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In this study, a KGM/SBTP film was prepared by a blending method using KGM and a soluble black tea film
(SBTP) as substrates, and its hygroscopicity, thermal properties, light barrier properties, microstructure, and
bacteriostatic properties were evaluated. The results confirmed that compared with the control group, with
the increase in the SBTP content, the transmittance of the film in the ultraviolet region significantly reduced,
and the water barrier property and thermal stability were improved. Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM) results indicated that the tea polyphenols interacted with
the film substrate. SEM also showed that the structure of the KGM/SBTP films was smooth and flat, and
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all samples showed no fracture.

In addition, the KGM/SBTP mixed membrane had obvious

concentration-dependent antibacterial activity. When the concentration of SBTP was 0.9%, the inhibition
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rsc.li/rsc-advances respectively.

1. Introduction

Recently, food packaging safety has recently received increasing
attention, and non-degradable and potentially toxic additives
are harmful to people's health. Active food packaging has
emerged as a novel approach to improving and maintaining
food freshness, as well as reducing waste and chemicals used in
packaging.’

Today, non-biodegradable plastics or plastics obtained from
non-renewable sources are extremely polluting the environ-
ment. Scientists are looking for biodegradable, eco-friendly
biomaterials that can replace plastic. The joint efforts of
materials science, organic chemistry, physics and other disci-
plines have made the development of biomaterials possible.
Among them, thin film materials with bacteriostatic properties
have become a research hotspot because of their good appli-
cation prospects in food packaging.” Bio-based materials made
from natural polysaccharides have environmental friendliness
properties.* For example, konjac glucomannan (KGM) has
attracted considerable attention owing to its abundant
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zones against Staphylococcus aureus and Escherichia coli were 12.30 + 0.20 mm and 12.05 £+ 0.47 mm,

resources, easy availability and low cost. The application
research of konjac glucomannan has also been widely used in
cosmetics, medicine and other fields, including food and food
additives.* KGM also has applications in packaging because of
its excellent biocompatibility, gelation, film-forming ability and
biodegradability. Therefore, konjac glucomannan-based (KGM-
based) films are new alternative materials for solving the white
problem.” However, pure KGM films have several disadvan-
tages, such as their moisture resistance, stability, antioxidant
and antibacterial activities are poor.® Therefore, they are easily
damaged and become obstacles in the manufacture of multi-
functional food packaging materials. Studies have shown that
some of the beneficial properties of KGM films do not neces-
sarily lead to an increase in bioactivity and that the utility of
KGM-based films is mainly enhanced by the addition of func-
tional fillers. For example, plant essential oils, plant poly-
phenols and other natural active substances or nanoparticles
are usually used to produce active films.”® Recently, researchers
have used anthocyanins in smart product packaging. Owing to
their high content of polyphenolic compounds, they exhibit
excellent antibacterial and antioxidant activity.’

Black tea contains thousands of biologically active
substances, such as polyphenols, amino acids, volatile
compounds, and alkaloids, which have pharmacological prop-
erties.'® Black tea has become a hot topic in the field of nutrition
and medical research in Western countries because of its key
therapeutic properties, particularly theaflavins (TFS) and the-
arubigins (TRS), which are more stable and have direct effects
on organisms in other plants.® Furthermore, the
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polysaccharides extracted from black tea exhibited the highest
DPPH and hydroxyl radical scavenging activities.'” Although the
physicochemical and antibacterial properties of green tea
powder and polysaccharide blend films have been investigated,
there are few studies on alternatives to black tea powder. Gao
et al. studied polysaccharide films formed by pectin, chitosan,
and tea polyphenols, which showed significant sustained-
release, antioxidant, and preservative activities, and these
activities were proportional to their concentrations.™ Yan et al.
developed a new composite film by mixing different ratios and
concentrations of KGM and Pullulan and found that it
improved the quality of strawberries during storage.* In this
study, SBTP is introduced into KGM-based blended films for the
first time, and its effects on the physical properties, structure
and antibacterial functions of the films are investigated, and
finally different functional requirements are achieved.

