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ABSTRACT

Green electrospinning for the production of freshness-indicating labels, employing entirely natural biopolymers
and pigments, holds significance in the development of intelligent food packaging. This study aimed to prepare
zein (Z) fibrous film (FF) incorporated with varying concentrations of anthocyanin (A; 0-0.5 %) through green
electrospinning. Furthermore, we evaluated their structural characteristics, functional properties, and color
responsiveness to ammonia. With an increase in A concentration from 0 % to 0.5 %, the average thickness and
fiber diameter of the electrospun Z-FF increased from 68.6 pm to 102.0 pm and from 582.1 nm to 690.7 nm,
respectively. At A concentration of 0.2 %, the A content and loading efficiency of electrospun ZA-FF exhibited the
most optimal values (6.8 mg/g and 39.4 %). Surface hydrophobicity, thermodynamic properties, and mechanical
characteristics of ZA-FF were significantly improved, attributable to changes in their secondary and crystal
structures from the interaction of Z and A. In the ammonia color-responsiveness test, an obvious color change
with AE values of 13.1 and 20.0 was observed for Z-FF incorporated with A at concentrations of 0.2 % and 0.5 %,
respectively. This study provides novel insights into the development of Z-based freshness-indicating labels via
green electrospinning for intelligent food packaging, especially in livestock and marine products.

1. Introduction

(Panjagari, Raman, Uma, Suwalka, & Thomas, 2021). Consequently,
intelligent indicating labels incorporating pH-sensitive dyes have been

Seafood and meat represent crucial sources of most nutrients, such as
proteins, fatty acids, vitamins, and minerals, which confer benefits to
human health. However, these food items are highly perishable, with
microbial spoilage, particularly by pathogenic microorganisms, and the
resultant harmful substances, potentially leading to foodborne illnesses
(Lee & Yoon, 2021). Therefore, the implementation of indicating labels
capable of monitoring the freshness of foods throughout their
manufacturing, storage, and consumption stages is of considerable
importance. Concerning protein-rich foods, the activity of microorgan-
isms induces the production of volatile amines and pH alterations, which
provide valuable insights into their freshness, quality, and safety
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devised to detect total volatile basic nitrogen (TVB-N), facilitating real-
time and visual monitoring of freshness by eliciting a color change upon
pH increase (Erna, Rovina, & Mantihal, 2021). Previous studies have
demonstrated that various pH-sensitive freshness-indicating labels can
be prepared by mixing anthocyanins (A) with film-forming polymer
solutions through solvent casting (Chen, Zhang, Bhandari, & Yang,
2020; Shen, Zhang, Mujumdar, & Ma, 2023). However, this current
technological approach is not suitable for large-scale production owing
to its low efficiency, low indication sensitivity, and potential environ-
mental pollution.

Electrospinning is a fiber production technology wherein polymer
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solutions or melts are evaporated, stretched, and solidified into micro-
and/or nanofibers under high-voltage electrostatic forces (Li et al.,
2021). Compared with traditional food packaging materials, electrospun
nanofibers exhibit high porosity and specific surface area, rendering
them suitable for the development of intelligent indicating labels (Guo
et al., 2022). Han et al. (2023) prepared an intelligent indicating label
using polyvinyl alcohol/silver/grape seed A through electrospinning,
demonstrating visible color changes from red to yellow when employed
to monitor the freshness of pork. Lv et al. (2024) electrospun a
freshness-indicating label using octenyl succinic anhydride starch/po-
lyvinyl alcohol/roselle A for visual monitoring of shrimp, exhibiting
visible color changes from red, purple, to dark green in response to
freshness variations from fresh, sub-fresh, and spoilage, respectively. He
et al. (2023) fabricated a novel A electrospun fibrous film (FF) through
caffeic acid co-pigmentation with polyacrylonitrile, displaying discern-
ible visual color changes from pink to light purple during fish storage at
4 °C.

