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Highlights:

° Salep mucilage and SA s were used to develop a halochromic indicator.

e A casting method was used to produce intelligent salep mucilage edible films.

e  The incorporation of anthocyanin affected surface morphology, and the physicochemical, barrier,
and mechanical properties of salep mucilage edible indicator films.

e  The intelligent indicator films underwent a visible color change to discriminate between fresh,
consumable, and spoiled rainbow trout fillets.

Abstract: Researchers have been focusing increasingly on preparing innovative packaging films
made from renewable and biodegradable materials in recent years. This research set out to fabricate
and analyze pH-sensitive edible films based on salep mucilage combined with anthocyanin from
saffron (Crocus sativus L.) (SA zs). A casting technique was developed with varying concentrations of
SAas (0,2.5,5,7.5, and 10%v/v) pH-sensitive edible films. The surface morphology, physicochemical,
barrier, and mechanical properties, as well as the pH sensitivity of films, were investigated. The
results showed SA 5 increased thickness, water solubility, moisture content, and oxygen permeability
(O2P) up to 199.03 pum, 63.71%, 14.13%, and 47.73 (cm® pm m~2 day~! kPa~!), respectively, of the
pH-sensitive salep mucilage edible indicator films. As expected, the SA s concentration from 0%
to 10%v/v decreased tensile strength, transparency, and contact angle to 11.94 MPa, 14.27%, and
54.02°, respectively. Although achieving the highest elongation at the break (108%) and the lowest
m~! Pa~! x 10711), the pH-sensitive edible indicator
film containing 5 %v /v of SA s showed the best results. An investigation of pH sensitivity revealed

water vapor permeability (WVP) (1.39 g s1

that the solution’s pH variation altered the SA 55 color. When the pH was raised from 3 to 11, the
SApg’ color shifted from pink to brown. The SAag-halochromic salep mucilage edible indicator
film was employed as a label in an experiment to track the degradation of fish fillets stored at
4 °C, revealing that the halochromic indicator changed color from yellow to brown as the fish was
stored. Our findings show that SA ps-loaded salep mucilage indicator films help monitor real-time
food deterioration.

Keywords: salep; saffron (Crocus sativus L.); anthocyanin; intelligent packaging; food spoilage;
fish fillet
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1. Introduction

The development of bio-based intelligent packaging with the potential to provide
information about the food’s state (such as freshness) is attracting much attention [1]. In
reality, intelligent packaging may be defined as a substance with a part that can track the
freshness of the food it contains or the conditions under which it is carried and stored.
It may result in better protecting of food from spoilage, increase its storage life, and act
as a shield against the factors causing food spoilage [2]. Since changes in pH reflect a
food’s freshness and spoilage process, the pH indicator is the most popular of all packaging
indicators. Since the colorimetric indication is inextricably linked to the pH indicator, it
is of paramount importance [3]. There has been prior research on colorimetric indicators
representing qualitative information via color alterations by natural plant dyes, including
anthocyanin. In this regard, Alizadeh-Sani et al. (2021) developed pH-responsive color
indicator films based on methylcellulose/chitosan nanofibers and barberry anthocyanins
for real-time monitoring of meat freshness [4]. Abedi-Firoozjah et al. (2022) investigated the
application of red cabbage anthocyanins as pH-sensitive pigments in smart food packaging
and sensors [5]. Amaregouda et al. (2022) fabricated an intelligent/active films based
on chitosan/polyvinyl alcohol matrices containing Jacaranda cuspidifolia anthocyanin for
real-time monitoring of fish freshness [6]. Shakouri et al. (2022) developed an active and
intelligent colorimetric biopolymer indicator based on anthocyanin-loaded gelatin-basil
seed gum films [7]. This phenomenon is because of anthocyanin’s pH-dependent color
reaction. As a member of the polyphenolic family of chemicals known as flavonoids,
water-soluble anthocyanin is responsible for various colors in plants, from red to blue [4].

Furthermore, anthocyanin has several physiological benefits, such as antioxidant, anti-
inflammatory, anti-cancer, antibacterial, and neuroprotective capabilities [8]. The pH of an
environment causes anthocyanins to alter their color. Since pH variations are often linked
to spoiling, anthocyanin-rich packaging is used as intelligent pH indicators to illustrate
specific color changes and track perishability [9]. Recent interest in the health benefits
of natural chemicals has led to the discovery of natural pH-detecting dyes, which show
promise for the future of intelligent packaging because of their lack of toxicity, ease of
production, and lack of contamination [10].

Saffron (Crocus Sativus L.), grown primarily in Iran and accounting for more than 90%
of total saffron production worldwide, has cyanic-colored flowers with anthocyanins as
the main colorant [11]. The saffron flower’s petals account for a significant portion of the
plant’s dry weight, suggesting that these may be valuable agricultural waste and a source
of natural anthocyanins. The saffron flower has been the subject of many studies due to its
potential as a biological and cancer treatment agent [12].

The principal antioxidant chemicals in petals, such as flavonoids, anthocyanins, and
flavonols, are responsible for these functional qualities [13]. Various organs of saffron
contain kaempferol, astragalin, helichrysosid, kaempferol-3- glycopyranosyl (1-2)-6 acetyl-
glucopyranoside, kaempferol-3-glucopyranosyl(1-2)-glucopyranoside, miricetin, quercetin,
delphinidin, petunidin, and delphinidin [14]. Given that the petals account for more than
half of a saffron flower’s total weight and those vast quantities of saffron flowers are
returned to nature each year in Iran after the stigmas are harvested, the anthocyanins in
saffron’s petal extract could be used as a natural resource of colorants in food products [15].