2. Materials and methods

2.1. Materials

Soluble black tea powder (tea polyphenol = 25%, caffeine =
4.5%) purchased from Damin Food (Zhang zhou) Co., Ltd, was
of food grade. KGM was purchased from Hubei Yizhi Konjac
Industrial Co., Ltd, was of analytical grade. Glycerin and other
reagents were of analytical grade and were obtained from
commercial channels (China). All the solutions used in the
experiments were prepared using ultrapure water through
a Millipore (Millipore, Milford, MA, USA) Milli-Q water purifi-
cation system.

2.2. Preparation of film solutions and film formation

A 1% (W/V) solution of KGM was prepared and stirred at room
temperature for 3 hours. Next, glycerol (0.2, W/V) was added to
the KGM solution, and then SBTP was added to the KGM
solution to obtain different concentrations of SBTP (0%, 0.3%,
0.6%, and 0.9% W/V). The mixed solution was stirred for 2 h
and filtered through 200 mesh nylon to remove impurities. To
remove air bubbles, the filtered solution was centrifuged in
a centrifuge at 5000 rpm for 15 min. Then, 80 g of the film-
forming solution was poured into a flat-bottomed plastic tray
(16 cm x 12 cm) and placed horizontally for 2 h. Finally, the
solution was placed in a 50 °C oven with vacuum for 24 h for
drying. The finished film was stored in a constant temperature
and humidity device (25 °C, 53% relative humidity) for 48 h.

Table 1 Color determination value of composite film*
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2.3. Color measurement

The CIE colorimetric system was used for color determination,
and color parameters were measured using a colorimeter
(Minolta Co. Ltd). The results were represented as L*, a*, and
b*, representing brightness, red and green, and yellow and blue,
respectively. Instrumental measurements were standardized on
white and black calibration plates. Each sample is measured 5
times in parallel, and the calculation formula for Whiteness is
given as follows:

WI =100 — \/(100 — L*) 4 a* + b¥.

2.4. Hygroscopic properties

The blend films were cut to a size of 40 mm x 40 mm and
placed in Petri dishes. It was then put into a vacuum drying
oven (60 °C) to reach a constant weight, and the resulting mass
was the weight (W;) of the edible composite dry film. The blend
films were placed in a temperature (25 °C, 100%) and relative
humidity environment and weighed periodically over approxi-
mately 4 days to obtain their final weights (W;). Hygroscopicity
is calculated as follows:'®

(W = Wy)

0

YW = x 100,

where W is hygroscopicity, W, is the initial sample weight (g),
and W; is the final weight (g). Three parallel determinations for
each sample were averaged.

2.5. Light transmittance and transparency values

The films were cut into 10 mm x 25 mm rectangles and placed
in cuvettes, and the transmission spectra of the films in the
200-800 nm range were measured using a UV-vis spectropho-
tometer (PerkinElmer, USA).

2.6. FT-IR analysis

The FT-IR spectra of the films were recorded using an FT-IR
spectrometer (PerkinElmer, USA) from 4000 to 400 cm™ " with

a resolution of 4 cm ™.

2.7. Thermal analysis

KGM/SBTP composite films were performed using TGA (SDT-
Q600, TA Instruments, USA) with a sample weight of

SBTP concentration 0% 0.1% 0.3% 0.6% 0.9%

L* 37.82 £+ 1.70a 35.87 £ 1.01a 30.44 £+ 1.01b 27.59 + 1.45bc 24.86 + 3.41c
a* —0.11 £ 0.05d 1.63 £+ 0.06¢ 4.82 + 1.06b 7.01 £+ 0.65a 7.07 £+ 1.00a
b* —0.37 £ 0.07¢ 7.20 + 0.11b 10.40 + 0.36a 6.29 + 0.70b 6.68 + 0.88b

“ All measurements were performed at 25 °C and 53% RH. Data were displayed as means + SD. Significant differences p = 0.05.
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approximately 7-13 mg, from 20 to 550 °C at a rate of 10 °C
min~" under flowing nitrogen.

