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Abstract: Anthocyanins extract from purple tomato (PTA) was incorporated with polyvinyl alcohol (PVA) so
that a series of colorimetric films of PVA/PTA (based on PVA) were prepared. The role of anthocyanin on color
response, FTIR, thickness, water content, mechanical properties, antioxidant activity, and permeation of water
vapor through the films was examined. In addition, its application in smart packaging to assess the freshness
of shrimp was studied. It was found that the tensile strength, contact angle and WVP of PVA/PTA films
increases with the addition of more PTA, while the elongation at break and water content decreased. FTIR
analysis showed that there are interactions between PTA and PVA matrix. The addition of anthocyanins caused
to a significant improvement for the antioxidant properties of PVA films. Furthermore, the total volatile
alkaline nitrogen (TVB-N), total plate count (TPC) and pH value of shrimp were monitored after 4 days of
refrigeration, and the color change of the indexes was recorded. The PVA/PTA films changed color from purple
to yellow-green during the storage time of 0-4d for shrimp, this suggests that the film could be used in smart
packaging as a real-time freshness indicator for shrimp.

Keywords: purple tomato anthocyanin; polyvinyl alcohol; intelligent packaging; shrimp

1. Introduction

With the improvement of living standards, people pay more and more attention to the safety
and quality of food, colorimetric indicator films have gradually become a research hotspot in the
domain of smart packaging since it provides shelf life, safety, and quality information by monitoring
changes inside the package [1]. The ideal colorimetric indicator combines natural colors that meet
food-grade standards with a stable, solid carrier substrate. Among these substrates, a variety of
natural polymer materials have been selected, including but not limited to starch, cellulose, chitosan,
chitin, gelatin, and polyvinyl alcohol (PVA), as well as their blends, which have been used as carrier
matrices [2,3]. In which, as a biodegradable synthetic polymer with non-toxic, good film formation
and mechanical properties [4], PVA is widely applied in intelligent packaging and food packaging
[5-8].

Recently, researchers have paid special attention to the use of plant-derived anthocyanins as
colorimetric dyes, due to their non-toxicity, health benefits, and environmental friendliness [9].
Anthocyanins are a class of water-soluble natural pigments widely found in some fruits and
vegetables involving red cabbage, purple sweet potato, black carrot and blueberry. It was found that
the plant species from which anthocyanins originated had a great influence on the function and
physical properties of their colorimetric indicator films. Zhang et.al [10] prepared active
chitosan/PVA films containing different anthocyanins extracted from purple sweet potato extracts
(PSPE) and red cabbage extracts (RCE) for monitoring the freshness of shrimp. Compared with PS-
RCE film, PS-PSPE films exhibit more vivid color changes, better mechanical properties, and lower
light transmittance at lower leachables at lower leachables, indicating that the color change of the
indicator can reflect shrimp spoilage. Sani et.al [11] successfully prepared a new pH-sensitive
colorimetric film by incorporating red berberberry anthocyanin (RBA) into a composite chitin
nanofiber and methylcellulose matrix. It was shown that RBA are responsive to changes in pH and
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ammonia generation, and therefore can be used as a colorimetric indicator to identify signs of food
spoilage, and the effectiveness of this indicator for assessing the freshness and spoilage status of fish
was verified. It was found that the mechanical, thermal and antibacterial properties of films were
better when cooperating with anthocyanins.

On the other hand, for intelligent films, the doped anthocyanins are from red cabbage, black
carrot, purple sweet potato, blueberry, black wolfberry and so on [12], however, there are not many
reports of anthocyanins in purple tomatoes. The study showed that the source of anthocyanins has a
great influence on the function and physical properties of the indicator films [13]. In this study,
anthocyanins extracted from purple tomatoes were used in combination with PVA to prepare
colorimetric indicator films. The physicochemical properties of the PVA/PTA film were investigated.
And its color sensitivity to the freshness of shrimp was examined to assess the potential as a visual
indicator.