Although electrospinning for the preparation of freshness-indicating
labels has been extensively studied, its application has been limited by
environmental concerns and food safety issues arising from the utiliza-
tion of chemical synthetic polymers and/or pH-sensitive dyes. Hence,
green electrospinning holds significant promise for a wide range of ap-
plications in the field of food packaging for freshness-indicating labels.
Among various bio-based polymers, zein (Z), the major storage protein
of corn and an important industrial byproduct of ethanol production,
exhibits favorable film-forming properties, excellent hydrophobicity,
and is both biodegradable and biocompatible, making it suitable for use
in food packaging (Garavand et al., 2024). As water-soluble edible
natural pigments widely found in fruits, vegetables, and flowers, an-
thocyanins (A) can serve as ideal pH colorimetric indicators for
freshness-indicating labels owing to their abundance, favorable food
safety, and high pH sensitivity (Lova, 2021). Therefore, this study aimed
to prepare Z nano-FFs incorporated with varying concentrations of A
(0-0.5 %) through green electrospinning as a novel approach for
freshness-indicating labels. A digital camera, thickness instrument,
scanning electron microscopy (SEM) in conjunction with Image J soft-
ware, Fourier transform infrared (FT-IR) spectroscopy, and X-ray
diffraction (XRD) were employed to assess their structural characteris-
tics. Furthermore, we evaluated their functional properties using a
spectrophotometer, a contact angle instrument, a thermogravimetric
analyzer (TGA), and a dynamic mechanical analyzer (DMA). Addition-
ally, we further explored their antioxidant properties, storage stability,
and color-responsiveness to ammonia for their potential utilization in
indicating food freshness.

2. Materials and methods
2.1. Materials

Z (92 % purity) was procured from Shanghai Yuanye Biotechnology
Technology Co., Ltd. (Shanghai, China). A (36 % purity) from blueberry
extract was obtained from Shandong Shengjiade Biotechnology Co., Ltd.
(Jining, China). Anhydrous ethanol and ammonia solutions were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All other chemicals utilized in this study were of analytical grade.

2.2. Dope preparation

The preparation of Z-based dope followed a previously established
method (Khalafi, Gharachorloo, Ganjloo, & Yousefi, 2023) with minor
modifications. Following our preliminary experiment for the optimiza-
tion solubility, a series of A solutions was prepared by dissolving varying
concentrations of A (5, 10, 20, and 50 mg) into 10 mL of an ethanol
aqueous solution (80 %, v/v). Subsequently, 2.5 g of Z was introduced
with magnetic stirring to yield Z-based dope, designated as ZA0.05,
ZA0.1, ZA0.2, and ZAO0.5, respectively.
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2.3. Electrospinning

The aforementioned dope was loaded into a 10 mL syringe and
subsequently affixed within an electrospinning instrument (JDFO5,
Nano Apparatus Technology Co., Ltd., Changsha, China). Based on a
previous study (Huang et al., 2024), the electrospinning parameters
employed were as follows: a voltage of 17 kV, a feed speed of 0.3 mL/h, a
collecting distance of 12 cm, blunt needles with a gauge of 23G, a col-
lecting drum rotating at 5 rpm, and an environmental temperature and
humidity range of 25-30 °C and 45-55 %, respectively. After electro-
spinning for 10 h, FF was obtained and subsequently stored in a dryer at
25 °C until further analysis.

2.4. Structural characterization of FF

2.4.1. Macroscopic examination and thickness distribution

The aforementioned FF was photographed for macroscopic exami-
nation using a digital camera (Z30, Nikon, Tokyo, Japan), while changes
in its color were recorded using a colorimeter (Caipu Technology Co.,
Ltd., Hangzhou, China). Subsequently, 25 points were uniformly marked
across the surface of FF and subsequently assessed for thickness utilizing
a thickness measurement instrument (Shengtaixin Electronic Technol-
ogy Co., Ltd., Huzhou, China).

2.4.2. Microscopic examination and fiber diameter distribution

A sample (0.5 cm in length x 0.5 cm in width) was subjected to gold-
spraying to facilitate SEM analysis, with the instrument (S-4800, Hita-
chi, Tokyo, Japan) operating at an accelerating voltage of 10 kV (Li
et al., 2022). Magnifications of 5,000 and 20,000 were employed for the
examination of the overall microstructure and the analysis of fiber
diameter distribution in FF using Image J software (National Institutes
of Health, Bethesda, MD, USA), respectively.

2.4.3. FT-IR analysis

Samples were analyzed using a FT-IR spectrometer (Nicolet IS50,
Thermo Fisher, Waltham, MA, USA), scanning within the range of
400-4000 cm’l, employing 32 scans (Li et al., 2021).

2.4.4. XRD analysis

Samples were analyzed over a 20 range of 4-40 ° at a scanning rate of
0.5 °/min, utilizing Cu-Ka radiation using an XRD instrument (D8
Advance, Bruker, Berlin, Germany) (Li et al., 2018).

