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Editorial

Storage and Shelf-Life Assessment of Food Products

Rui M. S. Cruz 12

Department of Food Engineering, Institute of Engineering, Universidade do Algarve, Campus da Penha,
8005-139 Faro, Portugal; rcruz@ualg.pt

2 MED-Mediterranean Institute for Agriculture, Environment and Development and CHANGE-Global Change
and Sustainability Institute, Faculty of Sciences and Technology, Campus de Gambelas, Universidade do
Algarve, 8005-139 Faro, Portugal

The assessment of food product storage and shelf life is a critical aspect of ensuring
food safety, quality, and sustainability in the food industry. This entails a methodical
assessment of numerous parameters that affect food-storage circumstances and the time
frame over which the desired characteristics of a food product can be preserved. In today’s
food industry, there is a growing focus on increasing shelf life while reducing the use of
artificial additives and preservatives. Innovations in packaging technology, processing
techniques, and natural preservatives have resulted from this focus [1-3]. The use of
bioactive compounds and bio-based materials to produce effective and sustainable new
packaging materials is a new trend to extend the shelf life of food products and help reduce
the environmental impact of plastic materials [4-6]. Moreover, food processing and storage
techniques aimed at the production of healthier, safer, and higher-quality food products
and, consequently, their shelf life extension are another very important area in the food
industry [7-10]. Therefore, the aim of this Special Issue was to present new challenges and
new technological approaches related to the storage and shelf life of food products.

Zhao et al. (contribution 1) studied the effects of storage temperature (T1 (—18 °C) and
T2 (=25 °C)) on the lipidomics profile in Pacific saury (Cololabis saira) for three months. The
results showed that free fatty acids increased significantly; the content of triglyceride and
phospholipid decreased; and the content of total cholesterol was maintained. Moreover,
an increasing trend in the peroxide value, acid value, and content of thiobarbituric acid
reactive substances was observed after the freezing process. The results showed that lipid
oxidation was significantly higher in the group stored at —18 °C compared to the group
stored at —25 °C. This study also identified 4854 lipid molecules in C. saira. Triglycerides
(TG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylglycerol (PG), and diglycerides (DG) were among the lipid subclasses. The
most prevalent lipid was TG, followed by PC. This work will contribute to the quality
control of the frozen storage of pelagic fish.

Grigorakis et al. (contribution 2) assessed the quality of wild and farmed tropical
fish species from national aquaculture and fisheries in the Saudi Arabian market and,
subsequently, compared their freshness/deterioration. The studied fish species were either
farmed, such as barramundi (Lates calcarifer), snubnose pompano (Trachinotus blochii), and
sobaity bream (Sparidentex hasta), or caught in the wild, including cobia (Rachycentron
canadum), coral trout (Plectropomus leopardus), giant trevally (Caranx ignobilis), milkfish
(Chanos chanos), and mangrove red snapper (Lutjanus argentimaculatus). The results showed
that fish shelf lives stored at 4 °C ranged from 8 (coral trout) to 18 days (sobaity bream).
The wild-caught species always presented a significantly shorter shelf life than the farmed
species. At the time of sensory rejection, the microbial load reached or exceeded a level of
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6 log CFU/g while the K-values, depending on the species, ranged from 30 to 80%. The
results obtained in this study contributed to freshness control and quality assurance during
commercialization in local Saudi Arabian markets and the rest of the world.

The article by Ahmadi et al. (contribution 3) addressed the quality enhancement of
stored chilled farmed rainbow trout (Oncorhynchus mykiss) using algal (Cystoseira myrica
and Cystoseira trinodis) extract-ice combinations. The icing system was composed of ice
containing different kinds of C. myrica and C. trinodis extracts during a 16-day chilled storage
period. The results showed that all alga-treated fish presented lower pH values, as well as
decreased lipid hydrolysis (measured through free fatty acid) and oxidation development
(evaluated using the thiobarbituric acid index) compared to control samples. In terms of
microbiological analyses (including aerobic, psychrophilic, Enterobacteriaceae, proteolytic,
and lipolytic counts), most of the fish samples from the alga-treated batches presented
lower values; preservation effect was particularly significant at longer storage times. Water
and water—ethanol extracts showed greater inhibitory effects than their corresponding
ethanol extracts. Furthermore, a higher total polyphenol content was identified in the water
and water—ethanol extracts from both algae compared to those obtained solely with ethanol.
This technique is an alternative to replace synthetic preservative compounds with those
sourced from natural origins, aimed at producing high-quality seafood and food in general.

Custodio-Mendoza et al. (contribution 4) investigated targeted and untargeted car-
bonyl compounds and volatile organic compounds (VOCs) in adult formulas stored at three
different temperatures (room temperature, 4 °C, and 60 °C) for one month. High-protein
formulas presented the highest levels of carbonyl compounds, with 80% of samples show-
ing levels of malondialdehyde, acrolein, and formaldehyde. 2-Heptanone and hexanal
were also present in samples stored at higher temperatures. The results recommend that,
after opening, storage should be performed in the original packaging, guaranteeing light,
moisture, and heat protection. Formulas presenting high levels of protein should be kept
refrigerated. These results contribute to the consumer safety and quality control of carbonyl
compounds and VOCs in adult formulas.

Using gas chromatography—mass spectrometry (GC-MS) and a variety of bioassays,
Veresovd et al. (contribution 5) investigated the chemical composition and antimicrobial
properties of Rosa damascena essential oil (RDEO) to determine its potential for food preser-
vation. Salmonella enterica inoculated eggplant was treated with Rosa damascena essential
oil. According to the GC-MS analysis, phenylethyl alcohol, an antimicrobial with aromatic
properties, makes up 70% of RDEO. The minimal inhibitory concentration (MIC) was tested
against five Candida yeast strains, four Gram-positive, and four Gram-negative bacteria,
including biofilm-forming Salmonella enterica. MIC showed the strongest effects on Gram-
negative species, with MIC50 values as low as 0.250 mg/mL for S. enterica. Moreover, an
in situ assessment using kiwi and banana showed that the vapor phase of RDEO signifi-
cantly suppressed microbial growth. RDEO was found to have insecticidal activity against
Megabruchidius dorsalis (Fahraeus, 1839), an inhibitory effect on S. enterica during storage,
and an antimicrobial effect on the microbiota of sous vide processed eggplant. Applications
for RDEO, a natural antimicrobial agent, include food safety and preservation.

The article by Faria et al. (contribution 6) studied the use of locust bean gum/«-
carrageenan film with the extract of blueberry or beetroot as intelligent films for hake
(Merluccius merluccius) freshness monitoring. At the end of storage, the BLE films” color
changed from pink to blue. According to the hake deterioration profile, these results are
associated with pH values (from 6.60 &£ 0.04 to 8.02 & 0.03), total viable count (TVC, from
4.61 £ 0.36 to 8.61 &+ 0.21 log CFU/¢g), and total volatile basic nitrogen content (TVB-N,
from 10.21 4 1.97 to 66.78 £ 4.81 mg/100 g) above the spoilage threshold. This study
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produced a novel bio-based responsive indicator film that incorporates a natural dye, BLE,
which could help reduce food waste and enhance food safety.

Komeroski et al. (contribution 7) evaluated the post-harvest storage and shelf life of
arugula microgreens (Eruca sativa) in different types of packaging (open air, vacuum sealed,
and an under-modified atmosphere (MAP)) through microbiological, physico-chemical,
and sensory parameters for 10 days at 5 °C. Salmonella spp., Escherichia coli, and Listeria
monocytogenes were not observed in arugula microgreens, regardless of the day of storage
and packaging used. On the other hand, the total Enterobacteriaceae was around 7 log
CFU/g after 10 days of storage for all packaging systems. The results of the total count
of mesophilic, psychrotrophic, and molds and yeasts were between 8 and 9 log CFU/g
after 10 days of storage for all packaging systems. Open packaging proved to be promising,
with less weight loss and slower chlorophyll degradation. The microgreens stored in the
vacuum-sealed packaging showed a decrease in quality from the fifth day onwards for all
attributes (sensory analysis). On the other hand, MAP showed good scores similar to the
fresh microgreens (better visual quality).

In the article by Dermesonlouoglou et al. (contribution 8), the quality of osmo-
dehydrofrozen cherry tomatoes was kinetically discussed during frozen storage. The
optimum processing conditions were as follows: OD: Top = 36 °C, top = 72 min, and
Cglycerol +61.5% w/w. This indicated water loss WL < 5, color change AE < 8, and reduced
water activity (aw) at the end of the pretreatment. OD-pretreated frozen cherry tomatoes
during frozen storage presented an acceptable color, an a,, decrease from 0.95 to 0.92, higher
firmness, lower drip loss, and higher vitamin C/lycopene retention. Based on the loss of
sensory quality, OD extended the shelf life of frozen cherry tomatoes by up to 3.5 times.

Chen et al. (contribution 9) studied the changes in the quality of kelp gel edible
granules during storage. The results showed that the total bacterial counts were maintained
within the national standard range, while the hardness and chewiness increased during
storage at 4 °C. Conversely, during storage at 25 °C, the total bacterial count exceeded the
national standard on the 20th day. Additionally, the gel strength, chewiness, and hardness
all increased before declining. Significant water loss, decreased volume, a shift in color
from bright green to dark yellow-brown, and a pronounced smell of decaying algae were
observed in the product’s spoilage. Throughout the storage period, no coliform bacteria
were found in any of the products. The product presented a 16-day shelf life at 25 °C, while
this exceeded 20 days when stored at 4 °C. Storage at low temperature contributed to the
product’s quality, maintaining its overall color.

The final article from de Medeiros et al. (contribution 10) is a review regarding the use
of mucilage and bioactive compounds from Cactaceae to develop innovative and sustainable
edible films and coatings that can preserve fruits and vegetables. Important production
techniques, technological and functional characteristics, and the chemical composition
were all updated in this review. Furthermore, the impact of these edible films and coatings
on the fruits and vegetables, as well as market challenges and prospects, was presented.

Future research on new packaging technology, processing techniques, and natural
preservatives will be needed to guarantee the quality and shelf life of food products.
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Storage Stability and Lipidomic Analysis Reveal the Effect of
Frozen Storage Temperature on Pacific Saury (Cololabis saira)
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Abstract: Objectives: This study aimed to assess the effects of storage temperature on the
lipidomics profile change in Pacific saury (Cololabis saira). Methods: In this paper, C. saira
underwent frozen storage at two different temperatures, T1 (—18 °C) and T2 (—25 °C),
for a duration of three months. Chemical and lipidomic methods were used to determine
the changes in lipids during the storage process. Results: Results showed that the content
of triglyceride and phospholipid decreased significantly (p < 0.05), and free fatty acid
increased significantly (p < 0.05), while the content of total cholesterol remained relatively
constant across different storage temperatures. Additionally, an increasing trend in AV, POV,
and TBARS contents was observed after the freezing process, with lipid oxidation being
significantly higher in the —18 °C group compared to the —25 °C group (p < 0.05). A com-
prehensive analysis identified 4854 lipid molecules in the muscles of C. saira, categorized
into 46 lipid subclasses, predominantly including triglycerides (TG), phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG),
and diglycerides (DG). Among them, TG was the most abundant lipid, followed by PC.
Using orthogonal partial least squares discriminant analysis (OPLS-DA) with a variable
importance in projection (VIP) score > 1 and p value < 0.05 as criteria, 338, 271, and 103
highly significantly differentiated lipids were detected in the comparison groups CK vs.
T1, CKvs. T2, and T1 vs. T2, respectively. The results indicated that storage at —18 °C
had a more pronounced effect than storage at —25 °C. During the freezing process, TG
expression was significantly down-regulated, and TG(18:4_14:0_20:5), TG(20:5_13:0_22:6),
TG(22:6_14:1_22:6), and TG(18:4_13:0_22:6) were the most predominant individuals. The
CK group was initially present in C. saira before storage. Differential lipid molecules in the
CKvs. T1 and CK vs. T2 groups were screened using a fold change (FC) > 2 or FC < 0.5.
In the CK vs. T2 group, 102 highly significant differential lipid molecules were identified,
with 55 being down-regulated across seven subclasses. In contrast, the CK vs. T1 group
revealed 254 highly significant differential lipid molecules, with 85 down-regulated across
13 subclasses. The results showed that more PCs and PEs were down-regulated, with a
higher differential abundance of PE and PC in the —25 °C group compared to the —18 °C
group. The differential metabolites were primarily enriched in 17 metabolic pathways,
with glycerophospholipid metabolism being the most prominent, followed by sphingolipid
metabolism during the frozen storage. Conclusions: Overall, —25 °C storage in production
was more favorable for maintaining the lipid stability of C. saira. This work could provide
useful information for aquatic product processing and lipidomics.

Keywords: Cololabis saira; oxidation; frozen storage temperature; lipidomics
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1. Introduction

Cololabis saira is a significant pelagic fish, which is widely distributed in the subtropical
and temperate waters of the Pacific Ocean along the coasts of Asia and America [1].
In 2022, China’s commercial harvest of C. saira reached 35,477 tons [2]. C. saira is rich
in protein, lipids, and other essential nutrients, and is particularly abundant in omega-3
polyunsaturated fatty acids [3-5]. The origin of C. saira is far from inland China, and it needs
to undergo a long period of freezing and transport. Currently, sales of C. saira primarily
consists of primary processed products such as frozen items, with fewer deep-processed
products available, including convenient ready-to-eat pieces, canned, and boneless C. saira.

Freezing is one of the most widely used methods for preserving marine foods [6].
Currently, the standard storage temperature for most aquatic products in China is set at
—18 °C. However, this temperature has not been optimal for lipid-rich aquatic products.
For instance, the ideal freezing temperature for Atlantic salmon ranges between —45 °C and
—60 °C [7]. Similarly, tuna requires storage and transportation at a minimum of —55 °C [8].
These specific temperature requirements are essential to slow down the deterioration
in quality.

Although it partially inhibits most of the processes leading to quality deterioration,
it does not completely prevent lipid oxidation and unfavorable changes in lipid quality
and sensory properties [9]. A series of changes have occurred in fish meat during storage
and processing, such as protein denaturation and lipid oxidation [10,11]. Many studies
on C. saira have focused on lipid and flavor changes during processing [10,12,13] and the
effects of natural antioxidants on lipid oxidation [4,12], but little work has been conducted
on lipid oxidation of C. saira at different freezing temperatures; that is, apart from Tanaka
et al. [14], who have investigated the quality changes of C. saira under different temperature
storage conditions. However, comprehensive lipidomic profile differences due to the
storage process had not been analyzed until now. Temperatures of —18 °C and —25 °C
are commonly used in actual production. In this study, an untargeted lipidomic strategy
was used to investigate the effect of storage temperature on lipid composition and lipid
molecules during a —18 °C and —25 °C freezing storage process over three months. We
screened the different lipids during storage at different temperatures and explored their
metabolic pathways by detecting the dynamic changes in lipid profiles. This study aims
to enhance the understanding of lipid profile changes during different frozen storage
conditions and provide data support for the actual production of C. saira. Additionally, it
offers a theoretical basis for the quality control of pelagic fishery catches.

2. Materials and Methods
2.1. Materials

A quantity of 180 kg of Cololabis saira was purchased from Penglai Jinglu Fisheries Co.,
Ltd. (Penglai, China) for this study. It was harvested from the North Pacific Ocean and
initially frozen at —35 °C on the fishing vessel. The transportation from the North Pacific
Ocean to China typically needed two or three months, during which the temperature was
maintained at —18 °C. Upon arrival at Yantai port, C. saira were promptly transferred to the
laboratory for further processing. The initial C. saira was labeled as CK, and the following
fish were placed at —18 °C (labeled as T1) and —25 °C (labeled as T2) for frozen storage,
respectively. In total, 60 kilogram fish were placed in storage for each group.

2.2. Reagents

Chloroform, methanol, isopropanol, sodium chloride, trichloroacetic acid (TCA), 95%
ethanol, sodium hydroxide, sodium thiosulfate, acetic acid, starch indicator, potassium
iodide, Triton X100, petroleum ether, thiobarbituric acid (TBA), toluene, copper acetate
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pyridine, ammonium formate, concentrated nitric acid, perchloric acid, and anhydrous
sodium sulfate were analytically pure (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China). MS-grade methanol, MS-grade acetonitrile, and HPLC-grade 2-propanol were
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). HPLC-grade formic
acid and HPLC-grade ammonium formate were purchased from Sigma Chemical Co.
(St. Louis, MO, USA).

2.3. Lipid Composition and Lipid Oxidation Assay

The lipid composition of C. saira was analyzed at monthly intervals over a three-
month period. Referring to the method of Wang et al. [15], 0.1 to 0.2 g of the total lipid
sample was added to 20 mL digestive solution for wet digestion, the volume ratio of
which (concentrated nitric acid and perchloric acid) was 4:1. Digestion continued until
the digestive solution was essentially colorless. The digestion was fixed to 50 mL, and the
phospholipid (PL) content in the total lipids was determined by the molybdenum blue
colorimetric method. In total, 100 puL total lipid sample was diluted to the appropriate
concentration. The diluted solution was made of isopropanol and TritonX100; its volume
mass ratio was 9:1. Triglyceride (TG) and total cholesterol (TC) content were determined
by following the kit instructions. Amounts of 5 mL of toluene and 1 mL of copper reagent
(pH 6.1) were added to 0.10 g of the total lipid sample, and shaken for 2 min. Centrifugation
was performed at 1000x g for 5 min, and the supernatant was taken to determine the
Optical Density (OD) value at 715 nm. The standard curve was plotted with oleic acid
to calculate the free fatty acid (FFA) content in the C. saira samples. Lipid oxidation of
C. saira samples were assessed by measuring the acid value (AV), peroxide value (POV),
and thiobarbituric acid reactive substances (TBARSs). AV was determined according
to a thermal ethanol method of the Chinese standard GB 5009.229-2016 [16]. POV was
determined by a titrimetric method of the Chinese standard GB 5009.227-2016 [17]. TBARSs
were determined according to the spectrophotometric method of the Chinese standard
GB 5009.181-2016 [18]. The detailed procedures of the assay methods can be found in the
Supplementary Materials.

2.4. Determination of Lipid Profile
2.4.1. Lipid Extraction

The lipidomic analysis was conducted at the end of the storage period (the third
month), and the tissue of C. saira was rapidly frozen using liquid nitrogen and subsequently
stored at —80 °C. Lipids of C. saira were extracted according to the Methyl tert-Butyl Ether
(MTBE) method [19]. Briefly, a 200 uL volume of water was added to the sample, and
then the sample was vortexed for 5 s. Subsequently, 240 uL of precooling methanol was
added and the mixture was vortexed for 30 s. After that, 800 uL. MTBE was added and the
mixture was ultrasonicated for 20 min at 4 °C followed by sitting still for 30 min at room
temperature. The solution was centrifuged at 14,000 x g for 15 min at 10 °C and the upper
organic solvent layer was obtained and dried under nitrogen.

2.4.2. LC-MS/MS Method for Lipid Analysis

Reverse-phase chromatography was selected for LC separation using a CSH C18
column (1.7 pm, 2.1 mm X 100 mm, Waters Corporation, Milford, MA, USA). The lipid
extracts were re-dissolved in 200 pL 90% isopropanol/acetonitrile, centrifuged at 14,000 x g
for 15 min, and, finally, 3 uL of sample was injected. Solvent A was acetonitrile-water (6:4,
v/v) with 0.1% formic acid and 0.1 mM ammonium formate and solvent B was acetonitrile—
isopropanol (1:9, v/v) with 0.1% formic acid and 0.1 mM ammonium formate. The initial
mobile phase was 30% solvent B at a flow rate of 300 uL/min. It was held for 2 min, and
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then linearly increased to 100% solvent B in 23 min, followed by equilibrating at 5% solvent
B for 10 min.

Mass spectra were acquired by Thermo Fisher Q-Exactive Plus in positive and negative
modes. ESI parameters were optimized and preset for all measurements as follows: source
temperature, 300 °C; capillary temp, 350 °C; the ion spray voltage for positive and negative
ions was set at 3000 V; the S-Lens RF Level was set at 50%; and the scan range of the
instruments was set at m/z 200-1800.