2. Materials and Methods

2.1. Materials

PVA was purchased from Shanpu Chemical Co., Ltd (Shanghai, China). PTA with 54% (w/w) of
the purity was from Zhejiang Bison Biotechnology., Ltd (China). Glacial acetic acid (analytical purity)
was purchased from Bohuatong Chemical Products Sales Center (Tianjin, China). 2,2-diphenyl-1-
trinitrophenylhydrazine (DPPH) containing 95% free radicals was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Shrimp was purchased from Zhongbai Warehouse in
Wuhan (Hubei, China). All chemicals used are high-purity analytical grade chemicals. The solvent in
all formulations is deionized water.

2.2. Preparation of the PVA/PTA films

PVA/PTA films were prepared by solution casting method. The PVA/PTA solution was
prepared by dissolving 10g of PVA in 500 mL of solution, stirring vigorously, then adding a certain
amount of PTA (0.1 g, 0.3 g or 0.5 g) to the PVA solution and stirring continuously for 30 min until it
was suitable for the PVA/PTA mixture with PTA concentrations of 1%, 3% and 5% (w/w, based on
PVA). At last, 80 mL of the mixed mixture or PVA solution was placed in a 15cm diameter Petri dish
and dried and treated at 45°C for 18 h.

2.3. Characterization of PTA or PVA/PTA films

2.3.1. Color and UV-vis spectra of PTA

At varying pH values (pH2-12), the camera was used to capture the color changes of PTA
solution, and the visible light spectrum was scanned by UV-vis spectrophotometer (756PC, Shanghai
Haoyu Hengping Scientific Instruments Co., Ltd., China) with the wavelength ranging from 200nm
to 800nm [14].

2.3.2. pH-response of PVA/PTA films

The prepared PVA/PTA films (4cm x 4cm) were exposed to buffer solutions of pH 2, 3,4, 5, 6,7,
8,9, 10, 11 or 12, respectively. The change in color of the films in response to pH was measured by a
colorimeter (CR-10, Konica Minolta, Japan). The value of the total color difference (AE) was calculated
according to Eq. (1).

AE = /(L — Lo)? + (a — ag)? + (b — by)? D
Where, L, a and b are the values of the samples; Ly, ay, and b, are the values of the standard
PVA/PTA film (pH7).
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2.3.3. Thickness of PVA/PTA films

The PVA/PTA films' thickness measurements were performed with a digital micrometer (SM-
114, Shanghai Liuling Instrument Factory, China) [15]. The final value is the average of 10 replicates.

2.3.4. Fourier transform infrared (FTIR) spectroscopy of PVA/PTA films

The FTIR spectra of the PVA/PTA film(1um)with 5% PTA concentration and pure PVA film were
obtained between wavenumbers 400 and 4000 cm™ via a FTIR spectrophotometer (Tensor 27, Bruker
Optics, Germany).

2.3.5. Mechanical properties of PVA/PTA films

The mechanical properties of the PVA/PTA films were measured with Electro-mechanical
Universal Testing Machines (UTM4104, SUNS, China) at a crosshead speed of 50 mm min at 26 °C.
The sample is a rectangular film with a size of 100 mm x 15 mm. A total of six samples were measured
and averaged as the final test data. The tensile strength (TS) and elongation at break (EAB) of the
samples were obtained by the Egs. (2) and Egs. (3), respectively.

TS(MPa) =

bxd 2

0

EAB(%) = 3)

0

where P was breaking load (N), b was sample width (mm) and d was sample thickness
(mm). Ly and L was original and final elongated lengths (mm) of the film, respectively.

2.3.6. Moisture content of PVA/PTA films

A moisture meter (MB120, OHAUS Instruments, China) was used to determine the moisture
percentage in the films. The films’ moisture content was calculated according to Eq. (4).
My — M,
MC(%) = ————x 100% 4)
My
Where, Mo represents the starting weight of the film, M1 represents the constant weight of the
film after drying.