An edible film is defined as a thin coating that may be applied and acts as a barrier to
scent, moisture, and oxygen and is made from hydrocolloids, lipids, or a combination of
the two (composites). Researchers are particularly interested in polysaccharides because of
their ubiquity, high film formation quality, and low gas permeability [16]. Based on these
observations, it is clear that salep has promising properties for preparing edible films with
several uses [17]. The flour, called salep, is made by grinding up orchid tubers, contains
12% humidity, 5% protein, 2.7% starch, and 2.4% ash, and is abundant in glucomannan
(16-55%). Salep glucomannan is comprised of glucose and mannose in a 1:3.8 ratio, with
a linear (or very slightly branched) chain and hexopyranose groups bonded by (3-(1—4)
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linkages [18]. Salep is a dietary and pharmaceutical substance because of its polymeric
structure, aphrodisiac effect, and other medical properties [19].

Thus, the present study aimed to create saffron anthocyanin-loaded intelligence indi-
cator films based on salep mucilage. The colorimetric indicator was utilized to track the
spoiling of rainbow trout fillet based on its pH-color responsiveness, optical, mechanical,
barrier properties, antioxidant, and antibacterial activity.

2. Materials and Methods
2.1. Materials

Saffron petals were collected from Mashhad, Iran. The palmate tuber salep (Figure 1) was
acquired from Sanandaj, Iran. 2, 2! -azinobis-(3-ethylbanzthiazo-line-6-sulfonate) (ABTS),
2, 2-diphenyl-1-picrylhydrazyl (DPPH), and Folin-Ciocalteu were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Glycerol was obtained by ACROS (Loughborough, UK)
and used as a softener. All the other solvents and chemicals used in this research were of
analytical grade. Fish farms provide fresh rainbow trout (Oncorhynchus mykiss) fillets in
Karaj, Iran.

Salep mucilage edible indicator film
(5 %v/v SA,)

Palmate-tuber Salep

Salep mucilage edible film
(Control)

Figure 1. Photographic images of the palmate-tubers aalep and aalep mucilage control/edible
indicator film.

2.2. Extraction of Anthocyanin

Saffron petals were dried at room temperature after the stigma was removed, and
then crushed dried petals were sieved (40 meshes) and stored in dark vials at 4 °C. The
anthocyanin extraction was performed using the procedure described by Khazaei et al.
(2016) with slight modifications [13]. Powdered saffron petals were combined with citric
acid-acidified distilled water:ethanol (75:25 v/v), at a ratio of 1:20 (w/v), for 24 h before
being centrifuged for 10 min at 5000 x g to remove any remaining solids. After the solvent
was evaporated from the extract using a rotary evaporator (IKA, Staufen, Germany) set
at 37 °C, the resulting filtrate was kept in the dark container in the refrigerator. For
this experiment, we used a UV /Visible Spectrophotometer (Spectrum, Grosshansdorf,
Germany) to examine the color shifts in SA 54 solution over a range of pH levels, measuring
from 400 to 800 nm.



Chemistry 2022, 4

1363

2.3. Preparation of Indicator Films

The salep mucilage edible control films were prepared using our previous method [20].
Initially, yellow-white salep powder was obtained from palmate tuber salep after washing
for 15 min with distilled water, drying at 40 °C in the oven for 24 h at atmospheric pressure,
and milling. Then, the salep powder was immersed in distilled water with a mixer (IKA,
Staufen, Germany) at 25 °C for 1 h. The mixture was homogenized at 10,000x g for
5 min using a homogenizer (IKA, Staufen, Germany); a centrifuge at 3000 x g for 10 min
solutions was filtered. Film solution was prepared by slowly dissolving 2% (w/v) mucilage,
and glycerol as a plasticizer in 25% (w/w) based on salep mucilage weight, which was
prepared under constant stirring (500 rpm) at 25 & 2 °C for 1 h. Different concentrations of
SAas (0,2.5,5,7.5 and 10%v/v based on solution volume) were then added. Usinga 2 N
NaOH solution, the mixture was adjusted to pH 7.0 and stirred for 20 min. The mixture
was then sonicated for 5 min at 100 W using a high-intensity ultrasonic probe (Topsonics,
Tehran, Iran) to improve dissolution. After that, the film-forming solution was poured
into onto plastic Petri dishes, dried at 35 °C for 24 h, and then conditioned at 25 °C-53%
R.H. (by placing a saturated magnesium nitrate solution), at which point the control and
antibacterial bionanocomposite films (Figure 1) were ready for use.

2.4. Color Parameters and pH Sensitivity

The sensitivity of the salep mucilage edible indicator films to changes in pH was
determined by preparing 20 x 20 mm diameter discs of the films and then immersing
them in solutions with different pH values (3, 5, 7, 9, and 11) prepared using NaOH and
HCI solutions. Color parameters of the indicator films were taken digitally, and their
colors were evaluated using an instrumental colorimeter (Minolta, Japan) after being
calibrated against a white plate. Using the color coordinates L" or lightness (black = 0 to
white = 100), a’ (greenness = —60 to redness = +60) and b" (blueness = —60 to
yellowness = +60), the following equations are used to calculate the total color differ-
ence (AE) (Equation (1)), whitish (WI) (Equation (2)), and yellowness (YI) (Equation (3))
indices of samples, respectively [21]:

ABE=\/(L— L)+ (a—a) + (b— V) (1)
WI = 100 — \/(100— L)+ a2 + b2 @)
YI = 142.86 x b/L )

2.5. Physical Properties
2.5.1. Film Thickness

The thickness of the edible indicator films made from salep mucilage was measured
using a digital micrometer (Mitutoyo, Kanagawa, Japan) by selecting ten random sites with
a resolution of 0.001 mm.

2.5.2. Moisture Content (MC)

Salep mucilage edible indicator films were conditioned at room temperature at 53%
R.H. for 24 h before their MC was measured. Before being dried at 110 °C for 24 h,
the indicator films were weighed and placed in a pre-weighed aluminum capsule. The
following Equation (4) was then used to calculate MC:

MC (%) = (W; — W;/W;) x 100 @)

Here, W; is the initial sample weight, and W; is the dried sample weight.
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2.5.3. Water Solubility (W.S.)