2.5. Functional properties of FF

2.5.1. Evaluation of anthocyanin incorporation

The evaluation of anthocyanin (A) incorporation was conducted
following established methods (Li et al., 2018; Li, Huang, et al., 2021)
with minor modifications. A sample (50 mg, dry weight) was dissolved
in 10 mL of an 80 % ethanol aqueous solution, thoroughly vortexed for 5
min, then centrifuged at 6000 g for 5 min, after which the supernatant
was collected. The concentration of A was determined from the
absorbance-concentration curve by measuring at a wavelength of 540
nm (the maximum absorption wavelength of A as determined by full-
band scanning) using an ultraviolet-visible spectrophotometer (Persee,
Beijing, China). The content (X, mg/g) and loading efficiency (Y, %) of A
were calculated using Egs. (1) and (2).

~ CxVxM; x1000

X
50

€8]

X
Y =g x 100 2
where C (mg/g) represents the concentration of A, V (mL) denotes the
volume of the sample solution, M; (g) signifies the total mass of the as-
spun sample, and My (g) denotes the total mass of A added before
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electrospinning.

2.5.2. Contact angle measurement

The water contact angle (WCA) of a sample was determined via the
pendent drop method utilizing a contact angle instrument (JY-82C,
Dingsheng Testing Machine Co., Ltd., Chengde, China) (Li, Zhu, et al.,
2021).

2.5.3. TGA measurement

The thermal properties of a sample were analyzed using a TGA (Pyris
1, PerkinElmer Inc., Shelton, CT, USA) within the temperature range of
30-800 °C at a rate of 20 °C/min (Narayanan, Mani, & Thambusamy,
2020).

2.5.4. DMA measurement

The mechanical performance of a sample (3 cm in length x 0.4 cm in
width) was evaluated using a DMA (DMA Q800, TA Instruments, New
Castle, Delaware, USA) (Ciarfaglia et al., 2021).

2.6. Color-responsiveness to ammonia

The color responsiveness of a sample to ammonia was evaluated
using a previously reported method (Wu, Liu, Zhou, & Shao, 2024a). A
sample (1 cm in length x 1 cm in width) was placed 3 cm above the top
of a bottle containing 25 % (v/v) ammonia for 20 min. Subsequently, the
color change of the sample was examined as described in Section 2.4.1.
The total color difference (AE) of a sample was calculated using Eq. (3).

AE= /(L' ~Lo')* + (@ — a0’ + (b by )? 3)

where L*, a*, and b* represent the color parameters of the sample

following the aforementioned ammonia treatment, and Lo*, ap*, and bo*
denote the original color parameters of the sample.

(A)

Z-FF ZA0.05-FF ZA0.1-FF
L'=95.8 L'=93.8
a=-03 a =16
bh*=5.8 b*=7.8
(B ) ZFF  Average thickness: (68.6:4.7) um 150 ZAO.05-FF  Average thickness: (63.246.7) pm 150

00
Fiber diameter (nm)

Fiber diameter (nm)

ZAO-FF  Average thickness: (69.5+5.4) pm 150

Average fiber diameter: (598 5254.0) nm

Fiber diameter (am)
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2.7. Statistical analysis

All measurements were independently repeated three times in the
experiments, and the results are presented as the mean value and the
standard deviation. Analysis of variance was conducted utilizing Dun-
can’s multiple-range test (p < 0.05) using statistical software (SPSS Inc.,
Chicago, IL, USA).

3. Results and discussion
3.1. Structural characteristics of FF

3.1.1. Macrostructures

Fig. 1A illustrates the appearance of Z-FFs as a function of A con-
centration (0-0.5 %). All electrospun Z-FF incorporated with A at a
concentration of 0-0.5 % exhibited a smooth surface without obvious
transparent “droplet”, indicative of the novel electrospinning formula-
tion (25 % [w/v] Z dissolved in an 80 % [w/v] ethanol aqueous solution)
and process parameters utilized in this study. As the concentration of A
increased from 0 % to 0.5 %, the color of the Z-FF transitioned from
white to pink, accompanied by a notable rise in the a* value from —0.3
to 7.2. This phenomenon aligns with the findings of a previous study that
involved electrospinning Z with an anthocyanic extract of jambolan
(Dos Santos et al., 2023).

