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High-strength collagen/delphinidin film 2

incorporated with Vaccinium oxycoccus pigment
for active and intelligent food packaging

Simiao Yin', Yuanzhi Zhang', Xiaoxia Zhang', Keyu Tao? and Guoying Li'""

Abstract

This study developed an active and intelligent collagen-based packaging film with high strength for visually moni-
toring the freshness of fish. The results of scanning electron microscopy and atomic force microscopy showed that
the film based on cross-linked collagen/delphinidin catalyzed by laccase exhibited a denser layer structure and a
rougher surface. The dry and wet tensile strengths of the laccase-catalyzed collagen/delphinidin film (Col/Dp-LA film)
increased by 41.74 MPa and 13.13 MPa in comparison with that of the pure collagen film, respectively. Moreover, the
Col/Dp-LA film presented good antioxidant and barrier properties demonstrated by the results of free radical scav-
enging rate, light transmission rate, and water vapor permeability. The intelligent collagen-based film was obtained
by incorporating Vaccinium oxycoccus pigment into the Col/Dp-LA film, which could change color under different

pH values. When applied to the preservation of fish fillets, the film could release Dp to minimize oxidative rancidity
and prolong the shelf life of the fish for 2 days. Meanwhile, the film showed visual color changes from purplish-red

to greyish-blue after the fish spoilage. These results indicated that the collagen film treated with delphinidin, laccase,
and Vaccinium oxycoccus pigment has potential application value in the field of active and intelligent food packaging.
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1 Introduction

In recent years, active edible packaging films composed
of natural film-former and functional additives have
significantly emerged for food packaging with safety,
activity, and functionality [1]. Proteins, such as collagen
[2], soy protein [3], and wheat gluten protein [4], are
good film-former exhibiting security and barrier prop-
erties. Collagen has been successfully commercialized
in the production of sausage casings exhibiting edibil-
ity, availability, good barrier property, and mechanical
property [5]. The development of functional collagen
packaging film has been considerable attention with
the increase in requirements for additional protection
and control of food products [6]. Antioxidants and
pH-sensitive pigments are frequent ingredients to be

introduced into the collagen matrix to improve func-
tionality [7].

Antioxidants incorporated into food packaging film
can prevent food oxidation so as to prolong the shelf
life of products [8]. Natural antioxidants are ideal active
additives to endow antioxidant activity to collagen film
because natural antioxidants have greater safety com-
pared to synthetic antioxidants [9, 10]. Polyphenols are
natural plant-derived antioxidants with multiple phe-
nolic groups which can quench free radicals to control
the lipid oxidation of products [11]. Moreover, the phe-
nolic groups of polyphenols can form multipoint hydro-
gen bonds with amino acid residuals in collagen side
chains, and the hydrogen bonds are beneficial to improve
the mechanical strength of collagen film [12, 13]. Lots of
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Scheme 1: Schematic diagram of laccase-catalyzed delphinidin and the interaction between collagen and laccase-catalyzed delphinidin

studies have shown that the introduction of polyphenol
oxidases into the collagen/polyphenol systems can fur-
ther enhance the binding stability between collagen and
polyphenols [14-16]. Laccase, as a multi-copper poly-
phenol oxidase, is considered bio-friendly because it
performs the catalysis process using molecular oxygen
as the only co-substrate and yields water as the sole by-
product [17, 18]. Laccase selectively oxidizes primary
o-phenols to reactive o-quinone which can form cova-
lent Schiff bases with the amino of collagen side-chains
[19, 20]. As mentioned in Jus’s study, the use of laccase in
collagen/phenolic compound systems could enhance the
crosslinking between collagen and phenolic compounds,
which brought better tensile strength than the collagen
sample upon treatment with polyphenol alone [21]. In a
similar result described by Tian et al., the tensile strength
of the collagen film treated with laccase-catalyzed gal-
lotannins increased by 11.15 MPa in comparison to the
ones modified with gallotannins alone [22]. The cross-
linked collagen/polyphenol systems catalyzed by laccase
improve the collagen-based film with antioxidant activity
and further ameliorate their mechanical property.
pH-sensitive pigments endow the film with pH respon-
sive to intelligently monitor the food quality in real-time
by color responses, that is, a visual color change cor-
responding to the change in pH value due to volatile
amines released from food (e.g. meat, fish) putrefac-
tion [23, 24]. Natural and food-grade dyes are attractive
options because it is easy to meet the expectations about
food safety of current consumers [25]. As healthy and
edible colorimetric indicators, anthocyanins extracted
from plants have been evidenced they could present dif-
ferent colors with altering acidic/alkaline conditions,
and their sensing property is efficient in food packaging
[26, 27]. Shi et al. used blueberry anthocyanins to pre-
pare a pH-sensitive film for monitoring the freshness
of Tilapia, and the color of the film altered from purple