To calculate the water solubility of the salep mucilage edible indicator films, the films

(3 x 3 cm?) were dried for 24 h at 110 °C. After the indicator films were weighed to establish

their dry weight, they were submerged in 40 mL of water and agitated for 24 h at room

temperature. Separated and dried at 110 °C, the ultimate weights of insoluble indicator

films were then determined. The following Equation (5) was then used to determine
their W.S.:

W.S. (%) = (wz- — W /w,») % 100 )

Here, W; is the initial sample weight, and Wy is the insoluble sample weight [18].

2.5.4. Transparency

The transparency value of the salep mucilage edible indicator films was measured
by using a UV /Visible Spectrophotometer and calculated from the following Equation (6)
according to ASTM D1746 standard method [22] and calculated as:

Teoo = (log T%/L) x 100 (6)

where T is the transparency value at 600 nm, T% is the transmittance percentage at
600 nm, and L is the edible indicator film thickness (mm). All measurements of color
properties were done in three replications.

2.5.5. Wettability

The contact angle (C.A.) was measured using the sessile drop technique to establish
the wettability of salep mucilage edible indicator films. An optical goniometer (Kruss,
Hamburg, Germany) was used to determine the contact angle between the surfaces of the
produced films and water. To do this, we placed a droplet of distilled water (4 uL) on the
indicator films and measured the droplet’s angle.

2.6. Permeability Properties
2.6.1. Water Vapor Permeability (WVP)

The Salep mucilage edible indicator films” WVP was measured using a tweaked
version of ASTM E96-95’s procedure [23]. Before testing, the films were conditioned in a
laboratory for 24 h at an ambient temperature and 53% R.H. As a result, we may derive the
WVP (g m~! s7! pa~!) using Equation (7):

WVP = (Aw x X)/(t X A x Ap) @)

Here, Aw is the weight change of the glass cell containing the water (g), X is the average
indicator films thickness (m), t is the time (s), A is the area of the exposed indicator films
(m?2), and Ap is the water vapor pressure difference across the two sides of the indicator
films (1489.8 Pa).

2.6.2. Oxygen Permeability (O,P)

The O,P of the salep mucilage edible indicator films was measured at 25 °C and 53%
R.H. using a gas permeability tester (Brugger, Munich, Germany) according to the standard
ASTM D3985. Accordingly, the oxygen permeability is calculated as follows (Equation (8)):

O,P = (OTR x AX)/Ap ®)

where O,P is oxygen permeability (cm® um m~2 day ! kPa~1), OTR is oxygen transmission
rate (cm® m~2 day '), X is the film thickness (um), and Ap is the oxygen partial pressure
difference across the film (101 kPa) [24].
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2.7. Mechanical Properties

A texture analyzer (Testometric, Rochdale, UK) was used to determine the tensile
strength (T.S.) and elongation at break (EAB) of salep mucilage edible indicator films
according to the standard method of ASTM D882 [25]. Before testing, the films were
previously conditioned (53% R.H. at 25 °C for 48 h). Rectangular (10 x 100 mm) strips of
samples were tested at a crosshead speed of 0.5 mm/s.

2.8. Morphology
2.8.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (Philips XL30, Eindhoven, The Netherlands) was used
to assess the effects of the salep mucilage edible indicator films” microstructure (surface
and cross-section). The indicator films were broken in liquid nitrogen, then fixed on
an aluminum stub using adhesive tape and spluttered with gold using a sputter coater
(Balzers, Liechtenstein) before visualization. The observation was conducted at 15 kV
acceleration potential.

2.8.2. Atomic Force Microscopy (AFM)

Samples were examined by tapping mode AFM (Nanoscope Illa Multimode, Santa
Barbara, CA, USA) equipped with an E-type scanner. The rectangular silicon cantilever
was employed with a nominal spring constant of 5-100 N/m and nominal resonance
frequencies of 10-320 kHz. The samples were attached to mica surfaces and examined in
the air at 25 °C with 65% relative humidity. The NanoScope software is employed for all
AFM image processing.

2.9. Antioxidant Properties

Initially, the extracted indicator film solution was prepared for analysis by adding
50 mg of each salep mucilage edible indicator film into 10 mL of distilled water and mixing
for 2 h, followed by 5 min of centrifugation at 4000 x g. The supernatant was then collected
using three different in vitro methods to test the antioxidant activity.

2.9.1. Total Phenolic Content

The total phenolic content (TPC) of Salep mucilage edible indicator films was measured
using the Folin-Ciocalteu method, as reported by Jridi et al. (2019), with minor changes [26].
An aliquot of 2 mL of Folin-Ciocalteu reagent (10%v/v) was added to 0.5 mL of film extract
or SAps and stored in the dark for 3 min. Then, 2.5 mL of sodium carbonate solution
(7.5 %w/v) was added to the mixture and kept in the dark at 25 °C. Finally, the absorbance
of the sample was measured by UV /Visible Spectrophotometer at 765 nm. A standard
curve (0-100 ng/mL) was plotted using gallic acid as a standard. The total phenolic content
was then reported as mg of gallic acid (GAE), equivalent to 100 g of sample.