2.4.3. Identification by Lipid Search

Lipid Search software version 4.2 (Thermo Scientific™) was used to identify the lipid
molecules and lipid species based on MS/MS calculations [20]. It contains more than
30 lipid classes and more than 1,500,000 ion fragments in the database. Adducts of +H and
+NH,4 were selected for positive mode searches, and —H and +CH3COO were selected for
negative mode searches since ammonium acetate was used in the mobile phases. Both mass
tolerances for the precursor and fragment were set to 5 ppm, with a product ion threshold
of 5%.

2.5. Statistical Analysis

The experimental data for lipid composition and oxidation were analyzed using SPSS
22.0 software, and significant differences were analyzed with Duncan’s multiple range test
at p < 0.05. All lipidomic measurements were conducted in eight replicates. Regarding
the data extracted from Lipid Search, lipids with a relative standard deviation (RSD)
greater than 30% and missing values greater than 50% in each group were removed. After
normalization and integration using the Perato scaling method, the processed data were
imported into SIMPCA-P 16.0 (Umetrics, Umea, Sweden) for principal component analysis
(PCA).

3. Results

3.1. Lipid Composition Change and Lipid Oxidation Analysis of C. saira at Different
Storage Temperatures

Figure 1A illustrates the lipid composition of C. saira at various storage temperatures,
providing insights into the evolution of lipids during the frozen storage process. Similarly to
most marine fish, the lipid composition of C. saira was predominantly comprised of TG and
PL, with smaller quantities of FFA and very low levels of TC. During storage, the contents
of TG and PL decreased significantly (p < 0.05), while FFA levels increased significantly
(p < 0.05). However, the TC content remained relatively constant at different storage
temperatures. Notably, the changes in lipid composition were more pronounced in the T1
group (—18 °C) compared to the T2 group (—25 °C), suggesting that storage temperature
significantly influences lipid composition. Consequently, a storage temperature of —25 °C
was more suitable for the long-term frozen storage of C. saira.

To assess the levels of primary and secondary oxidation products during the lipid
oxidation process, AV, POV, and TBARS were utilized as key indicators [21]. Figure 1
illustrates the lipid oxidation of C. saira at various frozen storage temperatures. It is evident
that lipid oxidation was typically unavoidable during frozen storage, leading to significant
increases in the AV, POV, and TBARS values of C. saira.

Figure 1B illustrates the changes in the AV of C. saira at various storage temperatures,
revealing a gradual increase in AV with the extension of the storage period. Notably, the AV
in the T1 group increased significantly more than in the T2 group (p < 0.05). This observation
aligned with the results from the lipid composition analysis, suggesting a potential link
to the hydrolysis of TC and PL. Furthermore, the rate of lipid hydrolysis was influenced
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by several factors, including the moisture content and its state within the samples, as well
as the activity of endogenous lipase and other variables [22,23]. POV was an index used
to determine the content of primary oxidation products, such as hydroperoxides, which
can reflect the degree of the primary oxidation of lipids [24]. Aquatic products, such as
C. saira, are rich in unsaturated fatty acids, which were prone to oxidative decomposition
during storage, leading to the formation of malondialdehyde. The TBARS assay was
utilized to evaluate lipid secondary oxidation by measuring the malondialdehyde content
produced during this process [25]. Lipid oxidation was generally unavoidable during
transportation or storage, resulting in significant increases in both POV and TBARS values
in C. saira. Figure 1C,D illustrate the changes in POV and TBARSs, respectively, at different
storage temperatures. The POV and TBARS values of the T1 group increased significantly
compared to the T2 group (p < 0.05).

Overall, an increasing trend in AV, POV, and TBARS contents was observed during
the freezing process. These results indicated that storage at —25 °C is more conducive to
the preservation of C. saira.
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Figure 1. Lipid composition (A) and lipid oxidation (B-D) analysis of C. saira at different storage
temperatures; asterisks indicate statistical significance (* p < 0.05).

3.2. Lipidomics Analysis of C. saira at Different Storage Temperatures

During the storage process, lipid oxidation can be influenced by various factors,
including temperature, duration, and packaging. When lipid peroxidation occurs, the
appearance of C. saira may become tawny, and it may develop an unpleasant odor or a hard
texture, which negatively impacts consumer sensory acceptability. Therefore, understand-
ing the fundamental processes and mechanisms of lipid oxidation is crucial for ensuring
the storage stability of C. saira.

Table 1 presented the statistical results obtained from both positive and negative ion
modes. In the muscles of Cololabis saira, a total of 4854 lipid molecules were identified
and categorized into 46 lipid subclasses. These subclasses primarily included triglycerides
(TG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylglycerol (PG), and diglycerides (DG). Notably, TG was the most abundant
lipid in C. saira, serving as the primary storage form of fatty acids in organisms, as well
as an essential energy source and carrier [26]. PC was the second most prevalent lipid,

10
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recognized as a major component of fish phospholipids, and it plays a critical role in
maintaining cell membrane permeability and structural integrity [27].

Table 1. Number of lipid subclasses and compounds.

Lipid Subclass Number of Compounds
Triglycerides, TG 1182
Phosphatidylcholine, PC 430
Phosphatidylethanolamine, PE 409
Phosphatidylinositol, PI 330
Phosphatidylglycerol, PG 327
Diglyceride, DG 316
Phosphatidylserine, PS 224
Cardiolipin, CL 205
Ceramide, Cer 127
Sulfatide, ST 108
Hexosylceramide, Hex1Cer 97
Sphingomyelin, SM 75
Dihexosylceramide, Hex2Cer 74
Lysophosphatidylcholine, LPC 58
Simple Glc series, Hex3Cer 51
N-acetylhexosyl ceramide, CerG2GNAcl1 45
Phytosphingosine, phSM 44
Lysophosphatidylethanolamine, LPE 39
Phosphatidylinositol phosphate, PIP 29
Phosphatidylinositol bisphosphate, PIP2 29
Wax exters, WE 26
Aacyl carnitine, AcCa 22
Sphingosine bases, SPH 22
Monoglyceride, MG 21
Phosphatidic acid, PA 20
Ganglioside, monosialo trihexosyl ceramide, GM3 16
Lysophosphatidylglycerol, LPG 14
Ceramides phosphate, CerP 13
Fatty acid, FA 13
Lysophosphatidylinositol, LPI 10
Lysophosphatidylserine, LPS 9
Zymosterol ester, ZyE 8
(O-acyl)-1-hydroxy fatty acid, OAHFA 4
Cholesteryl esters, ChE 3
Coenzyme, Co 3
Phosphatidylinositol triphosphate, PIP3 3
Ganglioside, disialo tetrahexosyl ceramide, GD1a 2
Ganglioside, disialo dihexosyl ceramide, GD2 2
monosialotetrahexosyl ganglioside, GM1 2
Ganglioside, trisialo trihexosyl, GT3 2
Sphin-gosine phosphate, SPHP 2
Dihexosyl N-acetylhexosyl ceramide, 1
CerG3GNAC1
Disialoganglioside, GD3 1
Lysophosphatidic acid, LPA 1
Sitosteryl ester, SiE 1
Stigmasterol ester, StE 1

3.3. Multivariate Statistical Analysis of C. saira at Different Storage Temperatures

In order to elucidate the changes in the lipid profile of C. saira under different storage
temperatures and identify potential differences in lipid types, a principal component

11
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analysis (PCA) model was established, as illustrated in Figure 2. The figure demonstrated
the distribution of the lipid profiles in the three groups of C. saira, from which it could be
seen that the distribution of the same group of C. saira was concentrated in a region. The
samples of TT and T2 groups were dispersed in different regions and far away from each
other, which indicated that there were significant differences in the lipid profiles of the T1
and T2 group of C. saira, and further confirmed that storage temperature has a substantial
effect on the lipid profiles of C. saira.
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Figure 2. Principal component analysis.

3.4. Differentially Abundant Lipid Analysis

In lipidomics studies, a high Variable Importance in Projection (VIP) score combined
with a low p-value has indicated significant differences in target lipid samples [28]. By em-
ploying Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) with VIP > 1
and p-value < 0.05 as the criteria, we identified highly significantly differentiated lipid
molecules (Figure 3). Specifically, 338, 271, and 103 highly significantly differentiated lipids
were detected in the comparison groups CK vs. T1, CK vs. T2, and T1 vs. T2, respectively.
Figure 3 presented volcano plots of the three comparison groups, illustrating the changes in
lipid compounds. In these plots, each point represents a lipid compound, with larger values
along the horizontal and vertical axes indicating more significant alterations in the selected
lipid compounds. The figure reveals that the relative contents of most lipid metabolites
were either significantly up-regulated or down-regulated across the three sample groups.
These findings suggested that the most pronounced differences in the lipid composition of
C. saira occurred during T1 storage. The results indicated that the T1 group storage had a
more substantial impact on lipid quality compared to the T2 group.

The lipid molecules that were either up-regulated or down-regulated in the CK vs.
T1 and CK vs. T2 groups were identified using a fold change (FC) criterion of >2 or
<0.5. The analysis revealed that the down-regulation of triglycerides (TG) was the main
reason for the changes in the lipid profiles of C. saira during storage, and thus the lipid
compounds that were down-regulated lipid molecules in the different comparison groups
were listed in Tables 2 and 3, separately. In the CK vs. T2 group, 102 highly significant
differential lipid molecules were detected, with 55 being down-regulated. These down-
regulated molecules belonged to seven subclasses, including 40 species of TG, 4 species of
sphingomyelins (SM), 3 species of sterols (ST), 3 species of sphingolipids (SPH), 3 species

12
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Table 2. Changes in significantly different lipid molecules in CK vs. T1 group during storage process.

of PI, 1 species of PG, and 1 species of phosphatidylserine (PS). In comparison, the CK
vs. T1 group exhibited 254 highly significant differential lipid molecules, with 85 being
down-regulated across 13 subclasses. These included 33 species of TG, 17 species of PE,
11 species of phosphatidylcholines (PC), 5 species of PI, 5 species of ST, 4 species of PG,
2 species of SPH, 2 species of SM, 2 species of cardiolipins (CL), 1 species of LPE, 1 species
of Dihexosylceramide (Hex2Cer), 1 species of DG, and 1 species of Phosphatidylserine (PS).
This suggested a more complex lipid metabolism in this reservoir. These lipid compounds
could also serve as differentiating factors. The findings indicated that the lipid profiles
of C. saira were significantly influenced by different storage temperatures, aligning with

previous studies on lipid content and oxidation.
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Number Lipid lon Class Fold Change p-Value VIP
1 PE(18:1p_22:6)+H PE 0.499098 6.44 x 107° 1.042086
2 PC(39:6)+H PC 0.496688 8.43 x 107° 1.38837
3 TG(16:0_14:4_22:6)+NH, TG 0.492149 2.84 x 107° 1.881346
4 TG(20:5_13:0_22:6)+NHy TG 0.488128 3.24 x 107° 3.105524
5 TG(22:6_14:1_22:6)+NHy TG 0.487257 0.000175 3.042199
6 PE(16:0_22:6)—H PE 0.486444 1.94 x 10°° 2.852529
7 PE(35:2e)+Na PE 0.48616 0.000594 1.108355
8 SM(d20:0_24:5)+H SM 0.480833 0.00303 1.631861
9 CL(78:11)—2H CL 0.480744 1.49 x 10-° 2.871019
10 TG(22:6_14:3_22:6)+NH, TG 0.47991 0.002727 1.572998
11 PS(43:1e)+H PS 0.478902 3.56 x 107° 2.906576
12 PC(42:9)+H PC 0.47835 0.001059 1.089234
13 TG(18:4_14:0_20:5)+NHy TG 0.477786 0.001276 9.197348
14 PC(22:3_14:1)+H PC 0.47614 1.19 x 107° 1.162553
15 TG(18:4_14:0_18:4)+NH, TG 0.475079 4.68 x 107° 6.977423

13
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Table 2. Cont.

Number Lipid lon Class Fold Change p-Value VIP
16 PI(16:0_22:6)—H PI 0.469722 0.000323 1.639228
17 PC(22:1_11:2)+Na PC 0.467923 1.05 x 107° 4.199848
18 PG(43:3e)+NHy PG 0.466328 3.02 x 107 3.178235
19 PE(10:0e_6:0)+H PE 0.463883 0.002008 1.500992
20 ST(d17:1_25:0)+NHy ST 0.457943 0.000698 1.70078
21 PI(40:0e)+H PI 0.457439 0.000708 1.704323
22 PC(17:1_22:6)+HCOO PC 0.455686 143 x 107° 1.153681
23 PE(16:0_18:2)+Na PE 0.454466 0.003023 1.162741
24 TG(18:4_12:0_18:4)+NHy TG 0.444249 0.001779 2.19355
25 TG(18:4_18:0_22:6)+H TG 0.441096 430 x 107 1.808455
26 PE(18:1p_20:5)+H PE 0.440797 2.07 x 107> 1.528535
27 TG(18:4_18:4_22:6)+H TG 0.439262 1.60 x 10-° 1.637022
28 PG(32:2e)+NH4 PG 0.436992 1.91 x 107° 1.147128
29 TG(18:4_18:3_20:5)+NHy TG 0.435734 0.000153 4.625362
30 LPE(16:0)—H LPE 0.435246 0.002236 2.086989
31 TG(22:6_12:2_22:6)+NHy TG 0.431817 0.000265 2.296603
32 PG(18:1e_23:1)+NH4 PG 0.427813 4.44 x 1075 1.735106
33 TG(18:4_14:1_18:4)+NHy TG 0.425433 0.000918 1.645381
34 PC(20:5_22:6)+HCOO PC 0.424829 0.000338 1.648933
35 PC(44:11)+H PC 0.417744 0.000639 1.998421
36 PC(22:6_22:6)+HCOO PC 0.414333 1.13 x 107° 2.111974
37 TG(18:4_13:0_22:6)+NHy TG 0.411841 224 x 1076 3.32173
38 TG(18:4_18:4_20:5)+NHy TG 0.411485 6.69 x 107> 5.206043
39 TG(18:4_18:3_18:4)+NHy TG 0.411481 9.19 x 1075 2.389019
40 TG(18:4_13:0_20:5)+NHy TG 0.408598 1.28 x 107° 1.884269
41 PE(18:2e_22:6)—H PE 0.4084 298 x 1075 1.0287
42 PE(18:1_22:6)-H PE 0.404044 0.005235 1.597052
43 CL(82:13)—2H CL 0.403207 0.005028 1.601206
44 TG(20:4_22:6_23:1)+NHy TG 0.402977 0.001303 1.084609
45 ST(m42:0 + O)+NH4 ST 0.401593 7.04 x 1075 4.169806
46 ST(d15:0_25:0)+NHy ST 0.398087 0.001072 1.264458
47 PI(33:1)+NHy4 PI 0.397697 1.66 x 10~° 1.082869
48 DG(21:5e)+NHy DG 0.39523 0.000806 1.177416
49 PG(31:2e)+NHy PG 0.390305 3.11 x 107 1.162939
50 TG(16:0_14:1_22:6)+H TG 0.389657 488 x 1075 1.350519
51 TG(18:4_12:0_20:5)+NHy TG 0.387985 2.06 x 107° 2.156707
52 TG(22:4_12:4_22:4)+NHy TG 0.3853 7.13 x 107° 2.344739
53 PC(20:5_22:6)+H PC 0.383516 0.00035 1.10243
54 PC(17:1_22:6)+H PC 0.375831 0.002524 2.368831
55 PC(37:5)+H PC 0.372954 3.74 x 107° 2.477881
56 TG(18:4_14:3_22:6)+NHy TG 0.372685 0.000631 1.676399
57 PI(42:1e)+H PI 0.364115 1.67 x 107° 1.105667
58 SPH(m18:1)+H SPH 0.363043 433 x 107 1.437811
59 PE(16:0_20:5)-H PE 0.362863 0.001141 1.06783
60 PE(39:2)+Na PE 0.359881 0.003976 1.106558
61 PE(29:1_11:3)+Na PE 0.356409 0.00195 2475733
62 TG(18:4_18:4_18:4)+NHy TG 0.350723 443 x 1075 3.849431
63 PE(20:1_22:6)-H PE 0.348642 0.000763 1.674806
64 TG(18:4_14:2_20:5)+NHy TG 0.348242 0.000135 1.611142
65 TG(11:0_18:4_22:6)+NHy TG 0.344356 229 x 107° 1.024028
66 PE(16:1e_22:6)—H PE 0.343037 1.16 x 107° 1.600446
67 TG(18:4_14:3_20:5)+NHy TG 0.342678 7.13 x 1075 1.382108
68 TG(22:1_10:4_22:6)+H TG 0.339259 249 x 1078 1.694093

14
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Table 2. Cont.

Number Lipid lon Class Fold Change p-Value VIP
69 ST(d17:1_24:0)+NH, ST 0.324952 5.26 x 107° 1.074646
70 TG(20:5_12:1_22:6)+H TG 0.324425 0.001746 1.569025
71 SPH(d20:0)+H-H,O SPH 0.314818 1.68 x 10> 1.334997
72 ST(d48:3)+Na ST 0.306939 741 x 10°° 1.166141
73 PE(18:2_22:6)+Na PE 0.305299 0.000763 1.272167
74 TG(20:2_14:4_22:5)+NH, TG 0.285599 0.003817 1.646126
75 PE(22:6_22:6)—H PE 0.280681 6.49 x 107 2.91534
76 PE(20:3_22:6)+Na PE 0.27609 3.58 x 107° 3.615534
77 PE(20:5_22:6)—H PE 0.271036 0.000203 1.163258
78 TG(18:4_20:5_22:6)+H TG 0.255424 327 x 108 1.147957
79 TG(20:5_14:2_22:6)+H TG 0.236534 6.83 x 1077 1.309602
80 TG(18:1_11:3_21:0)+Na TG 0.224134 549 x 1077 1.208512
81 TG(18:4_18:4_20:5)+H TG 0.202142 0.000627 2.141881
82 TG(22:6_11:2_21:0)+H TG 0.201635 3.72 x 107 2.215741
83 Hex2Cer(m39:3)+H-H,O Hex2Cer 0.199907 0.001191 1.061588
84 SM(d20:0_22:0)+H SM 0.166036 0.002705 8.710905
85 PI(25:1_11:2)+NHy4 PI 0.071681 0.005298 7.23351

Table 3. Changes in significantly different lipid molecules in CK vs. T2 group during storage process.
Number Lipidlon Class Fold Change p-Value VIP
1 TG(20:5_22:1_22:6)+NH, TG 0.49851 5.68 x 1077 5.215054
2 TG(20:5_22:6_22:6)+NH, TG 0.491599 0.000221 2.567459
3 TG(18:1_20:5_22:6)+NHy TG 0.490677 6.05 x 10~8 4.438805
4 TG(20:0_22:3_23:0)+Na TG 0.489055 7.87 x 106 4.994488
5 TG(24:1_22:1_24:1)+NHy4 TG 0.486977 0.006783 1.564398
6 TG(22:6_14:1_22:6)+NH, TG 0.486156 0.000355 2.537809
7 TG(18:4_16:0_20:5)+NH, TG 0.482545 457 x 107 9.422562
8 TG(18:4_18:4_20:5)+NH, TG 0.475521 0.000612 3.973146
9 TG(20:5_14:1_22:6)+NHy TG 0.471436 8.49 x 10°° 1.658027
10 TG(22:4_12:4_22:4)+NHy TG 0.470116 0.000904 1.769338
11 TG(26:1_22:1_22:6)+NH, TG 0.467412 0.001272 1.034124
12 TG(20:5_18:2_22:6)+NH, TG 0.460452 1.21 x 105 3.218636
13 TG(24:1_22:1_22:1)+NH,4 TG 0.456162 0.000451 4.562797
14 ST(m42:0 + O)+NH4 ST 0.451775 0.000622 3.284288
15 TG(18:4_16:1_20:5)+NHy4 TG 0.449565 397 x 107° 4416179
16 TG(20:5_20:5_22:6)+NHy4 TG 0.440813 2.87 x 107 5.177796
17 TG(22:5_20:4_22:6)+NH, TG 0.433843 0.000243 1.074286
18 TG(22:1_22:1_22:1)+NHy4 TG 0.432794 821 x 10°° 9.731679
19 ST(d46:2)+NH, ST 0.432073 8.33 x 107 5.279914
20 SM(d18:2_24:1)+H SM 0.430173 426 x 107° 1.308388
21 TG(18:4_20:5_22:6)+NHy TG 0.429418 1.56 x 10> 6.177515
22 TG(14:0_20:5_22:6)+NHy4 TG 0.429232 1.12 x 107> 2.991447
23 TG(20:1_11:3_22:6)+NH, TG 0.426299 3.61 x 107 1.616654
24 TG(18:4_14:1_18:4)+NH, TG 0.424032 0.000601 1.434173
25 TG(18:4_18:3_22:6)+NH, TG 0.41912 7.34 x 10 1.093412
26 TG(16:0_14:1_22:6)+H TG 0.406657 9.14 x 10~° 1.130789
27 TG(20:5_12:1_22:6)+H TG 0.395436 0.008554 1.019339
28 TG(16:0_14:4_22:6)+NHy TG 0.395024 452 x 1077 1.802223
29 TG(18:4_14:3_16:0)+NHy4 TG 0.389088 419 x 107° 1.988512
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Table 3. Cont.