to blue-purple with the increase in pH value caused by
Tilapia fillets deterioration [28]. Ran et al. successfully
developed a film with a continuous color response by
loading grape-skin red on the soy protein film to indicate
the situation of pork spoilage and found that the hydro-
gen bonds and electrostatic interactions were between
Grape-skin red (GSR) and soy protein [29]. Anthocyanins
with good pH sensitivity and reactive activity are suitable
for developing intelligent collagen-based packaging film
to provide visualized information for the product quality
status inside the package [30].

In this study, we developed active and intelligent pack-
aging film by using two substances of collagen and del-
phinidin (Dp) as the film-forming matrix, laccase (LA)
as the crosslinker of the film matrix, and Vaccinium
oxycoccus pigment (VOP) as the pH-sensing indicator.
The materials chosen in the study are non-toxic, repro-
ducible, and biodegradable that can eliminate public
concerns about food safety and environmental issues.
Dp with o-triphenolic structure could be specifically
catalyzed by LA to synergistically enhance the mechani-
cal strength and antioxidant activity of the collagen film
(Scheme 1). In addition, the effects of modifying the col-
lagen film with LA and Dp on the structure, thermal sta-
bility, water-resisting property, and light barrier property
of the film were evaluated. The intelligent pH sensitivity
was obtained by using VOP. The film was applied to the
preservation of the fish fillets stored at 4 °C+1 °C for
10 days (d) to evaluate its application potential in active
and intelligent food packaging.

2 Materials and methods

2.1 Raw materials

Lyophilized bovine skin collagen was obtained accord-
ing to the method of Yang et al. [31]. The treated bovine
skin was minced and placed in 0.5 M acetic acid contain-
ing 3% pepsin to extract at 4 °C for 3 d. The extract was
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centrifuged to obtain the supernatant. 0.7 M sodium
chloride was added to the supernatant to Salting out col-
lagen and the precipitate was taken by centrifugation.
The precipitate was dissolved with 0.5 M acetic acid and
then dialyzed, and the dialyzed collagen solution was
lyophilized at — 60 °C in a freeze dryer and set aside for
later use. LA, with the enzymatic activity of 120 u/g from
Trametes Versicolor, was obtained from Yuanye Biotech-
nology Company. Dp was purchased from Xian Lanzhide
Biotechnology Co. (industrial grade). VOP was supplied
by Shandong Shengjiade Biotechnology Co. (industrial
grade). All of the other reagents were analytical grade
and purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd.

2.2 Preparation film of collagen and delphinidin

The lyophilized collagen was dissolved in 0.1 mol/L acetic
acid at 4 °C for 12 h to obtain a homogeneous collagen
solution with a concentration of 6 mg/ml. Delphinidin
powder was also dissolved in 0.1 mol/L acetic acid to
reach a concentration of 0.6 mg/ml. Mix the two solu-
tions at 5: 1 under vigorous magnetic stirring for 4 h (h)
at 4 °C to obtain a collagen/delphinidin mixed solution.
Subsequently, 10% of glycerin (w/w, delphinidin/collagen
dry weight) was added into the mixed solution as a plas-
ticizer. After the solution was mixed well, the solution
was degassed by refrigerated centrifugation for 10 min
(min), and then cast into the self-designed silicon mold
(10 cm x 10 cm). The mixed solution was dried at 25
°C=+1 °C for 4 d. The dried films were placed in the con-
trolled environment chamber (50% 4=2% relative humid-
ity and 25 °C+£1 °C) for 3 d before use. Pure collagen
film was recorded as “Col film” The collagen/delphinidin
mixed film was recorded as “Col/Dp film”.

A LA solution with the enzymatic activity of 1 u/ml
was prepared by dissolving 0.5 g of LA (120 u/g) in 60 ml
deionized water. The Col/Dp film was immersed in the
LA solution for 4 h at 25 °C+1 °C. After 4 h, the film was
rinsed three times with distilled water to wash away the
LA from the surface of the film. The film was dried at 25
°C for 24 h and balanced in the controlled environment
chamber (50% £ 2% relative humidity and 25 °C+1 °C)
for 3 d before use. The prepared film was recorded as
“Col/Dp-LA film”.