2.9.2. Total Anthocyanin Content

The pH-differential method was used to measure the total anthocyanins content (TAC)
of SA s and salep mucilage edible indicator films, as reported by Sutharut et al. (2012),
with minor changes [27]. The absorbance of each dilution at 510 and 700 nm against a blank
cell filled with distilled water was measured. Absorbance readings are done against water
blanks. The absorbance of the diluted sample (A) was calculated as follows:

A = (As10 = A700) prs 1 — (As10 = A700) p11 45 ©)

The monomeric anthocyanin pigment concentration in the original sample was calcu-
lated as follows:

Monomeric anthocyanin (mg/L) = (A x MW x DF x V x 1000)/(e x W x L)  (10)



Chemistry 2022, 4

1366

where A is the absorbance, M.W. is the molecular weight of cyanidin-3-glucosode
(449.2 g/mol), D.E. is the dilution factor, V is the solvent volume (mL), ¢ is the molar
absorptivity (26,900 L.mol~!.cm™1), W is sample weight (mg), and L is the cell path length
(1 cm).

2.9.3. Total Flavonoid Content

The procedure described by Habibi et al. (2015) was pursued to determine total
flavonoid content (TFC) [28]. The absorbance was measured at 415 nm. Different concen-
trations of quercetin (QUE) were used in plotting the standard calibration curve. The TFC
was expressed as mg QUE/100 g.

2.9.4. ABTS Radical Scavenging Activity

ABTS" radical scavenging activity of salep mucilage edible indicator films was eval-
uated according to the method described by Miiller et al. (2011). The absorbance was
measured at 734 nm. The ABTS radical scavenging activity was then calculated using the
following expression:

ABTS radical scavenging activity (%) = (Ac — As/Ac) x 100 (11)

Here, Ac is the absorbance of the control at 734 nm, and Ag is the absorbance of the sample
at 734 nm [29].

2.9.5. DPPH Radical Scavenging Assay

The DPPH radical scavenging of salep mucilage edible indicator films was evaluated
according to Lin et al. (2012) method. The absorbance was read at 517 nm. The DPPH
radical scavenging was then calculated according to the following Equation (12):

DPPH radical scavenging (%) = (1 — (As/Ac)) x 100 (12)
Here, Ac is the absorbance of the control, and Ag is the absorbance of the sample [30].

2.9.6. Reducing Power Assay

The reducing power test was based on the ability of salep mucilage edible indicator films
to reduce ferric ions, which was determined according to the method described by Samotyja
(2019) [31]. The absorbance was recorded at 700 nm using a UV /Visible Spectrophotometer.

2.9.7. Ferric Reducing Antioxidant Power

With due attention to the TPTZ method described by Tongnuanchan et al. (2012),
using Trolox as a standard of the calibration curve, the FRAP of the salep mucilage edible
indicator films was performed. The ferrous tripyridyltriazine complex was measured
by reading the absorbance at 593 nm. The activity was calculated after sample blank
subtraction and was expressed as umol Trolox equivalent (TRE)/g [32].

2.10. Antibacterial Properties

Escherichia coli O157:H7 (PTCC No. 1330) and Staphylococcus aureus (PTCC No. 1431)
were used as model food spoilage or pathogenic microorganisms. The bacteria were
incubated overnight at 37 °C on Brain Heart Infusion (BHI) broth. The antibacterial activity
of the salep mucilage edible indicator films was then determined using the agar disc
diffusion assay, according to the method described by Ekrami et al. (2022), with some
modifications. Suspensions of the microorganisms (1-5 x 108 CFU/mL) were placed on
the surfaces of the BHI agar plates. Measurements of the dimensions of the inhibition zones
were used to establish the antibacterial efficacy of the different microbial strains. For this
experiment, 6 mm diameter disks of films were cut and sterilized by UV irradiation for
30 s, then placed on an MHA inoculated agar, and incubated at 37 °C for 18 h [33].
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2.11. Evaluation of Fish Freshness
2.11.1. Preparation of Samples

Fresh fish was chopped into strips after removing the intestines, head, skin, tail, and
scale, and 15 g were immediately put into Petri dishes. The Petri plates were kept in
a refrigerator at 4 °C after the salep mucilage edible indicator films with 5%v/v SAaq
were put in the headspace. A digital camera was used to record the color shift of the
indicator films.

2.11.2. pH Measurement

The pH values were determined according to Li et al. (2013). During the time intervals,
pH values of fish samples were checked after vigorous homogenization (IKA, Staufen,
Germany; with 12,000 rpm) of 10 g of sample in 90 mL distilled water by a digital pH meter
(IKA, Staufen, Germany) [34].

2.11.3. Determination of TVB-N

The TVB-N level in the fish sample was determined using the technique developed by
Zhai et al. (2017). A homogenizer was used to grind 10 g of the fish sample with 100 mL of
distilled water. The homogenate was then filtered using filter paper. The filtrate was mixed
with 5 mL of 1% magnesium oxide solution (1 g/L) in the reaction chamber. Distilled water
was utilized as a blank control to replace the fish filtrate. Following the completion of the
reaction, the boric acid solution was titrated with 0.01 M hydrochloric acid solution until
the color changed to blue-violet. The TVB-N level was determined using the following
Equation (13):

X =((V1 = Vo) xC x14/m x 0.05) x 100 (13)

where X is the TVB-N of the fish sample (mg/100 g); V1 is the volume of hydrochloric acid
consumed by the sample (mL); V; is the volume of hydrochloric acid consumed in the
blank (mL); C is the concentration of hydrochloric acid (M); m is the sample quality (g) [35].

2.11.4. Microbial Analysis

The fish sample’s total viable count (TVC) was determined using a modified
Jiang et al. (2020) technique. In summary, 10 g of each fish sample was first finely chopped
and grounded. Subsequently, it was transferred into 90 mL sterilized 0.90% saline solution
and homogenized (IKA, Staufen, Germany; with 12,000 rpm) for 2 min. Then, for microbial
counting, 1 mL of each dilution was mixed with plate count agar (Merck, Darmstadt,
Germany) in Petri dishes and incubated at 37 °C for 48 h. Total viable counts (TVC) were
calculated by counting the number of colony-forming units [36].