2.8. Film microstructure

The microstructure of KGM/SBTP films was observed using
a scanning electron microscope SEM (Hitachi S-4800, Japan).
The dried samples were mounted on copper supports and
sputter-coated with gold and observed under an acceleration
voltage of 3.0 kV of SEM.

2.9. Antibacterial performance

The antibacterial activity of the composite films was tested
using diffusion method. The test strains were Staphylococcus
aureus and Escherichia coli. SBTP films were first perforated
using a punch (6 mm) and then placed in separate Petri dishes

45

404

354

%?

I

304

254

20

Film whiteness

0 f T T f f
0 0.1 0.3 0.6 0.9

SBTP concentration( %w/w)

Fig. 1 The Whiteness of KGM/SBTP composite Films.
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containing different bacteria and incubated for 24 h at 37 °C.
The diameter of the inhibition zone around the discs was
measured using a micrometer and each test was repeated three
times.

2.10. Statistical analysis

Statistical analysis and graphing were performed using Origin
2021 software. Data were statistically analyzed with the statis-
tical software SPSS 22 using the Duncan's multiple range test at
the P < 0.05 level of significance. All data are expressed as mean
+ standard deviation (SD).

3. Results and discussion

3.1. Analysis of film whiteness

The color of edible films has become a major choice for
consumer acceptance. It can be observed from Table 1 that as
the SBTP concentration increased, the L* value decreased
probably because the internal structure network of the blend
film became tighter, and the transmittance of the system
weakened. The larger a* value indicated that the heating
process clearly affected the color characteristics of the films,
and the colorless film turned yellow and dark brown after heat
treatment.'® The color represented by the L*, a*, and b* values
changed significantly at 0.3% SBTP concentration, with
a small change from 0.6 to 0.9%, which was consistent with
the change in the Whiteness of the film (Fig. 1). The darker
color may be due to the higher ash content of KGM and the
browning of impurities, or the Maillard reaction between the
amino group in SBTP and the carbonyl group in the KGM
molecule.

3.2. Water absorption behavior

Water solubility is a key characteristic of edible films. When the
film was eaten with food, proper water solubility was beneficial
for expanding its application range. In other food applications,
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Fig. 2 Water absorption behavior (a) and differential adsorption content (b) of KGM/SBTP composite films at 100% RH and 25 °C.
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Fig. 3 Transmittance (a) and 600 nm (b) of KGM/SGTP mixed films from 200 to 800 nm.

the insolubility of the film increased the water resistance of the
package and prevented the film from disintegrating in the
process of covering wet food surfaces, thereby improving
product integrity.'”'® Fig. 2a shows the hygroscopicity of KGM/
SBTP blends, particularly for pure KGM films. The hygroscop-
icity of the blends increased significantly with the storage time,
probably because KGM is a typical natural hydrocolloid. Its
independent and substantial presence in pure KGM
membranes provided additional binding sites for water mole-
cules. It can be observed from Fig. 2b that the overall water
absorption rate and adsorption amount of the previous film are
presented in three stages. In the first stage (0-21 h), the mois-
ture absorption rate of all blend films was the largest, and the
surface of KGM/SBTP blend films quickly absorbed moisture
and began to swell. At this time, the content of SBTP had little
effect on the hygroscopic ability of the film. In the second stage
(21-80 h), the moisture absorption capacity and moisture
absorption rate of films with different SBTP contents increased
slowly with time. When the SBTP content changed from 0.3% to
0.9%, the hygroscopic ability of the film was obviously weak-
ened. In the third stage, the hygroscopic capacity reached
saturation in about 80 h, indicating that the hygroscopic
capacity had basically been lost.