2.3 Microstructural analysis

2.3.1 Scanning electron microscopy (SEM)

The cross-sectional microstructures of the films were
observed by Scanning electron microscopy (Apreo 2C,
Thermo Fisher, Massachusetts, USA) with an accelerating
voltage of 15 kV.
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2.3.2 Atomic force microscope (AFM)

The surface roughness of the films was determined by a
SHIMADZU SPM-9600 Atomic Force Microscope (SHI-
MADZU, Japan) instrument by the MFP-3D AFM oper-
ating in tapping mode under ambient air conditions.

2.4 Properties testing

2.4.1 Differential scanning calorimetry (DSC)

The thermostabilities of the films were evaluated by
DSC-204F01 (NETZSCH Co, Germany) in the tempera-
ture range 20—-100 °C at a heating rate of 10 °C/min and a
nitrogen flow rate of 40 mL/min.

2.4.2 Thickness

The thickness of the films were measured according to
the Chen et al. with a minor modified [32]. To accurately
measure the thickness of the films, five sites of each film
were randomly selected, and the cross-section thickness
of the films was specially measured by using lectronic
digital micrometer (model 211-101F, Guangxi, China).

2.4.3 Mechanical property

Each film sample was cut into 45 mm x5 mm strips to
test the dry tensile strength, wet tensile strength, dry
elongation at break, and wet elongation at break by a
universal testing machine (UTM2102, New Sansi, Shen-
zhen, China). The dry strength and elongation at break
were tested by stretching mode in the vertical direction
at a constant speed of 10 mm/min. The wet strength and
elongation at break measurements were used in the same
mode after pre-immersing the films in distilled water for
2 min.

The tensile strength was calculated using the Eq. (1):

Tensile st th (MPa) = ——
ensile strength (MPa) Tx W (1)
where F is the maximum tension when the film breaks
(N), d is the thinness of the film (mm), W is the wideness
of the film (mm).

The Elongation at break was calculated using the

Eq. (2):

— Lo

. L
Elongation at break (%) = x 100% (2)
where L is the line distance when the film breaks (mm),
L, is the line distance of the original film (mm).

2.4.4 Water vapor permeability (WVP)

WYVP values of the three samples were measured accord-
ing to the method of Liu et al. [33]. A 75% relative humid-
ity circumstance was established in the desiccator with
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saturated sodium chloride (NaCl) aqueous solution.
Each film sample was covered on the top of the beaker
that contained anhydrous calcium chloride (0% relative
humidity) and then placed in the test chamber at 25 °C
and 75% relative humidity. The WVP value was measured
by weighing beakers at an interval of 2 h within 5 d and
WVP (g-mm~2s~1.Pa~!) was calculated by Eq. (3).
W x d
WVP = ——— (3)
At x A x AP
In this equation, W/At is the weight gain over time
(g-s™"), d is the average thickness of the film (mm), A is
the bottle top area (mm?) and AP (Pa) is the vapor pres-
sure difference across the film.

2.4.5 Water solubility

The water solubilities of the films were experienced using
the method of Choo et al. with minor modifications
[34]. Each film sample was cut into 2 cm X 2 cm pieces.
The pieces were dried at 105 °C for 4 h and were then
weighted to obtain the initial weight (WO0). The dried
films were then placed in distilled water at 25 °C for 24 h
and filtered through Whatman No. 1 filter paper. The res-
idue collected on the filter paper was again dried at 105
°C for 24 h and was then weight (recorded as W1). Water
solubility (%) was calculated by Eq. (4)

1

W1=Wo 100 4
X
Wo 0 )

Water solubility (%) =

2.4.6 Optical property

The optical properties of the films were evaluated by
measuring the transmittance of the films in the range of
200-800 nm on a UV-vis spectrophotometer (UV-2600,
Shimadzu, Japan). The light transmittance of the films
was then calculated by the following Eq. (5) based on
their OD.

1

Light transmittance (%) = 10

where OD is the absorbance of the films at different
wavelengths.

2.4.7 Antioxidant activity

The antioxidant properties of the films were evaluated
using DPPH and ABTS scavenging activity according to
the method of Tang et al. with minor modification [35].
Briefly, each film (4 mg) was immersed in 4 mL ABTS
and DPPH free radical working solutions for 30 min in
the dark, respectively. After the reaction, the ABTS scav-
enging rate was obtained by the equation as follows:
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A0 _As

ABTS scavenging activity (%) = { } x 100%

(6)
where A, is the absorbance of the ABTS radicals working
solution at 734 nm, and A is the absorbance of the ABTS
radicals working solution at 734 nm after treatment with
the film.