2.12. Statistical Analysis

Data analysis was performed using SPSS v18 (SPSS Inc., Chicago, IL, USA). One-way
analysis of variance (ANOVA) and Duncan’s test at a 95% confidence level (p < 0.05) were
used to determine the significant difference between the averages of treatments. Three
replications were used in the experiments.

3. Results and Discussion
3.1. Analysis of pH Dependence of Anthocyanin Color

Our goal was to leverage the fact that anthocyanin’s color varies with pH to track
changes in the qualities associated with pre-packaged fish fillets. Because of this, we
monitored the UV /Visible absorption color change of SA o4 solutions throughout a wide
pH range (Figure 2A). As the pH was adjusted from acidic to alkaline, the solutions went
from red to yellow, and many other hues appeared at intermediate pH levels. Different
anthocyanin molecules undergo structural alterations at different pH levels, resulting in
different colors: flavylium cation (pH 3), carbinol pseudo-base (pH 4-5), quinonoidal
anhydro-base (pH 6-8), and chalcone (pH > 10) [37]. The anthocyanin solutions” maximum
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absorption peak strength and wavelength were pH-dependent (Figure 2B). At a pH of 3,
the absorbance peaked at 525 nm, but when the pH was raised, the peak weakened. When
the pH was adjusted to pH = 7, a new peak appeared at 560 nm, and the intensity and
location of this peak grew when the pH was increased. This is a hallmark property of
anthocyanins (Luchese, Abdalla, Spada, and Tessaro, 2018). When the pH was increased to
pH =11, the strength of this peak decreased, and a new, faint peak emerged at 630 nm. It
has already been shown that variations in the molecular species present account for the
shifts in absorbance spectra and color seen in saffron anthocyanin solutions.

pH=11

i Saffron (Crocus sativus L.)

|
/,__, anthocyanin

/

=
5%

| L R——

pH=11
@ ~525 nm
~ \ S
g ‘ )
S pH =7
s \
w
=
-«
pH=3 ™ ~$60 nm ~630 nm
p \-- PR
400 500 600 700 800
Wavelenght (nm)

Figure 2. The pH-dependence of (A) solution color variations and (B) UV /Visible spectra of SAzq

were measured in various buffer solutions.

We intended to use the pH dependence of the color of anthocyanin to detect changes in
the quality attributes of packaged fish fillets. For this reason, the change in the UV /Visible
absorption color of SA ¢ solutions was measured over a range of pH values (Figure 2A).
The color of the solutions changed from red to yellow as the pH was changed from acidic to
alkaline conditions, with several different colors being formed at intermediate pH values:
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These color changes are due to pH-induced structural transformations of the anthocyanin
molecules: flavylium cation (pH < 3); carbinol pseudo-base (pH 4-5); quinonoidal anhydro-
base (pH 6-8); and chalcone (pH > 10). The intensity and wavelength of the maximum
absorption peak of the anthocyanin solutions depended on pH (Figure 2B). Under highly
acidic conditions (pH = 3), a strong absorbance peak was observed around ~525 nm, whose
height decreased as the pH was increased. A new peak formed around ~560 nm, whose
intensity and position increased as the pH was raised to pH = 7, a characteristic feature
of anthocyanins (Luchese, Abdalla, Spada, and Tessaro, 2018). The intensity of this peak
diminished when the pH was raised further to pH = 11, and a new weak peak appeared at
~630 nm. As mentioned earlier, the change in absorbance spectra and color of the saffron
anthocyanin solutions can be attributed to changes in the molecular species present. Similar
findings have been reported for anthocyanins isolated from the black plum peel [37] and
blueberry [38].

3.2. Physical Properties

According to Table 1, after adding SA 5, the indicator film thickness rose substantially
(p < 0.05). Polyphenols have many hydroxyl groups that bind to mucilage molecules
through hydrogen bonding. As a result, the number of internal polymer interactions
is reduced, leading to a more open biopolymer network and thicker structures. When
biopolymer films were reinforced with either grapefruit seed extract or grapefruit extract,
other studies observed comparable results [39] of apple peel extract [40], which are both
rich in polyphenols.

Table 1. Effect of SA 54 concentrations on physical properties of Salep mucilage edible indicator films.

SA s Concentration (%v/v)

Contact Angle (°) Thickness (um) Moisture Content (%)  Water Solubility (%)  Transparency (%)

0 (Control)
2.5
5
7.5
10

72.14 + 1.582 86.90 + 17.80 4 12.90 £ 0.11¢ 4833 £ 0.69 ¢ 60.34 + 1.732
70.11 +1.18" 116.83 + 25.58 <d 13.26 +0.08 ¢ 51.04 +1.05 4 41.84 +2.03P
65.56 + 1.84 ¢ 147.87 + 14.67 b¢ 1344 +0.12°¢ 55.13 + 1.03 34.14 4+ 098¢
59.98 +1.814 170.80 + 18.93 @b 13.77 £ 0.10° 59.31 £ 1.05b 26.63 £ 1.64 4
54.02 +1.44°¢ 199.03 + 28.422 14.13 +£0.152 63.71 +£0.712 1427 +2.14¢

For each column, means with superscripts (*~¢) are significantly different (p < 0.05). Data are means =+ SD.

The impact of SAag concentration on the moisture content of the films was also
measured (Table 1). The SA ps-loaded indicator films had lower moisture content than the
control films. SA o4 includes hydrophilic substances such as anthocyanins, other phenolic
compounds, carotenoids, lipids, and minerals [41]. The increase in moisture content of
the films may have been due to the impact of one or more of these constituents on film
properties. Some of the components in the SA 5 may have displaced water molecules from
the films or interfered with cross-linking of the biopolymer network in the film, thereby
decreasing its ability to absorb water molecules [42]. Other researchers reported that the
moisture content of gelatin-whey protein films decreased after incorporating an orange peel
extract, attributed to increased film hydrophobicity, and reducing water absorption [43].