As shown in Fig. 1B, as the concentration of A increased from 0 % to
0.5 %, the thickness distribution color of the electrospun Z-FF changed
from light blue to dark blue, with the average thickness expanding from
68.6 pm to 102.0 pm, implying their favorable electrospinning effi-
ciency. During the electrospinning, solidified nanofibers after solvent
evaporated could deposit on the collector layer by layer to form a fibrous
film, where electrospinning efficiency could be evaluated from its
average thickness (Li, Zhu, et al., 2021).

3.1.2. Microstructures
Fig. 1C presents SEM images of fiber diameters for Z-FFs as a function
of A concentration (0-0.5 %). All electrospun Z-FF with A at a

ZA0.2-FF ZA0.5-FF
L'=93.5 1*=88.9 =875
a=2.1 a'‘=3.8 a’=7.2
b'=59 b*=4.6 b'=1.38

ZAO2FF  Average thickness: (73.45.2) pm 150

ZAOS-FF Average thickness: (102.0:11.3) ym 150

0
'»,‘\\\«‘ Thickness.

= (pm)
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Fig. 1. Appearances (A), thickness distributions (B), SEM images (C) and fiber diameter distributions (D) of Z-FFs as a function of A addition (0-0.5 %).
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concentration of 0-0.5 % presented a smooth, flat, bead-free, and
ribbon-like morphology, reminiscent of the characteristics observed in
electrospun Z/propolis nanofibers derived from 70 % ethanolic solutions
(Moradkhannejhad, Abdouss, Nikfarjam, Mazinani, & Heydari, 2018).
And their more nano-size morphologies could be further exhibited in
Fig. S4 with higher magnification (10,000 x and 20,000 x). As shown in
Fig. 1D, analysis of fiber diameter distribution demonstrated that the
average fiber diameter of electrospun Z-FF increased from 582.1 nm to
690.7 nm with increasing concentrations of A from 0 % to 0.5 %,
implying a nanoscale dimension. A similar result was also found in the
electrospun Z/tannic acid composite FF with average fiber diameters
ranging from 684 to 1060 nm using a 70 % ethanolic solution when
tannic acid concentration increased from 0.5 % to 1 % (Luduvico et al.,
2024). Concerning the consistent electrospinning parameters (voltage,
feed speed, and collecting distance) and environmental conditions
(temperature and humidity), the aforementioned results could be
influenced by their electrospinning solution properties (mainly viscosity
and conductivity), which was closely linked to the formation of the
Taylor cone (Kailasa et al., 2021). Appropriate viscosity and conduc-
tivity could enhance electrospinning process by promoting polymer
stretching, resulting in the increased fiber diameter (Angel, Li, Yan, &
Kong, 2022). Additionally, viscosity and conductivity of the electro-
spinning solution from Z-FF as a function of A concentration (0-0.5 %)
are shown in Table S1. There is an increasing trend in viscosity from
340.50 mPa-s to 355.67 mPa-s with the increasing A concentration from
0 % to 0.2 %, implying the enhanced molecular entanglement between Z
and increased A. Further increasing A concentration to 0.5 %, it
exhibited a decreased value (348.36 mPa-s), resulting from the excess A
prohibited the comparable molecular interaction of polymer chains

Food Chemistry: X 25 (2025) 102163

(Rostamabadi, Assadpour, Tabarestani, Falsafi, & Jafari, 2020). More-
over, conductivity of Z-FF electrospinning solution increased from
88.17 pm/s to 99.53 pm/s with the increased A concentration from 0 %
to 0.2 %, which should be associated with the presence of numerous
phenols in its structure (Khoshnoudi-Nia, Sharif, & Jafari, 2020).
However, no significant increase was observed for conductivity when A
concentration further increased to 0.5 %, which was likely due to zein
saturation, similar to that of tannic acid-loaded Z-FF (Luduvico et al.,
2024). The above characteristic changes were a critical factor in the
sufficient molecular entanglement and stable jet eruption, which should
be responsible for the following structural characterization and func-
tional properties (Angel et al., 2022).

