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Preparation of Gallic Acid-Grafted
Chitosan Using Recombinant
Bacterial Laccase and Its Application
in Chilled Meat Preservation

Meixia Zheng, Chong Zhang*, Ying Zhou, Zhaoxin Lu, Haizen Zhao, Xiaomei Bie and
Fengxia Lu

Laboratory of Enzyme Engineering, College of Food Science and Technology, Nanjing Agricultural University, Nanjing, China

To improve the antibacterial and antioxidant properties of chitosan (CS), CS grafted
with gallic acid (GA) using recombinant bacterial laccase from Bacillus vallismortis
fmb-103 (fmb-rL103) as a catalyst. The structures of grafted chitosans were identified
using Fourier transform infrared spectroscopy (FT-IR) and UV visible spectrum (UV-Vis
spectroscopy). After gallic acid grafting, the antibacterial properties of chitosans
against Pseudomonas, Acinetobacter, Brochothrix thermosphacta, Escherichia coli,
Staphylococcus aureus, Salmonella, and Listeria monocytogenes were significantly
improved. Meanwhile, 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging results
showed that the antioxidant properties of grafted CS increased as well. The preservative
effects of the grafted chitosan on chilled meat were then investigated. For this purpose,
the quality indexes of the chilled meat during the storage were monitored, including
total bacterial count, total basic volatile nitrogen (TVB-N) content, pH value, color
and thiobarbituric acid reactive substances (TBARS) and so on. The results showed
that coating with the grafted chitosan retarded the growth of spoilage bacteria, and
decreased TVB-N and TBARS values of meat. The shelf life of chilled meat coated by
CS grafted with GA (GA-g-CS) also extended from 6 days to 18 days at 4°C. These
results provided a theoretical basis for the future application of the GA-g-CS in the
preservation of chilled meat.

Highlights:

(1) The temperature and pH-stable bacterial laccase was used to synthesize gallic
acid grafted chitosan.

(2) Antioxidant and antibacterial properties of chitosan were improved through grafting
gallic acid.

(8) Storage properties of chilled meat were improved by coating with gallic acid grafted
chitosan.

Keywords: bacterial laccase, chitosan, gallic acid, grafting, chilled meat preservation

INTRODUCTION

Chitosan (CS) is a good substance for food preservation due to its non-toxic, biodegradable,
biocompatible and antimicrobial features. It derives from the alkaline de-acetylation of chitin,
which is extracted from fungal species or from the sea creatures’ exoskeleton such as prawns
crayfish, lobster, crab and shrimp (Shukla et al., 2013). The antioxidant and antibacterial activities
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of CS can be improved after grafting with small molecules.
The structure of chitosan contains two active groups: hydroxyl
group (at C6 carbons) and amino group (at C3). Electrostatic
interactions with other compounds can be established if these
functional groups protonated (Liu et al., 2012).

Natural phenolic, such as chlorogenic acid, ferulic acid, caffeic
acid, and gallic acid, are good candinates to be grafted with
CS backbones (Cirillo et al., 2016). Up to now, there were
four types of grafting techniques, such as free radical mediated
grafting, carbodiimide based coupling, enzyme-catalyzed grafting
and electrochemical methods, have been developed to graft
phenolic groups onto CS (Liu N. et al., 2018). In previous studies,
LiuJ. etal,, 2018. synthesized caffeic acid (CA) —grafting-CS (CA-
g-CS) in hydroxyl peroxide redox and ascorbic acid system (Liu
J. et al, 2018). Fan et al. (2017) grafted CS with chlorogenic
acid through free-radical-induced protocols. Xie et al. (2014)
reported that CS can be grafted with gallic acid in the presence
of carbodiimide and hydroxybenzotriazole. In addition, Gray
etal. (2011) grafted CS with caffeic acid through electrochemical
methods. Yang et al. (2016) modified chitosan by cinnamic acid
grafting using fungal laccase. Among the aforementioned ways
to modify CS, enzymatic grafting method with phenolic acid has
some advantages over the other three methods. Firstly, enzymes
commonly used for the synthesis of phenolic acid-g-CS are much
cheaper than carbodiimide. Secondly, immobilized enzymes can
be used repeatedly (Vittorio et al., 2016). Thirdly, deprotection
and full protection step involved in chemical coupling reaction
can be eliminated, for the high selectivity and specificity of
enzymes. Moreover, enzyme-catalyzed grafting method is more
eco-friendly and much safer than chemical coupling method
(Aljawish et al., 2014).

Laccase is a widely used catalyst for the phenolic acid
grafting to CS. Laccases (benzenediol: oxygen oxidoreductases;
EC 1.10.3.2) are classified as polyglycovine oxidase that generate
free radicals and utilize molecular oxygen as an electron acceptor
(Fokina et al., 2016). They are capable to oxidize a large variety
of aromatic substrates, while oxygen is reduced to water as
the sole by-product (Jahangiri et al., 2018). According to the
origin, laccases can be divided into plant laccases, fungal laccases
and bacteria laccases (Yadav et al., 2018). Bacterial laccases
have advantages over fungal counterpart, such as thermal-
stable (Berini et al.,, 2018) and pH-tolerant (Ece et al., 2017).
Furthermore, bacterial laccases do not need glycosylation and can
be over expressed in Escherichia coli within a short fermentation
period.

Meat spoilage was steadily concerned over by meat industry
and retail market, since it causes substantial losses of up to 40%
of production (Lahmar et al., 2018). The main cause of meat
corruption is the growth of microbes including spoilage and
pathogenic bacteria. Microbial breeding can result in large losses
of meat quality and potential safety hazard. Pork represents a
common animal protein source. It was estimated that the world’s
per capita consumption was 12.43 kg (Custodio et al., 2018).
Therefore, properly managing and handling pork preservation
is a scientific challenge with great economic impact. Many
efforts have been made to prolong the shelf life of pork, such
as chilling and freezing. Although chilled meat has longer

shelf life than ordinary meat, it still can’t meet consumers’
demand. Thus, various natural antioxidants from plant sources
had been considered for meat preservation (Kim et al., 2016).
However, these natural antioxidants are considerably expensive.
An economic and effective material to improve shelf life of meat
is urgently needed.

