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Abstract: Juice, as a liquid foodstuff, is subject to spoilage and damage due to complications during
transport and storage. The appearance of intact outer packaging often makes spoilage and damage
difficult to detect. Therefore, it of particular importance to develop a fast, real-time material to
evaluate liquid foodstuffs. In this paper, starch films with pH response characteristics are successfully
prepared by inorganic ion modification by utilizing whole starch and amylopectin as raw materials.
The mechanical properties, stability properties, hydrophilic properties and pH electrical signal
response indices of the films are analyzed and measured. The films exhibit good electrical conductivity
values with 1.0 mL of ion addition (10 mmol/L), causing the composite film to respond sensitively
to solutions with varying pH values. In the test of spoiled orange juice, the full-component corn
starch (CS) film has more sensitive resistance and current responses, which is more conducive for
applications in the quality monitoring of juice. The results indicate that modified starch films can
potentially be applied in the real-time monitoring of the safety of liquid foodstuffs.

Keywords: ion modified; starch film; drink spoilage; pH response; rapid determination

1. Introduction

Food safety has become one of the most important issues in our daily lives. Food
safety threatens human health and causes turbulence in the market economy and the
stability of society; thus, food safety has a mutually balanced relationship with society and
human beings [1-5]. Existing food safety problems are mainly caused by the following
issues: heavy metal contamination in the environment [6], pesticide and veterinary drug
residues [7], bacteria and biotoxins [8], additive abuse [9], and incorrect operations during
production and storage. Several techniques have been developed for rapid food detection,
including immunoassays [10], enzyme inhibition [11,12], colorimetric analysis [13,14], and
biological techniques [15]. Although the above techniques have many advantages, they
have relatively complex operations and high detection costs; the accuracy of the results
is susceptible to environmental influences, leading to the deviation of the test results and
making it difficult to achieve simple and accurate real-time detection. In contrast, laboratory
methods for food safety detection are mainly realized by near-infrared spectroscopy [16],
Raman spectroscopy [17,18], and high-performance liquid chromatography [19,20]. Most
laboratory techniques require skilled technicians, and have shortcomings such as expensive
instruments and long detection times, which are not conducive to rapid, simple, and real-
time food detection. Therefore, it is of particular significance to develop rapid and sensitive
food detection methods and materials.
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Food products are damaged and spoiled during transport and storage due to complica-
tions. As a liquid food, fruit juice easily deteriorates because of technical packaging defects.
Additionally, the appearance of intact outer packaging often makes damage and spoilage
difficult to detect. Thus, the development of rapid, real-time materials for liquid food
detection is of great significance. The deterioration of liquid foods essentially affects their
pH values; therefore, a range of detection materials and techniques can be developed to
pick up this particular signal. Zhang’s research group has reported an intelligent indicator
label that can detect the degree of food decay [21]. Due to the pH sensitivity of the indi-
cator label, it can be applied to detect the pH levels of liquid food; furthermore, indicator
labels can detect the biogenic amines produced by rotten food in real time. Hu et al. [22]
have demonstrated a pH-responsive smart food packaging antibacterial film, where the
pH-responsive release behavior of the antibacterial film extends the shelf life of the pork.
The above literature proves the feasibility of using pH as the main signal for food quality
detection. A new research direction involves visually observing the degree of deterioration
and the electrochemical parameters in testing techniques for food safety. Deng et al. [23]
have proposed a graphene-modified acetylene black paste electrode for detecting bisphenol
A (BPA) concentrations in foodstuffs; this electrode has a wide detection range and high
sensitivity. Hao et al. [24] have designed and developed a simple portable electrochemical
immunosensor with high sensitivity, stable performance, convenient storage and simple
operation for the rapid on-site detection of a mycotoxin- zearalenone (ZEN) in feed and
agri-food. Kundan et al. [25] have developed an ultrasensitive optofluidic surface-enhanced
Raman scattering (SERS) sensor using photonic crystal-enhanced plasma capsules; the
researchers have achieved the detection of the food additive rhodamine 6G and the re-
sponses to trace amounts of chlorobenzene compounds in drinking water. Smart electrical
signal-responsive materials have a wide range of applications, and they have shown great
promise in food safety detection applications. To date, the increasing demand for fruit and
vegetable beverages has made food safety in this field extremely important. Therefore, it is
urgent to develop a simple, rapid, highly sensitive and real-time method for evaluating
fruit and vegetable beverages.