3.1.3. Secondary structures

Fig. 2A illustrates the FT-IR analysis of Z-FFs as a function of A
concentration (0-0.5 %) in conjunction with Z and A. The broad peak
observed in Z, ranging from 3290 cm ™! to 3295 cm™!, signifies the
stretching vibration of the N—H bond, characteristic of proteins. Addi-
tionally, the stretching vibrations of the N—H, C=0, and C—N bonds,
along with the bending vibration of the N—H bond in Z, were observed
at 3290 cm !, 1643 cm ™!, 1531 em ™}, and 1168 cm ™}, respectively,
consistent with prior research conducted by Krumreich et al. (2019).
The absorption peak of A at 3220 cm ™! corresponds to the absorption of
unsaturated C—H stretching vibrations, similar to those observed in
purple cabbage A, as noted by Pakolpakcil et al. (2021). After electro-
spinning, the spectrum of Z-FF exhibited a C=0 stretching vibration at
1643-1651 cm™ ! (amide I band), an in-plane bending vibration of the
N—H bond at 1531-1538 cm ™! (amide IT band), and a bending vibration
of the C—N bond at 1168-1169 cm™! (amide IIl band). At varying
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Fig. 2. FT-IR (A), XRD (B), TGA (C) and DTG (D) of Z-FFs as a function of A addition (0-0.5 %) combined with Z and A.
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concentrations of A (0.05-0.5 %), the stretching vibrations of the N—H,
C=0, and C—N bonds and the bending vibration of the N—H bond in
ZA-FF, exhibited slight shifts towards higher wavenumbers, approxi-
mately at 3296 cm’l, 1650 cm’l, 1537 cm’l, and 1169 cm’l, respec-
tively. These shifts indicated the formation of hydrogen bonds between
Z and A. No apparent differences in wavenumber characteristics were
observed between Z-FF and ZA-FF, which could be attributed to the
masking effect of Z resulting from the low concentrations of A (<0.5 %).
Similar findings have been reported in the electrospinning of ZA-FF with
gelatin and Fe?t (Gao et al., 2022).

FT-IR analysis of Z-FFs as a function of A concentration (0-0.5 %)
and Z elucidated their secondary structure, as summarized in Table 1.
The proportions of a-helix, f-fold, and p-turn in Z were 27.2 %, 46.2 %,
and 26.6 %, respectively, with no random coil structure detected,
consistent with the findings reported by Seong et al. (2016). Compared
to Z, electrospun Z-FF exhibited a significant increase in the proportion
of a-helix (28.2 %) and B-turn (28.1 %), with a significantly decreased
proportion of p-fold (43.7 %). A similar trend was observed in Z elec-
trospinning with varying concentrations of A (0.05-0.5 %), indicating a
transition from an ordered structure (o-helix + f-turn) to a more
disordered structure (p-fold + random coil). Among ZA-FF, ZA0.5-FF
displayed the lowest proportion of a-helix (15.7 %) and the highest
proportion of f-turn (31.1 %), suggesting that higher A concentrations
favored the formation of a more ordered structure.

3.1.4. Crystal structures

Fig. 2B illustrates the XRD spectrum of Z-FFs in relation to varying
concentrations of A (0-0.5 %) in conjunction with Z and A. Two broad
diffraction peaks at 9.0° and 19.9° were observed for Z, consistent with
the findings of previous studies (Gholizadeh et al., 2024; Li, Huang,
et al., 2021). Conversely, the diffraction pattern of A exhibited a flat-
tened peak at 24.8°, indicative of its amorphous structure. Compared to
Z, Z-FF exhibited a shifted broad peak from 19.9° to 21.1°, indicating
changes in crystal structures subsequent to electrospinning. This phe-
nomenon has also been observed in electrospinning experiments
employing a Z 35 % concentration and an 80 % ethanolic solution
(Aytac, Ipek, Durgun, & Uyar, 2018). No apparent differences in XRD
characteristic peaks were observed among ZA-FF with varying A con-
centrations (0.05-0.5 %), consistent with corresponding FT-IR data.
Both sets of data indicated a greater prevalence of amorphous structures
following Z electrospinning with A. Similar outcomes have been re-
ported by studies investigating the electrospinning of Z with varying A
concentrations (2.5-4.5 %) (Khalafi et al., 2023).