The DPPH scavenging activity was calculated by the
following equation:

. . A1 — Ay
DPPH scavenging activity (%) = A x 100%
1
(7)

where A, is the absorbance of the DPPH radicals work-
ing solution at 517 nm, and A, is the absorbance of the
DPPH radicals working solution at 517 nm after treat-
ment with the film.

2.5 Development of pH-sensitive packaging film

The Col/Dp-LA film was immersed in a 5 mg/ml VOP
solution for 4 h at 25 °C. After 4 h, the film was rinsed
three times with distilled water to wash away VOP from
the surface of the film. Then, the film was placed in a des-
iccator with a relative humidity of 50% +2% at 25 *C+1
°C for at least 2 days. The prepared film was named “Col/
Dp-LA/VOP film”

2.5.1 UV-Vis spectroscopy of VOP solutions and color
variation of the Col/Dp-LA/VOP film

The UV-Vis spectra of VOP solutions was measured
by a UV-Vis spectrophotometer (UV-2600, Shimadzu,
Japan) in the range of 400—-800 nm. The pH value of VOP
solution was adjusted by adding 1 mol/L NaOH or HCIL
Each of the four Col/Dp-LA/VOP films (1 ¢cm x 2 c¢m)
was immersed in 5 ml buffer with different pH values
(5.0-9.0).

2.5.2 Application of the Col/Dp-LA/VOP film for monitoring
the freshness of the fish fillets

Largefin longbarbel catfish (Ictalurus punctatus) pur-
chased from a supermarket, and then was skinned and
sliced. 20 g £ 0.5 g fish fillets were packaged inside the
Col film and the Col/Dp-LA/VOP film, respectively. The
packaged fish fillets were then stored in plastic dishes at
a relative humidity of 75% + 1% and a temperature of 4°C
£ 1 °C for 10 d. The 2-thiobarbituric acid reactive sub-
stances (TBARs), total volatile basic nitrogen (TVB-N),
and pH values of the fish fillets were then tested every
2 days until the end of storage time.

2.5.2.1 Determination of TBARs 10.0 g fish fillets were
added to 50 ml 7.5% (w/v) trichloroacetic acid (contain-
ing 0.1% EDTA) and then homogenized at 15,000 rpm
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till a uniform slurry was obtained. The dispersion was fil-
tered through the filter fabric. 5 ml filtrate was added to
5 ml 0.02 mol/L 2-thiobarbituric acid reagent to boil for
30 min, and then the mixture was centrifuged at 2000 rpm
for 10 min. Afterward, 5 ml supernatant was mixed with
5 ml chloroform, and then the mixture was stood until
stratification. The absorbance of the upper liquid was
measured at 532 nm and 600 nm. The formula was calcu-
lated as follows:

_ (As32nm — A600 nm) y

TBARs value(mg/100 g) = 155 726

(8)
where Ac,, . is the characteristic absorption peak of
3,5,5-trimethyl oxazole 2,4-dione formed by the reac-
tion of thiobarbituric acid (TBA) with malondialdehyde.
Agoonm is the non-specific absorptions of 3,5,5-trimethyl
oxazole 2,4-dione, such as an increase in absorbance val-
ues caused by turbidity or color changes of the sample
itself.

2.5.2.2 Determination of TVB-N The TVB-N values
of the fish fillets packaged in the Col film and the Col/
Dp-LA/VOP film were determined according to Cao et al.
using a semi-micro Kjeldahl distillation unit every 2 days
[36]. 100 ml distilled water was added to 10.0 g fillets and
homogenized. The homogenate was distilled after add-
ing 2.0 g MgO and the distillate was collected in a flask
containing a 3% (w/v) aqueous solution of boric acid.
Then, two drops of mixed indicator of methyl red and
leaf methyl blue were added to the flask, and at this time
the boric acid solution turned green. This was because
the TVB-N produced by the distillation made the boric
acid solution alkaline. Finally, the solution was titrated
with 0.1 mol/L HCI solution until it turned pink. TVB-N
value was expressed as mg of nitrogen per 100 g fillets
(mg/100 g).

2.5.2.3 pH measurements The pH value of the fish fil-
lets was measured according to AOAC (1995) [37]. 5.0 g
fillets were homogenized in 50 ml distilled water to obtain
a suspension. The suspension was filtered, and the pH of
the filtrate was measured by using a pH meter (Rex PHS-
3C, Shanghai INESA Scientific Instrument CO., LTD.).
The pH of the filtrate was used to represent the pH of the
fish fillet.