Number Lipidlon Class Fold Change p-Value VIP
30 PG(43:3e)+NH4 PG 0.380387 256 x 107° 2.920494
31 PI(37:0_9:0)+H PI 0.371176 0.008509 1.172954
32 SM(d20:0_24:3)+H SM 0.36418 5.99 x 107° 2.831523
33 SM(d20:0_22:2)+H SM 0.35894 0.000375 2.3627
34 TG(22:6_11:2_21:0)+H TG 0.355089 0.001193 1.531593
35 TG(18:4_12:0_18:4)+NH4 TG 0.338135 0.000114 2.230751
36 TG(16:1_14:0_20:5)+NHy TG 0.331458 8.32 x 1077 7.620491
37 TG(12:0_14:0_22:6)+NHy TG 0.328791 0.000737 3.230222
38 TG(18:4_12:0_20:5)+NHy TG 0.327852 7.66 x 1077 1.988383
39 TG(18:4_12:0_14:0)+NHy TG 0.31954 0.000463 1.849902
40 TG(18:4_14:0_20:5)+NH, TG 0.318295 7.37 x 1075 10.2416
41 TG(18:4_14:3_20:5)+NHy TG 0.311052 2.61 x 1075 1.263194
42 TG(18:4_14:2_20:5)+NHy TG 0.270653 1.31 x 107° 1.556192
43 TG(28:1_22:3_22:6)+NHy TG 0.269109 1.76 x 107 1.040046
44 SM(d20:0_24:5)+H SM 0.259478 2.83 x 107° 1.932346
45 TG(18:4_13:0_22:6)+NHy TG 0.237456 3.20 x 1077 3.431831
46 PI(42:1e)+H PI 0.233915 8.54 x 1077 1.113729
47 PS(43:1e)+H PS 0.232173 8.28 x 1077 3.321953
48 SPH(m18:1)+H SPH 0.195451 9.37 x 1078 1.459295
49 ST(d17:1_25:0)+NHy ST 0.19223 5.03 x 1077 2.081955
50 PI(40:0e)+H PI 0.191481 531 x 1077 2.086004
51 ST(d15:0_25:0)+NHy ST 0.18241 8.61 x 107° 1.444491
52 SPH(d20:0)+H-H,O SPH 0.181566 337 x 1077 1.301676
53 TG(22:6_12:2_22:6)+NHy TG 0.180922 2.34 x 1077 2.711327
54 TG(18:4_14:3_22:6)+NHy TG 0.176824 8.09 x 107° 1.854093
55 TG(22:6_14:3_22:6)+NHy TG 0.134366 6.24 x 1077 2.144745

During the freezing storage process, the expression of TG was significantly down-
regulated (Figure 4), primarily decomposing into FFA, DG, and monoglycerides (MG).
These metabolites served as energy sources and substrates for the proliferation of cryophilic
microorganisms, facilitating microbial growth [26]. TG(18:4_14:0_20:5), TG(20:5_13:0_22:6),
TG(22:6_14:1_22:6), and TG(18:4_13:0_22:6) were the most predominant species. The freez-
ing storage process also led to an increase in AV, POV, and TBARSs, indicating a com-
parative deterioration of the lipid profiles in C. saira. This reduction in TG levels can be
attributed to oxidative degradation, which is triggered by hydrolysis due to the enzymatic
action of lipases [28]. This process might convert TG into substances such as DG, while
simultaneously releasing fatty acids [29]. DG, an intermediate product of lipid metabolism,
is closely associated with the biosynthesis and catabolism of TG [30]. Notably, the T1 and
T2 groups exhibited two up-regulated DG lipid species. PE and PC played crucial roles
in regulating energy, lipid metabolism, and lipoprotein secretion [31]. The expression
of functional ingredients such as PE, PC, and PI was also significantly down-regulated,
suggesting their conversion to lysophosphatidylethanolamine (LPE), lysophosphatidyl-
choline (LPC), and lysophosphatidylinositol (LPI), respectively, through pathways such as
partial hydrolysis or lipid oxidation [27]. These findings underscored the critical role of
lipid oxidation in lipid transformations during the freezing storage process of C. saira, in
accordance with the results of previous studies [22,32].
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Figure 4. The correlation analysis between the lipid metabolites and different frozen storage temperature.

Comprehensive analysis of the differential lipids at freezing temperatures of —18 °C
and —25 °C revealed significant findings regarding lipid regulation and oxidation
in muscle tissue. The study found that more phosphatidylcholines (PCs) and phos-
phatidylethanolamines (PEs) exhibited down-regulation, likely due to oxidation reactions
in muscle tissue. These reactions may cause hydrogen rearrangement on the PC/PE chains
and lead to the breakage of the C-C layer of «-bonds [33]. Notably, the differential abun-
dance of PE and PC was higher in the —25 °C group compared to the —18 °C group,
indicating that a freezing temperature of —25 °C could more effectively inhibit lipid oxida-
tion in the muscle of C. saira. These results underscored the significant impact of different
freezing storage temperatures on the lipid profile, with —25 °C being more favorable for
the frozen storage of C. saira. This finding aligned with previous results concerning lipid
composition and oxidation.

3.5. Lipid Metabolic Pathway Analysis of C. saira During Storage Process

The analysis of metabolic pathways provided insights into how frozen storage tem-
peratures affect lipid distribution in samples, as indicated in previous studies [6]. Utilizing
the KEGG database, the pathway annotation analysis of lipid differential metabolites in
C. saira at varying storage temperatures was depicted in Figure 5. Comparative analysis
revealed that these differential metabolites were predominantly enriched in 17 metabolic
pathways of the T1 (—18 °C) vs. T2 (—25 °C) group. Among these, glycerophospholipid
metabolism emerged as the primary pathway enriched during the frozen storage process.
Key lipid components such as phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylserine (PS) were annotated within this path-
way. These lipids were crucial as they constitute major components of cell membranes,
thereby maintaining cellular physiological functions and facilitating the transport of triglyc-
erides [34]. Additionally, sphingolipid metabolism was identified as another significant
pathway enriched during frozen storage, with ceramide (Cer) and sphingomyelin (SM)
being the two significantly different lipid metabolites annotated in this pathway. Further in-
vestigation into the lipid oxidation pathway is necessary, in conjunction with metabolomics,
to uncover the potential key lipid molecules involved in the storage process of C. saira.
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Figure 5. KEGG pathway analysis of highly significant differential lipids in T1 vs. T2 group.

4. Conclusions

In conclusion, the findings indicated that storage temperature had a significant influ-
ence on the lipid stability of C. saira during the frozen storage process. The lipid stability of
C. saira stored at —18 °C was much worse than that at —25 °C. Thus, —25 °C storage was
more conducive to maintain the storage stability of C. saira in production. The study will
provide valuable insights into production quality control of pelagic fishery catches.
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Abstract: Ice-stored farmed barramundi (Lates calcarifer), snubnose pompano (Trachinotus
blochii) and sobaity bream (Sparidentex hasta), as well as wild-caught cobia (Rachycentron
canadum), coral trout (Plectropomus leopardus), giant trevally (Caranx ignobilis), milkfish
(Chanos chanos) and mangrove red snapper (Lutjanus argentimaculatus), were compared for
their freshness/spoilage using sensory, chemical and microbiological methods. Quality
Index Method schemes were developed to determine alterations in the sensory freshness.
The shelf lives ranged from 8 (coral trout) to 18 days (sobaity bream). The farmed species
always exhibited a significantly longer shelf life than the wild-caught species. The adeno-
sine triphosphate (ATP) breakdown followed different patterns in the studied species.
The K-values at the time of sensory rejection ranged from 30 to 80% depending on the
species, while the microbial load reached or exceeded a level of 6 log cfu/g. Although
the shelf life duration was dependent on the origin of the fish (wild or farmed), the ATP
breakdown scheme, as well as the K-values and microbial loads at the time of rejection,
were species-dependent and independent of the origin.

Keywords: QIM; K-value; fish quality; microbiological changes; seafood; sensory; wild;
farmed; chilling

1. Introduction

Freshness is considered one of the four pillars of fish quality, along with safety, trace-
ability and authentication [1]. Fish is a food item that is characterized by its high perisha-
bility; this, in practice, is translated to a rejection rate of 10-50% of all products due to
post-slaughter spoilage. Therefore, freshness and spoilage are of capital importance in the
commercial chain of fish. Three main postmortem processes appear to happen, namely
enzymatic autolysis, oxidation and microbial degradation, and these are responsible for the
transformation of certain substances in fish tissues that result in spoilage. In fresh ice-stored
fish, autolysis and microbial degradation prevail, while oxidation is more pronounced in
frozen storage [2,3].

Different species exhibit different spoilage patterns [2,4] and speeds; therefore, indi-
vidual monitoring of freshness reduction/spoilage is required to understand these patterns.
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The study of freshness and its reduction requires tools such as sensory, chemical and micro-
biological evaluations [2,4,5]. Among the various methods for sensory freshness evaluation,
the Quality Index Method (QIM) seems to be the preferred tool, as it is species-specific
and highly analytic, thus providing a numerical score that is more representative of the
spoilage stage [5,6]. While significant attention has been paid to the freshness and spoilage
of fish species that are popular in the European, Japanese and US markets, scarce data are
available for popular tropical species that are highly important in other Asian and African
fish markets.

Barramundi (Lates calcarifer) is a species mainly originating from the Indian and
Pacific Oceans; it is also widely farmed, with a global production of 154,280.7 (Fishstat],
2024 v4.04.00, https:/ /www.fao.org/fishery/en/statistics/software/fishstatj, accessed
on 20 December 2024) metric tons in 2022 and market sizes ranging from 500 g to 2 kg.
Cobia (Rachycentron canadum) is a globally distributed warm-water species, with a global
harvesting volume of 19,147.73 (2022) and global production of 35,613.45 metric tons in
2022 (Fishstat], 2024). China and Taiwan are the main producers, with market sizes of
5-10 kg and net exports of its fresh form reaching USD 30 million in 2020 [7]. Coral trout
species (Plectropomus sp.) are sold in the local Saudi fish market, with a global production
of about 250 metric tons; however, their value is ranked highest among the fish that are
traded in the local Red Sea markets, exceeding 25 USD/kg [8]. The giant trevally (Caranx
ignobilis) is an important species with Indo-Pacific distribution, a global harvesting volume
of 109,000 metric tons in 2017, and farming attempts taking place in recent years in the
Philippines (https:/ /www.fao.org/fishery /aquagris/en/aqgr/phl__nxi?status=pending,
accessed on 20 December 2024). The milkfish (Chanos chanos), an herbivorous species that is
commercialized in market sizes of 250-500 g, accounted for a global aquaculture production
exceeding 1,196,017.29 metric tons in 2022 (Fishstat], 2024). It is highly valued in Asian
markets and has a long and robust farming tradition that started in Indonesia, the Taiwan
Province of China and the Philippines four to six centuries ago, but a significant number of
wild fishery catches also occur [7]. The mangrove red snapper (Lutjanus argentimaculatus) is
a widespread Indo-Pacific species with significant market importance in the region but is
never found in significant quantities, with annual production reaching approx. 15,000 tons
from fisheries and 5308 (2022) from aquaculture, according to the species factsheet of the
FAO (https://www.fao.org/fishery/en/aqspecies/3134/en, accessed on 20 December
2024; Fishstat], 2024). The snubnose pompano (Trachinotus blochii) is a widely farmed
species in China, India, Indonesia, the Philippines, Taiwan, Thailand and Vietnam, with
significant importance in these markets. There is high demand for this species, including in
the US market, with a dockside price of USD 8 in international markets, as reported in the
respective FAO factsheets (https:/ /www.fao.org/fishery/en/culturedspecies/trachinotus_
spp/en, accessed on 20 December 2024). The sobaity bream (Sparidentex hasta) is a species
with significant importance in fish farming in the Arabian Peninsula, a marketable size of
400 g and very high market potential. The latest estimation of its aquaculture production
was 241 metric tons in 2022 (Fishstat], 2024).

Despite the capital economic importance of these species, which is outlined herein,
there is a significant lack of knowledge regarding their freshness and spoilage patterns.
Such knowledge is important in ensuring their quality during commercialization.

Within this context, the aim of this study was to systematically assess the freshness
and spoilage of the aforementioned commercially important fish originating from national
aquaculture and fisheries in the Saudi Arabian market and, subsequently, to compare their
freshness/deterioration. For this purpose, the chemical, microbial and sensory spoilage of
eight different species were analytically studied, and the individual characteristics of their
spoilage patterns were assessed.
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2. Materials and Methods
2.1. Fish

In total, eight locally (Saudi Arabia) marketed fish species were studied, selected on
the basis of their market importance, availability and lack of data on their freshness and
spoilage patterns. The characteristics of the studied fish, including their average weights,
appear in Table 1.

Table 1. The studied fish species, their origin and/or fishing methods and their average weights.

Common Name Scientific Name Onﬁgﬁlsgmg “;ellsg;l ::‘f,:r:gzt;ld;d
Barramundi (Asian seabass) Lates calcarifer Farmed 1500
Cobia Rachycentron canadum Wild/hand line 6500
Coral trout Plectropomus leopardus Wild/hand line 920
Giant trevally Caranx ignobilis Wild/hand line 2560
Milkfish Chanos chanos Wild/surface gillnet 400
Mangrove red snapper Lutjanus argentimaculatus Wild/hand line 3200
Snubnose pompano Trachinotus blochii Farmed 1200
Sobaity bream Sparidentex hasta Farmed 1000

All the analyzed fish were whole, unprocessed or fresh and provided from the Central
Fish Market in Jeddah. They were freshly landed or slaughtered (farms) and remained
in Styrofoam boxes with ice thereafter. The farmed fish were slaughtered, packed with
ice and transferred to the market within a day, thus ensuring the maintenance of absolute
freshness until market distribution. The wild-caught fish were iced on the vessel, although
no accurate estimation of the slaughter time was provided. For each species, one batch of
15 fish was selected in order to have adequate samples for studying the sensory freshness
and developing the QIM schemes; subsequently, a second batch with an equal number of
individuals of each species was used for scoring in the developed QIM, analyzing their
chemical freshness and measuring the microbial spoilage.

The fish were transferred to King Abdullah University of Science and Technology
(KAUST) facilities for sampling and a sensory freshness evaluation during the first 8 days
of storage. To assess the late spoilage stages, the sampled fish were subjected to identical
analyses at the Hellenic Centre for Marine Research (HCMR) facilities in Greece. Storage
always occurred under refrigeration in cold rooms (4 °C). The permanent presence of
ice ensured a temperature of 0 °C around the fish while at the same time reducing the
bacterial load and retaining moisture in the fish skin. Therefore, periodic ice replacement
and continuous ice presence were ensured throughout the experimentation.

For all species, the sensory freshness, microbial status and chemical freshness were
evaluated at specific time intervals from the time 0 (the time of obtainment) to a time when
the fish had reached /passed the acceptability limit (the shelf life). The acceptability limit
was detected by means of human senses, i.e., the perceived sensory freshness.

2.2. QIM

The QIM is a sensory freshness evaluation tool that differs for each species. De-
pending on the individual sensory changes that a species undergoes during freshness
reduction/spoilage, a system of demerit scores is developed based on the changes in
specific features, as perceived organoleptically.

With the exception of cobia, where QIM schemes are already available [9], the QIM
schemes for the rest of the species had to be developed from scratch. For the development
of a QIM, changes in the external appearance/visual quality, external smells and texture
were analytically monitored. For each feature, these changes were evaluated from the start,
namely the first day after slaughtering for farmed fish or the first day after purchase for
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wild ones, until the point when a fish passed its shelf life and could not be commercialized
(i.e., beyond the sensory acceptability limit). A total of 3-5 specimens were used at each
sampling point to evaluate freshness and determine their characteristics and the changes
that they underwent.

For cobia, the already existing scheme was generally followed, with minor alterations
after the preliminary screening procedures.

Three assessors were used, each of whom scored 3 individual fish (for each species) at
every sampling point, based on the respective previously developed QIM schemes. The
total scores that they received were averaged to establish the freshness score at each time
interval. Standard deviations and the two-tail Pearson correlation with days of ice storage
were used to check the validity of the created schemes.

2.3. Chemical Freshness: K-Value and ATP Breakdown Products

The adenosine triphosphate (ATP) breakdown products were analyzed using high-
performance liquid chromatography (HPLC), and K-value determination was performed
to evaluate the chemical freshness and determine the shelf life in chemical terms. The
determination of ATP breakdown products, which include ATP, adenosine diphosphate
(ADP), adenosine monophosphate (AMP), inosine monophosphate (IMP), inosine (Ino)
and hypoxanthine (Hx), took place after extraction from dorsal white muscle tissue. A
quantity of 5 g was homogenized on ice with 25 mL of perchloric acid (PCA; HCIOy, 0.6 M)
for 2 min. Subsequently, centrifugation at 4 °C and 7000x g for 5 min took place, and
10 mL supernatant was obtained. The pH was adjusted to 6.7-6.9, with KOH 1 M initially
and 0.1 M subsequently for the fine adjustment.

The HPLC determination of the ATP breakdown products took place according to the
previously published methodology in [10]. The method for the separation and detection of
ATP metabolites was originally developed and validated by Ryder [11]. The apparatus that
was used combined a Waters 600 Pump, a 600 Pump system Controller, a Waters 717 Plus
Autosampler set at a 10 °C injection temperature, a Waters 2487 UV detector set at 254 nm
and Empower Chromatography Software v5.00.00.00 (Waters, Milford, MA, USA). The
mobile phase consisted of 0.4 M KH,PO, and 0.06 M KoHPO, in HPLC water. The flow
was set at 1.5 mL/min. An aliquot of 5 uL was injected. The chromatographic column was
a C18, using 5 pm, 100 RP and 4 x 250 mm (Phenomenex, Torrance, CA, USA). The total
running time per sample was 20 min.

Subsequently, the identification of individual ATP metabolites took place, and we
determined the K-value as follows:

Ino+ Hx

Koalue% = 100 x ATP + ADP + AMP + IMP + Ino + Hx

2.4. Microbial Spoilage

Microbial spoilage was evaluated following previously published methodologies [12,13],
with minor modifications. Briefly, 10 g from the dorsal muscle of each fish was placed into
stomacher bags with 90 mL of sterile MRD (maximum recovery diluent: 8.5 g/L of NaCl
and 1.0 g/L of bacteriological peptone) and homogenized for 1.5 min using a stomacher.
Then, volumes of 0.1 mL from the serial dilutions in the MRD were spread onto the surface
of water plates to count the agar in order to enumerate the total viable counts (TVCs) and
incubated at 27 °C for 48 h. Samples of 1 mL of serial dilution in the MRD were used for
the pour plate technique for the enumeration of (a) H,S -producing bacteria (presumably
Shewanella sp.) on iron agar by counting only black colonies after incubation at 27 °C for
48 h, and (b) Enterobacteriaceae (E. coli) on Violet Red Bile Glucose agar, which was
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incubated at 37 °C for 24 h. The results were expressed as the mean log cfu/g =+ standard
deviation of 3 replicates (3 fish per species).

2.5. Statistical Analysis

For all fish species and for every measured factor, the average and standard deviations
were calculated. Differences in the means in the K-values and the ATP breakdown products
were statistically tested by performing an analysis of variance (ANOVA), followed by
Tukey’s significant difference test (IBM SPSS Statistics Version 26 software). The levels of
significance were set at p = 0.05 (5%).