Table 1
Secondary structures of Z-FFs as a function of A addition (0-0.5 %) and Z.
Samples a-helix p-fold Random coil  f-turn Ordered
(%) (%) (%) (%) structure
(a-helix +
B-turn) (%)
Z 27.2 + 46.2 + n.d. 26.6 + 53.8
0.3 1.8° 1.5
Z-FF 28.2 + 43.7 £ n.d. 28.1 £ 56.3
4.0° 6.5° 2.5°
ZA0.05- 21.9 + 34.7 £ 27.3 £1.1° 16.0 £ 37.9
FF 2.4° 3.64 2.44
ZAO.1-FF 27.5 + 221 + 24.8 + 2.4° 25.5 + 53.0
5.5 1.4 1.1¢
ZAO0.2-FF 27.0 £ 36.0 £ 13.2 + 1.8° 23.8 £ 50.8
4.7° 5.4° 8.6
ZAO0.5-FF 15.7 £ 38.8 + 14.3 &+ 2.0¢ 31.1 + 46.8
2.2¢ 5.0 312
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3.2. Functional properties of FF

3.2.1. A content and loading efficiency

The A content and loading efficiency in Z-FFs in relation to the
concentration of A (0-0.5 %) is shown in Table 2. As the A concentration
increased from 0.05 % to 0.5 %, the A content in the ZA-FF significantly
increased from 3.4 to 14.7 mg/g, with a significant decrease in loading
efficiency from 76.8 % to 37.6 %. This decrease can be attributed to an
insufficient amount of Z (2.5 g) when the A concentration exceeded 0.2
%. At a 0.2 % concentration of A, the A content and loading efficiency
reached their optimum values (6.8 mg/g and 39.4 %). Similar results
have been reported by Dos Santos et al. (2023) who loaded 20-40 % of
anthocyanic extract of jambolana into electrospun Z-FF, as well as by Li,
Zhu, et al. (2021), who fabricated starch/Z nanocomposites via starch
nanoprecipitation.

3.2.2. Surface hydrophobicity

The WCA of Z-FFs as a function of A concentration (0-0.5 %) is
shown in Table 2. The WCA of Z-FF measured 134.5°, exceeding 90°,
indicative of its robust hydrophobicity, likely attributable to its inherent
abundance of hydrophobic amino acids (Plath et al., 2021). This result is
similar to that (135.7°) obtained by He, Jiang, Wang, Xie, and Zhao
(2017) in their study on electrospun Z-FF derived from an 80 % etha-
nolic solution. Compared with that of Z-FF, the WCA of ZA0.05-FF
significantly decreased to 118.4°, due to the hydrophilicity of A mole-
cules increasing the interaction of the nanofibers with water drop (Dos
Santos et al., 2023). Generally, higher A concentration could lead to
greater wettability of FF with lower WCA values, evidenced from that of
Z-FF loaded with red onion bulb extract (Cruz et al., 2024). Although
theoretically, ZA-FF exhibited a gradual increase as the concentration of
A rose from 0.05 % to 0.5 %. This was likely due to zein saturation above
0.25 % concentration, resulting in the variation in the proportion of
secondary structures affecting their hydrophilicity by capillary effect
(Merz et al., 2020). A similar result was reported from that of Z-FF rising
from 59.6° to 116.9°, closely associated with the increasing transition
from -sheet to a-helix structures as the Z concentration increased from
15 % to 25 % (Luo, Saadi, Fu, Taxipalati, & Deng, 2021). In addition,
their surface roughness, morphology, diameter and porosity should also
be considered along with surface tension in future studies to gain a
better understanding of the underlying mechanisms.

3.2.3. Thermodynamic properties

Fig. 2C and 2D illustrate TGA (C) and derivative thermogravimetry
(DTG; D) curves depicting the impact of A concentration (0-0.5 %) on Z,
A, and Z-FFs. The TGA curve of A primarily exhibited two distinct stages:
1) 30-180 °C, with a weight loss rate of 6.8 %, attributed to residual
water and/or solvent evaporation; and 2) 180-800 °C, with a weight loss
rate of 60.7 %, attributed to the thermal degradation of A. In contrast,

Table 2
A content, loading efficiency, water contact angle of Z-FFs as a function of A
addition (0-0.5 %).