2.6 Statistical analysis

Each film was measured three times in parallel. The
data of the experiments were expressed as the aver-
age £ standard deviation (SD). The data were analyzed by
using GraphPad Prism (GraphPad Software, San Diego,
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California, USA). Duncan’s multiple-range test was used
to analyze the significance of differences between sam-
ples, and P<0.05 was set as a significance to compare the
differences among the data.

3 Results and discussion

3.1 Microstructural analysis

The cross-section and surface morphology images of the
Col film, Col/Dp film, and Col/Dp-LA film were observed
by SEM and AFM, which are shown in Fig. 1. The Col
film displayed a discontinuous cross-section, while the
Col/Dp film and the Col/Dp-LA film showed more con-
tinuous, smooth, and homogeneous cross-sections.
According to the areas marked by the red wireframes in
Fig. 1a, the cross-section of the Col/Dp-LA film was the
most compact of the three samples. A similar result was
found by Qiang et al., that is, the collagen film showed
a denser cross-section after being cross-linked with cata-
lyzed catechins [38]. A possible explanation might be that
LA-catalyzed Dp (Dp-LA) generated reactive o-quinones
to form multipoint C=N covalent bonds with the amino
groups of collagen [39]. In addition, FT-IR and XPS spec-
tra were tested to further demonstrated the formation of
covalent Schiff bases. The results showed that the char-
acteristic peak attributed to C=0O bonds was found in
the FT-IR spectra of the Col/Dp-LA film, and the XPS
spectra found that the content of C—N bonds in the Col/
Dp-LA film (20.26%) was much higher than that in the
Col film (13.00%). The relative experimental discussion
was added to the Additional file 1: Fig. S1, S2.

The arithmetic roughness average of the surface (Ra)
and root mean square average of height deviations (Rq)
for each film was measured from the AFM images. The Ra
value of the Col film was 1.29 nm, whereas the Ra value
of the Col/Dp film was 0.97 nm and the Ra value of the
Col/Dp-LA film was 1.56 nm. The value of Rq for the col-
lagen film decreased from 1.25 to 1.18 nm with the addi-
tion of Dp, while the Rq value for the film rebounded to
2.06 nm with further catalysis by LA. It has been proven
that the use of Dp and LA could change the surface prop-
erty of collagen film [40, 41]. Katarzyna Adamiak et al.
found that the Ra value of the film decreased from 114.93
to 112.28 nm after adding xanthohumol to the collagen
matrix. The surface roughness of the film was reduced
after the addition of Dp. This may be due to the good
hydrogen bonding interaction between the phenolic
hydroxyl group of Dp and the carboxyl group of collagen,
and this interaction resulted in a uniform distribution
of Dp in the collagen matrix. The use of LA increased
the surface roughness of the film. This was because the
stronger covalent interaction between Dp-LA and colla-
gen further enhanced the cross-linking strength between
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Fig. 1 SEM cross-section images (scale bar is 2 um and the magnification is 50,000 x) (The marked areas surrounded by red wireframes presented
the compactness among the films) (@), AFM (1 um x 1 um) (b) of the Col film, Col/Dp film, and Col/Dp-LA film

Dp and collagen, and the interaction resulted in a surface
tightening of the film and an increase in surface rough-
ness. These results were in agreement with the results of
the SEM images.

3.2 Thermal and mechanical properties
Food packaging film with good thermal stability will
effectively prevent the adverse effects of temperature on
the performance of the film during summer transporta-
tion. The thermal stability of the Col film, Col/Dp film,
and Col/Dp-LA film was determined by DSC. As can be
seen in Fig. 2a, the denaturation temperature (T,) value
of the Col film was 65.1 °C. An increase in T4 value of the
film after the incorporation of Dp was obtained, and the
T4 value of the Col/Dp film increased to 72.5 °C. The Col/
Dp-LA film showed the highest thermal stability and the
T4 value further increased to 75.5 °C. Similar increased
trends in thermal stability were found in LA-catalyzed
gallic acid crosslinked collagen hydrogels reported by
Tang et al., and the T4 value from 67.4 to 74.7 °C [42]. The
higher transition temperature suggested that LA effec-
tively catalyzed the covalent crosslinking between Dp
and collagen to enhance the thermal stability of the film.
Mechanical property is important for food packaging
films because high mechanical strength can ensure the