Based on the above problems, we have prepared a composite functional film with a
starch solution as the matrix, glycerol as the plasticizer and AgNQOj3 solution as the additive;
this film responds sensitively to the pH value of fruit juice with the fast feedback of electrical
signals (Figure 1). The mechanical properties, stability, hydrophilicity and pH response
index of the composite films are analyzed and measured. Based on the above modern
analytical techniques, we compare the effects of corn starch (CS) and amylopectin (CA) on
the composite films and discuss the trends of the effects of ionic addition on the functionality
of the composite films. The composite films respond sensitively to the pH value of the juice.
This study provides a new method for the rapid, sensitive and nondestructive monitoring
of the quality of liquid food, which has great application prospects in the field of rapid,
nondestructive, and real-time digital monitoring of food quality.
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Figure 1. The synthesis route of ion-modified film and the flow chart of fruit juice detection.
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2. Results
2.1. Mechanical Properties of Different Composite Films

As shown in Figure 2a-d, the tensile strengths of the CS films were higher than those
of the CA starch films, and the yield strengths of the CS films were higher than those
of the CA starch films; this finding indicated that the service limits of the CS films were
better than those of the CA films. The tensile strength of the two kinds of films showed
trends of decreasing and then increasing with the increasing amount of added AgNOs.
The elongation at break curves showed different degrees of increasing, with CS films
showing less elongation at break than CA films. At 0.6 mL of AgNOj3, both films showed
large elongations at break. At this point, the tensile strength was the lowest, indicating
that the film material was relatively soft. The tensile strength increased with increasing
amounts of added AgNOj3. According to an analysis, the high doping amount of silver
nitrate solution enhanced the formation of hydrogen bonds and interactions in the starch
molecules, resulting in enhanced rigidity properties of the CA composite films [26].
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Figure 2. Tensile strength and the elongation at break of (a) CS/AgNO;3; composite films and
(b) CA/AgNO;3 composite films; stress—strain curve of (c¢) CS/AgNOs; composite films, and
(d) CA/AgNO;3; composite films.

2.2. Morphological Characterization

To observe the changes occurring inside the films, the films were analyzed by electron
microscopy. Scanning electron microscopy (SEM) images of the four starch films are shown
in Figure 3. As shown in Figure 3, the addition of AgNOj affected the starch surface finish
to varying degrees and caused it to become rough. The surface of the CS films showed
many irregular circular traces, with diameters of approximately 33 um. The addition of
AgNOj resulted in a banded surface of the CA film. An analysis of the surface morphology
showed that the addition of AgNOj3 caused more changes to the CS. To characterize the
structure of the film more clearly, the cross-section of the film was quenched at a low
temperature, and its morphology was observed. As seen from Figure 3-X-S, the smoothness
of the starch films without AgNO3 modification was better. With the addition of AgNO;,
the cross-section of the CS films showed signs of toughness fractures. However, the CA
films did not change significantly and showed smoother morphological profiles. The
surface morphology showed that the surface of the starch film was uneven and rough due
to the addition of silver nitrate solution. The Ag* in the silver nitrate solution potentially
induced the agglomeration of the starch molecular chains, resulting in a decrease in the
homogeneity of the starch emulsion; this phenomenon could cause floating on the surface



Int. . Mol. Sci. 2022, 23, 14732

40f11

of the film during the film formation process due to the density, thus leading to a rough
surface. A similar phenomenon was reported previously [27].
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Figure 3. T SEM image of different films. (A): pure CS film, (B): CS/AgNO3-1.0 mL composite film,
(©): pure CA film and (D): CA/AgNO3-1.0 mL composite film. X represents the surface topography
of ABCD and X-S means the cross-section morphology.