In the study, gallic acid-grafted CS was prepared using
recombinant bacterial laccase from Bacillus vallismortis (fmb-
rL103). The properties and antioxidant and antibacterial
activities of resulting GA-g-CS were assayed. GA-g-CS was
then applied for chilled meat preservation, for the purpose of
enhancing product storage quality.

MATERIALS AND METHODS

Bacterial Laccase and Other Chemicals
Refer to the method of Sun et al. (2017), recombinant bacterial
laccase (fmb-rL103) with temperature and pH stability was
prepared through heterologous production of laccase from
Bacillus vallismortis fmb-103 in E. coli, and purified using an
affinity chromatography method. Specifically, crude enzyme was
first heated at 75°C in water bath for 10 min, then centrifuged
at 8000 rpm and 4°C for 30 min. The supernatant was collected
for the further purification by NTA (nickel column, GE product).
Imidazole (final concentration of 5 mM) was added to the enzyme
sample to enhance the adsorption capacity of column. The
column was balanced with imidazole (20 mM) before and after
injection. Finally, the samples were eluted with 25 mM imidazole.
The aforementioned process was repeated until pure laccase was
obtained.

Gallic acid was purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, United States). Chitosan MMW (Middle
molecular weight, 50 kDa) were purchased from Yongsheng
Biotechnology (Shanghai, China). Pork (boneless loin, Sushi)
was purchased at Suguo market in Nanjing, China. All other
conventional reagents were of analytical grade.

GA-g-CS Preparation

Enzymatic synthesis of GA-g-CS was performed using a
heterogeneous grafting method (Liu N. et al., 2018). CS powders
(1 g) were dispersed in buffer solution (PBS 45 ml, pH 6.5) and
then mixed with 5 mL of GA solution in methanol (100 mM)
and 150 pL of fmb-rL103 (1000 U/mL). The mixtures were
kept at 40°C for 3 h with continuous stirring (100 rpm/min).
Then the solution was cooled to room temperature and pellets
were collected by centrifugation (8000x g, 15 min, 4°C). In order
to remove the free GA, the collected particles were washed in
ethanol and water in turn. Then the products were dried by
vacuum freeze-drying. The dried powder was stored at 4°C for
the later analysis. All experiments were performed in triplicate.

UV-Vis and FT-IR Analysis

CS, GA-CS and GA-g-CS powder were dissolved in acetic
acid solution (1%, v/v) at a concentration of 1 mg/mL
individually. Then, the samples were subjected to full-wavelength
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scanning from 200 to 600 nm using a UV-visible (UV-Vis)
spectrophotometer (UV-2450/2550, Shimadzu, Kyoto, Japan).

The powdered samples were subjected to Fourier transform
infrared spectroscopy (FT-IR) (Nicolet iS50, Madison, WI)
(128 scans, 10 kHz, 500-4000 cm™Y. The ambient gas was air.
The grafting situation of GA and CS was determined by bond
analysis.

Antioxidant Activity

Antioxidant activity is assayed through the scavenging activity
of 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical based on the
reported method (Xie et al, 2014) with some modifications.
CS, GA-CS and GA-g-CS powder were dissolved in acetic acid
solution (1%, v/v) at concentrations of 0.5, 0.8, 1, 1.2, and
2 mg/mL, respectively. A methanolic solution (2 mL) containing
DPPH radicals (2 mM) was mixed with 2 mL of CS solution.
The mixture left to stand in the dark at 33°C for 30 min. The
absorbance of the resulting solution (Agmple) was measured at
517 nm. The control used acetic acid solution (1%, v/v) instead
of a sample solution. The absorbance of the control is denoted by
Acontrol- The free radical scavenging activity was calculated by the
following equation:

DPPH scavenging ability(%) = (1—Agmple/Acontrol) X 100%

The ECs value, the antioxidant concentration, reduced half of
DPPH radicals.
All experiments were done in triplicate.

Antibacterial Activity

The antibacterial activity of CS, CS-GA and GA-g-CS against
Staphylococcus aureus (CMCC 26003), Escherichia coli (ATCC
25922), Pseudomonas (isolated from pork by the Enzyme
engineering laboratory of Nanjing Agricultural University),
Acinetobacter (isolated from pork by the enzyme Engineering
laboratory of Nanjing Agricultural University), Brochothrix
thermosphacta (isolated from pork by the Enzyme engineering
laboratory of Nanjing Agricultural University), Staphylococcus
aureus (CMCC 26003), Salmonella acillus subtilis (CICC 21483),
and Listeria monocytogenes (CICC 21662) were determined using
the Oxford Cup method with some modifications (Li et al,
2018). CS, GA-CS and GA-g-CS (0.1 g) was dissolved in 0.1
M hydrochloric acid solution (100 ml), respectively. The plates
containing the indicated culture (0.1 ml; bacterial concentration,
10°-10° cfu/mL) were prepared and punched with a puncher.
The sample solution (0.2 ml) was added to the hole of the plates.
The plates were then incubated in an incubator. The diameters
of bacteriostatic ring were determined. All experiments were
performed in triplicate.

Application in the Preservation of Chilled

Meat

Coating Chilled Meat With GA-g-CS Complexes

The boneless loin was divided into different portions
(80 g/portions; 60 portions/ treatment), averagely impregnated in
CS, GA-CS, and GA-g-CS solution (pH = 2.99 £ 0.05; dispersing
1 g CS, GA-CS and GA-g-CS powders in 100 ml 1% acetic acid)

at 25°C for 1 min and dried. The total amount of chitosan
(<0.2 g/kg pork) is far less than the limit value (6 g/kg pork) as a
membrane agent according to the National Food Safety Standard
- Standards for Uses of Food Additives Chinese Standard
(GB 2760-2014) (2014). The treated samples were placed in
homogeneous bags, sealed and stored in the refrigerator at 4°C
for 20 days. Sampling was conducted every 2 days until the end
of storage. All experiments were performed in triplicate.