integrity of food packaging in the process of transpor-
tation and reduce the risk of food spoilage caused by
packaging damage [43]. The effects of Dp and LA on
the mechanical strength including tensile strength (TS)
and elongation at break (EAB) are shown in Fig. 2b, c.
The Col/Dp-LA film showed the highest dry and wet
TS of 134.05 MPa and 17.04 MPa compared to the
Col film (92.31 MPa and 3.91 MPa) and Col/Dp film
(121.44 MPa and 6.07 MPa). It was noticed that the
EAB value of the film had a decreased trend after the
use of LA. These results were attributed to the forma-
tion of multipoint Schiff base bounds between reac-
tive o-quinones produced by LA catalyzed Dp and
the amino groups of collagen chains. The strong cova-
lent cross-linked bonds produced tighter connections
between collagen and Dp, and this finding was consist-
ent with the observations of the SEM and AFM images.
The tighter connections hindered the movement of the
collagen chains, resulting in a decrease in EAB. The dry
and wet TS of the Col/Dp-LA film was superior to that
of the transglutaminase-catalyzed gelatin-zein compos-
ite film (dry TS, 100.00 MPa) reported by Ahammed
et al. [44], and that of the citric acid-crosslinked hemi-
celluloses-based composite film (wet TS, 14.50 MPa)
reported by Li et al. [45]. The results revealed that the
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Fig. 2 DSC curves (a), dry and wet tensile strength (b), and dry and wet elongation at break (c) of the Col film, Col/Dp film, and Col/Dp-LA film

use of the Col/Dp-LA film as food packaging film has
more development potential than other natural-based
films.

3.3 Barrier properties

3.3.1 Water-resisting property

As a food packaging film, its good water-resisting prop-
erty including low water vapor permeability (WVP) and
water solubility are beneficial to prevent the growth of

microorganisms in packaged food. The water-resistant
results of the Col film, Col/Dp film, and Col/Dp-LA film
is summarized in Table 1. The WVP value of the Col film
was 1.77 x 107® g.mm~'.s7".Pa~!, which decreased to
1.30x 10713 gomm™'.s71.Pa”! after the addition of Dp
into the collagen matrix. Compared with the Col film
and the Col/Dp film, the Col/Dp-LA film had the lowest
WVP value (1.04 x 107 g-mm~1.s71.Pa™!) (P<0.05). The
catalysis of LA further decreased the WVP value of the
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Table 1 Thickness, water vapor permeability (WVP), and water solubility of the films

Film Thickness (um) WVP (x 10~ 3gmm~"s~"Pa~") Water solubility (%)
Col 284419 1.774+0.12 11.22+£061

Dp/Col 324416™ 1.3040.13** 23464 2.371%***
Lac-Dp/Col 39.841.8** 1.0440.05** 13.2941.79™

Values are presented as mean + standard deviation (n = 3). All significance analyses were based on “Col”. The number of asterisks in the same column indicates the

significance of the difference, P> 0.05, **P<0.01, ****P <0.0001

film, and this result was consistent with the findings of
Luo et al. who detected that the WVP value of the film
was reduced after adding LA to lignin-containing cel-
lulose micro/nano-fibrils [46]. The compactness of the
film increased with the formation of the covalent bonds
between collagen and Dp catalyzed by LA, which further
decreased the free volume of the film and restrained the
diffusion rate of water vapor in the film [47]. In addi-
tion, the pyridine rings and aromatic in the Dp backbone
played a filling role in the gap of the polymer matrix, and
physically blocked the transfer of water vapor in the film
[48].

The water solubility of the film presented a trend from
rise to decline with the addition of Dp and LA in order,
as shown in Table 1. This was because Dp contained
plenty of hydrophilic hydroxyl groups that increased the
hydrophilicity of the collagen film. With the LA cataly-
sis, the phenolic hydroxyl groups of Dp were consumed
so that the hydrophobicity of the film increased, and
the water solubility decreased [49]. These results indi-
cated that the use of LA improved the stability of the
film under wet conditions, which was consistent with
the wet strength results. The water solubility of the Col/
Dp-LA film was 13.29%, which was lower than that of the
chitosan/fish skin gelatin composite film (water solubil-
ity, 23.45%) reported by Li et al. [50] and the chitosan/

100%

TEMPO-oxidized cellulose nanofibers film (water solu-
bility, 51.6%) reported by Soni [51]. Therefore, the Col/
Dp-LA film has better stability than other natural-based
films under the wet state, which has wide application
potential in developing water-resistant food packaging.