Samples A content Loading Water drop Contact angle
efficiency image ©)

Z-FF nd. n.d. 2 134.5 + 1.5

ZAF(;OS' 34+019 768+1.1° e 118.4 + 1.8°

ZAO.1-FF  44402° 43.0+1.7° e 120.8 + 5.1°

ZAO.2-FF  68+05° 39.4+27° e 121.0 + 0.6°

ZAO0.5-FF (1)423 * 37.6 + 0.6° e 125.7 + 7.3%

n.d.: not detected.

n.d.: not detected.
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thermal degradation of Z, Z-FF, and ZA-FF occurred at 30-80 °C and
260-370 °C, with varying degrees of residual content. As the tempera-
ture increased from 370 °C to 800 °C, the residual amount of Z-FF was
12.3 %, higher than that of Z (10.7 %), indicating enhanced interaction
of Z molecules and improved thermal stability (Wan, Wang, Yang, Guo,
& Yin, 2016). Compared with Z-FF, upon increasing A concentration
from 0.05 % to 0.5 %, the residual amount of ZA-FF initially decreased
and then increased (11.4 %, 11.5 %, 13.1 %, and 13.5 %). As shown in
Fig. 2D, corresponding changes in thermal degradation were evident
from their maximum weight loss rate temperature (MWLRT) in the DTG
curve. MWLRT for Z-FF was 321.3 °C, higher than that of Z (311.7 °C)
but lower than that of ZA-FF (318.4-320.2 °C) with A at concentrations
of 0.05-0.5 %. These results may be attributed to the degree of inter-
molecular interaction (such as hydrogen bonds and van der Waals
forces) between Z and A (Prietto et al., 2017), as supported by their FT-
IR data.

3.2.4. Mechanical properties

Fig. 3 presents the mechanical properties (A: stress-strain curves; B:
tensile strength; C: elongation; D: Young’s modulus) of Z-FFs as a
function of A concentration (0-0.5 %). With escalating strain, the stress
in Z-FF and ZA-FF increased gradually, as shown in Fig. 3A. Further
analysis of the stress-strain curves facilitated the derivation of three
important mechanical parameters—tensile strength, elongation at
break, and Young’s modulus—essential for evaluating the tensile and
ductility of food packaging materials (Wang et al., 2016). As the A
concentration increased from 0 % to 0.2 %, the tensile strength of Z-FF
increased significantly from 0.46 MPa to 0.87 MPa, subsequently
declining to 0.65 MPa upon increasing the A concentration to 0.5 %
(Fig. 3B). This phenomenon may be associated with the concentration of
A within Z-FF, whereby a lower A concentration promoted intermolec-
ular interactions between Z and A, whereas higher concentrations of A

1.0
(A) — ZFF
08l — ZAO.05-FF
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€061 _ ZA05FF
< .
04t
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increased the likelihood of agglomeration of A molecules (Julien et al.,
2019). Elongation at break denotes the elongation length ratio of a fiber
post-stretching to the initial length when subjected to external force,
expressed as the strain corresponding to fracture. Regarding elongation
at break of Z-FF and ZA-FF (Fig. 3C), ZA0.2-FF exhibited the lowest
value (2.21 %), potentially linked to limited interaction forces between
A and Z owing to relatively high A content. Young’s modulus is the ratio
of fiber stress to strain, which is typically used to represent the ability of
solid materials to resist deformation. Regarding Young’s modulus for Z-
FF and ZA-FF (Fig. 3D), a trend emerged, characterized by an initial
increase (11.27 to 29.10 MPa across an A concentration of 0-0.2 %)
followed by a decrease (22.3 MPa at an A concentration of 0.5 %). This
phenomenon suggests that the flexibility and ductility of FF can be
modulated by adding A, resulting in variations in fiber thickness,
diameter, and intermolecular interactions. Shavisi (2024) fabricated
electrospun FF comprising chitosan-carrageenan with Malva sylvestris A
and found that its tensile strength decreased from 11.02 MPa to 7.71
MPa while its elongation at break increased from 13.12 % to 30 % as A
concentration increased from 0 % to 4 %.

3.2.5. Antioxidant properties

Fig. S2 presents the antioxidant activity of Z-FFs as a function of A
addition (0.05-0.5 %). As anthocyanin (A) addition increased from 0.05
% to 0.5 %, antioxidant activity of Z-FF increased significantly from
84.49 % to 94.85 %, indicating their potential application for active food
packaging. This phenomenon may be due to the increased A content
(Table 2) in ZA-FF resulting from the naturally excellent antioxidant
capacity of A for the inhibition of the DPPH radical (Khalafi et al., 2023).
Kim et al. (2007) reported that the phenolic content of natural colorants
was linearly correlated with antioxidant activity. Similar results were
also found in Z-FF loaded with varying concentrations of anthocyanic
extract of Jambolan (20-40 %; Dos Santos et al., 2023) and red onion
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bulb extract (10-40 %; Cruz et al., 2024).