Color

To assess the meat surface color properties (lightness L* and
redness a*), a Minolta Color Reader (CR-400; Minolta, Japan)
was used. It was calibrated with the aid of a white plate before
use (L* = 86.3, a* = 0.3165, and b* = 0.3142). All of color
measurements were made on five different parts of the meat
surface.

Assay of pH

The method for determining pH refered to the method of Chinese
Standard (GB 5009. 237-2016), 2016b. Boneless loin (10 g) was
homogenized (PT-MR2100, Kinematica, Switzerland) in 90 mL
distilled water. Then pH values were measured using a digital pH
meter (Orion 3-Star Plus, Thermo Scientific, United States) on
each sampling day. Triplicate readings were obtained.

Evaluation of Thiobarbituric Acid Reactive
Substances (TBARS)

Lipid peroxidation was measured using a TBARS assay according
to the method described by (Lahmar et al., 2018) with slight
modifications. To be exact, each sample (10 g) was placed in
15 mL of mixed solution (0.45 M trichloroacetic acid, 3.4 mM
EDTA, 3.4 mM propyl gallate) and homogenized at 14,000 rpm
for 1 min. After that, samples were filtered through Whatman
No. 1 papers. Filtered samples (5 mL) and 5 mL of 0.02 M 2-
thiobarbituric acid (TBA) were added in test tubes, mixed and
then incubated at 100°C (water bath) for 40 min. Absorbance at
530 nm (As30) was measured using a UV-Vis spectrophotometer
(Shimadzu, Kyoto, Japan). The results were expressed as mg
malonaldehyde (MDA)/kg of pork. The standard curve was made
using TEP solutions with different concentrations.

Determination of TVB-N

Meat freshness (TVB-N level) was measured using the Automatic
Kjeldahl method according to the Chinese Standard (GB 5009.
228-2016) (2016a). Homogenized pork loin (10 g) was added to
75 ml distilled water and incubated for 30 min. In this period, the
blank reagent was measured instrumentally to get the blank value.
Afterward, 1 g MgO was added to the distilled pipe containing
the processed sample and then immediately connected to the
distiller. The determination was conducted according to the set
conditions. The TVB-N content was calculated as:

_ (V;—V2xc x 14 x 100)
- M

X

In this equation, X is the content of TVB-N in the sample
(mg/100 g), Vi is the consumed hydrochloric acid volume
for sample titration (mL), V, is the consumed hydrochloric
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acid volume for blank reagent (mL), ¢ is the concentration of
hydrochloric acid solution used for titration (mol/L), m is the
weight of sample (g). 100 is the unit conversion factor.

Microbiological Analysis

Total bacterial count (APC) and coliform group were determined
by plate counting method according to Chinese Standard (GB
47892-2010) (2010). Pork samples (10 g) were blended with
distilled water (90 mL), and then serially diluted. One milliliter
diluted sample was spread on colony counting plate to determine
total bacterial counts (APC). The plates were incubated at
37 £ 1°C for 24 h. Escherichia coli was incubated on plates
containing eosin methylene blue medium, for 48 h under the
same conditions according to Chinese Standard (GB 4789. 3-
1994) (1994). Bacterial colonies on the plates were counted and
expressed as logo colony-forming units (cfu/g) of meat.

Statistical Analysis

The data were represented as mean =+ standard deviation (SD)
of triplicates. Duncan’s multiple range tests and one-way analysis
of variance (ANOVA) were performed using SPSS 16.0 software
for multiple comparisons. Differences were deemed statistically
significant if p < 0.05.

RESULTS AND DISCUSSION

Synthesis of GA-g-CA Complexes Using

Recombinant Bacterial Laccase

After grafting with GA, CS had a stable brown color. It was
speculated that GA was successfully grafted onto CS. FTIR
spectroscopy was further performed to validate the grafting
process. Figure 1 shows the FTIR spectra of control CS, GA-
CS and GA-g-CS covalent complex. Only the FTIR spectra
between 2500 and 1000 cm~! were illustrated, since the FTTR
spectra between 4000-2500 cm ™! and 1000~400 cm~! for all
the samples were almost identical. As can be seen from Figure 1,
the FTIR spectrum of GA -CS was similar to that of control
CS. GA-g-CS found some changes in the spectra of 1730 and
1640 cm™!, which represented C = O stretching in esters and
-C = O stretch of chitosan amide (Wei and Gao, 2016). This result
indicated ester bonds and amide bonds were formed between GA
and CS under the catalysis of fmb-rL103.

The formation of covalent bond was further examined by
means of UV-vis spectroscopy. The UV-vis spectra of GA, GA-
CS and GA-g-CS are displayed in Figure 2. As can be seen, both
GA-CS and GA-g-CS showed absorption peak between 250 and
350 nm. Meanwhile, in the spectra of GA-g-CS, the absorption
peak at 262 nm shifted toward 272 nm compared to that of GA-
CS. According to a previous study, GA exhibited characteristic
absorption bands at 262 nm due to the mt-system of the benzene
ring (Xie et al., 2014). The red shift might be attributed to the
decrease in energy required for the m—7* transition, because the
covalent linkage of GA with CS brought the longer conjugated
system. This result was also consistent with the information
provided by FTIR analysis. The results above all indicated that
GA was successfully grafted onto CS.

Transmittance(%)

1500
Wavelength(nm)

FIGURE 1 | The FTIR spectra of CS, GA-CS and GA-g-CS.

Absorbance(abs)

-0.5 L L
200 300 400 500 600

Wavelength(nm)

FIGURE 2 | The UV-vis spectra of CS, GA-CS and GA-g-CS.

Functional Properties of GA-g-CS

Complexes

DPPH Radical Scavenging Assay

DPPH radical-scavenging activity is an index to speculate the
resistance of samples under investigation to oxidation. Generally,
the strong DPPH radical-scavenging activities can imply the
high resistance of samples to oxidation. The DPPH radical-
scavenging activities of all the samples are presented in Figure 3.
It can be seen that the DPPH-scavenging activities of GA-CS
and GA-g-CS increased with their concentrations. At the same
time, the DPPH-scavenging activity of GA-g-CS was higher than
that of unmodified CS. At a concentration of 2 mg/mL, the
DPPH-scavenging activities of CS, GA-CS and GA-g-CS were
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FIGURE 3 | Scavenging activities on 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical of CS, GA-CS, and GA-g-CS. Data are presented as means =+ SD of triplicates.
Different letters at the same sampling time denote significant differences (p < 0.05) between treatments.