Water solubility was lowest for the control sample (Table 1). The films’ water solubility
increased as the SA g concentration rose. Subsequently, SAag addition increased the
films” water solubility due to the presence of hydrophilic elements in the extracts, which
facilitate their dissolving in water [40]. Other researchers have reported that incorporating
anthocyanin in cassava starch film decreased their water-solubility [44].

Films’ opacity was boosted by using SA 5s (Table 1). Two causes contribute to this
outcome. The neutral pH conditions employed to create the SA s films allowed the
pigments inside them to show through, coloring the films a light brown and enhancing
their light absorption (Figure 1). As a second result, hydrophobic chemicals in SA ¢ created
light-scattering colloidal particles in film [21].

The incorporation of SA, as shown by a larger contact angle, increased the films’
solubility in water (Table 1). The wettability of the film surfaces was determined by
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measuring the contact angle between the drop and the surface. Surfaces of films are
considered hydrophilic when their contact angles are less than 90° and hydrophobic when
they are more than 90°. The comparatively high polarity of the functional groups on the
salep mucilage molecules explains why the lack of SA g resulted in hydrophilic (~72°)
control films. When observing the wettability by measuring the contact angle of SA 5s-
incorporated salep mucilage edible indicator films, we found that all are hydrophilic, with
a contact angle lower than 90°. Indicator films with the greatest concentration of SAxs had
the highest hydrophilic surface. One theory is that the increased connection with the SAz¢
makes the hydrophilic groups on the film surface more accessible, hence increasing the
number of polar sites that may form a hydrogen bond with the water droplet [44]. The
extracts’ polar molecules attached to the biopolymer molecules’ surfaces are responsible
for the increased hydrophilicity of the resulting films [45].

The hydrophilic nature of anthocyanins might be the main reason for enhancing the
hydrophilic properties of indicator films [26]. Similar behavior in indicator films was re-
ported by Moghadam et al. (2021) for pH-sensitive edible films based on mung bean protein
enriched with Echium amoenum anthocyanins [46] and Zhang et al. (2019) for multifunc-
tional food packaging films based on chitosan, TiO, nanoparticles, and anthocyanin-rich
black plum peel extract [37].

3.3. Permeability Properties

The water vapor permeability of the salep mucilage edible indicator films was also investi-
gated (Figure 3A). The WVP of the indicator films incorporated with low SA 4 concentration
(2.5 and 5%v/v) was slightly decreased from 2.43 to 1.62 and 1.39 x 10" (gs ! m~! Pa™1),
respectively, but at higher SA 54 concentrations (7.5 and 10%v/7v), the permeability increases
up to 7.30 x 107" (g s7! m~! Pa~!) due to the destruction of the film structure and
the increase of pores. WVP is affected by factors such as the hydrophilic-hydrophobic
ratio of film components and the hygroscopic nature of the anthocyanins utilized [47].
Therefore, adding hydrophilic bioactive compounds such as anthocyanins improves the
film’s hydrophilicity and structural complexity, leading to lower water resistance [48]. In
confirmation of the effect of anthocyanins on WVP, in the other study, Acevedo-Fani et al.
(2015) found that the WVP of sodium alginate edible films decreased with the incorporation
of thyme, lemongrass, and sage oil.

The O,P of the salep control film was 30.53 4= 0.85 (cm® um m~2 day ! kPa~') (Figure 3A).
The films and hydrophilic coatings (polysaccharides or proteins) usually have an excellent
barrier effect on oxygen transference [49]. Probably because of the even distribution of the
hydrophilic section in the film’s structure, this attribute is considerably (p > 0.05) impacted
by the addition of SA 5 to the salep mucilage edible films. A similar study on the O,P of
QSM edible films containing 1% thyme essential oil also showed no significant differences
when any essential oil was incorporated into the films [50]. The oxygen permeability values
of the salep edible film increased from 31.02 to 47.73 (cm® umm~—2d~! kPa~!)as higher
amounts of SA s were included. Larger pores can explain this outcome by increasing the
non-polar phase in the polymer network [51]. This increase in film porosity may have been
due to a weakening of the attractive interactions between the biopolymer molecules in the
presence of the SA o¢. Similar results were obtained by Rojas-Grau et al. (2007) in alginate—
apple puree edible films and by Atares et al. (2011) in hydroxy-propyl-methylcellulose
films [52].

3.4. Mechanical Properties

To determine the exact effect of anthocyanin addition on the mechanical characteristics
of salep mucilage edible indicator films, the concentration of SA; was compared to the
tensile strength and elongation at the break (Figure 3B). Even though the tensile strength of
the indicator films dropped from 19.1 to 11.9 MPa, the elongation at the break increased
from 82% to 95% and 108%, respectively, when incorporating low SA 55 concentrations
(2.5 and 5%v/v), while at higher SAs4 concentrations (7.5 and 10%v/v), the elongation at
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the break decreased to 64% and 41% due to the destruction of the film structure and the
increase of pores. The mechanical properties shifted primarily due to the effect of chemicals
in the SA 55 on the cross-linking of the biopolymers in the films. Anthocyanins, for instance,
have several hydroxyl groups that may form hydrogen bonds with gelatin, lowering the
number of cross-links between the gelatin molecules. This means the films may be stretched
farther before breaking but require less effort. A similar decrease in tensile strength and
increase in elongation at break has been reported by other researchers when essential oils,
stearic acid, and palmitic acid were incorporated into gelatin films [53]. It is worth noting
that the films also contained glycerol, a food-grade plasticizer that enhances the mobility
of polymer chains and so reduces tensile strength; therefore, anthocyanin can replace it to
some extent.