3.3. Light transmittance analysis

Hybrid biofilms are ideal for packaging applications. Fig. 3a
shows that compared with the pure KGM film, the addition of
SBTP to the KGM-based edible film reduced the transmittance
of all wavelengths, which could indicate a synergistic effect
between the two substances in the composite film. In particular,
with the SBTP concentrations of 0.6 and 0.9%, the trans-
mittance declined to almost zero in the UV range from 200 to
380 nm. The low transmittance of UV radiation has been highly
valued; it effectively protected food from oxidative deterioration
caused by UV light, discoloration, loss of nutrients and off-fla-
vors.” Relatively, packaging with high transparency in the
visible light region was required because it provided consumers

32064 | RSC Adv, 2022, 12, 32061-32069

with visual control over the condition of the goods. The
requirements for the spectral characteristics of packaging
materials were quite complex.*® As can be observed from Fig. 3b,
the high concentration of SBTP films in the visible light region
had lower transparency, which may be due to the high content
of polyphenols in SBTP. Simultaneously, films with lower
transmittance were suitable for storing light-sensitive food-
stuffs and had practical applications.*

3.4. Fourier transform infrared (FTIR) analysis

Fig. 4 illustrates that FTIR spectroscopy was used to charac-
terize the functional groups of KGM/SBTP blend films to study
the interaction between the matrix molecules of the hybrid
film samples. In the fingerprint region (800-1250 cm %), all
samples exhibited typical bands and peaks as the character-
istic of polysaccharides. The peak at about 3309 cm ™' corre-
sponds to the stretching vibration of O-H. The peak at 2921

Transmittance

T T T T T

1500 1000 500

T T T
2500 2000
Wavenumber (cm™)

Fig. 4 FT-IR spectra of KGM/SBTP composite films.
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Fig. 6 SEM images of KGM/SBTP films, SBTP content (a 0%, b 0.1%, ¢ 0.3%, d 0.6% and e 0.9%).
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cm ! was attributed to the C-H group stretching vibration.?*
A polysaccharide hydration vibration absorption peak was
found at 1643 cm ™', and 1023 cm ' was the variable-angle
vibration absorption peak of the alcohol hydroxyl group.* As
the concentration of SBTP in the hybrid film increased, the
peaks in the range of 1510-1650 cm ™" were biased towards
larger wavenumbers, which marked the N-H and amide I
band, probably because of the trace amount of protein con-
tained in SBTP. The C-C stretching vibration at 1100-1500
cm " was due to the presence of tea polyphenols, which was
also reported in our previous study. The shift of the broadband
around 3309 cm ' to lower wavenumbers was mainly attrib-
uted to the formation of intermolecular hydrogen bonds.** The
research showed that the strong hydrogen bond between
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phenolic compounds and polysaccharides reduced the orig-
inal chemical bond force constants between polysaccharides,
resulting in the absorption frequency moving in the direction
of a low wavenumber.?®

3.5. Thermal properties analysis

TG was used to study the thermal decomposition of the
samples. The first phase (20-130 °C) was due to the loss of free
and bound water (physical removal of water). The second stage
(130-400 °C) was associated with thermal degradation or
carbohydrate polymer degradation of the film samples.”® When
the temperature was 450 °C, the retained mass reached 22.34%,
21.66%, 26.70%, 31.51% and 33.81% respectively. As can be
observed from Fig. 5a, the initial decomposition temperature of