TABLE 1 | The bacteriostasis ability of CS, GA-CS, and GA-g-CS.

Salmonella Staphylococcus Listeria Escherichia coil Pseudomonas Acinetobacter Brochothrix

aureus monocytogenes aeruginosa thermosphacta
CS 18.70 £ 0.30° 21.70 + 0.20°¢ 12.03 + 0.08° 22.84 + 0.44° 25.67 +0.12¢ 24.24 +0.13° 25.24 +0.21¢
GA-CS 21.92 4+ 0.08° 24.00 £ 0.35° 16.02 + 0.04° 33.20 + 0.19° 26.83 + 0.07° 27.13 £ 0.27° 28.22 +0.16°
GA-g-CS 27.92 +0.012 26.70 + 0.202 21.20 +0.162 36.09 4+ 0.122 34.02 4+ 0.052 33.84 4+ 0.092 35.71 £ 0.172

The unit of the bacteriostasis circles’ diameter is mm. Data are represented by means + SD (n = 3). Different letters (a, b, and c) at the same strain denote significant
differences (p < 0.05) between treatments.

6.50 ¢
6.40
6.30
6.20
6.10
6.00
5.90
5.50
5.70
60 1
5.50 ' . ' >
10 1 2
Storage time (day)
— e [ el [ e [ e [

pH value

N

N

(=]
N

FIGURE 4 | Evolution of pH value during simulated retail display (4°C) of pork untreated (A) and treated with CS (B), GA-CS (C), and GA-g-CS (D), respectively. Data
are presented as means =+ SD of triplicates. Different letters at the same sampling time denote significant differences (p < 0.05) between treatments.

53.90 = 0.16%, 85.85 %= 0.28%, and 80.60 4= 0.16%, respectively. of chitosan after grafting gallic acid was significant by ANOVA.
The ECso values of CS, GA-CS and GA-g-CS were 1.84, 0.08, It is well-known that gallic acid is a potent antioxidant, which
and 0.43 mg/mL, respectively. Moreover, the antioxidant effect can scavenge free radicals and ROS (Hu and Luo, 2016). Thus,
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the antioxidant potential of CS can be improved after grafting
with gallic acid. it could also attribute to the enhanced hydrogen
and electron donating ability after conjugation of GA onto CS,
which was gussed in previous studies. Xie et al. (2014), studied
the application of complex (GA-g-CS) in lipid peroxidation and
showed GA-g-CS exhibited greater antioxidant potential than

native chitosan. They supposed that GA groups grafted on the
structure of CS could attract more linoleic acid radicals by
electrostatic affinity for GA-g-CS was easier to capture radicals
than GA alone due to its enlarged macromolecular structure.
Moreover, it was reported steric hindrance in phenolic hydroxyl
groups by addition of methoxyl groups could enhance the

_ 1.400 o
5
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g 1.200
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-

= 0.800 |
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=1}
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e || cifje [ ey . sm—

FIGURE 5 | Evolution of TBARS during simulated retail display (4°C) of pork untreated (A) and treated with CS (B), GA-CS (C), and GA-g-CS (D), respectively. Data
are presented as means =+ SD of triplicates. Different letters at the same sampling time denote significant differences (p < 0.05) between treatments.
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FIGURE 6 | Evolution of TVB-N value during simulated retail display (4°C) of pork untreated (A) and treated with CS (B), GA-CS (C), and GA-g-CS (D), respectively.
Data are presented as means =+ SD of triplicates. Different letters at the same sampling time denote significant differences (p < 0.05) between treatments.
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antioxidant activity of CS (Ashrafi et al., 2017). Therefore, it
was suggested that the conjugation of antioxidant phenolics onto
chitosan was a useful approach to produce novel polymeric
antioxidants.

Antibacterial Property

The common bacteria in pork can be divided into
spoilage bacteria (Pseudomonas, Acinetobacter, Brochothrix
thermosphacta) and pathogenic bacteria (Escherichia coli,
Staphylococcus aureus, Salmonella, Listeria monocytogenes).
The antibacterial properties of CS, GA-CS, GA-g-CS against

Pseudomonas,  Acinetobacter,  Brochothrix  thermosphacta,
Escherichia coli, Staphylococcus aureus, Salmonella, and Listeria
monocytogenes were studied. It can be seen from Table 1 that
the antibacterial capacity of chitosan after grafting gallic acid
was significant. GA-g-CS had higher antibacterial capacity
than unmodified CS. The antibacterial properties of GA-g-CS
against Pseudomonas, Acinetobacter, Brochothrix thermosphacta,
Escherichia coli, Staphylococcus aureus, Salmonella, and Listeria
monocytogenes are 34.02 £ 0.05, 33.84 £ 0.09, 35.71 &+ 0.17,
36.09 £ 0.12, 26.70 £ 0.20, 27.92 + 0.01, and 21.20 £ 0.16 mm,
respectively. The difference in antibacterial properties may be

A 6500

!

60.00

o 5500
5
g
& 50.00
-
45.00
40.00
0 5
B 14

a* value
=

tn

Storage time ( day)
— | il [ iy [ — )
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FIGURE 7 | Evolution of color L* (A) and a* (B) during simulated retail display (4°C) of pork untreated (A) and treated with CS (B), GA-CS (C), and GA-g-CS (D),
respectively. Data are presented as means + SD of triplicates. Different letters at the same sampling time denote significant differences (o < 0.05) between
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as a result of the differences in cell membrane structure and
composition of each bacterial strain. It is well-known that
CS is an effective antibacterial agent, since positively charged
amino-groups on CS can interact with the negatively charged
microbial cell components (Yang et al., 2016). The free amino
groups on CS reacted with free hydroxyl groups on GA, thus
forming macromolecular polymers with higher hydrophobicity.
It was easier for GA-g-CS to react with the hydrophobic cell
components and enhance the membrane permeability. Moreover
as a natural polyphenols, the grafting of GA on CS can result in
the enhancement of the antibacterial properties of GA-g-CS. Free
amino groups of CS without the GA grafting, or the GA-g-GA
may be the other reason for the improvement of antibacterial
properties.