3.2.6. Storage stability

Fig. S3 exhibits the storage stability with heat and light of free A and
Z-FFs as a function of A addition (0.05-0.5 %). Anthocyanin (A) reten-
tion values of all ZA-FFs were higher compared to free A during the
storage with heat and light, indicating the enhanced A stability using the
electrospinning approach. Under the environmental stress of heat and
light, A retention of ZA-FF showed a gradual decrease as the concen-
tration of A rose from 0.05 % to 0.5 %, which should be closely related to
their A content in ZA-FF. Although A was more sensitive to light than
heat (Enaru, Dretcanu, Pop, Stanild, & Diaconeasa, 2021), A retention in
ZA0.5-FF after 24 h of light could achieve ca. 90 %. Jiang et al. (2024)
also found that electrospun pullulan/polyvinyl alcohol-FF incorporating
bayberry pomace anthocyanin extract showed a good stability during
storage at 25 °C for 20 days.

3.3. Color-responsiveness of FF to ammonia

The appearances and chromaticity characteristic values of Z-FF as
influenced by A concentration (0-0.5 %) in an ammonia environment at
25 % (v/v) for 20 min are shown in Table 3. An apparent color change
was noted in ZA-FF, with a significant decrease in L* (91.6 to 81.0) and a
significant increase in a*, b*, and AE (1.3 to 5.1; 9.8 to 11.4; 10.4 to
20.0) when the A concentration increased from 0.1 % to 0.5 %. This
result was consistent with the yellow hue exhibited by A solution in an
alkaline environment (Fig. S1) resulting from the formation of yellow
chalcone (Chayavanich et al., 2023). Wu, Liu, Zhou, and Shao (2024b)
also directly observed an obvious color change with changing ammonia
concentrations in corn starch/polyvinyl alcohol films incorporation with
blueberry A. A similar trend of color shift in response to ammonia vapor
has been observed in starch-A-based pH-sensitive electrospun nanofiber
mats (Lv et al., 2024). As reported previously, color changes are
perceptible to the naked eye when AE exceeds 5 (Luchese, Abdalla,
Spada, & Tessaro, 2018). The above result is comparable to that of corn
starch/polyvinyl alcohol embedded with zirconium-based UiO-66 and
anthocyanin-loaded ovalbumin-carboxymethylcellulose nano-
composites when exposed to 5 % ammonia vapor (Wu et al., 2024a).
Therefore, the aforementioned results indicate Z-FF incorporated with A
at concentrations of 0.2 % and 0.5 % hold promise as pH-sensitive
freshness-indicating labels. Moreover, a reversible pH-sensing
behavior to acid-ammonia cycle as reported from starch/chitosan-
based film incorporated by anthocyanin-encapsulated amylopectin
nanoparticles (Zheng, Liu, Yu, Farag, & Shao, 2023) should be followed
in the future.

4. Conclusion

In this study, pH-sensitive, freshness-indicating labels based on ZA-
FF were developed using green electrospinning technology. The addi-
tion of A modulated the thickness distribution, microscopic morphology,
and fiber diameter distribution of electrospun Z-FF. The changes in
secondary and crystal structures of ZA-FF likely contributed to their
improved surface hydrophobicity, thermodynamic properties, and me-
chanical properties, with ZA0.2-FF and ZA0.5-FF exhibiting equivalent
optimal functional performance. ZA-FF also showed a good antioxidant
activity to DPPH radical and storage stability to environmental stress
including heat and light. In addition, color changes in an ammonia
environment were discernible to the naked eye owing to the high AE
observed for Z-FF incorporated with A at concentrations of 0.2 % and
0.5 %. Despite this, the application in real food packaging for freshness
indicating is necessary, which should be further clarified in the future
work. This study provides novel insights into the design of Z-based
freshness-indicating labels via electrospinning and is anticipated to
stimulate further advancements in intelligent packaging for food
products.

Food Chemistry: X 25 (2025) 102163

Table 3
Appearances and chromaticity characteristic values of Z-FFs as a function of A
addition (0-0.5 %) subjected with ammonia environment.

Samples Appearance  L" a b AE

Z-FF 7 3,6536 - g:(l)ei 88+02¢ 7.6+01°
zAF(;.os- i 328 + g:; s 9.4+04° 89+05¢
ZAO.I-FF | 213? * é:?ci 9.8 + 0.4¢ (l)(;f *
ZAO2FF | gzg = (z):Zbi (1)01‘? - 3)32‘} )
AT I
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