3. Results and Discussion

The QIM is considered the most widely used and reliable method for sensory
freshness evaluation, not only for ice-stored fish but also for a variety of both fresh
and frozen seafood and other muscular foods [4,5,14-17]. To accomplish the aim of
this study, new QIM schemes were designed for most of the tested fish species. For
cobia, the already developed scheme [9] was slightly modified based on the observa-
tions of the present study. The analytic QIM schemes for each species can be found in
Supplementary Tables S1-S8 (Supplementary-material QIM schemes). Representative pho-
tos of the fish in the initial (fresh) and final (at the acceptability limit) stages are provided in
Supplementary Figures S1-S8.

Following the evaluations using the developed QIM schemes, each of the studied
species was scored at various intervals during ice storage (Figure 1). For snubnose pom-
pano, the total demerit score at the acceptability limit was 10; for sobaity bream, it was 11;
for coral trout and barramundi, it was 12; for cobia and mangrove red snapper, it was 13;
and for milkfish and giant trevally, it was 14.

In general, the spoilage schemes of the different fish species have commonalities,
namely, the resolution of rigor mortis and softening of muscle tissue, the loss of skin color
intensity, the development of undesirable odors in the gills and skin, and the loss of eye
convexity and shine [2]. Interestingly, the present study revealed individualities in the
tested species. The coral trout initially exhibited soft muscles, with muscle hardening
occurring toward the later stages of spoilage. The milkfish exhibited a remarkable black
discoloration in the belly area and a mass loss of scales. The mangrove red snapper
exhibited excessive discoloration patches in the red skin as spoilage progressed. Freitas,
Vaz-Pires and Camara [15] indicated that the main disadvantage of QIM is its species
specificity, which leads to the necessity of individually developing different schemes.
The aforementioned study also highlighted the limitations relating to the variability of
the specimens that are assessed and the assessors’ judgments and proposed a validation
scheme for QIM. However, it was stated that these procedures add to the complexity of
the QIM establishment process. The low standard deviations of all QIM scores (Figure 1)
and the QIM correlations with days of ice storage were >0.98 in all cases for each species,
indicating the proper function of the herein-developed schemes.

Based on the QIM sensory evaluation, the acceptability limit for each species was
evaluated, and the awarded demerit scores appear in Figure 1. Among the studied species,
coral trout and milkfish were the most perishable ones, with shelf lives of 8 and 9 days,
respectively, while sobaity bream was found to be the most durable, with an 18-day shelf
life. These were followed by the remaining farmed species (barramundi and snubnose
pompano), which had a shelf life of 16 days of ice storage. The shelf life of the aforemen-
tioned farmed species was quite similar to that of gilthead seabream, which is in the range
of 15-17 days [10,18,19], and red seabream.
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Figure 1. QIM sensory freshness evaluations of the studied species during ice storage. (A) Bar-
ramundi, (B) cobia, (C) coral trout, (D) giant trevally, (E) milkfish, (F) mangrove red snapper,
(G) snubnose pompano and (H) sobaity bream. The vertical dotted line in the diagrams marks the
acceptability limit (in days), while the dotted horizontal line indicates the QIM score that the fish
received at this point. The bars indicate the standard deviations (n = 3).
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The significantly longer shelf life of the farmed species compared with that of their
wild counterparts can be explained by the use of controlled slaughtering conditions and
an undisrupted cold chain. Additionally, the lower amount of stress that occurs during
slaughtering compared with the stress that wild fish undergo during the fishing process may
also be a factor. The longer shelf life of farmed fish compared with their wild counterparts
of the same species has been previously reported and is in accordance with the present
observations [20]. The shelf life of cobia that was determined herein was significantly
shorter than that mentioned in [9] for the same species, which was 15 days of ice storage.
A reasonable explanation for this is that the individuals that were studied herein were
captured from the wild, unlike those in the aforementioned study, which were farmed. In
a study referring to a grouper species of the same genus (Plectropomus sp.) as the coral
trout, a shelf life of 18 days of ice storage was indicated when the fish were slaughtered
and immediately stored in ice [21]. However, in the same study, a mere two-hour delay in
icing, i.e., storage at an ambient tropical temperature, resulted in a shelf life of 8 days. This
duration matches the herein-found shelf life for coral trout.

A basic autolytic procedure that occurs after fish death is the anaerobic metabolism of
glycogen (due to the absence of respiratory function), which produces ATP. This, unlike
in living fish, cannot be re-generated to provide energy to the cell. The ATP is inevitably
further metabolized into other substances [22,23]. The initial pathway steps from ATP to
IMP are very quick—almost immediate—and IMP is the first intermediate product that
accumulates and is further gradually metabolized [24].

It has been shown that the ATP breakdown is dictated by degradation pathways,
including endogenous enzymes, as well as microbial mechanisms of action. The enzymes
that are produced by the spoilage microorganisms are the ones that are mainly responsible
for the degradation of IMP and related products during the mid- to late stage of the storage
of fish [23]. The two final products, i.e., Ino and Hx, gradually increase as fish spoilage
proceeds. The measurement of these individual products’ concentrations, as well as their
ratio, namely, the K-value, provides useful information on the freshness/spoilage stage of
fish. It has been found the K-value is the most reliable among the chemical indices and that
it correlates better with the sensory freshness of fish [19,25].

The K-values of the eight studied species are presented in Figure 2. The red dotted
line marks the shelf life duration and the K-values of the species at the end of their shelf
life. For most of the species, K-values of around 40-50% characterize fish that are at their
acceptability limit. However, there are exceptions, such as in the giant trevally, which
had a K-value of around 80% at the acceptability limit, or the barramundi and coral trout,
which exhibited lower K-values of around 30% at the end of their shelf lives. Similarly
to our results, a K-value of 40% has been previously mentioned to generally describe
spoiled fish [26].

The changes in the concentrations of the three basic individual ATP metabolites,
namely the IMP, Ino, and Hx, for the studied species are presented in Figure 3.
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Figure 2. K value changes during ice storage of (A) barramundi, (B) cobia, (C) coral trout,
(D) giant trevally, (E) milkfish, (F) mangrove red snapper, (G) snubnose pompano and (H) sobaity
bream. The dotted line represents the day that the acceptability limit was reached (end of shelf
life). Different letters represent statistically significant differences (p < 0.05). The bars represent the
standard deviations (n = 3).
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Figure 3. IMP, Ino and Hx concentrations of the studied species during ice storage. (A) Barramundi,
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pompano and (H) sobaity bream. The bars represent the standard deviations (n = 3).

Although the speed of ATP breakdown and the concentrations of ATP metabolites
seem to be affected by various factors, including the season, aquaculture pattern, storage

temperature, stunning method, and harvest treatments like bleeding [23,27], the pattern

of ATP metabolite changes is strongly species-specific [24]. In our study, we found that

snubnose pompano and sobaity bream had some commonalities in their ATP breakdown

patterns. These included slow gradual IMP breakdown and subsequent Ino formation,
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while the Hx levels remained low with a small and delayed increase. The final concen-
trations of Hx in their muscle never surpassed 1-1.5 umoL/g. The Ino levels increased
significantly (p < 0.05) after the 8th day of ice storage in snubnose pompano and on the
14th day in sobaity bream. These two species can be characterized as non-Hx forming
species. A similar ATP breakdown pattern was described for gilthead seabream [19]. In
contrast, the mangrove red snapper was found to be a characteristic of Hx-forming species,
with Hx increasing at high levels from the beginning and further increasing with spoilage.
Barramundi also seemed to be a Hx-forming species but with a more gradual Hx increase.
These two species both have high levels of Hx but also very low and fluctuating levels of Ino.

In the giant trevally, Ino gradually increased, peaked and then plateaued around day
10 (with a significant change, p < 0.05), followed by a very slow decrease to the level of Hx
thereafter. The Hx only increased significantly (p < 0.05) on day 18, i.e., at the last sampling
point. Thus, the giant trevally can be categorized between the two categories, i.e., it forms
Hx at significant levels, but only after the fish has passed its shelf life, while Ino is present
at high levels even during the late stage of spoilage.

Cobia showed a gradual decrease in IMP down to negligible levels, fluctuating Ino
levels and a slow/gradual increase in Hx, reaching intermediate concentrations. Similarly,
milkfish showed a pattern that fell between the two basic categories, i.e., it gradually
formed Hx at significant concentrations, but Ino also remained at high levels. The shelf life
of the species was indicated by the significant (p < 0.05) increase in Ino on day 8, while Hx
was mainly formed long after the fish had passed the acceptability limit. The coral trout
can also be grouped into the intermediate category (between Hx-forming and non-forming
species), but more toward the non-forming ones; the rapid increase (p < 0.05) in Ino on day
8 also indicated the end of its shelf life. Hx was formed slowly and increased gradually,
but it remained at relatively low levels even after the fish had surpassed its shelf life. The
existence of different kinetics in IMP breakdown and the variability in the formation of
Ino or Hx as final products in different fish species have been previously reviewed [24],
but none of the herein-studied species were included, and therefore, this is an important
new finding.

The microbial load in the muscle tissue of the studied species under ice storage is
graphically presented in Figure 4. Although there is no legal safety barrier related to
microbial presence in fish, a microbial load of log 6 to log 7 is generally considered the
microbial threshold for fish spoilage, indicating unsatisfactory fish in good manufacturing
practice [28,29]. There were cases, such as the snubnose pompano, giant trevally and
barramundi, where this threshold was reached before the sensory determination of the
end of shelf life. In particular, it was reached on day 12 in snubnose pompano (sensory
acceptability limit: day 16), in giant trevally on day 11 (sensory acceptability limit: day
15) and in barramundi on day 12 (sensory acceptability limit: day 16). In a previous study,
where a similar pompano species (Pompano falcatus) was stored under refrigeration, a shelf
life of 18 days coincided with a total microbial load of log 6 [30]. E. coli is not normally part
of fish’s microbiota and is considered a contaminant [31,32]. The enterobacteria load that
was measured in a shelf life study of ice-stored cobia [9] was much higher after 15 days of
storage than our E. coli measurements in cobia, but this may well be due to contamination
of the stored fish, since the rest of the microbial population was similar to our findings.
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Figure 4. Microbial spoilage of (A) barramundi, (B) cobia, (C) coral trout, (D) giant trevally,
(E) milkfish, (F) mangrove red snapper, (G) snubnose pompano and (H) sobaity bream during
ice storage. TVC (A), H2S-producing bacteria (O) and E. coli ((J). The dotted line represents the day
that the acceptability limit was reached (end of shelf life). The bars represent the standard deviations

(n=23).

4. Conclusions

The spoilage patterns of eight important wild and farmed Saudi Arabia-produced

fish species were studied. Since there are scarce results on the freshness and shelf lives

of the studied species when they are stored in ice, these results may serve as a valuable
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tool for freshness control and quality assurance during commercialization in local Saudi
Arabian markets and the rest of the world. Our study showed that wild-caught species
(cobia, coral trout, giant trevally, milkfish and mangrove red snapper) had shorter shelf
lives than farmed ones (barramundi and sobaity bream), based on our evaluations using
the species-specific QIM schemes. The ATP breakdown product concentrations and the
K-value schemes were strictly dependent on the species, and the values at the point of
rejection did not relate to whether the fish were a wild-caught or farmed species. Some
species, such as the mangrove red snapper and barramundi, accumulated hypoxanthine
as a final ATP product, while others, such as sobaity bream, formed inosine. The total
microbial loads were within a range of log 68 at the end of the fish’s shelf life and were
also independent of whether the fish was of farmed or wild origin.
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Abstract: An attempt to apply extracts of the brown algae Cystoseira myrica and Cystoseira
trinodis for the quality enhancement of fish was carried out. Aqueous, ethanolic, and
aqueous—ethanolic (1:1, v/v) extracts of both algae were included, respectively, in the icing
system employed for the chilled storage of farmed rainbow trout (Oncorhynchus mykiss).
Chemical and microbiological quality indices were determined for a 0-16-day storage
period. At the end of the experiment, all alga-treated fish revealed lower (p < 0.05) pH
values and lower (p < 0.05) lipid hydrolysis (free fatty acid assessment) and oxidation
(thiobarbituric acid index) development when compared to Control samples. Regarding
microbial activity development (aerobe, psychrophilic, Enterobacteriaceae, proteolytic, and
lipolytic counts), lower average values were detected in most cases in fish corresponding to
alga-treated batches; preservative effects were found more important at advanced storage
times. In general, water and water—ethanol extracts led to higher (p < 0.05) inhibitory
effects than their counterpart ethanol extracts. Higher (p < 0.05) total polyphenol values
were detected in water and water—ethanol extracts of both algae than in their counterpart
extracts obtained only with ethanol. A novel, simple, and practical strategy for the qual-
ity enhancement and commercialization of chilled farmed rainbow trout is proposed by
employing different extracts obtained from both Cystoseira species.

Keywords: Cystoseira sp.; extracts; farmed rainbow trout; chilling; ice medium; microbial
development; lipid damage; quality; polyphenol content

1. Introduction

Rainbow trout (Oncorhynchus mykiss) is a highly valuable species for aquaculture
due to its ability to be raised and high growing capabilities [1,2]. With a production
volume of approximately 740,000 tons in 2020, it is considered the most widely farmed
salmonid species in freshwater [3]. Currently, this species is farmed all over the world
and shows the ability to live within a wide range of water temperatures, i.e., from 0 to
23 °C. According to its high nutritional quality, rainbow trout farming can contribute to
addressing the increasing demand for farmed fish production to help feed the ever-growing
human population [2,4]. However, the shelf-life time of this species is short due to being
highly susceptible to chemical deterioration and microbial spoilage. Although several
preservative strategies (packaging and the addition of essential oils or plant extracts)
have been successfully applied for maintaining the quality of rainbow trout as a fresh
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product [5,6], further research is still needed in order to offer the fish trade and consumers
simple and practical strategies for the quality retention of this seafood.

Ensuring the quality and safety of seafood has become a paramount concern world-
wide for consumers, producers, and regulatory agencies. Temperature control plays a
crucial role in preventing enzymatic and microbiological reactions that can lead to spoilage
in seafood [7,8]. Among the various preservation techniques employed for seafood, the
use of ice is a widely accepted method [9]. Although this method significantly extends the
average shelf-life time of fish and shellfish, biochemical and microbial processes can still
lead to a noticeable decrease in the sensory quality of chilled fish [10,11]. To address this
concern, the industries involved in fish preservation are nowadays exploring more effective
natural approaches to maintain the high quality of the product and ensure the consumers’
safety [12,13]. The development of ice with preservative properties has gained remarkable
interest in recent years due to its potential to reinforce food safety and promote human
health [14,15]. Recent studies have focused on enhancing the storage properties of marine
species by employing ice containing different kinds of preservative compounds. These
studies have investigated the efficacy of various natural preservatives, such as organic
acids (ascorbic, lactic, and citric acids) [16,17] and different kinds of plant extracts like betel
leaf (Piper bettle) (4-methoxy-isophthalic acid, phenol, and propanoic acid) [18], rosemary
(water-soluble compounds) (Rosmarinus officinalis) [19], pistachio (Pistachia vera) (phenolic
compounds) [20], or Garcinia sp. (aqueous phenolic compounds) [21].

Macroalgae have attracted great attention as a natural source of compounds with an-
tioxidant, antimicrobial, anti-inflammatory, and anti-cancer properties [7,22,23]. These ben-
eficial properties can be explained on the basis of the presence of preservative metabolites,
such as polyphenols, terpenes, phlorotannins, and fucoxanthin. Brown algae, in particular,
have proved promising antioxidant activity due to the presence of various polysaccharides
including fucoidan, laminarin, and alginic acid [24-26]. Among brown algae, the Cystoseira
genus, belonging to the Sargassaceae family, comprises approximately 40 species and is
found along the Eastern Atlantic and Mediterranean coastlines [27]. Previous studies have
focused on the extraction and purification of bioactive compounds from species belonging
to this genus. According to the different kinds of in vitro assays, water-soluble compounds
(i.e., fucoidan and sodium alginate compounds) obtained from Cystoseira compressa showed
remarkable antioxidant properties [28]. A valuable presence of phlorotannin compounds
and a notable antioxidant activity (DPPH assay) were detected in crude extracts from
Cystoseira trinodis collected from the Indian coast [29]. Debromolaurinterol and fucosterol,
obtained from different kinds of extracts (petroleum ether, dichloromethane, or methanol)
from Cystoseira myrica and C. trinodis, were found to be responsible for the antioxidant
and antimicrobial properties in different in vitro assays [30]. A brassinosteroid-related
metabolite with anticarcinogenic properties was extracted and isolated from ethanolic
extracts of C. myrica [31]. Regarding seafood systems, the presence of an aqueous ethanol
extract of C. compressa in the icing medium led to an inhibitory effect on the lipid damage
and microbial activity development of chilled horse mackerel (Trachurus trachurus) [32].
Additionally, the addition of an aqueous extract of Cystoseira stricta to the glazing medium
led to a remarkable decrease in the lipid oxidation development in frozen Atlantic Chub
mackerel (Scomber colias) [33].

In agreement with the above-mentioned considerations, the present study addressed
the quality enhancement of chilled farmed rainbow trout (O. mykiss). For this, ice containing
different kinds of C. myrica and C. trinodis extracts was employed as the icing system during
the chilled storage of this fish species. The evolution of the chemical changes and microbial
development were determined in the fish muscle throughout a 16-day storage period. The
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validity of this novel, simple, and practical strategy was verified via a comparison to a fish
Control batch stored under traditional ice, i.e., ice prepared only with water.

2. Materials and Methods

The chemical reagents and solvents employed were of reagent grade (Merck, Darm-
stadt, Germany); otherwise, the supplier is expressed.

2.1. Extraction of Seaweed

The brown algae C. myrica and C. trinodis were collected from the coast of Qeshm
Island (Iran) in the Persian Gulf and were identified in the Faculty of Science, Guilan
University (Rasht, Iran). A voucher specimen was deposited at the herbarium of Guilan
University. Once in our laboratory, the algae were thorough washed, dried, and finely
powdered in the shade [31].

Both powdered algae were then subjected to extraction using absolute ethanol, dis-
tilled water, or a water—ethanol (1:1, v/v) mixture (15 g dried alga-240 mL~! in all cases),
respectively. For this, the suspensions were homogenized (Ultraturrax, IKA, Taufkirchen,
Germany) for 30 s, immersed in a magnetic stirrer (Vortex, Scientific Industries, Bohemia,
NY, USA) for 12 h, and sonicated (J. P. Selecta, S. A., Barcelona, Spain) for 5 min at 40 KHz
(1 s on and 1 s off) in a container including water and ice. Then, the samples were cen-
trifuged (Beckman Coulter ALLEGRA X12R, Brea, CL, USA) at 3500x g (10 min, 4 °C),
and the resulting supernatants were isolated and subjected to lyophilization (FD8515-C60,
IIshin Biobase Europe, Ede, The Netherlands).

2.2. Icing Systems Preparation

To prepare the icing systems, 4.2 mg of each lyophilized extract was mixed with distilled
water (2 X 12 mL). The mixture was stirred for 30 s and centrifuged at 3500 x g for 10 min
at 4 °C. Then, the supernatant (20 mL) was taken and diluted to 6 L with distilled water
(0.7 mg lyophilized extract-L~! water solution). This solution was stored in a polyethylene
bag at —18 °C and employed as the icing system for fish storage. This process was carried
out for each kind of extract for both algae. Additionally, traditional or common ice was
obtained from distilled water (6 L), packaged, and stored at —18 °C. This ice was employed
as the Control condition.

Prior to being used, all icing systems were ground in order to obtain flaked ice. Then,
flaked ice was added to the fish in order to carry out the different storage experiments.