Application in Chilled Meat Preservation

pH

CS, GA-CS, and GA-g-CS were applied for chilled meat
preservation. The pH value can indirectly reflect the quality
of meat. During storage, the formation of volatile gasses (e.g.,
trimethylamine and ammonia) produced by either microbial or
endogenous enzymes can lead to the pH rising. According to
Figure 4, the pH value of chilled meat increased gradually during
storage. The initial pH value of chilled meat was about 5.8.
With the prolongation of storage time, the pH values increased.
According to the saliency analysis, the changes among control
samples and samples treated by CS, GA-CS, and GA-g-CS were
obvious on Day 6, Day 10, Day 12, and Day 18. According to the
Chinese Standard (GB-T 9959. 2-2008) (2008), chilled meat gets
spoiled at pH 6.4. Combined with Figure 4, it can be obtained
the shelf of control samples and samples treated by CS, GA-CS
and GA-g-CS were 6, 10, 12, and 18 days, respectively. GA-g-
CS improved the shelf life of chilled meat obviously, which is
potential for the preservation of chilled meat.

Thiobarbituric Acid Reactive Substances
Lipid oxidation is normally found during the storage of meat
products (Hansen et al., 2004). It is one of the important factors

relating to the decline in meat quality, such as the formation
of undesirable rancid flavor and poisoning. During the storage,
free radicals in lipid oxidation were created by the attack of
oxygen at the double bond in fatty acids (Kamaleldin et al., 2003).
Generated primary lipid oxidation products, hydroperoxides, can
lead to further oxidative polymerization to produce aldehyde,
ketone, and alcohol compounds. TBARS is a common index for
secondary lipid oxidation (Kamaleldin et al., 2003). Figure 5
illustrates the influence of GA-g-CS on TBARS values of meat
samples during refrigerated storage for 18 days. The TBARS
value before storage was 0.20 mg MDA .Kg ™!, which significantly
increased with the storage time in all the samples. The changes
among control samples and samples treated by CS, GA-CS, and
GA-g-CS, analyzed by significance test, were obvious on Day 6,
Day 10, Day 12, and Day 18, which was consistent with the results
of pH value analysis. According to the Chinese Standard (GB-T
9959. 2-2008) (2008), the TBARS value above 1 mg MAD.kg’1
pork means the meat corrupted. The TBARS value of control
sample increased to 1.14 £ 0.01 mg MDA. kg~! on Day 6. On
the other hand, the TBARS values of the samples coated with
CS, GA-CS and GA-g-CS were lower than that of the control
sample. The TBARS value was 1.05 & 0.01 mg MDA kg~ ! for the
samples coated with CS on Day 10, 1.21 + 0.00 mg MDA kg~!
for the samples coated with GA-CS on Day 12 and 1.08 £ 0.00 mg
MDA kg~ ! sample for samples coated with GA-g-CS on Day 18.
These values implied that the shelf life of control sample and
samples coated with CS, GA-CS and GA-g-CS were 6, 10, 12,
and 18 days, respectively. According to the previous reports, the
interaction between amino groups and fat derivatives, as well as
the chelation effect of chitosan with metal ions can inhibited lipid
oxidation (Ashrafi et al., 2017).

TVB-N

TVB-Nisaindex for freshness of regenerated meat. It can be seen
from Figure 6 that TVB-N value increased with storage time.
The rising trend for samples treated by CS modified with GA
by fmb-rL103 was smoother. According to the Chinese Standard
(GB-T 9959. 2-2008) (2008), meat products got corrupted, when

TABLE 2 | Evolution of the aerobic plate count (APC) and the coliform bacterial number (MPN) during simulated retail display (4°C) of pork.

CK cs GA-CS GA-g-CS
APC MPN APC MPN APC MPN APC MPN

0 2.40 + 0.002 0? 2.56 4+ 0.002 02 2.52 + 0.00? 0? 2.62 + 0.00? 02

2 3.63 + 0.222 1.70 4+ 0.222 3.26 + 0.002 oP 3.18 + 0.002 oP 2.71 + 0.00° oP

4 5.26 4+ 0.112 3.26 +0.112 4.04 4+ 0.22° 1.92 +0.25° 3.82 4+ 0.00° ob 2.76 4 0.00P ob

6 6.34 +0.112 5.46 4+ 0.112 4.82 +0.07° 3.00 + 0.07° 4,614 0.07° 1.78 £ 0.07° 3.09 + 0.24° 1.57 +£0.24°
8 - - 5.28 + 0.167 3.99 +0.162 5.08 £ 0.052 2.86 + 0.05° 3.40 + 0.10° 1.78 + 0.10°
10 - - 6.08 4+ 0.062 5.08 4+ 0.062 551 +0.14° 418 +0.14° 3.71+£0.17° 2.20 +£0.17°
12 - - - - 6.18 & 0.03? 5.26 & 0.03? 4.87 +0.08° 2.91 +0.08°
14 - - - - - - 5.26 + 0.54 3.08 + 0.54
16 - - - - - - 5.84 4+ 0.16 3.71+£0.16
18 - - - - - - 6.26 +0.18 5.04 +0.18

The unit of the aerobic plate count (APC) and the coliform group number (MPN) are log 19 cfu/g. Data are represented by means + SD (n = 3). Different letters (a, b, and
c) at the same sampling time denote significant differences (p < 0.05) between treatments.

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1729


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zheng et al.

GA-g-CS Preparation and Its Application

the TVB-N value reached 15 mg/100 g sample. In other words,
it took 6 days for control sample to get putrid, whereas the
samples coated with CS, GA-CS, and GA-g-CS kept fresh within
the storage of 10, 12 and 18 days, respectively. This result was
also in agreement with the results about TBARS. CS-g-GA was
effective to extent the shelf life of the meat. It may be attributing
to its higher antioxidant and antiseptic capacities. It has been
reported that the lower bacteria number and higher antioxidant
abilities were associated with the lower activity of amino acid
decarboxylase, which contributed to the enhancement of TVB-N
value (Wook et al., 2016).