2.3.7. Water vapor permeability of PVA/PTA films

The water vapor permeability (WVP) of the samples was determined based on GB/T 1037-1988
by using a moisture permeation meter (W3/031X, Labthink, China). The film samples were cut into
74 mm diameter circles, placed in triplicate, in a permeation cell containing deionized water (90%
relative humidity at 28 °C), weighed and placed in a desiccator, and averaged using a water vapor
transmission rate tester.

2.3.8. Antioxidant activity of PVA/PTA films

The antioxidant activity of films was measured according to the reference [16]. The films were
immersed in 95% ethanol at 65°C for 5h, 1 mL of the sample was blended with 4 mL of 0.1 mM DPPH
dissolved in ethanol. Next, the absorbance of the mixture at a wavelength of 517 nm was determined.
Each sample was tested in triplicate copies. Each sample had three replicates. The antioxidant
clearance was calculated according to Eq (5).

Ao — As
Ao
where A; and A, represent the absorbance values of the dipstick-treated and non-dipstick
solutions, respectively.

S(%) = (5)
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2.4. Monitoring freshness of shrimp

2.4.1. Packaging

Place a 20 g shrimp sample into a Petri dish and seal with a Petri dish lid with a colorimetric
indicator film (4cm x4cm) that adheres to the inside of the lid [17]. Then, the samples were stored at
4 °C and 60 %RH for 4d. During the storage, the color changes of the film were pictured at each day.

2.4.2. Microbial colony measurement

The microbial colony was measured by plate counting method [18]. The shrimp was transferred
into bags containing 135 ml of 0.1% (w/w) saline solution and homogenized using a homogenizer
(JX-05, TUOHE Electromechanical Technology, China) for 3min. Then the diluted homogenized
solutions were plated by agar prior to being incubated at 37°C for 48h.

2.4.3. pH and total volatile basic nitrogen (TVB-N) measurement

A 20 g shrimp sample was first homogenized by mixing with 180 ml of distilled water, and then
a digital pH meter (PhS-3E, INESA Scientific Instruments Co., Ltd., China) was used to accurately
measure the pH of the resulting mixture slurry (PhS-3E, INESA Scientific Instruments Co., Ltd.,
China). Simultaneously, the total volatile basic nitrogen (TVB-N) in shrimp was determined by using
a semi-micro Kjeldahl distiller according to the method described in Ref [19].

2.5. Statistical analysis

Data results were reported as mean + standard deviation and one-way ANOVA was performed
using SPSS software (22.0, SPSS Statistical software, Inc., USA). The significance difference between
the means of each group was determined by Duncan's multiple range test, and the significance level
was set to P < 0.05.

3. Results and discussion

3.1. Color and UV-vis spectra of PTA

The visual color and UV-vis spectra of PTA are indicated in Figure 1a. PTA was pH-sensitive
and changed color from purple red (pH2) to blue (pH3-4), then to colorless (pH5-6), finally to yellow
when pH>7 due to degradation caused by strong base [16]. Being similar to the our study, Reyes et
al. [20] found that the higher the pH, the faster the degradation of anthocyanins. Figure 1a records
the UV-visible spectra of PTA in varying buffer solutions. It was found that at pH 2-8, the maximum
absorption peak of anthocyanins was gradually shifted from 527 nm to 538 nm in the spectral range,
and the absorption intensity of PTA slowly decreases with increasing pH. When the pH value exceeds
9, the absorption intensity is observed to increase gradually with a further increase in pH, and the
maximum absorption peak shifts from 570 nm to 660 nm. The UV-visible spectra also verified the pH
sensitivity of PTA.