2.3. Preliminary Trials

The concentration of algal extracts in the icing media used in this study was chosen
according to previous preliminary trials. As a first step, the three kinds of lyophilized
extracts of both algae were assessed for their antibacterial activities (MIC and MBC assays)
on different kinds of bacteria; as a result, increased microbial inhibition (Gram-negative
and Gram-positive bacteria) was detected by increasing the extract concentration. Addition-
ally, icing systems containing different concentrations of all kinds of lyophilized extracts
(0.1-1 mg-L~! solution range) of both algae were prepared and employed for a storage
trial of rainbow trout. During this storage period, possible modification of the natural
external color and odor of the fish due to the presence of the algal extract was analyzed.
This evaluation aimed to identify the appropriate concentration of the extract that did not
compromise the natural color and odor of the fish and maintained a valuable antimicrobial
activity. As a result, a concentration of 0.7 mg lyophilized extract-L~! solution showed to
be the most concentrated one that did not influence the mentioned sensory descriptors.
Consequently, this concentration was considered for carrying out the present study.
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2.4. Raw Fish, Chilled Storage, and Sampling

A total of 105 rainbow trout (O. mykiss) (130 & 25 g and 22 + 2 cm) were obtained
from a breeding pond (Gorgan, Golestan Province, Iran). The fish were transferred to
the laboratory on ice and divided into 7 groups with 15 fish in each. The different fish
groups were introduced in separated boxes and directly surrounded by different types
of ice. The different batches were as follows: ice without algal extract (Control batch),
ice containing aqueous extract from C. myrica (MW batch) and C. trinodis (TW batch), ice
containing ethanolic extract from C. myrica (ME batch) and C. trinodis (TE batch), and ice
containing aqueous—ethanolic extract from C. myrica (MWE batch) and C. trinodis (TWE
batch).

All fish samples were stored in isolated boxes and kept in a refrigerated room
(4 £1°C). The fish-to-ice ratio was maintained at 1:1 (w/w). Throughout the storage
period, the water resulting from ice melting was drained and appropriate amounts of new
ice were replenished. The analysis of chilled fish was performed after 0, 4, 8, 12, and 16 days
of chilled storage.

2.5. Determination of Total Phenolic Content (TPC) of Lyophilized Extracts

The TPC of lyophilized extracts from both algae was quantified using the Folin—Ciocalteu
colorimetric method [34]. For this, an aliquot of the sample was added to a sodium carbonate
solution and to the Folin—-Ciocalteu reagent. The mixture was stored in the dark at room
temperature for a 30 min period; then, measurement at 720 nm absorbance was carried out.
For quantitative purposes, gallic acid was used as a standard to construct the calibration curve.
The results were calculated as mg gallic acid-g ! dried algal extract.

2.6. Determination of pH and Free Fatty Acid (FFA) Values

The pH value of rainbow trout muscle was determined (390 pH ISE Meter, Beckman
Coulter Inc., Fullerton, CA, USA) via dilution of the fish muscle in distilled water in a
1:10 (w/v) ratio [35].

The content of FFAs was measured following the method proposed by Rukunudin
et al. [36]. For this, 5 g of fish fillet was cut into small pieces and homogenized with
30 mL of chloroform (Ultraturrax, IKA, Taufkirchen, Germany). Then, the fillet particles
were separated from the fat-containing fraction via centrifugation (5000 g, 5 min, 4 °C).
Finally, the lipid fraction was titrated with ethanolic potassium hydroxide by employing a 1%
phenolphthalein solution as an indicator. The results are expressed as g FFAs-100 g~ ! lipids.

2.7. Measurement of Lipid Oxidation Development

Lipids from rainbow trout muscle were extracted by using the Bligh and Dyer [37]
procedure; this method employs a chloroform/methanol (1/1, v/v) mixture with a solvent-
tissue ratio of 4:1 (v/w). Quantification was carried out in agreement with Herbes and
Allen [38]. The lipid content is expressed as g-100 g~ fish muscle.

The peroxide value (PV) was assessed according to previous research [39]. For this,
samples of minced fish were mixed with an acetic acid—chloroform (3:2, v/v) mixture
and filtered by employing a Whatman No. 1 filter paper. To the filtered solution, a
saturated potassium iodide solution and a starch solution were added. Titration was
carried out against a standard solution of sodium thiosulfate. The PV was calculated
using the following equation and expressed as peroxide milliequivalents per kg of sample:
PV = {(S x N)/W} x 1000, where “S” is the volume of titration (mL), “N” is the normality
of the sodium thiosulfate solution, and “W” is the sample weight (g).

The thiobarbituric acid index (TBA-i) was assessed in agreement with Buege and
Aust [40]. The method is based on the reaction between a trichloroacetic acid extract of
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the fish muscle and a thiobarbituric acid (TBA) solution. The content of TBA reactive
substances (TBARSs) was calculated by employing a standard curve obtained with 1,1,3,3-
tetraethoxy-propane (TEP). This curve was prepared by employing an aqueous solution of TEP
(0.24 moles TEP-L~1); for this, a range of 0.1 x 1078 to 4 x 108 moles of malondialdehyde
was used. The value of this index was calculated as mg malondialdehyde-kg ! muscle.

2.8. Assessment of Microbial Activity

The bacterial content of the chilled rainbow trout muscle was determined following
previous methodologies [41-43]. Thus, 10 g muscle portions were thoroughly homogenized
with 90 mL of a sodium chloride solution. Then, the homogenized suspension was subjected
to successive dilutions, and various culture media were used for surface culturing. For
total viable bacteria counts, plate count agar (PCA) culture media were used, with the
plates being incubated at 30 °C for 48 h. Similarly, PCA culture medium was utilized
for psychrophilic bacteria counts, the plates being incubated at 4 °C for 5 to 10 days.
To assess Enterobacteriaceae counts, Violet Red Bile Agar was used for surface culturing,
and the samples were incubated at 37 °C for 24 h. For the identification of bacteria
with proteolytic and lipolytic phenotypes, casein-agar and tributyrin-agar media were
employed, respectively. The incubations of both media were performed at 30 °C for 48 h.
In all bacterial groups, counts were calculated as log CFU-g~! muscle.

2.9. Statistical Analysis

Statistical analysis of chemical and microbial values was carried out by employing
SAS® software version 9.4. (SAS Campus Drive, Cary, NC, USA). A completely randomized
design was employed to analyze the data using a split plot test over time. Subsequently,
a mean comparison was performed using the Tukey test at a 95% confidence level. The
effect of algal extract in the icing medium was studied. Each processing condition was
performed by carrying out three replicates (n = 3).

3. Results and Discussion
3.1. Determination of the TPC of Dried Algal Extracts

The TPCs of crude algal extracts are presented in Figure 1. The range of TPCs was
30.72-55.87 mg gallic acid-g ! dry algal extract. Among the different extracting systems,
the highest average contents were found in the aqueous extract (55.87 &+ 1.72 mg gallic
acid-g~!) and in the aqueous—ethanolic extract (53.76 + 3.83 mg gallic acid-g~') of C.
trinodis, followed by the aqueous extract (52.60 + 2.31 mg gallic acid-g ') of C. myrica. Such
algal extracts showed higher (p < 0.05) TPCs than the remaining algal extracts. Notably,
ethanol extracts exhibited the lowest (p < 0.05) TPCs in both species.

Seaweeds contain a great diversity of water-soluble compounds such as proteins,
peptides, sulfated polysaccharides, glycosides, salts, and low-molecular-weight organic
acids [24-26]. Compared to green and red algae, brown ones exhibit higher levels of pheno-
lic compounds with a remarkable presence of phlorotannin molecules [44,45]. The number
of phenolic compounds in algae can fluctuate because of factors such as environmental
conditions, season, or habitat [34,46]. Additionally, the choice of the extracting solvent
can significantly influence the chemical composition of the extracts, as highlighted by
Sathya et al. [29] and Begum et al. [30]. Compared to the present results, higher TPC
values (40.8 + 8.3 mg gallic acid-g~! dry alga) were detected in the brown alga Bifurcaria
bifurcata [47] but lower (11.0 £ 1.0 mg gallic acid‘g_1 dried alga) in the brown alga Undaria
pinnatifida [48].
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Figure 1. Determination of total phenolic compound contents (mg gallic acid-g~! dried algal extract)
in different algal extracts. Mean values of three (1 = 3) replicates; standard deviations are indicated
with bars. Mean values with different letters (A-C) indicate significant (p < 0.05) differences. Algal
extract abbreviations: MW (water extract of C. myrica), ME (ethanolic extract of C. myrica), MWE
(water—ethanolic extract of C. myrica), TW (water extract of C. trinodis), TE (ethanolic extract of C.
trinodis), and TWE (water—ethanolic extract of C. trinodis).

A remarkable correlation between antioxidant capacity and polyphenol content was
proved during the extraction using different solvents (water, ethanol, methanol, and water—
methanol, 1:1, v/v) of the brown alga Stypocaulon scoparium [46]; thus, the aqueous extract
showed the highest antioxidant activity (DPPH and RSA assays) and the highest phenolic
compound content, with gallic acid being the most abundant. The authors indicated that
water, being more polar than ethanol and methanol, facilitated the extraction of a greater
amount of hydrophilic phenolic compounds [46]. This finding is in agreement with the
results obtained in the current study, which indicates that extracts including water (i.e.,
aqueous and aqueous ethanol extractions) yielded better outcomes in terms of phenolic
compounds. Water-soluble compounds (proteins, peptides, sulfated polysaccharides,
salts, glycosides, and low-molecular-weight organic acids) have shown to be present in
seaweed and be responsible for the preservation properties [49,50]. Notably, aqueous
extracts of brown algae have been reported to contain phenolic preservative compounds
like chlorogenic acid, vanillic acid, and caffeic acid, which were not observed in ethanol
extracts [51]. Furthermore, previous studies have reported that water can lead to higher
extraction yields as compared to other extracting systems [26,51,52].

3.2. Determination of the pH Value

The pH evolution of rainbow trout muscle stored in different kinds of ice is included
in Figure 2. At day 0, pH values were found in the 6.24-6.27 range in all treatments
(p > 0.05). However, during the storage period, a remarkable increase in all batches was
detected. Notably, samples corresponding to the Control condition revealed higher pH
values (p < 0.05) than the treated fish throughout the 8-16-day period. At the end of storage,
batches corresponding to ice with the C. trinodis extract exhibited lower pH values (p < 0.05)
than their counterparts corresponding to C. myrica-treated and Control samples.

The pH value plays a decisive role in influencing the activities of microorganisms and
enzymes, thereby affecting the shelf-life time [9]. Researchers have attributed the increase
in the pH value during the storage period to the activity of internal enzymes within the
carcass, as well as to the activity of decay bacteria. These microorganisms produce volatile
nitrogen compounds, including ammonia, trimethylamine, and other amine compounds,
which subsequently contribute to the pH increase [53,54].
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Figure 2. Assessment of the pH value in rainbow trout subjected to different icing systems. Mean
values of three (1 = 3) replicates; standard deviations are indicated with bars. Mean values with
different letters (A-E) indicate significant (p < 0.05) differences. Abbreviations of icing systems are as
expressed in Figure 1.

According to the present results, previous research accounts for the inhibition of a pH
increase during the chilled storage by including brown algal extracts in the icing medium.
This is the case of a combined ethanol-water extract of C. stricta during the chilled storage of
horse mackerel (T. trachurus) for 11 days [32] and an ethanolic extract of Bifurcaria bifurcata
during the megrim (Lepidorhombus whiffiagonis) storage for 14 days [47]. Regarding red
algae, Arulkumar et al. [55] observed a pH decrease by including a methanolic extract of
Gracilaria verrucosa in the icing medium employed during the chilled storage of Indian
mackerel (Rastrelliger kanagurta) for 15 days.

3.3. Assessment of the FFA Content

The data illustrated in Figure 3 show the changes in the FFA content of fish stored
in different kinds of ice for 16 days. At day 0, fillets from all kinds of samples were
characterized by a ca. 0.75 FFA level. Then, a progressive increase in all samples was
observed with the storage time. However, during the 12-16-day period, the FFA content
of fish samples corresponding to all alga-treated batches showed lower mean values than
their corresponding Control samples; differences were found to be significant (p < 0.05) in
all cases at the end of the experiment. At this time, the ice treatment with aqueous extracts
of C. trinodis and aqueous—ethanolic extracts of both algae displayed the lowest average
values (4.51,4.79 and 4.70 g FFAs-100 g~ ! lipids, respectively).

The current findings suggest the protective properties of extracts obtained from the
studied Cystoseira algae during the storage period, thus preventing the hydrolytic decay
of fatty acids in the fish tissue. This result can be justified by the presence of preservative
compounds in the seaweed extracts.

During the chilled storage of fish species, FFA formation has been reported to originate
from the activities of fish endogenous enzymes and microorganisms [8,55-57]. Before the
end of the microbial lag phase is reached, FFAs are signaled to be mostly produced by
the activities of endogenous enzymes like phospholipases and lipases [58,59]. Then, an
increase of processes related to bacterial catabolism would imply a significant increase
in the microbial activity [9,56]. Despite the fact that the formation of FFAs itself does not
lead to any notable nutritional loss, the evolution of the FFA content is considered of great
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interest due to remarkable implications related to quality loss. Thus, increased FFA levels
can facilitate the presence of off-tastes and off-odors, detrimental protein changes, and,
ultimately, negative effects on the overall quality of the product [9,56,60]. Furthermore, FFA
presence has a remarkable effect on lipid oxidation development; thus, FFAs have been
reported to present a lower stability to oxidation development than do high-molecular-
weight lipid classes (i.e., triacylglycerol and phospholipid molecules) because of reduced
steric hindrance to the initial development of oxidative reactions [61,62].
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Figure 3. Assessment of the free fatty acid value (g-100 g~ ! lipids) in rainbow trout subjected to
different icing systems. Mean values of three (1 = 3) replicates; standard deviations are represented
with bars. Mean values with different letters (A-C) indicate significant (p < 0.05) differences. Icing
systems are as expressed in Figure 1.

Regarding FFA formation, previous research related to algal species within the present
algal genus have been reported for their valuable presence of different kinds of preservative
secondary metabolites, such as fatty acids, terpenoids, triacylglycerols, phlorotannins,
phenolic compounds, steroids, and polysaccharides [27]. In a seafood system, the addition
of a combined ethanol-water extract of C. stricta to the icing system employed during horse
mackerel (T. trachurus) storage for 11 days led to an inhibitory effect on lipid hydrolysis
development [32]. Furthermore, the presence of an aqueous extract of the alga C. stricta to
the glazing medium used during the frozen storage (—18 °C for 9 months) of mackerel (S.
colias) [33] led to a lower FFA value of fish muscle throughout the frozen storage period.

Regarding brown algae in general, the addition of different kinds of extracts to the icing
system used for the chilled storage of marine species has shown to inhibit the evolution of
lipid hydrolysis development. This is the case of an ethanolic extract of B. bifurcata during
a 14-day chilled storage of megrim (L. whiffiagonis) [47], a comparative study of aqueous
and ethanolic extracts of B. bifurcata during a 13-day chilled storage of hake (Merluccius
merluccius) [63], and an ethanolic extract of U. pinnatifida during a 9-day chilled storage of
megrim (L. whiffiagonis) [48].

3.4. Determination of Lipid Oxidation Development

The evolution of lipid oxidation in chilled fish was determined via the PV (primary
oxidation) and the TBA-i (secondary oxidation) (Figures 4 and 5, respectively).
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Figure 4. Determination of the peroxide value (meq. active oxygen-kg~! lipids) in rainbow trout
subjected to different icing systems. Mean values of three (1 = 3) replicates; standard deviations are
denoted with bars. Mean values with different letters (A-E) indicate significant (p < 0.05) differences.
Icing systems are as expressed in Figure 1.
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Figure 5. Assessment of the thiobarbituric acid index (TBA-i; mg malondialdehyde-kg~! muscle) in
rainbow trout subjected to different icing systems. Average values of three (1 = 3) replicates; standard
deviations are indicated with bars. Average values with different letters (A-E) indicate significant
(p < 0.05) differences. Icing systems are as expressed in Figure 1.

During the ice storage, the PV exhibited an increase after 4 days in all batches (Figure 4).
After this time, no subsequent increase was detected in any of the batches under study.
Indeed, a general value decrease was detected for the 12-16-day period. Throughout the
whole experiment, PVs were, in all cases, below a 1.2 meq'kg_1 lipids score, which can
be considered as a low level [64]. Some differences among samples corresponding to the
different batches could be observed, especially in the 12-16-day period; however, a definite
trend about the effect on the PV of the algal extract presence in the icing medium could not
be concluded.

The results of the TBA-i are presented in Figure 5. Low values were observed in all
batches for the 0—4-day period. Then, a general increase was observed after 8 days of
storage, which was followed in all batches by a progressive increase till the end of the
experiment. During the 8-16-day period, lower average values were observed in most alga-
treated samples than in Control ones; in the case of C. trinodis-treated fish, the differences
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proved to be significant (p < 0.05) in all cases. Regarding C. myrica-treated samples, batches
corresponding to the water extracts showed lower (p < 0.05) TBARS values than their
corresponding Control samples in the period corresponding to 12-16 days.

The oxidation mechanism of the lipid fraction is described as a multistep process in
which various molecules are originated sequentially. Thus, the molecules produced during
the initial steps (i.e., primary compounds like peroxides) are relatively unstable and would
produce lower-molecular-weight molecules (i.e., secondary compounds like carbonyls) [9,64].
In the subsequent steps of the development of the lipid oxidation mechanism, both kinds of
electrophilic compounds (peroxides and carbonyls) would react with compounds including
nucleophilic groups like -NH, or -SH (namely proteins, peptides, free amino acids, aminated
phospholipids, etc.) in the fish muscle; such reactions would lead to important losses in
the fish product regarding acceptability (sensory acceptance decrease) and nutritional value
(detrimental changes of the protein fraction) [65-67].

In the present research, the general low peroxide level indicates that a remarkable
breakdown of peroxides has occurred (Figure 4). However, the presence of preservative
compounds in alga-treated fish led to a lower (p < 0.05) level of TBARSs than that detected
in the Control fish (Figure 5). The relative reduction in oxidation development in treated
rainbow trout could be related to polyphenol presence in the extracts, which may contribute
to a reduction in oxidation development on the basis of their antioxidant properties. These
compounds are electron rich and are prone to enter into efficient electron-donation reac-
tions and produce phenoxyl radical species as intermediates in the presence of oxidizing
agents [68,69]. Among polyphenols, phlorotannins from C. trinodis have been shown to
stabilize phenoxyl radicals through hydrogen bonds with an adjacent hydroxyl group [29].

Previous research indicates that species within the Cystoseira genus include a wide
range of secondary metabolites, i.e., terpenoids, steroids, phlorotannins, phenolic com-
pounds, and polysaccharides (meroditerpenes and toluquinols), which exhibit potent
antioxidant properties [27,70]. Thus, a combined ethanolic-aqueous extract of C. stricta was
present in the icing system employed for the 11-day chilled storage of horse mackerel (T.
trachurus) [32]; remarkably, decreased lipid oxidation (fluorescent compound formation) de-
velopment was detected. Different kinds of extracts (petroleum ether, dichloromethane, or
methanol) from C. myrica and C. trinodis showed a remarkable antioxidant activity (DPPH
assay) [30]; this effect was shown to vary according to the extracting solvent employed.
Two polysaccharides (i.e., a fucoidan and a sodium alginate) obtained from C. compressa
showed remarkable antioxidant properties (ferrous ion chelation, ferric ion reduction, and
DPPH radical scavenging) [28]. An aqueous extract of the alga C. stricta was added to
the glazing system used for the frozen (—18 °C for 9 months) storage of Chub mackerel
(S. colias) [33]; as a result, decreased lipid oxidation (assessment of peroxide, TBA, and
fluorescence indices) development and a notable retention of polyunsaturated fatty acid
and alpha-tocopherol values was observed.

Previous studies have also shown the antioxidant properties of brown algal extracts
in general when employed for the quality retention of chilled marine species. Thus,
ethanolic extracts of B. bifurcata inhibited the formation of lipid oxidation compounds
(i.e., fluorescent compound formation) during the 14-day chilled storage of megrim (L.
whiffiagonis) [47]. The addition of aqueous, ethanolic, or ethanolic-aqueous extracts of Fucus
spiralis to the icing media used for the chilled storage of hake (M. merluccius) inhibited
lipid oxidation development (TBA and fluorescence indices) [71]. An ethanolic extract
of U. pinnatifida showed a remarkable antioxidant capacity (DPPH assay) and inhibited
fluorescent compound formation in chilled megrim (L. whiffiagonis) when included in the
icing medium during a 9-day storage period [48]. The addition of aqueous or ethanolic
extracts of B. bifurcata to the icing system used during the 13-day chilled storage of hake (M.
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merluccius) was comparatively studied [63]; neither extract provided a different effect, but
both provoked the decreased formation of secondary lipid oxidation molecules (TBARSs)
when compared to the Control condition.