1541 RN S. aureus
XEKE. coli
a a
a o
T I
7 b N\
E 10 {
2 b \
S
S PO
| S
N \
g 54
0 . .
0.1 0.3 0.6 0.9
SBTP content (%)

Fig. 7 Antibacterial effects of KGM and SBTP composite film against Staphylococcusaureus (a) and Escherichia coli (b) and the size of the
inhibition zone (c). 0 pure KGM film, 1-4 KGM/SBTP films with SBTP 0.1%, 0.3%, 0.6% and 0.9%. Different letters represent significant differences
in bacterial species and antibacterial areas under the same SBTP concentration in the hybrid films.
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the KGM/SBTP film was higher, indicating that the material had
good thermal stability, which was consistent with the tighter
network structure of the film and the enhanced hydrogen bond
interaction. The area size and shift of the endothermic weight
loss peak in the previous DTG were related to weight loss
(Fig. 5b). In the range of 250-350 °C, with the increase in the
SBTP concentration, the weight loss gradually decreased and
was accompanied by the migration of the endothermic peak.”
The maximum degradation temperature of KGM/SBTP blend
film was 311.8 °C, 290.2 °C, 285.1 °C, 264.7 °C and 261.5 °C,
which also indicated that the material had good thermal
stability. A higher degradation rate indicated higher thermal
sensitivity.”®

3.6. SEM analysis

The microstructure was investigated by employing scanning
electron microscopy (SEM), as shown in Fig. 6. The surfaces of
pure KGM film and films with 0.1 and 0.3% SBTP content were
relatively smooth and homogeneous, respectively. However,
when the SBTP concentration was 0.6%, there were more
punctate protrusions on the surface of the film. At a maximum
SBTP concentration of 0.9%, these punctate protrusions linked
into a ring surrounding the small particulate matter, and
a certain trend towards phase separation was observed. This
might be due to the obvious interaction and adhesion at the
interface between SBTP and KGM chains, as well as the aggre-
gation of high concentrations of SBTP in the KGM matrix.*®
However, no fracture occurred in all samples, indicating that
SBTP and KGM had high miscibility. Therefore, there was an
interaction between the two water-soluble polymers, which
resulted in different miscibility states and microstructures of
the mixtures.*

3.7. Antimicrobial activities of KGM/SBTP composite films

Antibacterial property is an important requirement for food
packaging materials. Tea polyphenols have good antibacterial,
antioxidant and anticancer effects, so they have attracted
considerable attention as a green food additive. In addition, its
antibacterial effect is more stable than that of other natural
antibacterial ingredients. Theaflavins in black tea have broad-
spectrum antibacterial properties and have been shown to be
effective both in vitro and in vivo.** We used the diffusion
method to study the antibacterial bioactivity of KGM/SBTP
blend films. The results are shown in Fig. 7. Pure KGM film
had no antibacterial activity against Escherichia coli and Staph-
ylococcus aureus.* The zones of inhibition for E. coli and S.
aureus were 6.96 = 0.37 mm and 8.76 + 0.45 mm for the films
with 0.3% SBTP content, respectively. When the SBTP content
reached 0.9%, the values increased to 12.05 + 0.47 mm and
12.30 £ 0.20 mm. Therefore, the antibacterial activity of KGM/
SBTP films largely depended on the concentration of SBTP. As
the SBTP content increased, the antibacterial activity of the
KGM/SBTP film against the two kinds of bacteria was more
obvious, and the size of the inhibition zone also increased
significantly. Black tea had a stronger inhibitory effect on Gram-
positive bacteria, which may be due to the various compositions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and structures of the cell walls of the two bacteria. Black tea was
not as bacteriostatic as green tea because of its lower poly-
phenol content. Furthermore, Cui et al. showed that S. aureus
was more sensitive to polyphenols than E. coli.*>*

4. Conclusions

In this study, a konjac glucomannan-based edible film (KGM)
was loaded with various concentrations of SBTP. Based on the
physicochemical properties, as
increases, the mixed film can meet the needs of food light
protection and consumers for the appearance and color of the
edible film, and its thermal stability and hygroscopicity were
regulated. When the concentration of SBTP was 0.9%, there was
no damage or fracture, except for the appearance of band-like
imprints, and it also showed good antibacterial activity
against Gram-positive bacteria. In conclusion, the increase in
the SBTP concentration significantly improved the physical
properties and antibacterial activity of the KGM-based films.
Therefore, the developed KGM/SBTP edible film has great
potential as a multifunctional food bioactive packaging
material.

the SBTP concentration
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