3.2. Original films

Digital photos and color parameters of PVA/PTA films were displayed in Figure 1b and Table
1. It was found the color and opacity values were affected by PTA concentration. As shown in Figure
1b, the pure PVA were transparent, the films were lavender at a concentration of 1%, the films were
purple at a concentration of 3%, and the films were dark purple at a concentration of 5%. From Table
1, it can be seen that the L*, a* and b* values of the films were dramatically influenced by the
concentrations of anthocyanins (P<0.05). With the addition of PTA, the color of the composite films
has obviously changed, and the AE value increased significantly (P<0.05), with the highest AE value
of 65.94 for the 5% concentration film. At the same time, the brightness of the films decreased
significantly (P<0.05), and the L* value of the 5% concentration film was the lowest and gradually
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tended to black. a* value increased significantly (P<0.05) and appeared red. This is mainly because
the hydrolysis product of polyvinyl alcohol is vinyl alcohol, and the carbon-carbon double bond in
vinyl alcohol has adsorption of electrons, and the solution is acidic, while the anthocyanins will
change color due to the change of environmental pH. The b* values of the films were <0, indicating a
blueish color and low transparency of the films. The incorporation of pigments makes the clarity of
the film significantly lower, however, the color of the film is our most intuitive impression of the food
packaging, which will affect the consumer's observation, and controlling the amount of natural
pigments added is one of the ways to adjust the color of the film.

Table 1. Color parameters (L#, a*, bx and AE*) of original PVA /PTA films.

PTA (%) L* a* b* AE*
0% 85.16+0.152 3.26+0.05¢ -8.8+0.252 14.32+0.214
1% 57.16+3.64> 6.32+0.792 -9.76+0.432 37.21+0.36¢
3% 45.68+3.41¢ 5.22+0.25P -12.68+1.06° 48.67+3.01°
5% 27.06+1.014 4.84+0.59° -11.7+1.72b 65.94+0.422

Note: Values in the table are expressed as mean * standard deviation; different lowercase letters
indicate significant differences (P<0.05).

3.3. pH-response of films

The films containing PTA extract showed a color change with pH shown in Figure 1c, which was
similar to that observed for PTA extract (Figure 1a). The color of the films shifted roughly as follows:
purplish red— colorless— blue-green— light yellow. Under acidic conditions, the reduction of the
anthocyanin double bond, i.e. the protonation of flavonoid cations, explains the observed color
change. Under alkaline conditions, the trend is yellow-green due to the degradation of anthocyanins
in strongly alkaline media. Several studies have demonstrated that anthocyanin-rich films can
respond significantly to changes in pH [11].

Absorbance
"

Wavelength/em™

pH3
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Figure 1. UV-visible spectra (a); visual colorof PTA at pH 2-12 (b) ; color response of PVA/PTA films
with different concentrations of PTA at pH2-12 (c) an total color difference (AE) of PVA/PTA films
containing 1%, 3% and 5% PTA respectively, as a function of pH (d).

The change in AE with pH is also an important point when evaluating a smart indication labeling
system. It is necessary to make the change in AE indicator visible enough so that the consumer can
easily see this color change and know the quality of the product. Figure 1d shows the variation of AE
for the PVA/PTA composite film. AE for PVA/5% PTA did not change appreciably with pH from 3 to
5 and 9-11, but varied considerably at pH=5-7 and pH=8-10. However, the AE of PVA/1% PTA and
PVA/3% PTA and the compositions varied sharply with pH 2-12. Therefore, among the three films
tested, PVA/1% PTA and PVA/3% PTA were the ones that responded better to pH in terms of color.
From the color change results, anthocyanin extracts are used in combination with polyvinyl alcohol
and have great potential as a chromogenic material in food packaging.

3.4. Mechanical properties of films

As shown in Figure 2a, TS tended to increase and EAB decreased significantly (P < 0.05) with the
elevation of PTA concentration, showing that the addition of PTA extract could increase the
mechanical resistance and decrease the flexibility of the film. The formation of hydrogen bonds
between PTA and film matrix increases the intermolecular forces and tighter structure, which can
increase their mechanical resistance [21]. On the other hand, PTA hinder chain-chain interactions
between film components, and water molecules can act as plasticizers to exert greater elasticity and
flexibility in the film structure, thus decreasing the flexibility of the film and the elongation at break
of the film is reduced [22].