3.5. Determination of Microbial Activity

The determination of the microbial activity evolution in chilled fish muscle was carried
out via the assessment of total aerobe, psychrophilic, Enterobacteriaceae, proteolytic, and
lipolytic counts (Figures 6-10, respectively).

g . mControl WMW ®ME EMWE ®mTW mTE mTWE A -

Aerobe counts
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Storage time in ice (days)
Figure 6. Determination of aerobe counts (log CFU-g~! muscle) in rainbow trout subjected to different
icing systems. Average values of three (n = 3) replicates; standard deviations are indicated with bars.
Average values with different letters (A,B) indicate significant (p < 0.05) differences. Icing systems are

as expressed in Figure 1.
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Figure 7. Determination of psychrophilic counts (log CFU-g~! muscle) in rainbow trout subjected to
different icing systems. Average values of three (n = 3) replicates; standard deviations are indicated
with bars. Average values with different letters (A-D) indicate significant (p < 0.05) differences. Icing
systems are as expressed in Figure 1.
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Figure 8. Determination of Enterobacteriaceae counts (log CFU-g_1 muscle) in rainbow trout subjected
to different icing systems. Average values of three (1 = 3) replicates; standard deviations are indicated
with bars. Average values with different letters (A-C) indicate significant (p < 0.05) differences. Icing
systems are as expressed in Figure 1.
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Figure 9. Determination of proteolytic counts (log CFU-g~! muscle) in rainbow trout subjected to
different icing systems. Average values of three (1 = 3) replicates; standard deviations are indicated
with bars. Average values with different letters (A,B) indicate significant (p < 0.05) differences. Icing
systems are as expressed in Figure 1.

Mesophilic bacterial counting is recognized as a worthwhile tool for evaluating
the quality and pollution of fishery products during or after processing [41,42]. In the
present study, the initial total bacterial load for rainbow trout muscle ranged from 2.47 to
2.84 CFU-g~! (Figure 6). An overall increase in the total bacterial count across all treatments
was detected during storage. No differences (p > 0.05) were observed among batches during
the 0—-4-day period. However, lower average values were detected in all alga-treated fish
than in Control samples after 8 days; such differences were found to be significant (p < 0.05)
in most cases. At day 16, aqueous—ethanolic extracts of both algae led to lower (p < 0.05)
aerobe counts than in the Control fish.
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Figure 10. Determination of lipolytic counts (log CFU- g_1 muscle) in rainbow trout subjected to
different icing systems. Average values of three (1 = 3) replicates; standard deviations are indicated
with bars. Average values with different letters (A,B) indicate significant (p < 0.05) differences. Icing
systems are as expressed in Figure 1.

Psychrophilic bacterial counts play a relevant role in the deterioration of fresh fish and
shellfish [72]. Figure 7 displays the changes obtained in psychrophilic bacteria counts for
the Control and alga-treated fish during the present 16-day storage in ice. A progressive
count increase in all batches was detected with the chilling time, so that a similar growth
pattern was observed to that of aerobic bacteria. The initial count of psychrophilic bacteria
ranged from 2.47 to 2.58 log CFU-g~!. No significant differences (p > 0.05) were detected
among batches for the 0-8-day period. Then, most alga-treated samples revealed lower
average values than those corresponding to the Control condition; the differences were
found to be significant (p < 0.05) in fish corresponding to the aqueous extract of C. myrica
(day 16), the aqueous extract of C. trinodis (days 12 and 16), the aqueous ethanol extract of
C. myrica (days 12 and 16), and the aqueous—ethanolic extract of C. trinodis (day 16).

During ice storage, psychrophilic bacteria may still maintain certain physiological
activities and tolerate cold conditions [41,42]. This activity can be explained on the basis of
the development of cold shock proteins, the maintenance of membrane fluidity, and the
presence of intracellular enzymes and compatible solutes. It has been shown that common
foodborne pathogenic bacteria, such as Listeria monocytogenes and Yersinia enterocolitica, can
survive and grow in cold environments [73]; this fact may signify a potential risk to the
microbial safety of ice during fish and shellfish preservation and consumption.

Figure 8 displays the changes in Enterobacteriaceae bacteria counts in rainbow trout
samples during storage in ice. Up to 8 days of storage, the Enterobacteriaceae counts in the
Control treatment and groups containing extracts of both algae were not different (p > 0.05).
However, for the 12-16-day period, the counts in Control fish showed higher average
values than most alga-treated samples; the differences were significant (p < 0.05) in fish
subjected to aqueous extracts of C. myrica (days 12 and 16) and in aqueous ethanol extracts
of C. myrica (days 12 and 16) and C. trinodis (days 12 and 16).

In the present study, the count evolution of microorganisms with a proteolytic pheno-
type is depicted in Figure 9. The results of this bacterial group showed similarities with the
above-mentioned aerobe and psychrophilic count evolutions, which showed progressive
increases with the storage time. Compared to the Control samples, lower values (p < 0.05)
were detected in the 0-12-day period in fish corresponding to batches including water
and water—ethanol extracts of C. trinodis. Additionally, the presence of aqueous—ethanolic
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extracts of C. myrica in the icing system led to lower levels (p < 0.05) than in Control samples
in the 12-16-day period.

Proteolytic bacteria are specific bacteria that have been signaled to provide unfavor-
able modifications by contributing to protein breakdown and subsequent textural and
nutritional losses of the fish muscle [47,71]. In the current chilled storage, a growing
decrease in rainbow trout muscle was concluded for proteolytic bacteria. Therefore, an im-
portant preservative effect of the current fish against events related to protein hydrolysis of
microbial origin would be implied by the presence of the algal extracts in the icing system.

The study of lipophilic bacteria was also carried out in the present study. This bacteria
group is reported to increase lipid hydrolysis development, a mechanism with a notable
deteriorative effect on fish quality during chilled storage by facilitating protein denaturation
and lipid oxidation events [44]. The results obtained regarding the capacity of lipolytic
bacteria to originate extracellular lipases with activity against lipid classes like TAGs and
PLs in the current rainbow trout muscle are displayed in Figure 10. In agreement with the
above-described results for other bacterial groups, the lipolytic bacteria count increased
in all kinds of samples with the storage time. In Control samples, the population of these
bacteria increased from 2.24 to 5.17 CFU-g~! by taking into account the initial and end
times of the storage period, respectively. However, this lipolytic bacterial development
was partially inhibited by the addition of the algal extracts to the icing medium. Thus, an
inhibitory effect was detected for the 8-16-day period (water extract of C. myrica), 12-16-day
period (aqueous—ethanolic extract of C. trinodis), and day 12 (aqueous—ethanolic extract of
C. myrica and aqueous extract of C. trinodis).

As a possible explanation, lipolytic bacteria would interfere with the hydrolysis of fats
into fatty acids and glycerol by producing lipase enzymes [56]. The present inhibitory effect
can be related to the stronger impact of the algal extracts in reducing the activity of lipolytic
bacteria regarding fat hydrolysis and further oxidation. Furthermore, algal extracts may
quench bacterial enzymatic reactions associated with fat oxidation in fish, according to
the above-mentioned results regarding lipid hydrolysis (Figure 3) and oxidation (Figure 5)
development.

The decreased microbial activity observed in the current research is in agreement with
the polyphenol compound presence in all tested algal extracts. It has been demonstrated
that extracts of brown seaweeds contain notable levels of phenolic compounds and the
distinctive phlorotannin profile found in this kind of algae, identified for its antimicrobial
properties, mainly comprised phloroglucinol, eckol, and dieckol [74]. Polyphenols and
their antimicrobial mechanisms are assigned to the alteration of microbial cell permeabil-
ity, leading to the loss of internal macromolecules and, additionally, to the modification
of membrane functions, interruption of cellular integrity, and, ultimately, causing cell
death [44,45,75]. However, it is important to remark that the efficiency of extracted al-
gal compounds may differ according to the specific bacteria, the concentration of the
compounds used, and the extraction condition. Regarding Cystoseira genus, a combined
ethanol-water extract of C. stricta was present in the icing system employed for the 11-day
storage of horse mackerel (T. trachurus) [32]; as a result, decreased microbial development
(aerobe, psychrotroph, proteolytic, lipolytic, and Enterobacteriaceae counts) was detected.
Different kinds of extracts (petroleum ether, dichloromethane, or methanol) from C. myrica
and C. trinodis showed a remarkable antimicrobial behavior against different kinds of
microorganisms (Staphylococcus aureus, Streptococcus pyogenes, Pseudomonas aeruginosa, Es-
cherichia coli, Candida albicans, and Cryptococcus neoformans) [30]; the intensity of this effect
was shown to vary according to the extracting solvent employed.

As for the present results, previous studies have already proved the microbial ac-
tivity inhibition resulting from the use of different kinds of brown algal extracts during
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the chilled storage of marine species. Thus, ethanolic extracts of B. bifurcata led to the
inhibited development of aerobes, psychrotrophs, lipolytic bacteria, proteolytic bacteria,
and Enterobacteriaceae in megrim (L. whiffiagonis) during a 14-day chilled storage [47]. In
a comparative study of aqueous, ethanolic, and ethanolic-aqueous extracts of F. spiralis
employed as the icing condition during a 13-day storage of hake (M. merluccius) [71],
contrary to the present results, the highest inhibitory effects on microbial development
(aerobe, psychrotroph, lipolytic bacteria, and proteolytic bacteria counts) were detected in
batches including ethanol extracts. A comparative study of aqueous and ethanolic extracts
of B. bifurcata employed as the icing medium during the storage of hake (M. merluccius)
for 13 days was carried out [63]; as a result, both batches showed an inhibitory effect on
the microbial development (psychrotrophic and lipolytic counts), but no differences were
detected between both kinds of extracts. The addition of ethanolic extracts of U. pinnatifida
to the icing system provoked a decrease in the aerobe, lipolytic, and proteolytic bacteria
counts in megrim (L. whiffiagonis) stored for 9 days under chilling conditions [48].

Regarding red macroalgae, a remarkable decrease in mesophilic and psychrophilic bac-
teria counts was proved during a 15-day chilled storage of Indian mackerel (R. kanagurta)
by including a methanolic extract of the red alga G. verrucosa in the icing system em-
ployed [55]; the valuable effect was explained after the isolation and identification of bioac-
tive agents (butylated hydroxytoluene, sulfurous acid, 1,2-propanediol, cyclononasiloxane,
and tetracosamethylcyclo-dodecasiloxane) present in the algal methanolic extracts.

4. Conclusions

A preservative effect of horse mackerel quality was observed with the presence of
both algal extracts in the icing media employed during the chilled storage. The inhibitory
behavior (p < 0.05) on lipid oxidation development and microbial activity was found to be
more important at advanced storage times. In general, water and water—ethanol extracts led
to higher (p < 0.05) preservative effects than their counterpart ethanol extracts. Additionally,
higher (p < 0.05) total polyphenol values were detected in water and water—ethanol extracts
of both algae than in their counterpart extracts obtained only with ethanol. It is assumed
that the presence of preservative hydrophilic compounds has been more important than
that of lipophilic ones.

According to the results obtained, the presence of aqueous and aqueous ethanol
extracts of both algae in the icing system can be considered a valuable method for preserving
the quality of farmed rainbow trout during chilled storage. A strategy for the quality
enhancement and commercialization of this species under chilling conditions is proposed
by employing different kinds of extracts obtained from both Cystoseira species. This new,
simple, and practical strategy aligns with the nowadays global interest in the search for new
tools related to the replacement of synthetic preservative compounds by others obtained
from natural sources in order to produce high-quality seafood and food in general.

Further research is envisaged to fully understand the specific benefits and optimal
usage of both macroalgal extracts and scale up its employment to other marine species.
According to the consumers’ acceptance and nutritional value requirements, complemen-
tary studies regarding the effects on the sensory descriptors and changes in the protein
fraction of fish muscle resulting in alga-treated fish ought to be developed. Additionally,
further research should also include the isolation (HPLC and chromatographic technologies
in general) and identification (mass spectrometry) of active molecules (polyphenols and
others), which are involved in the inhibitory mechanisms of lipid oxidation and microbial
development and are responsible for the preservative behavior detected. To optimize the
use of algal extracts, future studies developing an optimized design (namely a response
surface methodology study) and taking into account the independent variables of the algal
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treatment (concentration of the algal extracts and polarity of the extracting system, i.e.,
water—ethanol concentration ratio) should be conducted. In such cases, the kind of marine
species (wild and farmed; fatty and lean) ought to be taken into account.
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Abstract: The occurrence of carbonyl compounds and volatile organic compounds (VOCs) in adult
formulas is a critical issue in product safety and quality. This research manuscript reports the
determination of targeted and untargeted carbonyl compounds and VOCs in adult formulas stored
at different temperatures (room temperature, 4 °C, and 60 °C) over one month. Gas chromatography-
mass spectrometry was utilized for the sample analysis. Ultrasound-assisted dispersive liquid-liquid
microextraction at 60 °C for 20 min facilitated the extraction of six carbonyl compounds, while
headspace solid-phase microextraction (HS-SPME) was employed for the determination of untargeted
VOCs using a DVB/CAR/PDMS fiber, involving 15 min of equilibration and 45 min of extraction at
40 °C with magnetic stirring. Analytical features of the methods were assessed according to Food and
Drug Administration guidelines, and good limits of detection and quantitation, linearity, accuracy,
and precision were achieved. Notably, the highest levels of carbonyl compounds were found in
high-protein formulas, with quantifiable levels of malondialdehyde, acrolein, and formaldehyde
detected and quantified in 80% of samples. Additionally, significant levels of VOCs such as hexanal
and 2-heptanone were found in samples stored at elevated temperatures. These findings suggest the
importance of protein content and storage conditions in the levels of carbonyl compounds and VOCs
found in adult formulas, with implications for consumer safety and quality control.

Keywords: dispersive liquid-liquid microextraction; enteral nutrition formula; food safety;
solid-phase microextraction; risk of exposure; stability analysis; volatile organic compounds

1. Introduction

Adult formulas are specially designed nutritional products for enteral feeding, provid-
ing essential nutrients to individuals who may have difficulty consuming regular food [1,2].
These formulas play a vital role in the nutrition and health of various adult populations,
particularly those with chronic illnesses, disabilities, or other health problems requiring
specialized dietary support [2,3]. For instance, patients recovering from surgery, individu-
als with malabsorption issues, and the elderly often rely on these products to meet their
nutritional needs and improve their overall health outcomes [1-3]. Stringent regulatory
standards govern the manufacturing of adult formulas to ensure safety and efficacy [4].
Formulations can vary widely, including standard, high-protein, and specialized options
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tailored for specific health conditions [3,4]. Ultra-high temperature treatment, commonly
used in adult formula processing, rapidly heats products to 135-150 °C for a few seconds to
destroy harmful microorganisms and extend shelf life without refrigeration [5]. However,
this process can also lead to the formation of heat-induced contaminants, such as lipid
peroxidation products and advanced glycation end-products (AGEs), which may pose
health risks to consumers [6].

Among the most concerning contaminants are malondialdehyde (MDA), formalde-
hyde (FCHO), acetaldehyde (ACE), acrolein (ACRL), methylglyoxal (MGO), diacetyl (DA)
(the structural formula is provided in the Supplementary Materials, Figure S1), and other
various volatile organic compounds (VOCs) [7]. These compounds are formed during lipid
peroxidation as polyunsaturated fatty acids interact with reactive oxygen species [6,7]. This
process follows a radical-driven pathway, forming lipid hydroperoxides as primary oxida-
tion products [7]. These hydroperoxides decompose into more stable secondary products,
including carbonyl compounds such as malondialdehyde, formaldehyde, acetaldehyde,
acrolein, methylglyoxal, and diacetyl [7]. These compounds indicate oxidative degrada-
tion in lipid-containing foods like adult formula [6,7]. Lipid peroxidation can continue
when the formulas are stored along with other degradation processes, potentially affecting
their nutritional quality and safety [6,7]. Monitoring the presence and concentrations
of these contaminants is crucial due to their toxicological profiles and classifications by
health authorities, including the International Agency for Research on Cancer (IARC),
which identifies several of these compounds as potential carcinogens [7]. For instance,
FCHO is classified as a carcinogen with sufficient evidence of its carcinogenicity to humans
(Group 1) with a tolerable daily intake (TDI) set at 150 pg/kg body weight (bw)/day.
ACRL is classified as probably carcinogenic to humans (Group 2A), with a lower TDI of
7.5 ug/kg bw/day. ACE is categorized as possibly carcinogenic to humans (Group 2B),
suggesting it may be carcinogenic, with an Acceptable Daily Intake (ADI) of 185 pg/day.
MDA falls into the group of substances with insufficient evidence for their carcinogenicity
(Group 3). However, it possesses a Threshold of Toxicological Concern set by the Interna-
tional Programme on Chemical Safety (IPCS) of 30 ug/kg bw/day. MGO is also in Group 3
and does not have a specific TDI. Finally, while unclassified by the IARC, DA has a notable
ADI of 900 pg/kg bw/day [7-12].

Given the potential health implications of these contaminants, the need for reliable
analytical methods to assess their levels in adult formulas is paramount [7]. Traditional
methods for determining lipid peroxidation products in foods, such as the thiobarbituric
acid (TBA) test and peroxide value measurement, are widely used due to their simplicity
and accessibility [7,13,14]. However, these methods have several limitations: they are
non-specific (which can lead to overestimation), time-consuming, and require harsh condi-
tions and large amounts of solvents, which have a notable environmental impact [13,14].
To address these limitations, chromatographic methods such as high-performance liquid
chromatography (HPLC) and gas chromatography (GC), paired with various detection
systems (UV, Fluorescence Detection (FLD), Flame Ionization Detection (FID), and Mass
Spectrometry (MS)), have been developed [7,13-20]. These methods allow for the specific
determination of lipid peroxidation products, including aldehydes, ketones, malondialde-
hyde, and dicarbonyl compounds, with higher sensitivity and selectivity than traditional
methods [7]. However, to detect specific compounds like AGEs and other lipid peroxidation
products effectively, chemical derivatization (e.g., with hydrazine, TBA, or o-phenylene
diamine) is often required to enhance instrument response, depending on the detector
system [13,17-20]. Microextraction techniques have further advanced the sensitivity and
specificity of carbonyl compounds and VOCs analysis by offering a more sustainable ap-
proach due to the reduced sample size and waste generation and the reduction (Dispersive
Liquid-Liquid Microextraction, DLLME) or non-use (Solid Phase Microextraction, SPME)
of organic solvent [7]. In this context, head-space (HS) SPME has been used to determine
carbonyl compounds associated with lipid peroxidation in infant formula, milk, and dairy
products [7,20,21]. VOC determination without derivatization has also been reported using
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HS-SPME [7]. DLLME has been applied to measure FCHO, MDA, and ACRL [7,16,22] in
beverages. To our knowledge, there is no analytical method for assessing lipid peroxidation
products in adult formula products.

In this study, we aim to apply innovative microextraction techniques to determine the
concentrations of carbonyl compounds and to monitor VOCs in adult formulas. Specifically,
we propose using DLLME for the targeted analysis of carbonyl and dicarbonyl compounds
as potential markers of lipid peroxidation and HS-SPME for untargeted VOC determination,
as it requires no derivatization. Through these methods, we present the first known data
on the occurrence of carbonyl compounds associated with oxidative and storage stability in
adult formulas, as far as we know. Additionally, we assess the potential risk of exposure for
consumers to these contaminants, highlighting the need for ongoing monitoring to warrant
the safety and quality of adult formula.

2. Materials and Methods
2.1. Chemicals and Reagents

Unless otherwise specified, all chemicals used were high purity (>98%). Acetaldehyde
(ACE, CAS 75-07-0), Acetonitrile (ACN, CAS 75-05-8), Chloroform (CHCl3, 35%, CAS
67-66-3), Deuterated Acetaldehyde (ACEd4, CAS 1632-89-9), Deuterated Acetone (ACOd6,
CAS 666-52-4), Diacetyl (DA, CAS 431-03-8), 2,4-Dinitrophenylhydrazine (DNPH, CAS 119-
26-6), Formaldehyde (FCHO, CAS 50-00-0), Malondialdehyde (MDA, CAS 643-12-9), and
Methylglyoxal (MGO, 40% CAS 78-98-8) were all supplied by Merck (Darmstadt, Germany).
Acrolein (ACRL, CAS 107-02-8) was purchased from LGC Standards (London, UK).