2.3. XRD Structure Analysis

To understand the crystallinity of the starch, X-ray diffraction (XRD) analysis of the
starch was conducted, as shown in Figure 4. Figure 4 shows that the starch film material
exhibited crystalline peaks at 17.0°, 19.6° and 21.6°. The addition of AgNO; changed the
relative crystallinity and layer spacing of the starch films. Figure 4a shows that AgNO3
increased the relative crystallinity of CS films and increased the layer spacing. The relative
crystallinity reached a maximum of 11.52% when the doping amount of AgNO3; was 1.8 mL;
additionally, the layer spacing reached a maximum at this time. With the increase in AgNQO3,
the crystallinity peak of the CS/AgNO; composite film at 19.6° gradually became obvious.
According to Figure 4b, the addition of AgNOj solution enhanced the relative crystallinity
of CA composite films, and the relative crystallinity increased with the addition increasing
amounts. AgNOj increased the layer spacing of CA films and reached a maximum at
0.5110 nm with an addition amount of 0.6 mL.
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Figure 4. XRD curves of (a) CS/AgNO3 composite films and (b) CA/AgNO3 composite films.

The analysis showed that the recrystallization of starch occurred, and the starch
chains changed from disordered to ordered. During starch gelatinization, the ordered
starch became disordered under influence of the actions of water and temperature, and
the crystalline region opened completely. In starch film preparation, as the temperature
decreased, the disordered starch chains in the high-energy state gradually tended to become
ordered in the low-energy state due to the action of molecular potential energy, producing
the phenomenon of gelation. When the moisture content of the starch film reduced to a
certain level, the overall movement of the starch molecular chains substantially reduced
or even froze, and the system was in a thermodynamic nonequilibrium state. As a result,
the hydrogen bonds within or between the molecular chains rearranged, and the starch
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recrystallized. During recrystallization, amylose in starch formed a double helical structure;
simultaneously, a double helical enriched region formed, which was eventually connected
by intermolecular hydrogen bonds. In contrast, the recrystallization of CA occurred
between the branches, with more crystalline regions forming within the molecule. Because
amylopectin has numerous branched chains, the crystallinity of amylopectin formation
exceeded that of the CS containing amylose. Therefore, the crystallinity of the CS film
shown in Figure 4 was smaller than that of amylopectin. These findings were in agreement
with the above analysis. Additionally, the crystallinity of the Ag™ ions was higher than
that of the original starch, and the layer spacing increased to varying degrees. The analysis
showed that Ag* ions were enriched around the hydroxyl groups of the starch chains due
to polarity, guiding the hydroxyl groups of other chain segments during recrystallization
to a certain extent; this phenomenon would increase the proportion of recrystallization
and cause an increase in crystallinity after the addition of Ag* ions. Furthermore, due
to the involvement of Ag* ions in recrystallization, there were other substances in the
crystal layer; thus, the layer spacing of the starch crystallization zone increased. The
CA film had many crystalline branches within the molecular chains, resulting in weaker
intermolecular linkages and lower tensile strength. The CS film was composed of amylose,
which presented a helical structure between molecular chains, resulting in interchain
bonding and crystallization under the guidance of ions; this film had a higher tensile
strength than the CA film. The crystallization characteristics of the two films explained
why the mechanical strength of the CS film was higher than that of the CA film in Figure 2.

2.4. Stability Analysis

Figure 5a shows the water contact angle of the composite film in air. The water
contact angle of the pure CS film was 110.3° and that of the pure CA film was 108.1°.
As shown in Figure 5a, with the increase in the addition of AgNOj3, the water contact
angle for both starch-based composite films showed a trend of first decreasing and then
increasing, reaching the lowest value at the addition of the amount of 0.2 mL. The reason
for this phenomenon could be that silver ions were heavily doped at the starch chain
segment points, and that the hydrophilic characteristics of ions led to a decrease in the
water contact angle of the composite film. When the addition amount exceeded 0.2 mL, the
ions aggregated to form a chelated starch gel shell; this aggregation made the starch film
more hydrophobic, increasing the water contact angle. The water contact angle of the CS
composite films was greater than that of the CA composite films. The higher the content of
amylopectin in the film was, the better the hydrophilicity of the composite film and the
lower the water contact angle [28].
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Figure 5. (a) Water contact angle of starch/ AgNO3 composite films, (b) FTIR spectra of pure starch
films and starch/AgNO3-1.0 mL composite films.
2.5. Chemical Structure Analysis