WVP (g/s m Pax10711)
O,P (cm’® um/m? day kPa)
75 1
60 -
= a
% N /
c
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: : :
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15 b a
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Figure 3. Effect of SA g concentrations on (A) mechanical and (B) mechanical properties of salep
mucilage edible indicator films. g/s m Pa x 1011,
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3.5. Antioxidant Activity

The TPC, TAC, TEC, DPPH, Reducing Power, FRAP, and ABTS scavenging of the dried saf-
fron petal were found to be 1354.8 mg GAE/100 g, 80.1 mg CGE/100 g, 192.8 mg
QUE/100 g, 80.3%, 0.78 (Abs 700 nm), 3.65 umol TRE /g, and 53.6%, respectively. Ahmadian-
Kouchaksaraie and Niazmand (2017) reported total phenolic content (1423 mg/100 g), total
flavonoid content (180 mg/100 g), total anthocyanin content (103.4 mg/100 g), 2, 2-diphenyl-
1-picrylhydrazyl free radical-scavenging activity (74.5%) and ferric reducing /antioxidant
power value (3.9 mM) at optimized conditions of supercritical carbon dioxide extraction of
petal saffron flowers [54].

Carbohydrates, alkaloids, flavonoids, glycosides, bibenzyl derivatives, alkaloids, and
terpenoids have all been identified as major constituents in orchid chemistry. Further, when
the SA p¢ content was raised from 0% to 10%, the films” TPC and TAC rose, respectively
(Table 2). Phenolic compounds, flavonoids, and anthocyanins are likely the biologically
active components of the saffron petal and have been associated with the health benefits in
humans and animals. The antioxidant and antimicrobial properties of saffron have been
noticed in recent years. The beneficial effects of phenolic compounds have been attributed
to their antioxidant activity [55]. This effect can be attributed to the presence of a high level
of phenolic groups in the structure of the anthocyanin molecules. It should be noted that
the antioxidant activity of this natural compound was lower than that of BHT. Even so, it
still had good antioxidant activity [56].

Table 2. Effect of SA s concentrations on antioxidant and antibacterial properties of salep mucilage
edible indicator films.

Antioxidant Properties

SA s Concentration (%v/v)

0 (Control) 2.5 5 7.5 10
TPC (mg GAE/100 g) 757 +1.54¢ 4589 +4369 8044 +3.18° 11407 +6.73P  158.99 +7.332
TAC (mg CGE/100 g) 0.00 4 0.00 © 3.09 4+ 0.65 4 5.814032°¢ 6.28 +0.44° 8.02 +0.59
TFC (mg QUE/100 g) 1.60 +1.21°¢ 7.32 +0.90 ¢ 1214 +1.82¢ 1684 +2.63° 19.99 +1.84°¢
FRAP (umol TRE/g) 0.00 +0.00 0.09 +0.01°¢ 0.15+0.03 ¢ 0.21 4+ 0.02°¢ 0.25 4 0.01°¢
DPPH scavenging (%) 0.00 + 0.00 ® 1912 +535¢  28.194+459¢ 3523 +518¢€ 42.62 +4.02°

Reducing power (Abs 700 nm) 0.00 +0.00 © 0.02 +0.01°¢ 0.07 +0.01 © 0.11+0.01¢ 0.15+0.02°¢
ABTS scavenging (%) 0.00 4 0.00 4224+ 1.05¢ 9.08 + 1.60 © 15.96 +1.85¢ 20.01 4+ 2.66 ©

Inhibition zone diameters (mm)

Staphylococcus aureus 0.00 =+ 0.00 © 7.01 +£0.2049 9.95+0.32°¢ 12.39 +0.23P 14.54 +0.162
Escherichia coli O157:H7 0.00 4 0.00® 6.82 4+ 0.214 7.98 +0.28 ¢ 9.89 4 0.14 11.22 4+ 0.24 2

For each row, means with superscripts (*~¢) are significantly different (p < 0.05). Data are means =+ SD.

The antioxidant activity of the films was evaluated by measuring their ability to
quench DPPH and ABTS free radicals and their reducing power (Table 2). The antioxidant
activity of extract components such as anthocyanins were shown to be dose-dependently
linked to the increase in all three oxidation markers when the SA 5s content was increased
(p < 0.05). Studies have shown that including anthocyanins from Saffron petal extract into
biopolymer films increases their antioxidant activity [57,58].

3.6. Antibacterial Properties

Testing the films’ efficacy against both Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) bacterial strains helped establish the films” antibacterial activity
(Table 2). Because the control film could not inhibit the growth of either strain of bacteria,
it became clear that Salep mucilage lacked any antimicrobial qualities. Indeed, these
biopolymers probably served as nutrition for the bacteria that prompted their development.
In contrast, SA ps-containing films inhibited the growth of both bacteria in a dose-dependent
manner, with greater efficacy against Staphylococcus aureus. According to other studies, SPE-
loaded Konjac glucomannan films extended the shelf life of fresh-cut cucumbers, which
researchers attributed to the SA o antibacterial capabilities [57].
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SA s seem to have bactericidal effects due to highly antimicrobial chemicals such
as safranal and crocin. As a result of variations in their cell wall composition and ar-
chitecture, SAag-loaded indicator films were more efficient against Gram-positive than
Gram-negative bacteria. Unlike Gram-negative bacteria, which have a phospholipid bilayer
with connected lipopolysaccharides, Gram-positive bacteria have a thick outer coating of
peptidoglycan [21]. As a result, the ability of bioactive components in the SA 5 to penetrate
the cells and interact with their key constituents is different for the two kinds of bacteria.