Color

The purchasing desire of consumers largely depend on the
color of food, since it is the most direct parameters reflecting
the freshness of meat (Coombs et al., 2018). The evolutions
of color parameters (L* and a*) of meats during storage are
illustrated in Figure 7. As can be seen, the L* and a* values
of samples treated with GA-g-CS were lower than untreated
samples due to the original color of GA-g-CS. Together with
the extension of shelf life, the color of samples coated with
GA-g-CS was also acceptable. During storage, the L* value for
all the samples increased gradually, while the a* values declined.
Meanwhile, the increasing rate of L* for samples coated with
GA-g-CS was much lower than that of untreated sample. These
changes indicated (Rodriguez-Carpena et al., 2012; Cando et al.,
2014) the discoloration of refrigerated meat, which was usually
attributed to the oxidation of oxymyoblogin into metmyoglobin.
This protective effect of GA-g-CS was positively related with its
antioxidant effect observed against TBARS formation. Thus, the
relationship between lipid and myoglobin oxidation in red meat
were established. Moreover, the water permeation from meat can
also lead to the increase of L*.

Microbial Assay

The environment in pork, including the chemical composition,
water activity and pH can favor the microbial growth. Microbial
level is an important index to assay the degree of meat spoilage. It
can be seen from Table 2 that, the bacteria showed an exponential
growth during storage. The aerobic plate count (APC) of control
samples was always higher than that of samples treated with CS,
GA-CS, and GA-g-CS. The Chinese Standard (GB-T 9959. 2-
2008) (2008) stated that the APC for meat products should stay
below 10°cfu/g. It took 6 days for the APC of control sample to
reach this threshold, while the APC of samples treated by CS, GA-
CS, and GA-g-CS stayed within this range within storage of 10,
12, and 18 days, respectively. This result was coincident with the
aforementioned indicators. CS grafted with GA was characterized

REFERENCES

Aljawish, A., Chevalot, L, Jasniewski, J., Revoljunelles, A. M., Scher, J., and
Muniglia, L. (2014). Laccase-catalysed functionalisation of chitosan by ferulic
acid and ethyl ferulate: evaluation of physicochemical and biofunctional
properties. Food Chem. 161, 279-287. doi: 10.1016/j.foodchem.2014.03.076

Ashrafi, A., Jokar, M., and Mohammadi, N. A. (2017). Preparation and
characterization of biocomposite film based on chitosan and kombucha tea

by higher antioxidant and antiseptic properties. Thus, it was a
more effective agent for the preservation of chilled meat.

According to Table 2, coliform bacteria also exhibited an
exponential growth along with the increase of storage time. And
differences in the number of coliform groups among control
samples and samples treated by CS, GA-CS, and GA-g-CS were
significant on Day 6, Day 10, Day 12, Day 18. Accordingly, the
coliform bacterial number (MPN) was 5.46 £ 0.11 log; cfu/g for
controls samples on Day 6, 5.08 &= 0.06 logio cfu/g for samples
treated with CS on Day 10, 5.26 £ 0.03 logo cfu/g for samples
treated with GA-CS on Day 12 and 5.04 =+ 0.18 log;o cfu/g for
samples treated with GA-g-CS on Day 18. The aforementioned
results indicated that the shelf life of control samples and samples
treated with CS, GA-CS and GA-g-CS were 6, 10, 12, and 18 days,
separately. The growth speed of coliform bacteria in samples
treated with GA-g-CS was lower than that of control samples,
demonstrating that GA-g-CS was effective for the inhibition of
microorganisms on meat.

CONCLUSION

In the study, CS successfully grafted with GA by fmb-rL103.
The UV-vis and FT-IR analysis confirmed CS grafted with
GA through covalent bond, such as ester bonds and amide
group. After grafting with GA, CS had a higher antioxidant and
antiseptic capacities than the CS along. Furthermore, coating
chilled meat surface with GA-g-CS solution lead to a significant
extension of their shelf life in term of appearance, oxidation
stability and microbiological stability during 18 days of chilled
storage. The shelf life was extended 6-18 days after GA-g-CS
treatment. Therefore, fmb-rL103 is a good catalyst for CS to
graft with GA. GA-g-CS has promising applications in meat
preservation.

AUTHOR CONTRIBUTIONS

CZ designed the research, analyzed the data, and wrote the paper.
MZ performed the research, analyzed the data, and wrote the
paper. YZ performed the research. ZL, HZ, XB, and FL analyzed
the data.

FUNDING

This work was supported by a project funded by the Priority
Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

as active food packaging. Int. J. Biol. Macromol. 108, 444-454. doi: 10.1016/j.
ijbiomac.2017.12.028

Berini, F., Verce, M., Ausec, L., Rosini, E., Tonin, F., Pollegioni, L., et al. (2018).
Isolation and characterization of a heterologously expressed bacterial laccase
from the anaerobe Geobacter metallireducens. Appl. Microbiol. Biotechnol. 102,
2425-2439. doi: 10.1007/s00253-018-8785-z

Cando, D., Morcuende, D., Utrera, M., and Estévez, M. (2014). Phenolic-rich
extracts from Willowherb (Epilobium hirsutum L.) inhibit lipid oxidation but

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1729


https://doi.org/10.1016/j.foodchem.2014.03.076
https://doi.org/10.1016/j.ijbiomac.2017.12.028
https://doi.org/10.1016/j.ijbiomac.2017.12.028
https://doi.org/10.1007/s00253-018-8785-z
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zheng et al.

GA-g-CS Preparation and lts Application

accelerate protein carbonylation and discoloration of beef patties. Eur. Food Res.
Technol. 238, 741-751. doi: 10.1007/s00217-014-2152-9

Chinese Standard (GB 2760-2014) (2014). National Food Safety Standard-
Standards for uses of Food Additives[S]. Beijing: Chinese Standard Publisher.

Chinese Standard (GB 4789. 3-1994) (1994). Microbiological Examination of Food
Hygiene-Detection of Colijorm Bacteria[S]. Beijing: Chinese Standard Publisher.