Fourier transform infrared (FTIR) analysis was performed to observe the changes
in the ion-modified starch groups. As shown in Figure 5b, starch/AgNO3 composite
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films showed no significant differences in terms of basic peak shapes from those of pure
starch films. The -OH vibration absorption peak was at 3270 cm~! [29], the -CH stretching
vibration peak was near 2884 cm !, and the C=O absorption peak was at 1657 cm~!. The
distorted vibrational absorption peak of -OH appeared at 1333 cm ™! [30]. The stretching
vibration absorption peak of C-O appeared at 992 cm ™!, and the vibration absorption peak
of the C-C skeleton appeared at 850 cm ™! [31]. As observed in Figure 5b, the addition of
AgNOj solution enhanced the -OH peak intensity but did not change the functional group
type of the starch film. Compared to the pure starch film, the -OH stretching vibration peak
at 3287 cm~! was blueshifted. The smaller the wavelength number of the absorption peak
was, the more intense the hydrogen bonding interactions were in the material; this finding
further indicated that the addition of the silver nitrate solution enhanced the hydrogen
bonding interactions [32].

The changes in groups and elements were not well observed by FTIR analysis; there-
fore, the films were analyzed by X-ray photoelectron spectroscopy (XPS) (Figure 6 and
Table 1). The total XPS spectra of the four samples are shown in Figure 6a,b shows the Cls
XPS spectra at high resolution. All samples exhibited strong peaks at 533 eV and 287 eV,
corresponding to the binding energies of Ols and C1s, respectively. As shown in Table 1,
the resolved Cls XPS spectra showed peaks at 284.8, 286.5 and 288.14 eV (Figure 6b),
indicating the presence of C-C, C-O and C=O0, respectively [33]. Table 1 suggests that
the pure CS film and the CS/AgNOj3; composite film had similar percentages of C and
O elements; for amylopectin, the proportion of C in the CA/AgNO; composite film was
greater than that in the pure amylopectin film. As shown in Table 1, after adding silver
nitrate solution, the proportion of C-C bonds in the composite films increased, and the
corresponding proportions of C-O bonds and C=0O bonds all decreased. Thus, the NO;- ion
had a weak oxidation ability in solution, and the starch film was oxidized and deoxidized
during preparation; this phenomenon could reduce the proportion of oxygen [34]. In
particular, the C=0 bond in the CA/AgNO3; composite films only accounted for 4.62% of
Cl1s. The doping of the silver nitrate solution did not change the structure of the functional
groups, but the percentage of different bonds in the structure changed significantly.

fit
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Figure 6. (a) XPS survey spectra, and (b) high-resolution C1s spectra of composite films.

Table 1. Element proportion and chemical bond for different composite films.

cs CS/AgNO5-1.0 CA CA/AgNO;-1.0
Cls 59.75% 59.87% 62.20% 68.27%
Ols 40.22% 40.1% 37.78% 31.69%
c-C 24.84% 27.88% 34.08% 37.63%
C-0 62.11% 60.61% 55.87% 53.76%
C=0 13.04% 11.52% 10.06% 4.62%

2.6. Chemical Structure Analysis

Figure 7 shows the electrochemical impedance spectroscopy (EIS) of the pure starch
film and the starch/AgNO3-1.0 mL composite films. The EIS diagram features a semi-
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circle in the high-frequency region and a straight line in the medium-to-low-frequency
regions (Figure 7). The semicircular arc in the high-frequency region is the charge transfer
impedance (Rc) caused by the gain and loss of electrons, while the straight line in the
medium and low frequency regions is related to the solid diffusion process. The smaller the
diameter of the semicircular arc of the impedance curve is, the faster the charge transfer rate
and the lower the electron transfer resistance will be [35]. According to the EIS, after circuit
fitting, the doping of the AgNOj3 solution reduces the resistance of the composite films and
enhances their electrical conductivity. The addition of the AgNO3 solution enhances the
electrical conductivity of the film, probably due to the formation of ionic hydrates in the
composite film, decreasing the resistance value of the composite film. By comparing the
CS and CA films, the resistance value of the CS film is determined to be greater than that
of the CA film under the same test conditions. According to the EIS and XRD analyses,
this phenomenon may be caused by the amylose in the CS film, which is associated with
the linking of the starch molecule between the chains, making the film-forming structure
tighter and resulting in its poor electrical conductivity.