3.7. Color Parameters and pH Sensitivity

Films prepared with edible indicators made from salep mucilage, both with and
without SA ¢, were pliable and came off the casting plates with little effort. The films’
clarity, homogeneity, and appearance of fractures were reduced when the SAs4 content
was increased. The absence of dyes gave the control film a clear, colorless appearance. At
a neutral pH, the SA s-loaded indicator films were visibly opaque and looked yellowish-
green from the presence of natural pigments. These films’ color change in response to
different buffer solutions’ pH levels and demonstrates their sensitivity to pH (Figure 1).
As the pH was raised from 3 to 13, the indicator films went from red to yellow. These
color changes are brought on by alterations in the molecular structure and absorption
characteristics of anthocyanin molecules, which are triggered by variations in pH [56].
Similar results have been reported for anthocyanins extracted from roselle [35] and red
cabbage under acidic conditions (pH 3) [59].

Higher levels of anthocyanin led to more selective absorption of light wavelengths,
which resulted in higher b* values for the films. When the films’ pH was adjusted to
lower or higher levels, their lightness (L*) was drastically reduced. Because of the selective
absorption of light waves, the * values of the films dramatically increased when the pH
was altered to lower or higher. As a result, more incident light was reflected in the detector
from the films at pH = 7. The measured color coordinates calculated the films’ total color
difference (AE), whitish (WI), and yellowness. According to Tassanawat et al. (2007), a AE
greater than five implies a color change perceptible by the human eye, which is essential
for developing colorimetric sensors for packaging materials [60]. As shown in Figure 4, the
AE values for the higher pigment concentrations in the current investigation were more
than five, indicating that the SA ps-loaded indicator films may be employed as pH-sensitive
indicators in novel packaging materials. However, the degree to which this is possible
depends on how much the meal’s pH changes due to a shift in food quality.

3.8. Film Microstructure

In order to learn about the films’ microstructure, SEM (Figure 5) and AFM (Figure 6)
were used to observe their surfaces and cross-sections. For the most part, the morphologies
of the control films seemed uniform and smooth. The presence of insoluble particulate
matter in the extracts, such as hydrophilic compounds or fibrous plant tissue fragments, was
responsible for the minor heterogeneities seen on the film surfaces and in the cross-sections
after the integration of SA o5. Therefore, the more heterogeneous microstructure of the films
following SA 55 addition may account for the observed rise in WVP. Similar changes in
microstructure were reported when pomegranate peel extracts were incorporated into fish
gelatin films, which was attributed to insoluble dietary fibers [61].

Similarly, small heterogeneities in films have been reported when apple peel extract
was added to chitosan films [40]. The films’ cross-sections revealed that, despite a few tiny
particles, they mainly comprised a homogenous, dense network. Attractive intermolecular
forces, including van der Waals, hydrogen bonds, hydrophilic attraction, and electrostatic
interactions, bound these biopolymer molecules together to form a network [62].
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Figure 4. Effect of pH variation on color sensitivity of Salep mucilage edible indicator films (5%v /v
SAps): (A) L, a, and b index and (B) AE, W1, and YI. For each linear graph, means with superscripts
(a—e) are significantly different (p < 0.05). Data are means =+ SD.

3.9. Assessment of Fish Freshness Using Salep Mucilage Edible Indicator Films

Finally, we conducted a proof-of-concept experiment to see if our SAss-loaded salep
mucilage edible indicator films could be used to preserve and detect the freshness of a
model meat product (rainbow trout fillet) (Figure 7A). To summarize, meat and seafood
spoilage is characterized by increased pH and the formation of nitrogen-based volatile
compounds (such as ammonia and amines) due to protein decompositions, typically caused
by enzymes and microorganisms [63]. Thus, our halochromic intelligent films, which may
change color in reaction to changes in pH or ammonia levels, might be employed as an
indicator/innovative packaging material of meat quality [64].
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(B) indicator films (5 %v/v SAg)-
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Salep mucilage edible indicator films containing 5%uv/v SA s are used with the fresh-
ness indicators pH, TVB-N, and TVC to calculate the time a portion of food will lose
quality in the fridge (Figure 7B). Following 8 days in the fridge (4 °C), the TVB-N concen-
tration in fresh fish rose from 5.13 mg/100 g to 36.20 mg/100 g. (Figure 7B). According
to prior studies, the TVB-N rejection limit for freshwater fish is 20 mg/100 g [36,65]. On
the sixth day of refrigerated storage, the TVB-N levels were similarly over the threshold
(20.30 mg/100 g).

In contrast, TVC has a shelf-life limit of 7 logs CFU/ g for fresh fish samples [66]. To
a lesser extent than later on in storage, some spoilage microorganisms are present early
on. The accumulation of scents, tastes, colors, and textures that develop during storage
and other metabolites might cause sensory rejection. After 6 days at 4 °C, the TVC of fresh
fish in our assays rose to 7.67 log CFU/g (Figure 7B). The results show that the TVB-N and
TVC thresholds are reached simultaneously, as the microbial population increases, and
hence simultaneously. Others have discovered and documented this same phenomenon
before. Figure 7C displays the observed pH shifts and AE of the colorimetric labels while
storing fish. After 6 days at 4 °C, the pH and AE E colors had shifted from yellow to
brown, respectively, while the indicator remained orange for the remaining days, showing
no discernible color change to the naked eye. The pH-sensitive index, AE, maintained a
constant value across the range of pH stability in fish.

4. Conclusions

Saffron petal extract has shown to be a valuable addition to salep mucilage edible
indicator films. Microscopy examination (SEM and AFM) revealed that adding SA s
to the films brought about slight variations in appearance, although other properties
(optical, mechanical, barrier, and other physicochemical) were more affected. Furthermore,
halochromic intelligent films had high antioxidant properties and antibacterial effects
against common foodborne pathogens. Moreover, the prepared halochromic intelligent
films exhibited potential applications for monitoring the freshness of the fish fillets. Overall,
the results suggest that pH-sensitive edible films based on salep mucilage- activated with
anthocyanin from saffron could be used as intelligence indicator films for quality assurance
and to extend the shelf life of packed seafood products.
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