3.5. Film thickness, Moisture content and water vapor permeability of films

The film thickness was impacted by the composition of the components and the intermolecular
forces [23]. Table 2 illustrates that significant statistical differences (P < 0.05) were present between
the films of varying concentrations. With the increase of anthocyanin concentration, the film
thicknesses all increased significantly by 7.5%, 18.1% and 20.1%, respectively. The thickness of the
films was influenced by the film-forming matrix and may be related to the increase in the solid
content of the polymer [24]. The decrease in the MC of the films may be due to the phenolic hydroxyl
groups of the PTA molecules forming more hydrogen bonds with the hydroxyl groups of the film-
forming matrix, thus limiting the cross-linking between the composite film and the water molecules,
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resulting in a decrease in the MC [25], but the anthocyanin concentration did not have a significant
effect on the water content of the PVA/PTA composite film (P > 0.05).

WVP is an important index to evaluate the waterproof performance of food packaging film. As
shown in Table 2, there are significant differences between the 1%, 3%, and 5% concentrations of
PVA/PTA films (P <0.05). The WVP of the control group with the highest PTA content was (2.7+0.05)
x10-8 g (m-s-Pa) 1. The increase of WVP is due to the fact that anthocyanins contain a large number of
hydrophilic groups, which promote the water absorption and expansion of the film, making water
molecules more easily pass through the composite film, reducing the barrier efficiency, and thus
improving the water vapor transmission coefficient [26].

Table 2. Film thickness, water content and water vapor transmission coefficient.

PTA Thickness MC WVP

(%) (um) (%) (10-8 g per m. s. Pa)
0% 57.86+2.4¢ 6.82+0.26° 2.08+0.330

1% 62.2+8.14bc 6.58+0.162 1.72+0.23b

3% 73.48+9.980 6.22+0.592 1.24+0.02¢

5% 88.22+8.412 6.40+0.372 2.7+0.052

Note: Values in the table are expressed as mean + standard deviation; different lowercase letters
indicate significant differences (P<0.05).

3.6. FTIR analysis of films

The FTIR spectroscopy of PVA/PTA and PVA films was shown in Figure 2c. It was found that
the hydroxyl groups of PVA showed a intense and broad peak at 3365 cm™. The peaks observed at
2941 cm™, 1093 cm™ and 1734 cm~1 belong to the tensile vibrations of -CHz, C-O and the deformation
vibration of -OH on PVA, respectively [23,27,28], respectively. Comparing with PVA (a), PVA/PTA
(b) film showed the new peaks at 1016 cm™ and 1604 cm, which are due to the tensile vibration of
C-O and C=0 by anthocyanins [28]. Furthermore, it was found that the characteristic absorption peak
of hydroxyl on PVA shifted from 3365 cm™ to 3396 cm™ after combination with PTA, which suggests
the interactions between C=C on aromatic ring of anthocyanins and the hydroxyl groups on polyvinyl
alcohol [10,29].

3.7. Antioxidant activity of films

The DPPH method can determine the scavenging ability of compounds against free radicals and
is widely used to determine the antioxidant properties of samples. As shown in Figure 2b, the
antioxidant activity of the films was obviously improved (P < 0.05) with the increase of anthocyanin
concentration by 14.72%, 223.19%, and 7.96%, respectively, where the DPPH radical scavenging rate
of 5% concentration of anthocyanin films reached 43.79%, mainly because anthocyanins are
polyphenolic substances that can eliminate free radicals by forming phenoxy groups acting as an
antioxidant [30]. There was a partially significant difference (P<0.05) between the different
concentrations, and the lower antioxidant rate of anthocyanin films at 1% concentration may be due
to the influence of factors such as the cross-linking of the active ingredient with the polymer, the
solubility and microstructure of the film, and also the release environment of the film [31].
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Figure 2. Mechanical properties of the PVA/PTA films (a); DPPH radical scavenging activity of
PVA/PTA films (b),and FTIR spectra of PVA and PVA/PTA films (c).
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3.8. Application of PVA/PTA films for monitoring shrimp freshness