8
2.0x10 oS
404108 —— CS/AgNO;-1.0 mL
& ——CA
C: -
1.5X108 1 & 2000° —— CA/AgNO;-1.0 mL
a 0.0
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CS/AgNO,-1.0 mL: 3.55 x 10° Q
rl= CA:5.35x10° Q
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0.0 50x107 1.0x10% 1.5x10%® 2.0x108
7'(Q)

Figure 7. EIS of pure starch films and starch/AgNOs3-1.0 mL composite films.

To show the conductivity gap between the films more clearly, the current strengths of
the films in different pH solutions were measured. The modified films had sensitive pH
responses to the changes in current.

The currents in the different environments were measured by adding drops of acid—
base solutions of diverse pH values to the self-assembled parts of the film, changing the
acid-base environment existing in the film. The different pH solutions caused a change in
the current of the film, thus characterizing the acidity of the solution by the current.

As shown in Figure 8, the conductivity of the starch/AgNO3 composite films was
greater than that of the pure starch films, which could have been caused by the ions being
embedded in the films. The addition of the AgNO5 solution formed hydrated ions, which
in turn enhanced the conductivity of the films, resulting in higher steady currents than
those of the pure starch films. Under different pH conditions, the smallest stable current
values were obtained at pH = 7. The more acidic or alkaline the solution was, the more
the stable current values increased, making the current conducted by the film positively
correlated with the ion concentration. According to the CA test results, the embedding of
the AgNO3 solution effectively reduced the resistance of the starch film, thereby enhancing
its conductivity. This was consistent with the EIS results.
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Figure 8. Steady current at different pH value of (a) pure CS film, (b) CS/AgNO3-1.0 mL composite
film, (c) pure CA film and (d) CA/AgNOs3-1.0 mL composite film.

The stable currents for CS films ranged from 3.92 x 107° A to 9.76 x 107° A at
different pH values; for CS/AgNO3-1.0 mL composite films, the currents ranged from
9.41 x 107° A to approximately 1.44 x 10~> A. The stable currents for pure CA films
ranged from 6.92 x 107° A to 1.48 x 10~° A at different pH values; for CA/AgNO3-1.0 mL
composite films, the currents ranged from 1.01 x 107> A to approximately 1.54 x 107> A.

To verify the pH response of the modified starch films, we used orange juice after
14 days of storage as the test liquid. The current was measured by adding drops of orange
juice to a device prepared from modified starch.

The pH of fresh orange juice was approximately 3.38, and the pH of the spoiled
orange juice was 2.68, indicating that it somewhat decreased. As shown in Figure 9,
before deterioration, orange juice was added to the CS/AgNOs3-1.0 mL composite film and
CA/AgNO;3-1.0 mL composite film devices and stabilized for 30 min; then, it fully entered
the film devices. The obtained stable current values were 4.42 x 107® A and 1.39 x 1075 A
for the CS/AgNO3-1.0 mL and CA/AgNOs-1.0 mL devices, respectively. After spoilage, the
measured stable current values were 2.46 x 107> A and 1.76 x 10> A for the CS/AgNOs3-
1.0 mL and CA/AgNOs-1.0 mL devices, respectively. Comparing the stable current values
of the two composite films shows that the difference in current between the CS/AgNO3-1.0
mL composite films before and after the spoilage of the orange juice was obvious, while the
difference in current between the CA/AgNOj3-1.0 mL composite film was neither obvious
nor significant. As seen from Figure 9a, the resistance of the CS/AgNO3; composite film
was 1072 ) before juice spoilage and 39.22 () after spoilage, with a difference of nearly
1030 €; the difference for the CA/AgNOs composite film was only 153 (). The CS/AgNOs3
composite film was more beneficial for detecting juice spoilage. Information on the spoilage
of orange juice was obtained from both the current and impedance values of the modified
film device, providing new ideas for the real-time monitoring of food safety.
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Figure 9. EIS (a) and Steady current (b) of starch/ AgNO3-1.0 mL composite films.

