and
tensile strength of the collagen lm material increased with
increasing glutaraldehyde. FTIR shows that the triple helix
structure of collagen remains intact during self-polymerization
and glutaraldehyde cross-linking. DSC data show that neutral
salt-induced self-polymerization and glutaraldehyde cross-
linking could obviously improve the thermal stability of
collagen. The catalase was immobilized by collagen self-
aggregating lm material, and the three immobilization
methods were compared with the immobilized enzyme activity
and the number of repeated uses. Among them, the immobi-
lized enzyme activity of adsorption method is the highest, and
the operation stability is excellent. While the enzyme reaches
0.1 mg mL�1, the immobilized enzyme activity of pig skin self-
polymerization lm can reach 175 U g�1, and there is no
enzyme activity aer 16 times. It is higher than the cross-linking
and intercalation method, and both the amount of the enzyme
and the concentration of glutaraldehyde affect the activity and
operational stability of the immobilized enzyme. The SEM
results show that the self-polymerization treatment changes the
ultrastructure of collagen and forms the internal structure of
the ber, while self-polymerization can improve the mechanical
properties of the collagen lm and expand the application range
of collagen. Microphotographs of collagen self-aggregating lm
adsorption immobilized catalase show that catalase was
successfully immobilized into the lm. This study can provide
a reference for immobilized catalase, and it has broad appli-
cation prospects in catalase sensors.
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Sci. Technol., 2016, 51, 65–75.

32 S. Liu, Y. Li and L. Li, Carbohydr. Polym., 2017, 160, 62–70.
33 M. Mujtaba, A. M. Salaberria, M. A. Andres and M. Kaya, Int.

J. Biol. Macromol., 2017, 104, 944–952.
34 N. Noshirvani, B. Ghanbarzadeh, C. Gardrat, M. R. Rezaei,

M. Hashemi, C. C. Le and V. Coma, Food Hydrocolloids,
2017, 70, 36–45.

35 M. Pereda, A. Dufresne, M. I. Aranguren and
N. E. Marcovich, Carbohydr. Polym., 2014, 101, 1018–1026.

36 L. Sun, B. Li, D. Yao, W. Song and H. Hou, J. Mech. Behav.
Biomed. Mater., 2018, 80, 51–58.

37 K. Li, J. Zhu, G. Guan and H.Wu, Int. J. Biol. Macromol., 2019,
122, 485–492.

38 P. Cazon, M. Vazquez and G. Velazquez, Int. J. Biol.
Macromol., 2018, 117, 235–246.

39 S. Cheng, W. Wang, Y. Li, G. Gao, K. Zhang, J. Zhou and
Z. Wu, Food Chem., 2019, 271, 527–535.

40 Z. Tian, W. Liu and G. Li, Polym. Degrad. Stab., 2016, 130,
264–270.

41 E. Marzec and K. Pietrucha, Colloids Surf., B, 2018, 162, 345–
350.

42 J. Elango, Y. Bu, B. Bin, J. Geevaretnam, J. S. Robinson and
W. Wu, Food Biosci., 2017, 17, 42–51.
7180 | RSC Adv., 2020, 10, 7170–7180
43 Z. Tian, L. Duan, L. Wu, L. Shen and G. Li,Mater. Sci. Eng.,
C, 2016, 63, 10–17.

44 X. Chen, L. Zhou, H. Xu, M. Yamamoto, M. Shinoda, I. Tada,
S. Minami, K. Urayama and H. Yamane, Int. J. Biol.
Macromol., 2019, 135, 959–968.

45 J. Zhang, X. Tu, W. Wang, J. Nan, B. Wei, C. Xu, L. He, Y. Xu,
S. Li and H. Wang, Int. J. Biol. Macromol., 2019, 128, 885–892.

46 M. Zou, H. Yang, H. Wang, H. Wang, J. Zhang, B. Wei,
H. Zhang and D. Xie, Int. J. Biol. Macromol., 2016, 92,
1175–1182.

47 M. Schroepfer and M. Meyer, Int. J. Biol. Macromol., 2017,
103, 120–128.

48 K. H. Sizeland, K. A. Hofman, I. C. Hallett, D. E. Martin,
J. Potgieter, N. M. Kirby, A. Hawley, S. T. Mudie,
T. M. Ryan, R. G. Haverkamp and M. H. Cumming,
Materialia, 2018, 3, 90–96.

49 L. Tang, S. Chen, W. Su, W. Weng, K. Osako and M. Tanaka,
Process Biochem., 2015, 50, 148–155.

50 Z. Tian, K. Wu, W. Liu, L. Shen and G. Li, Spectrochim. Acta,
Part A, 2015, 140, 356–363.

51 C. Ding, M. Zhang, K. Wu and G. Li, Polymer, 2014, 55, 5751–
5759.
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