3.3.2 Light barrier property

The light barrier property of food packaging is very
important to protect food quality and prolong food shelf
life because light can trigger and accelerate the decom-
position of nutrients in food and lead to food spoilage
reactions [52]. The barrier effects of the film on UV and
visible light are important indices to evaluate the light
barrier property of the film. UV-barrier property of the
film can protect the meat foods from oxidative deterio-
ration, discoloration, and off-flavors [53]. The transmis-
sion spectrums of UV and visible light at the selected
wavelength (200-800 nm) of all three films are shown
in Fig. 3a. In the range of 200-400 nm, the Col/Dp-LA
film blocked 80% of UV light transmission, while the Col
film and the Col/Dp film blocked less than 40% of the
UV light transmission. The increased UV-barrier prop-
erty was caused by the UV absorption ability of the Schiff
base bond between the quinone of LA-catalyzed Dp and
the amino groups of collagen [35]. The Col/Dp-LA film
exhibited excellent UV shielding property compared

80% -

60% -

40%

20%

Light transmission rate (%)

0%

Col
——Dp/Col
Lac-Dp/Col

=

400 500 600
Wavelength(nm)

200 300

700 800

Fig. 3 Light barrier property and the appearance comparison charts of the Col film, Col/Dp film, and Col/Dp-LA film
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with the Col/Dp film and the Col film. In the visible light
region, the light transmittance of the Col/Dp-LA film
at 560 nm had an approximately 50% drop compared to
the Col film, while the Col/Dp film only had a 10% drop.
The performance enhancement could be explained by the
studies of Wang et al. in which they found that the aro-
matic groups in phenolic compounds could absorb light
[54]. Good light barrier property of the Col/Dp-LA film
will have potential application in preventing the food
quality change caused by ultraviolet light and visible
light.

3.4 Antioxidant activity

Antioxidant food packaging can inhibit the oxidative
decomposition of food by releasing antioxidants to pre-
vent the production of harmful substances and prolong
the shelf life of food. The free radicals scavenging rates
of DPPH and ABTS are commonly used to character-
ize the antioxidant activity of food packaging. As shown
in Fig. 4, the Col film exhibited poor antioxidant activ-
ity and merely scavenged 12.07% ABTS free radicals and
7.23% DPPH free radicals. The Col/Dp-LA film scav-
enged 65.10% ABTS free radicals and 66.04% DPPH free
radicals, which showed a slight reduction of antioxida-
tion activity in comparison to the Col/Dp film. Even
though, the antioxidant activity of the Col/Dp-LA film
was still higher than that of the chitosan/tea polyphenol
composite film (DPPH, 40%) reported by Chen et al. [49].
The antioxidant activity increased in the order of Col/
Dp film>Col/Dp-LA film>Col film. This was because
the addition of Dp conferred good antioxidant activity
on the collagen film, while the catalyzing of LA caused
the phenolic hydroxyl group of Dp to be oxidized to qui-
none, resulting in a decrease in the number of phenolic

a
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Fig. 4 ABTS (a), DPPH (b) free radical scavenging rates of the Col film, Col/Dp film, and Col/Dp-LA film

Col/Dp-LA
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hydroxyl groups and thus a decrease in the antioxidant
activity of the Col/Dp-LA film.

3.5 Color variation of the Col/Dp-LA/VOP film in different
pH solutions

In order to verify that VOP still has pH sensitivity after
loading VOP onto the Col/Dp-LA film, the color change
trends of VOP solution and the Col/Dp-LA/VOP film
under different pH conditions were compared, and the
results are shown in Fig. 5. With the sequential increase
of pH, the color of VOP solution changed from purple-
red to blue-purple, and the maximum absorption peak
of the solution shifted from 517 to 570 nm (Fig. 5a). The
Col/Dp-LA/VOP film showed a color change consist-
ent with that of VOP solution at different pH condi-
tions, as shown in Fig. 5b. These changes might be due
to the different structures of VOP at different pH con-
ditions. A similar finding was found by Wu et al. who
tested the color and UV spectra changes of black rice
anthocyanins under different pH conditions [55]. In the
acidic medium, the flavylium cation dominated, and
VOP solution showed a red color at this time. With the
pH increased, VOP lost the cation on epoxide C and
was simultaneously attacked by nucleophilic groups
in water, resulting in a hydration reaction that formed
colorless pseudo-base methanol. In alkaline solutions,
the flavylium cation lost its proton, and the blue/purple
intensity of the quinone base increased with increasing
pH, then the solution was blue-purple [56]. In addi-
tion, the thermal stability, mechanical properties, water
resistance, light transmission, and antioxidant activity
of the Col/Dp-LA/VOP film were tested. The results
showed that the addition of VOP has no negative effect
on the physicochemical properties of the film. Detailed

100%- T 1

80%-] 70.53%

66.04%

60%-

40%-

20%

DPPH sacvenging actvity (%)

Col Col/Dp Col/Dp-LA
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Fig. 5 UV-Vis spectra of VOP solutions (a), the color changes of the Col/Dp-LA/VOP film immersed in different pH solutions (pH 5.0-9.0) (b), and

the structural transformation of VOP in the acid-base conditions (c)

data were provided in the Additional file 1: : Fig. S3-S5
and Table S1.