SPME fibers with 50/30 um divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) and 65 um PDMS/DVB were also obtained from Merck. All fibers
were conditioned to ensure optimal performance per the manufacturer’s instructions be-
fore their initial use. Manual sampling was performed using a manual holder sourced
from Merck. This study utilized various pieces of laboratory equipment, including a Cen-
tromix II-BL Centrifuge from J. P. Selecta (Barcelona, Spain), a Basic 20 pH meter from
Crison Instruments (Barcelona, Spain), a 2510EMTH ultrasonic bath from Branson Ultra-
sonics (Danbury, CT, USA), and a Reax Top vortex mixer from Instruments GmbH & Co.
(Schwalbach, Germany) to conduct all experiments.

2.2. Sample Selection and Stability Study Design

In this study, 12 commercially available adult nutritional formulas were selected from
supermarkets and parapharmacies in Santiago de Compostela, Spain. The formulas were
categorized into three groups: high-protein formulations (HP, n = 5), standard formulations
(SAF, n = 4), and specialized formulations (SF, n = 3) encompassing an enteral formula
for dysphagia and amylase resistance, a carbohydrate module formula, and an enteral
powder for administration via tube or orally. All samples were kept in their original
packaging before the occurrence study. From these, two unflavored standards and two
unflavored high-protein adult formulas with similar compositions were selected for the
storage stability study.

The stability study aimed to evaluate the effects of different storage temperatures on
the formulations over 30 days. Unflavored samples, including high-protein (1 = 2) and
standard formulation (n = 2), were selected for this study. All samples were transferred
into amber vials and the caps were covered with parafilm to prevent contamination. The
formulas were stored in their original powdered form and were prepared according to the
manufacturer’s instructions by dissolving them in drinking water before analysis. Three
storage conditions were tested: room temperature, 4 °C, and 60 °C. These conditions were
selected to replicate typical domestic storage situations throughout the year. The samples
were stored in the dark, using amber vials covered with aluminum foil and placed inside
cardboard boxes to minimize light exposure. The four samples were analyzed on specified
days (0, 1,7, 14, 21, and 30). In the untargeted VOC determination, focusing on determining
VOC changes during storage, two unflavored samples (also used in the target analysis)

55



Foods 2024, 13, 3752

from the standard formulation category were selected for HS-SPME-GC-MS analysis after
30 days of storage, as they were the only formulations available in individual packaging of
small portions. All analyses were conducted in triplicate to ensure reliable data.

2.3. Ultrasound-Assisted Dispersive Liquid—Liquid Microextraction

To extract FCHO, MDA, ACE, ACRL, MGO, and DA from the adult formula, a previ-
ously developed method to extract MDA, ACRL, and 4-hydroxy-2-nonenal in beverages
was used (Custodio-Mendoza et al., 2022) with modifications [22]. The adult formula was
prepared following the manufacturer’s instructions: 15% w/v in drinking water at 40 °C,
with gentle stirring until fully dissolved. A 0.5 mL aliquot of the solution was transferred
to a 2.5 mL falcon tube, and 1.3 mL of ACN was added. The mixture was vortexed for
1 min to combine the phases, followed by centrifugation for 2 min at 1634 g to precipitate
proteins. The supernatant was transferred to a clean tube, and 90 uL of CHCI3 was added.
The mixture was homogenized by three cycles of charging and discharging using a Pasteur
pipette, then rapidly transferred to a conical tube containing 4 mL of ultrapure water and
0.5 mL of DNPH solution (0.5 g/L in 2 M HCI). The system was incubated in an ultrasonic
water bath at 60 °C for 20 min, followed by centrifugation for 2 min at 2146 x ¢ to separate
the extractant phase. The drop containing the carbonyl-DNPH derivatives was collected
with a microsyringe and directly injected into the GC-MS for target analysis.

2.4. Head-Space Solid Phase Microextraction

The VOCs were extracted from the adult formula following the method described
by Clarke et al., (2019) with modifications [21]. Briefly, the adult formula was prepared
as previously outlined. A 2 mL aliquot of the sample solution was placed in a 6 mL vial
with a magnetic stirrer and sealed with a septum cap. The sample was equilibrated in a
water bath with gentle stirring for 15 min at 40 °C. After the equilibration period, the SPME
fiber was exposed, and extraction started for 45 min at the same temperature. Following
extraction, the analytes were desorbed at 270 °C for 5 min in the GC-MS injection port.

2.5. Gas Chromatography-Mass Spectrometry

The targeted and untargeted analyses were performed using a GC-MS system (7890B-
5977B, Agilent Technologies, Santa Clara, CA, USA) with a J&W HP-5MS column
(B0 m x 0.25 mm ID x 0.25 um, Agilent) and a carrier gas flow rate of 1.5 mL/min.
The transfer line was set to 280 °C, connecting the column to an electron impact (EI*) source
at 250 °C with 70 eV, and a single quadrupole mass analyzer was maintained at 120 °C.

For the targeted analysis, the injector temperature was set to 245 °C using an ultra-inert
double taper liner in splitless mode. The temperature program began at 100 °C, increased
at 100 °C/min to 230 °C (held for 3.3 min), then ramped at 35 °C/min to a final temperature
of 280 °C, maintained for 2 min. The total analysis time for this targeted method was 8 min.
Initially, full scans were performed over a 50-300 m/z range for each hydrazone, allowing
the identification of the most intense ions. Single ion monitoring mode was then used with
the quantifier and qualifier ions summarized in Table S1 (Supplementary Material).

For the untargeted analysis, the oven temperature started at 35 °C, held for 5 min,
and increased at 5 °C/min to 280 °C (held for 10 min), resulting in a total run time of
64 min. The detector was turned off after 60 min. The injector was set to 270 °C using
a straight ultra-inert liner (5190-4048) with a 0.755 mm inner diameter in splitless mode.
Scan acquisition mode covered a 40-400 m/z range. Preliminary compound identification
was performed using the NIST Mass Spectral Search Program (Version 2.2) by comparing
experimental and reference mass spectra in the NIST/EPA /NIH Mass Spectral Library.
Compound identification was based on matching fragmentation patterns and relative ion
intensities, with only matches having a probabilistic score above 80% reported.
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2.6. Analytical Validation

The analytical validation for matrix and analyte extension of the previously published
DLLME-GC-MS method was conducted per FDA guidelines [23]. The acceptability criteria
included several key components. First, the method demonstrated selectivity by providing
specific retention times and identifying qualitative and quantitative ions for each analyte,
ensuring accurate differentiation between compounds in the matrix. Linearity was assessed
using a standard addition method with internal standard calibration within six concentra-
tion levels across a concentration range of 0.5 to 3 ng/mL for each analyte in triplicate, with
strong linear relationships confirmed by high determination coefficients (r?). The limit of
detection (LOD) was calculated as the mean of the blank signal plus 3.3 times the standard
deviation of this measurement. Similarly, the limit of quantitation (LOQ) was determined
as the mean of the blank signal plus 10 times the standard deviation of the blank. The
method’s accuracy was evaluated at three concentration levels, with each level tested in
quintuplicate, and recovery rates were calculated to assess the closeness of results to the
true values. Finally, precision was evaluated by intraday and interday measurements at
three concentration levels, each tested in quintuplicate, ensuring consistent results over
time and under different conditions.

2.7. Statistical Analysis

Statistical analyses were conducted using Excel and Statistica (version 13.3) software.
A box-and-whisker plot was used to present the occurrence data, showing the distribution
of carbonyl compound concentrations for each sample. This type of plot displays the data’s
minimum, first-quartile, median, third-quartile, and maximum values. The “box” part
represents the interquartile range (IQR), which covers the middle 50% of values. The line
inside the box marks the median, indicating the central value of the data set. The “whiskers”
extend to the minimum and maximum values, showing the full spread of the data, while
any outliers are shown as individual points outside the whiskers. This plot helps to
visualize the range, central tendency, and variability in carbonyl compound concentrations
across samples. A heatmap was generated to present the storage stability data, visually
representing the data trends over time and across different storage conditions. The heatmap
illustrated the relative stability of the analytes, with color gradients indicating the intensity
of the responses. Darker shades represented higher concentrations, while lighter shades
indicated lower concentrations, allowing for quick identification of significant changes in
analyte levels.

3. Results and Discussion
3.1. Method Performance—Matrix and Analyte Extension

The US-DLLME-GC-MS method was previously developed in our lab to determine
MDA and ACRL in beverages [22]. Herein, we studied the method’s applicability to four
additional carbonyl compounds (FCHO, ACE, MGO, and DMGO) in adult formula. We
used a standard adult formula as a blank sample to ensure the method’s suitability for
the simultaneous extraction of these six analytes from the adult formula. First, a kinetic
study was performed in triplicate to assess the formation of carbonyl-DNPH derivatives
(Figure 1). MDA and ACRL reached equilibrium after 5 min of ultrasound treatment,
FCHO after 10 min, while ACE, MGO, and DMGO required 20 min.

To ensure all analytes reached equilibrium and were successfully extracted as their
corresponding DNPH derivatives, we set the ultrasound incubation time to 20 min. The
analytical performance of the method was evaluated under these conditions (Table 1).
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Figure 1. Kinetic analysis of DNPH derivatization and extraction of carbonyl compounds from adult
formula using US-DLLME-GC-MS.

The method’s specificity is based on specific ions for each analyte and internal
standards eluting at specific retention times previously described in this manuscript
(Section 2.5). Figure 2 confirms the absence of interfering signals in the retention time
region for all analytes and the internal standards. The LOD ranged from 8 to 89 ng/mL,
and the LOQ ranged from 0.061 to 0.671 pg/mL. Standard addition calibrations showed
excellent linearity, with determination coefficients of >0.9990. The method’s precision,
assessed at concentrations of 0.7 pg/mL (QC1), 1.0 ng/mL (QC2), and 2.0 pg/mL (QC3),
demonstrated good intraday precision with relative standard deviations (RSD) between
1.3% and 5.8%, and interday precision with RSD between 0.9% and 4.6%. Similarly, method
accuracy at the same concentrations showed recoveries ranging from 98.0% to 102.6%.

Table S2 compares the analytical performance of this method with other methods
for detecting carbonyl compounds in infant formula, milk, and dairy products. Single
HPLC-UV determinations of MDA have been reported, using either the TBARS test or as
a TBA-MDA derivative after liquid-liquid extraction or dilution. Despite being feasible
and reproducible, with acceptable RSD values, these methods exhibit poorer linearity
and lower recovery rates than those in this study. Similarly, single UV determinations of
FCHO in milk have shown higher LOD and LOQ values than those reported here. Single
MDA determination in infant formula using HPLC-MS without derivatization has been
reported to have significantly lower detection limits than other HPLC methods. When
paired with derivatization, HPLC-MS methods achieve even further reductions in detection
limits, as reported for MGO and DA determination in baby food by Kocadagl & Gokmen
(2014), and in milk and dairy products reported by Zhang et al., 2022 [18,24]. In a previous
study, we identified five carbonyl compounds, including MDA, ACRL, MGO, and DA, in
infant formula using Gas-Diffusion Microextraction (GDME) with o-PDA derivatization
via HPLC-UYV; this method, though accurate and precise, had higher detection limits [19].
Additionally, we previously reported the development of an HS-SPME-GC-MS method for
seven carbonyl and dicarbonyl compounds (including FCHO, ACE, MGO, DA, and MDA)
as PFPH derivatives from infant formula, achieving detection limits similar to or slightly
lower than those reported here. However, this method had higher RSD values [20].
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Figure 2. Chromatogram of standard adult formula spiked with 1 pg/mL of carbonyl compounds.

Overall, while combining derivatization with HPLC-MS produced the lowest detection
limits, the extended method reported here achieved similar or lower detection limits
compared to previous GC-MS and HPLC-UV methods for milk, dairy products, and infant
formula, with more accurate recoveries (closer to 100%) and comparable precision, proving
the suitability of this method for simultaneous monitoring of MDA, FCHO, ACE, ACRL,

MGO, and DA in adult formulas.

3.2. Occurrence of Carbonyl Compounds in Adult Formulas

The validated US-DLLME-GC-MS method was applied to analyze carbonyl com-
pounds in a set of adult formula samples, with results summarized in Table 2.
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Table 2. Occurrence of carbonyl compounds in adult formula.

Adult  Malondialdehyde Formaldehyde Acetaldehyde Acrolein Methylglyoxal Diacetyl
Formula pg/mL +£SD  ug/mL  £SD pug/mL  £SD ug/mL  £SD  ug/mL  +£SD  ug/mL £SD
HP1 2.38 0.39 2.86 0.90 2.16 0.31 2.29 0.73 1.50 0.28 ND -
HP2 0.98 0.05 0.94 0.03 1.90 0.12 0.24 0.00 ND - ND -
HP3 ND - ND - ND - ND - ND - ND -
HP4 0.53 0.02 1.20 0.50 1.08 0.67 2.39 0.94 1.89 0.77 2.84 0.98
HP5 2.89 0.56 2.60 0.70 ND - 2.80 0.17 0.61 0.08 ND -
SAF1 2.65 0.82 0.90 0.11 1.63 0.45 1.27 0.70 1.65 0.77 ND -
SAF2 1.73 0.54 1.56 0.31 291 0.23 1.43 0.35 2.69 0.82 0.97 0.27
SAF3 ND - ND - ND - ND - ND - ND -
SAF4 ND - ND - ND - ND - ND - ND -
SP1 2.09 0.75 1.65 0.75 1.16 0.24 2.49 0.76 2.02 0.52 211 0.49
SP2 2.00 0.80 1.48 0.51 0.82 0.53 1.89 0.42 2.46 0.93 1.67 0.96
SP3 ND - 2.39 0.31 0.79 0.24 2.53 0.56 1.16 0.14 1.88 0.30

SD, standard deviation; HP, high-protein adult formula; SAF, standard adult formula; SP, special formulated adult
formula; ND, non-determined as below limit of quantification.

All target analytes were detected, although not always at quantifiable levels; therefore,
a box-and-whisker chart showing only quantifiable samples is presented for clearer compar-
ison (Figure 3). In high-protein adult formulas, 80% of samples were quantifiable for MDA
(0.53-2.89 ng/mL), FCHO (0.94-2.86 ng/mL), and ACRL (0.24-2.80 pg/mL). Additionally,
60% of samples were quantifiable for ACE (1.8-2.16 ng/mL) and MGO (0.61-1.89 ng/mL),
with one sample quantifiable for DA at 2.94 ug/mL. In standard adult formulas, 50% of
samples were quantifiable for MDA (1.73-2.65 pg/mL), FCHO (0.9-1.56 png/mL), ACE
(1.63-2.91 ug/mL), ACRL (1.27-1.43 pg/mL), and MGO (1.65-2.69 pg/mL), with only one
sample quantifiable for DA at 0.97 ug/mL. For specialized formulations, only one enteral
powder sample, intended for oral or tube administration, was quantifiable for MDA. All
analytes in this sample type were quantifiable, with levels ranging from 2.0-2.09 ng/mL
for MDA, 1.48-2.39 ug/mL for FCHO, 0.79-1.16 pg/mL for ACE, 1.89-2.49 ug/mL for
ACRL, 1.16-2.46 pg/mL for MGO, and 1.67-2.11 pg/mL for DA.

To our knowledge, no studies have reported the occurrence levels of these compounds,
specifically in adult formula. However, Kang et al. (2010) conducted short- and long-
term trials to assess the effects of commercial enteral nutritional supports on the nutrition
and health of stroke patients. They observed that MDA was significantly elevated in
chronic stroke patients compared to healthy individuals after TBA derivatization and
HPLC-UV [25].

Regarding similar foods, Bessaire et al. (2018) reported similar FCHO levels in milk
powders after DNPH derivatization and HPLC-tandem mass spectrometry [26]. Custodio-
Mendoza et al., (2024) observed lower levels of MDA, FCHO, and ACE in both powdered
and liquid starter and follow-up infant formula after pentafluorophenyl hydrazine deriva-
tization during HS-SPME extraction and GC-MS determination [19]. Similar ACRL, MGO,
and DA levels were found in powdered starter formulas and ACRL levels in follow-up
formulas after o-PDA derivatization during GDME extraction and HPLC-UV determina-
tion [20]. Similar MDA content in infant formula was reported by Pozzo et al. using TBA
derivatization and HPLC-UV-FLD [27] and Cesa using the TBARS test [28]. Akillioglu et al.
with their microwave-assisted hydrolysis and HPLC-MS determination [15], as well as
Kocadagl et al. [24], reported comparable MGO results in the analysis of infant formulas,
supporting these findings.
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Figure 3. Box-and-whisker plot showing the occurrence of carbonyl compounds in adult formula
samples. MDA, malondialdehyde; FCHO, formaldehyde; ACE, acetaldehyde; ACRL, acrolein; MGO,
methylglyoxal; DA, diacetyl.

These findings suggest that MDA, FCHO, ACRL, ACE, MGO, and DA concentrations
vary significantly across adult formula samples. The data suggest that high-protein and
specialized formulations may be more susceptible to carbonyl compound formation than
standard formulas. This variability highlights the importance of monitoring carbonyl
compound levels in these products as potential indicators of oxidation which could affect
product quality and safety.

3.3. Temperature-Dependent Variations of Carbonyl Compound Levels in Adult Formulas
During Storage

Four samples were selected in the target stability study using the US-DLLME-GC-MS
method. They included two standard adult formulas and two high-protein adult formulas
from the same brand, differing only in protein content. Carbonyl compounds were detected
in all samples, though quantification was only possible in HP samples at all time periods
and in SAF at later stages. Results are summarized in Table 3.

In HP formulas, MDA levels increased over time under different storage conditions.
At 4 °C, MDA remained relatively stable, detectable only in one HP sample, showing a
slight increase at the end of 30 days. In the other HP sample, MDA became quantifiable
by day 30. At room temperature, MDA accumulated more, reaching 2.01 pg/mL and
0.37 ug/mL after 30 days. Storage at 60 °C showed a similar trend, with MDA reaching
comparable levels. MGO also showed accumulation over time, becoming detectable in HP
samples after 7 days at 4 °C and increasing to 0.64 pg/mL and 0.98 pug/mL after 30 days.
MGO levels rose further at higher temperatures, reaching 1.52-1.98 pug/mL after 30 days at
room temperature and 2.54-2.78 pug/mL after 30 days at 60 °C. FCHO accumulated more
gradually at 4 °C, becoming quantifiable only after 30 days at 0.5 pg/mL in one HP sample,
while the other sample showed a higher range (0.94-1.93 ug/mL). FCHO accumulation
intensified with higher storage temperatures, reaching up to 2.73 ng/mL at 60 °C after
30 days. In contrast, ACE and ACRL showed only slight and relatively stable increases
across all temperatures.
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In SAF samples, most compounds were undetectable until 7 days at both 4 °C and
room temperature. MDA was below the limit of quantification in one SAF sample through-
out the study, and ACRL and DA were undetectable in all SAF samples across temperatures.
At 4 °C, only ACE was quantifiable in one sample after 14 days, rising to 0.37-1.38 ug/mL
after 30 days. MGO was quantifiable in one SAF sample after 21 and 30 days at 0.25 and
0.71 ng/mL, respectively. In the other SAF sample, MDA, FCHO, and ACE were quan-
tifiable only after 30 days, with concentrations of 0.28, 0.71, and 0.37 pug/mL, respectively.
MDA and FCHO became quantifiable at room temperature in one SAF sample after 14 days,
reaching 0.58 and 1.79 pug/mL by day 30. ACE was quantifiable in both SAF samples after
30 days, with concentrations of 0.57-1.94 ng/mL, while MGO reached 1.23 pg/mL in
one sample after 21 days. At 60 °C, MDA became quantifiable after 14 days, reaching
0.32-0.88 nug/mL after 30 days. FCHO was quantifiable in one sample after 7 days, accumu-
lating from 0.93 to 1.79 ng/mL by day 30. ACE became quantifiable in both samples after
14 and 21 days, reaching 0.62-2.27 ug/mL after 30 days, while MGO was only quantifiable
in one sample after 14 days, reaching 1.43-1.94 pug/mL.