Chinese Standard (GB 47892-2010) (2010). Microbiological (Examination )of
Food Hygiene-Determination of Bacterial Count in Food Microbiological
Examination[S]. Beijing: Chinese Standard Publisher.

Chinese Standard (GB 5009. 228-2016) (2016a). National Standard for Food Safety-
Determination of Volatile Base Nitrogen in Foods[S]. Beijing: Chinese Standard
Publisher.

Chinese Standard (GB 5009. 237-2016) (2016b). National Standard for Food Safety-
Determination of pH Value of Food[S]. Beijing: Chinese Standard Publisher.
Chinese Standard (GB-T 9959. 2-2008) (2008). Fresh and Frozen Pork Lean,

Cuts[S]. Beijing: Chinese Standard Publisher.

Cirillo, G., Curcio, M., Vittorio, O., Iemma, F., Restuccia, D., Spizzirri, U. G.,
et al. (2016). Polyphenol conjugates and human health: a perspective
review. Crit. Rev. Food Sci. Nutr. 56, 326-337. doi: 10.1080/10408398.2012.75
2342

Coombs, C., Holman, B., Ponnampalam, E. N., Morris, S., Friend, M. A., and
Hopkins, D. L. (2018). Effects of chilled and frozen storage conditions on the
lamb M. longissimus lumborum fatty acid and lipid oxidation parameters. Meat
Sci. 136, 116-122. doi: 10.1016/j.meatsci.2017.10.013

Custodio, F. B., Vasconcelosneto, M. C., Theodoro, K. H., Chisté, R. C., and
Gloria, M. (2018). Assessment of the quality of refrigerated and frozen pork by
multivariate exploratory techniques. Meat Sci. 139, 7-14. doi: 10.1016/j.meatsci.
2018.01.004

Ece, S., Lambertz, C., Fischer, R., and Commandeur, U. (2017). Heterologous
expression of a Streptomyces cyaneus laccase for biomass modification
applications. AMB Exp. 7:86. doi: 10.1186/s13568-017-0387-0

Fan, Y. T., Yi, J., Zhang, Y. Z., and Yokoyama, W. (2017). Improved chemical
stability and antiproliferative activities of curcumin-loaded nanoparticles with
a chitosan chlorogenic acid conjugate. J. Agric. Food Chem. 65, 10812-10819.
doi: 10.1021/acs.jafc.7b04451

Fokina, O., Eipper, J., Kerzenmacher, S., and Fischer, R. (2016). Selective natural
induction of laccases in Pleurotus sajor-caju, suitable for application at a biofuel
cell cathode at neutral pH. Bioresour. Technol. 218, 455-462. doi: 10.1016/j.
biortech.2016.06.126

Gray, K. M,, Kim, E., Wu, L. Q,, Liu, Y., Bentley, W. E,, and Payne, G. F. (2011).
Biomimetic fabrication of information-rich phenolic-chitosan films. Soft Matter
7,9601-9615. doi: 10.1039/c1sm05293d

Hansen, E., Juncher, D., Henckel, P., Karlsson, A., Bertelsen, G., and Skibsted,
L. H. (2004). Oxidative stability of chilled pork chops following long term freeze
storage. Meat Sci. 68, 479-484. doi: 10.1016/j.meatsci.2004.05.002

Hu, Q. and Luo, Y. (2016). Polyphenol-chitosan conjugates: synthesis,
characterization, and applications. Carbohydr. Polym. 151, 624-639.
doi: 10.1016/j.carbpol.2016.05.109

Jahangiri, E., Thomas, L, Schulze, A., Seiwert, B., Cabana, H., and Schlosser, D.
(2018). Characterisation of electron beam irradiation-immobilised laccase for
application in wastewater treatment. Sci. Total Environ. 624, 309-322. doi:
10.1016/j.scitotenv.2017.12.127

Kamaleldin, A., Miakinen, M., Lampi, A. M., and Kamaleldin, A. (2003). “The
challenging contribution of hydroperoxides to the lipid oxidation mechanism,”
in Lipid Oxidation Pathways, ed. A. Kamal-Eldin (Champaign IL: The AOCS
Press), 1-36.

Kim, H. W., Jin, Y. J,, Seol, K. H., Seong, P. N, and Ham, J. S. (2016). Effects of
edible films containing procyanidin on the preservation of pork meat during
chilled storage. Korean J. Food Sci. Anim. Resour. 36, 230-236. doi: 10.5851/
kosfa.2016.36.2.230

Lahmar, A., Morcuende, D., Andrade, M. J., Chekir-Ghedira, L., and Estévez, M.
(2018). Prolonging shelflife of lamb cutlets packed under high-oxygen modified

atmosphere by spraying essential oils from North-African plants. Meat Sci. 139,
56-64. doi: 10.1016/j.meatsci.2018.01.015

Li, X, Xu, L. Y., Cui, Y. Q,, Pang, M. X., Wang, F., and Qi, J. H. (2018). Anti-bacteria
effect of active ingredients of Siraitia grosvenorii on the spoilage bacteria
isolated from sauced pork head meat. Mater. Sci. Eng. Conf. Ser. 292:012012.
doi: 10.1088/1757-899X/292/1/012012

Liu, J., Meng, C. G, Liu, S, Kan, J., and Jin, C. H. (2012). Preparation and
characterization of protocatechuic acid grafted chitosan films with antioxidant
activity. Food Hydrocoll. 63, 457-466. doi: 10.1016/j.foodhyd.2016.09.035

Liu, J., Pu, H., Chen, C,, Liu, Y., Bai, R., Kan, ., et al. (2018). Reaction mechanisms,
structural and physicochemical properties of caffeic acid grafted chitosan
synthesized in ascorbic acid and hydroxyl peroxide redox system. J. Agric. Food
Chem. 66, 279-289. doi: 10.1021/acs.jafc.7b05135

Liu, N., Ni, S., Ragauskas, A. J., Meng, X., Hao, N., and Fu, Y. (2018). Laccase-
mediated functionalization of chitosan with 4-hexyloxyphenol enhances
antioxidant and hydrophobic properties of copolymer. J. Biotechnol. 269, 8-15.
doi: 10.1016/j.jbiotec.2018.01.015