3.6 Application of the Col/Dp-LA/VOP film for monitoring
the freshness of fish

Lipid oxidation produces alkanes, aldehydes, and vola-
tile basic nitrogenous compounds that are responsible
for meat rancidity, and the contents of these substances
can cause changes in the pH value of meat and can be
reflected by TBARs, TVB-N, and pH values. The TBARs,
TVB-N, and pH value of the fish fillets packaged in the
Col film and the Col/Dp-LA/VOP film during 10 d at
4 °C are displayed in Fig. 6. As can be seen in Fig. 6a, the
TBARs value of the fillets packaged in the Col/Dp-LA/
VOP film was significantly lower than that in the Col film.
On the sixth day, the color of the fish fillets packaged in
the Col film exhibited obvious oxidative reddening, while
those in the Col/Dp-LA/VOP film had no obvious color
change. This observation could be explained by the better
antioxidant activity and light barrier property of the Col/
Dp-LA film.

TVB-N value is a commonly used parameter to charac-
terize the freshness of meat. As shown in Fig. 6b, the rate
of increase in the TVB-N value of meat packaged in the
Col film was much higher than that in the Col/Dp-LA/
VOP film. The TVB-N value of the fish fillets packaged
in the Col film was increased to 16.9 mg/100 g on the 6th
day, which obviously exceeded Chinese rejection stand-
ard limits of 15 mg/100 g, showing that the fillets pack-
aged in the Col film were rotten at the 6™ day. At the

same time, the TVB-N value of the fish fillets packaged in
the Col/Dp-LA/VOP film was 13.8 mg/100 g at 6th day,
and it reached 17.1 mg/100 g at 8th day along with the
color of the film changed from purplish-red to grayish-
blue. This result demonstrated that the Col/Dp-LA/VOP
film could prolong the shelf life of the fish 2 days. The
results of TVB-N were in agreement with the results of
TBARSs.

As can be seen from Fig. 6¢, the pH value of the fish
had a trend of decreasing and then increasing during the
fish storage. The decrease in pH was caused by the lac-
tic acid from anaerobic glycogen deterioration in fish and
the phosphoric acid from triphosphate adenosine degra-
dation in fish. With the extension of storage, protein deg-
radation and bacterial proliferation of the fish produced
alkaline autolysis compounds which elevated pH value
[57]. The color of the Col/Dp-LA/VOP film changed
significantly from purplish-red to greyish-blue with the
changes in pH value caused by fish spoilage. The Col/
Dp-LA/VOP film could be further explored the applica-
tion as active/intelligent food packaging by prolonging
the shelf life of food and providing a simple visual color
change to monitor the freshness of packaged protein-
and fat-rich food.

4 Conclusions

In this work, we designed a collagen-based active and
intelligent packaging film with high strength by treat-
ing with Dp and LA and incorporating with VOP. The
effects of Dp and LA on the structure and properties of
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collagen film were discussed. The results of SEM and
AFM images showed the addition of LA brought tighter
connections between Dp and collagen. The collagen film
treated with Dp and LA exhibited excellent mechanical
strength, thermal stability, water-resisting property, light
barrier property, and antioxidant activity. Moreover, the
addition of VOP introduced the pH-sensitivity property
into the film, and the Col/Dp-LA/VOP film exhibited a
continuous color change with increasing pH from 5.0 to
9.0. The potential application of the Col/Dp-LA/VOP
film as an intelligent packaging film was evaluated by
packaging the fish fillets to monitor the freshness of the
fish. The film showed a remarkable color response from
purplish-red to grayish-blue with the spoilage of fish
stored at 4 °C for 10 days. From the TVB-N and TBARs
values, the Col/Dp-LA/VOP film effectively prolonged
the shelf life and inhibited lipid peroxidation of the fish
fillets. In the future, the Col/Dp-LA/VOP film might be
a potential candidate in the active and intelligent food

packaging industry, especially for protein- and lipid-rich
food, such as casings in the meat industry.
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