3. Discussion

In conclusion, starch/ AgNO3 composite films were prepared by a simple solution cast-
ing method. The tensile strength of the CS/AgNOs3-1.0 composite film reached 22.82 MPa,
and the elongation at break was 6.7%; the tensile strength of the CA/AgNO3-1.0 composite
film reached a maximum of 17.58 MPa, and its elongation at break was 5.35%. The addi-
tion of AgNOj increased the crystallinity of the starch films to varying degrees, with the
crystallinity of CA increasing more than that of CS; the highest crystallinity was 18.76% for
CA. Due to the high crystallinity of the recrystallized CA films, the stability was superior.
The addition of ions made the starch films more hydrophilic and provided a basis for the
films to respond to the pH of the liquid. The addition of ions resulted in a higher C-C bond
ratio, making the pH-responsive device more stable. At an addition level of 1.0 mL, the
composite film had good conductivity, making it sensitive to different pH solutions. The
CS/AgNO; composite film was tested on orange juice and found to have more sensitive
resistance and current response, which was more conducive for application in the quality
monitoring of fruit juices. Overall, the composite films prepared by the authors showed
certain application prospects in the field of food and biodegradable films, providing new
strategies for juice detection and digital monitoring.

4. Materials and Methods
4.1. Materials

Corn starch (CS) and corn amylopectin (CA) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China), AR grade. Silver nitrate (AgNOj3)
was purchased from Guangdong Xilong Chemical Co., Ltd. (Shantou, China), AR grade.
All solution were prepared with ultrapure water.

4.2. Methods

The component interaction of film samples was studied with a Fourier transform
infrared spectrometer (FTIR) (Waltham, MA, USA) with a resolution of 4 cm L. The el-
emental composition of the films was observed using Thermo Scientific K-Alpha X-ray
photoelectron spectrometer (XPS) (Thermo Fisher Scientific, Shanghai, China). The X-ray
diffractometer (XRD), model max220 (Neo-D, Japan), with Cu K« radiation (A = 1.5406 nm)
and the relative crystallinity was analyzed using Jade 6 software (International Centre
for Diffraction Data, Newtown, PA, USA). The morphology and microstructure of the
films were observed by scanning electron microscopy (SEM). The mechanical properties
of the film, namely tensile strength and elongation at break, were measured by XLM (PC)
with intelligent electronic tensile testing machine. The hydrophilicity and hydrophobicity
of the film samples were tested by a JC2000D3R (Shanghai Zhongchen Digital Technol-
ogy Equipment Co., Ltd., Shanghai, China) water contact angle measuring instrument.
The impedance of the dried film samples was measured by CHI760E electrochemical
workstation (Shanghai Chenhua Instrument, Shanghai, China). The test frequency was
0.1 Hz~1 MHz, and the amplitude was 0.01 V. Layer-by-layer self-assembled devices were
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produced for electrochemical testing. The device was prepared by coating graphite paper
and the innermost film sample with insulating collodion. The liquid to be measured was
dropped on the surface of the film, and the steady current and resistance were determined
using chronoamperometry and electrochemical impedance spectroscopy.

4.3. Film Preparation

The starch/ AgNO3 composite films were prepared by simple solution casting. The
starch solution was prepared by dissolving starch (4 g) in 96 mL of ultrapure water with
the aid of stirring and adding 1.4 g of glycerol. The solution was transferred to a 90 °C
water bath and stirring was continued until the solution was completely gelatinized. Then,
the different levels of AgNOj3 solution (10 mmol/L) were added to the starch solution and
stirring was continued for another 10 min. The homogeneous film solution was poured
into the Petri dish (d = 15 cm) and then baked in a constant temperature oven at 45 °C
for 6 h. The composite film peeled off from the Petri dish was coded as starch/ AgNO3-x,
where x indicates the amount of AgNOj solution added to the starch film. For example,
CS/AgNO;3-1.0 means that the amount of AgNOj solution doped in the CS film is 1.0 mL.
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