Rodriguez-Carpena, J. G., Morcuende, D., and Estévez, M. (2012). sunflower
and olive oils as replacers of pork back-fat in burger patties: effect on lipid
composition, oxidative stability and quality traits. Meat Sci. 90, 106-115.
doi: 10.1016/j.meatsci.2011.06.007

Shukla, S. K., Mishra, A. K., Arotiba, O. A., and Mamba, B. B. (2013). Chitosan-
based nanomaterials: a state-of-the-art review. Int. J. Biol. Macromol. 59, 46-58.
doi: 10.1016/j.ijbiomac.2013.04.043

Sun, J., Zheng, M., Lu, Z., Lu, F., and Zhang, C. (2017). Heterologous production
of a temperature and pH-stable laccase from Bacillus vallismortis fmb-103 in
Escherichia coli and its application. Process Biochem. 55, 77-84. doi: 10.1016/j.
procbio.2017.01.030

Vittorio, O., Cojoc, M., Curcio, M., Spizzirri, U. G., Hampel, S., Nicoletta, F. P.,
etal. (2016). Polyphenol conjugates by immobilized laccase: the green synthesis
of dextra-catechin. Macromol. Chem. Phys. 217, 1488-1492. doi: 10.1002/macp.
201600046

Wei, Z., and Gao, Y. (2016). Evaluation of structural and functional properties
of chitosan-chlorogenic acid complexes. Int. J. Biol. Macromol. 86, 376-382.
doi: 10.1016/j.ijbiomac.2016.01.084

Wook, K. H., Young, J. J., Kuk-Hwan, S., Pil-Nam, S., and Jun-Sang, H. (2016).
Effects of edible films containing procyanidin on the preservation of pork
meat during chilled storage. Korean J. Food Sci. Anim. Resour. 36, 230-236.
doi: 10.5851/kosfa.2016.36.2.230

Xie, M., Hu, B., Wang, Y., and Zeng, X. (2014). Grafting of gallic acid onto
chitosan enhances antioxidant activities and alters rheological properties of the
copolymer. J. Agric. Food Chem. 62, 9128-9136. doi: 10.1021/jf503207s

Yadav, D., Ranjan, B., Mchunu, N., Roeshill, M. L., and Kudanga, T. (2018).
Secretory expression of recombinant small laccase from Streptomyces coelicolor
A3(2) in Pichia pastoris. Int. ]. Biol. Macromol. 108, 642-649. doi: 10.1016/j.
ijbiomac.2017.11.169

Yang, C., Yu, Z., Yu, Z, Li, C, Sheng, S., Wang, J., et al. (2016). Enzymatic
modification of chitosan by cinnamic acids: antibacterial activity against
Ralstonia solanacearum. Int. ]. Biol. Macromol. 87, 577-585. doi: 10.1016/j.
ijbiomac.2016.03.023

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zheng, Zhang, Zhou, Lu, Zhao, Bie and Lu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1729


https://doi.org/10.1007/s00217-014-2152-9
https://doi.org/10.1080/10408398.2012.752342
https://doi.org/10.1080/10408398.2012.752342
https://doi.org/10.1016/j.meatsci.2017.10.013
https://doi.org/10.1016/j.meatsci.2018.01.004
https://doi.org/10.1016/j.meatsci.2018.01.004
https://doi.org/10.1186/s13568-017-0387-0
https://doi.org/10.1021/acs.jafc.7b04451
https://doi.org/10.1016/j.biortech.2016.06.126
https://doi.org/10.1016/j.biortech.2016.06.126
https://doi.org/10.1039/c1sm05293d
https://doi.org/10.1016/j.meatsci.2004.05.002
https://doi.org/10.1016/j.carbpol.2016.05.109
https://doi.org/10.1016/j.scitotenv.2017.12.127
https://doi.org/10.1016/j.scitotenv.2017.12.127
https://doi.org/10.5851/kosfa.2016.36.2.230
https://doi.org/10.5851/kosfa.2016.36.2.230
https://doi.org/10.1016/j.meatsci.2018.01.015
https://doi.org/10.1088/1757-899X/292/1/012012
https://doi.org/10.1016/j.foodhyd.2016.09.035
https://doi.org/10.1021/acs.jafc.7b05135
https://doi.org/10.1016/j.jbiotec.2018.01.015
https://doi.org/10.1016/j.meatsci.2011.06.007
https://doi.org/10.1016/j.ijbiomac.2013.04.043
https://doi.org/10.1016/j.procbio.2017.01.030
https://doi.org/10.1016/j.procbio.2017.01.030
https://doi.org/10.1002/macp.201600046
https://doi.org/10.1002/macp.201600046
https://doi.org/10.1016/j.ijbiomac.2016.01.084
https://doi.org/10.5851/kosfa.2016.36.2.230
https://doi.org/10.1021/jf503207s
https://doi.org/10.1016/j.ijbiomac.2017.11.169
https://doi.org/10.1016/j.ijbiomac.2017.11.169
https://doi.org/10.1016/j.ijbiomac.2016.03.023
https://doi.org/10.1016/j.ijbiomac.2016.03.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Preparation of Gallic Acid-Grafted Chitosan Using Recombinant Bacterial Laccase and Its Application in Chilled Meat Preservation
	Introduction
	Materials and Methods
	Bacterial Laccase and Other Chemicals
	GA-g-CS Preparation
	UV-Vis and FT-IR Analysis
	Antioxidant Activity
	Antibacterial Activity
	Application in the Preservation of Chilled Meat
	Coating Chilled Meat With GA-g-CS Complexes
	Color
	Assay of pH
	Evaluation of Thiobarbituric Acid Reactive Substances (TBARS)
	Determination of TVB-N
	Microbiological Analysis

	Statistical Analysis

	Results and Discussion
	Synthesis of GA-g–CA Complexes Using Recombinant Bacterial Laccase
	Functional Properties of GA-g-CS Complexes
	DPPH Radical Scavenging Assay
	Antibacterial Property

	Application in Chilled Meat Preservation
	pH
	Thiobarbituric Acid Reactive Substances
	TVB-N
	Color
	Microbial Assay


	Conclusion
	Author Contributions
	Funding
	References