Fresh shrimp freshness was examined in PVA/PTA films with different concentrations of PTA
at 4°C with Figure 3 Enzymes and microorganisms are the main factors in the spoilage of aquatic
products, a process that is often accompanied by a rise in pH and the production of volatile
compounds such as ammonia and amines during protein degradation, which enhances the fresh
shrimp off-flavor [30,32]. Nitrogen-containing compounds containing alkaline pH can cause changes
in the structure of PTA, which can result in color changes. As shown in Table 3, during a 48-hour
storage period, the TVB-N (Total Volatile Basic Nitrogen) levels in the shrimp showed a significant
increase, rising from an initial (7.2 + 0.3) mg per 100g to (28.6 + 0.01) mg per 100g. As per the Chinese
National Standard (GB 2733-2015) for marine fish and shrimp, TVB-N levels should be kept below
30 mg per 100g of consumption. This indicates that after 48 hours of storage, the shrimp samples had
nearly reached the spoilage threshold and were deemed unsuitable for consumption. The initial pH
value of fish was 7.1, similar with the variation of TVB-N value, which increased gradually during
storage at 4°C. Notably, the color changes of the chromatic films correlated closely with the shifts in
TVB-N and pH values in the shrimp. Throughout the monitoring period, the variations in color of
the colorimetric films became increasingly pronounced as the TVB-N levels rose. Initially, the 5%
PVA/PTA film was purple, which then transitioned to blue-green at 48 h, and by 92 h, it had changed
to a yellow-green hue, with the AE values of film changing from 65.94+0.42 to 30+0.1 (as shown in
Table 3). The change of total color difference is obvious and can be recognized by naked eye.

Time(d)

Sample

1%

3%

5%

Figure 3. Color change of films based on PVA/PTA films used to monitored shrimp freshness.

Microbial growth in freshness shrimp during storage of total plate count (TPC) is shown in Table
3. Fresh shrimp limit of acceptable microbiological was 7 log CFU/ g [18]. During the storage, the
microorganisms gradually increased incrementally, and the microbial count was about to reach its
peak on day 4. As fresh shrimp began to have a slight odor at day 2, the odor was clearly inedible at
day 4 and all spoiled at day 5, consistent with the TVB-N value of fresh shrimp. Due to the significant
color change of shrimp during storage, the film developed in this study can be used as a colorimetric
index to visualize the freshness of shrimp.
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Table 3. Changes of freshness monitor (TPC, pH, TVB-N) and AE values of shrimp using 5 %
PVA/PTA indicator films during storage at 4 °C.

Time(d) pH TVB-N content TPC AE
(mg per 100g) (log CFU per g)
0 7.1+0.2 7.2+0.3 5.261+0.2 65.9+0.4
1 7.4+0.1 19.340.1 5.37810.1 58.78+0.2
2 7.8+0.1 28.6+0.1 5.457+0.1 44.18+0.2
3 8.0+0.1 38.0+0.2 5.659+0.1 35.89+0.2
4 8.4+0.1 50.0+0.1 6.767+0.2 30.12+0.1

Note: Values in the table are expressed as mean * standard deviation.

4. Conclusions

In this study, different concentrations of PTA were added into PVA to prepare intelligent
packaging films, which was used for real-time monitoring of fresh shrimp freshness. The findings
indicated that the physiochemical properties of PVA films were functional with PTA that the
cooperation of PTA improved the mechanical properties, contact angle and antioxidant activity of
PVA, this means that PVA/PTA films have the potential to be used as active packaging materials.
However, the elongation at break and barrier were significantly decreased (P<0.05) with the addition
of PTA. FTIR results showed that there is a chemical interaction between PTA with PVA. When the
films were applied to shrimp freshness detection, the visible changes of film were observed, therefore
the prepared PVA/PTA films have potential application in intelligent packaging as a smart label
indicator.
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