Although no data is available on the variations in carbonyl content in adult formula
during one month of storage, our findings are consistent with those reported by other
researchers in infant formula, milk, and dairy products. Bessaire et al. (2018) noted
temperature-related differences in FCHO levels in milk powders, finding that FCHO levels
were lower at room temperature than at 60 °C [26]. Cesa et al., (2015) reported a significant
increase in MDA content in infant formula stored for two weeks at 55 °C [29]. Jia et al. (2018)
found significant differences in content of advanced glycation end products (AGE), such as
methylglyoxal and diacetyl, in milk-based infant formulas stored at 50 °C [30]. Liu and Li
also observed similar variations in MGO after 60 days of storage [31]. Notably, Cheng et al.
reported that even moderate increases in temperature can significantly contribute to the
formation of AGEs, reaching detectable levels in infant formula milk powders, consistent
with our results [32].

These findings suggest carbonyl compounds accumulate more over time in HP than in
SAF, particularly at higher storage temperatures. The increase of MDA, MGO, and FCHO
levels in HP formula indicates that higher protein content may promote oxidative reactions
during storage, as reported in other foods [33]. Elevated temperatures further accelerate
this process, with the most significant accumulation occurring at 60 °C. This implies that
protein content and storage conditions (temperature and duration) are critical factors in
adult formulas’ stability and potential degradation.

3.4. Temperature-Dependent Variations of VOC Levels in Adult Formulas During Storage

In the untargeted stability study using HS-SPME-GC-MS, identification was based on
comparing the mass spectrometry (MS) patterns with those in the NIST library. The results
are summarized in Table S3 (Supplementary Materials), and heatmaps were created using
the chromatographic peak areas obtained from a set of new SAF samples. These samples
were stored for 30 days at 4 °C, room temperature, and 60 °C to facilitate comparison, as
quantification was not possible (Figure 4).

A total of 40 compounds were observed, including 11 aldehydes, 10 ketones, 9 alcohols,
and 2 esters, among others. Notably, hexanal, 2-heptanone, heptanal, 2-heptenal, 2-octenal,
nonanal, and 2-hydroxybenzaldehyde were present in both new SAF samples. In contrast,
pentyl acetate and 1-octen-3-ol were found in only one sample, while benzaldehyde, 2-
pentylfuran, and octanal were found in the other sample.

Hexanal appears stable at 4 °C, with a slight increase noted in one sample stored
at room temperature. However, both samples showed a significant increase in hexanal
levels after 30 days at 60 °C. The other compounds in the fresh samples seem stable at
both 4 °C and room temperature. In contrast, most compounds exhibited some increase
when stored at 60 °C, except for nonanal and 2-hydroxybenzaldehyde, which remained
stable at all temperatures. Moreover, compounds such as 1-hexanol, octanal, 1-octanol,
2-methyldecaline, and 17-octadecenoic acid appeared after 30 days of storage at all studied
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temperatures. Other compounds, including 1-pentanol, 1-heptanol, 2-nonanone, 1-decanol,
1-octanol, 2-decanone, decanal, y-octalactone, 2-decenal, cyclodecanone, 6-undecanone,
hexanoic acid pentyl ester, 2-undecanone, 2-undecenal, and 2-butyl-2,7-octadien-1-ol, were
only present after 30 days of storage at 60 °C.

Hexanal
1-pentanol
2-ethyl butenal

Hexanal
1-pentanol
2-ethyl butenal

1-hexanol
2-heptanone

1-hexanol
2-heptanone

Heptanal Heptanal
Pentyl acetate Pentyl acetate
Oxime-, methoxy-phenyl Oxime-, methoxy-phenyl

2-heptenal 2-heptenal

Benzaldehyde Benzaldehyde

1-heptanol 1-heptanol

1-octen-3-ol 1-octen-3-ol
.6-Methyl-5-heptene-2-one .6-Methyl-5-heptene-2-one [
2-Pentylfuran 2-Pentylfuran

Octanal Octanal
Cycloheptene, 1.2-dimethyl- Cycloheptene, 1,2-dimethyl-
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trans-2-Undecen-1-ol trans-2-Undecen-1-ol

trans-2-Octenal rrans—:—Octenal_
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2-hydroxy-benzaldehyde 2-hydroxy-benzaldehyde
1-decanol 1-decanol [
3-Nonen-2-one 3-Nonen-2-one
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17-Octadecynoic acid 17-Octadecynoic acid [ -
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2-Decanona 2-Decanona
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Figure 4. Heatmap of VOCs identified in adult formula after 1-month storage. Standard adult
formula 3 (left), standard adult formula 4 (right).

Similar VOCs, including aldehydes, ketones, alcohols, and volatile acids, were re-
ported by Jia et al. [30] in their analysis of milk-based infant formulas, as well as by Hausner
et al., (2009) in their characterization of infant formulas and breast milk [34]. Li, Zhang,
and Wang also noted the formation of aldehydes and ketones in milk powders stored at
various temperatures, which aligns with our findings [35]. Li et al., noticed the presence
of aldehydes and ketones that influence the sensory properties of infant formulas [36].
They also found that long-term storage (up to one year) at room temperature leads to
significant variations in volatile compounds, similar to our observations, with aldehydes
and ketones being the most prevalent, significantly impacting the sensory attributes of
infant formulas [36].

3.5. Risk of Exposure Assessment Based on Adult Formula Consumption

In this study, we calculated the estimated consumption of adult formula to assess
potential exposure to contaminants. The analysis accounted for differences in caloric
needs between males and females to avoid gender bias and individual activity levels,
considering the role of adult formula as a meal replacement and the highest carbonyl
content identified in the occurrence study [37]. Based on average daily caloric requirements
for males and females by activity level (Table S4, Supplementary Materials) and noting that
100 mL of adult formula provides between 100-479 kcal when prepared according to the
manufacturer’s instructions, we summarized the average daily intake for males weighing
70-90 kg and females weighing 55-75 kg in Table 4, expressed as pg/kg of body weight per
day. We compared the average daily intakes with the tolerable or acceptable daily intakes
for carbonyl compounds (see Introduction section) [38].
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Table 4. Average daily intake of carbonyl compounds for males and females by activity level.

Level of Physical Malondialdehyde  Formaldehyde Acetaldehyde Acrolein Methylglyoxal 2 Diacetyl
Activity ug/Kg bw/day ug/Kg bw/day ug/Kg bw/day ug/Kg bw/day ug/Kg bw/day ug/Kg bw/day
M F M F M F M F M F M F
Low 53.5* 55.3* 52.9 69.8 53.8 55.7 51.8 % 53.6* 49.8 51.5 52.5 67.7
Moderate 58.9* 61.4* 58.3 60.8 59.3 61.8 57.1* 59.5* 54.9 57.1 57.9 60.3
High 67.9 * 67.5*% 67.2 66.8 68.3 67.9 65.7 * 65.4 % 63.2 62.8 66.7 66.3

bw, body weight; M, male; F, female; * above tolerable daily intake (or analog exposure level); ® compared to
glyoxal equivalent due to lack of exposure level.

The risk of exposure assessment indicates that, when consuming high-protein adult
formula as a meal replacement, adult women with low physical activity may experience
slightly higher exposure to FCHO and DA. In contrast, for individuals with moderate to
high physical activity levels, exposure to these contaminants is similar for both males and
females. While exposure to most of the targeted compounds across the studied weight
range and activity levels remains below the tolerable daily intake (or equivalent exposure
level), both males and females would be exposed to levels of malondialdehyde twice the
toxicological threshold of concern and approximately eight times the tolerable daily intake
for acrolein.

4. Conclusions

This study highlights the need for a reliable analytical method to assess lipid perox-
idation products in adult formula, a gap not addressed in prior research. By adopting a
previously established method for detecting MDA and ACRL in beverages, we successfully
extended it to determine six key analytes—MDA, ACRL, FCHO, ACE, MGO, and DA—in
adult formulas. The method showed excellent specificity, precision, and accuracy, achieving
low limits of detection and quantification.

To our knowledge, this is the first occurrence study of carbonyl compounds in adult
formulas. Remarkably, high-protein formulas showed the highest detectability, with 80%
of samples quantifiable for MDA, FCHO, and ACRL and 60% quantifiable for ACE and
MGO. Standard formulas had a 50% quantification rate for most compounds, while only
one special formulation sample, intended for oral or tube feeding, had quantifiable levels
of all analytes.

The analysis of various adult formula samples revealed significant variations in the
levels of carbonyl compounds when stored at different temperatures using HS-SPME-GC-
MS. High-protein adult formulas consistently exhibited higher concentrations of these
compounds than standard formulas. This suggests that higher protein content may en-
hance the formation of carbonyl compounds during storage, particularly under elevated
temperatures. These findings suggest that the protein content and storage conditions—such
as temperature and duration—are critical factors influencing the stability and degradation
of these products.

The untargeted determination of VOCs by HS-SPME-GC-MS identified a diverse
range of compounds, including various aldehydes, ketones, alcohols, and volatile acids.
The results indicated that many VOCs accumulate over time, particularly in high-protein
adult formulas stored at elevated temperatures. Notably, hexanal, 2-heptanone, and other
compounds showed significant increases, suggesting that storage conditions critically affect
the stability of these products. The presence of these VOCs, many of which are associated
with sensory attributes, emphasizes the importance of understanding their impact on
product quality. The findings also suggest that monitoring VOC levels can serve as an
indicator of oxidation processes in adult formulas.

Our findings suggest that, once opened, adult formula should be stored in its original
packaging, protected from light and moisture, and kept away from heat sources such as
ovens or central heating. Formulas with higher protein content should ideally be stored in
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a refrigerator, particularly during the summer or in locations where the room temperature
exceeds 25 °C.

Furthermore, we assessed the potential risk of exposure to these contaminants based
on the estimated consumption of adult formula. Our results indicate that males and
females, across all activity levels, may exceed safety thresholds for MDA and acrolein
when consuming high-protein formulas. This underscores the importance of continuously
monitoring carbonyl compounds in adult formulas, as high levels may compromise product
quality and safety.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/foods13233752 /51, Figure S1. Structural formula, molecular formula, and
molecular weight of target carbonyl compounds. Table S1: Retention time, quantifier and qualifier
ions for the US-DLLME-GC-MS method. Table S2: Analytical methods for malondialdehyde, acrolein,
and «-dicarbonyl compounds in infant and adult formulae, milk, and dairy products. Table S3:
Volatile compounds identified in adult formulas. Table S4. Interval of daily caloric request.
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Abstract: Rosa damascena is mostly grown for its usage in the food, medical, and perfume industries,
while it is also used as an attractive plant in parks, gardens, and homes. The use of R. damascena
essential oil may yield new results in relation to the antimicrobial activity of essential oils and their
use mainly in extending the shelf life of foods. This study investigates the chemical composition and
antimicrobial properties of Rosa damascena essential oil (RDEO) using gas chromatography-mass
spectrometry (GC-MS) and various bioassays to explore its potential applications in food preservation
and microorganism growth control. The GC-MS analysis revealed that RDEO is predominantly
composed of phenylethyl alcohol (70%), which is known for its antimicrobial and aromatic properties.
Additionally, other significant constituents were identified, including nerol, citronellol, and geraniol,
which may contribute to the EOs overall bioactivity. The antimicrobial activity was assessed through
the minimal inhibition concentration against five Candida yeast strains, four Gram-positive, and four
Gram-negative bacteria, including biofilm-forming Salmonella enterica. Determination of minimum
inhibitory concentrations (MIC) revealed the strongest effects of RDEO’s on Gram-negative species,
with MICsg values as low as 0.250 mg/mL for S. enterica. Moreover, an in situ assessment utilizing
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fruit and vegetable models demonstrated that the vapor phase of RDEO significantly suppressed
microbial growth, with the most substantial reductions observed on kiwi and banana models. As
a result of our study, the antimicrobial effect of RDEO on the microbiota of sous vide processed
eggplant was detected, as well as an inhibitory effect on S. enterica during storage. The insecticidal
activity against Megabruchidius dorsalis Fahreus, 1839, was also studied in this work and the best
insecticidal activity was found at the highest concentrations. These results suggest that RDEO has
the potential to serve as a natural antimicrobial agent in food preservation and safety applications,
providing an alternative to synthetic preservatives.

Keywords: phytochemicals; food spoilage microorganisms; rose absolute; antimicrobial activity;
insecticidal activity; food model

1. Introduction

A growing amount of produce purchased by consumers is minimally processed,
especially organically produced fruits and vegetables [1]. Consumers are increasingly
choosing convenient, ready-to-use produce that maintains fresh quality and contains only
natural ingredients [2,3]. To extend the shelf life of fresh fruits and vegetables, the growth
of microbial populations must be controlled [4]. Several postharvest procedures, such as
washing and removing damaged tissues, are employed to reduce initial high microbial
counts. However, this processing can negatively impact the plant tissues” metabolism and
may reduce the shelf life of the fruits or vegetables [5].

Fruits and vegetables have a short shelf life due to weight loss and decay, primarily
caused by fungal activity. However, they are becoming increasingly recognized for their
health benefits due to their nutrient and fiber content. To extend the shelf life of fruits
and vegetables, essential oils (EOs) can be incorporated into protective biofilms or applied
in modified atmosphere packaging (MAP) [6]. To offer consumers fresh produce more
efficiently, the food industry introduced the concept of “fresh-cut food”, which refers to
produce that has been physically altered but remains fresh. Fresh-cut food is ready to eat
and appealing due to its fresh-like flavor, appearance, and taste [7]. It also offers health
benefits, requiring less preparation time and effort. Since these products are pre-cleaned
and cut, consumers save time in preparation. Fresh-cut fruits and vegetables (FCFV) are
more convenient and easier to transport and consume than whole produce. However,
there are significant challenges in maintaining their quality, freshness, and microbiological
safety [5]. Although the studies show that the consumers are opting for fresh-cut products
due to their health benefits, there has also been an increase in foodborne illnesses caused
by bacteria such as Salmonella enterica (ex. Kauffmann and Edwards 1952), Escherichia
coli (Migula 1895), Shigella spp., Campylobacter spp., Listeria monocytogenes (Murray et al.
1926), Staphylococcus aureus Rosenbach 1884, Yersinia spp., and Bacillus cereus Frankland and
Frankland 1887 [8].

The use of the EOs as potent antimicrobial agents in minimally processed foods has
been expected to exhibit a significant effect on safety of fresh produce and, hence, has
attracted the attention of research [9]. Low storage temperatures and decreased pH en-
hance the antibacterial activity of EOs in fruit and vegetable-based foods [9]. Researchers
have employed EOs in various studies to enhance the antimicrobial properties of fruits
and vegetables, showing promising results [10-15]. The strong antibacterial activity of
Rosa damascena EO and absolute was demonstrated by Ulusoy et al. [16] against strains of
Pectobacterium carotovorum (Jones 1901), Pseudomonas aeruginosa (Schroeter 1872), Bacillus
subtilis (Ehrenberg 1835), Staphylococcus aureus Rosenbach 1884, and Chromobacterium vio-
laceum Bergonzini 1880. Chromobacterium violaceum was found to be the most susceptible
to rose absolute and EO, while E. coli also showed sensitivity to rose EO. However, none
of the microorganisms were affected by the antibacterial properties of the hydrosol [16].
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Both Gram-positive and Gram-negative bacteria were also susceptible to the antibacterial
properties of rose absolute [16].

Rosa damascena Mill., commonly known as the Damask rose, is a fragrant shrub
belonging to the Rosa genus. It has over 18,000 varieties and approximately 200 species.
Most roses are shrubs, found across the Northern Hemisphere’s temperate and subtropical
zones [17,18]. On an industrial scale, R. centifolia L., R. gallica L., and R. damascena Mill. are
primarily used for their fragrance and flavor. Among these, R. damascena is regarded as
the highest quality EO producer [19]. While primarily cultivated in Bulgaria, Turkey, and
Iran, this plant is also grown in China, India, Libya, Morocco, South Italy, South France,
South Russia, and Ukraine [20,21]. The main products derived from R. damascena include
rose water (hydrosol), essential oil, absolute, and concrete. The use of rose EO dates back
to ancient Persia. The practice of distilling roses for their EO likely began in Persia during
the late seventh century A.D. and spread to Ottoman territories [22,23]. As one or more
synergists can provide the desired fragrance and flavor without adversely affecting the
food, the use of EOs in the food industry and consumer goods is expected to increase in the
future [24]. Rosa damascena is being used more and more in laboratories and industries to
obtain essential oil because of its high product yield, low organic solvents, quick processing
time, and cheap maintenance expenses [25].

The prevalence of Salmonella spp. in plants poses a significant contamination risk
in the food industry. Additionally, Salmonella strains can form biofilms on various food
contact surfaces, such as processing equipment, knives and cutting boards, leading to cross-
contamination of vegetables [26,27]. Cleaning and sanitation practices, often involving
chemical disinfectants like chlorinated water [28,29], are fundamental in reducing Salmonella
infections. However, the use of chemical disinfectants raises concerns about sustainability
and safety. Therefore, it is essential to develop “green washing solutions” as effective
alternatives to chemical disinfectants [30].

It is well known that the bacterial growth phase can influence their sensitivity to
antimicrobial treatments [31]. Therefore, the effectiveness of antibacterial agents could be
affected by bacterial cell physiology. Understanding whether bacterial cells in different
growth phases are more susceptible or resistant to treatments is crucial [32].

EO, their distillation co-products (hydrosols), and plant extracts have been studied
for their potential use in the food industry. These natural alternatives have demonstrated
antimicrobial, antioxidant, and food preservation properties [33,34]. Some EOs have even
shown a potential in reducing Salmonella spp. on fruits and vegetables [35-38]. Biofilm
formation occurs when bacteria adhere to surfaces, such as food processing equipment,
and secrete extracellular polymeric substances, providing structural protection to bac-
terial communities [39]. Bacteria in biofilms are more resistant to the human immune
system, fungicides, antibiotics, and environmental stress than planktonic bacteria [40,41].
Organic matter left after food processing creates favorable conditions for biofilm forma-
tion, which poses cross-contamination risks [42,43]. In fact, bacterial adhesion and biofilm
formation on processing equipment surfaces were identified as primary contributors to
cross-contamination in trace analyses of Salmonella contamination [44,45].

Insect control in post-harvest crops and stored grains has also received significant
attention. Various methods are used to protect crops from pests after harvest [46]. Chemical
pesticides are often employed in agricultural fields and storage facilities to prevent and
control pests. However, excessive use of chemical pesticides can result in resistance,
environmental harm, and toxicity to non-target species [47]. Plant-derived bioinsecticides,
such as EOs, may offer a safe and effective alternative to chemical pesticides [48]. Numerous
studies have demonstrated the potential of plant-derived compounds, including EOs, in
the management of pets in stored grain [49,50].

Inspired by the positive biological features of Rosa damascena Mill. and its metabolites,
this work provides an extensive analysis of the chemical composition and biological profile
of R. damascena EO derived from fresh flowers (RDEO). The therapeutic benefits of R.
damascena motivated a comprehensive study of RDEO’s bioactive effects, focusing on its
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antibacterial (in vitro and in situ), antibiofilm, and insecticidal properties. This study also
explores the potential use of RDEO as a green storage protectant, specifically for handling
preserved foods like sous vide eggplant contaminated with Salmonella enterica.

2. Materials and Methods
2.1. Essential Oil

The absolute 100% Rosa damascena Mill. essential oil (RDEO) used in this study was
purchased from Hanus s.r.o. (Nitra, Slovakia). R. damascena was cultivated in Turkey. The
first step in the process was the production of rose concretion, obtained by extracting the
flowers of R. damascena. This fragrant waxy substance was then dissolved in pure ethanol
and cooled. The frozen wax was filtered off, and the ethanol was fully evaporated from the
solution, resulting in rose absolute.

2.2. GC/MS Examination of the Volatile Components in RDEO

The analysis on the volatile content of the Rosa damascena essential oil (RDEO) sample
was conducted using an Agilent Technologies (Santa Clara, CA, USA) 6890N gas chro-
matograph. Prior to analysis, the EO was dissolved in a 10% hexane solution. The oven
was set to operate at 50 °C and increased by 4 °C/min to 70 °C (holding for 2 min), then
increased by 5 °C/min to 120 °C (holding for 1 min), and finally increased by 5 °C/min
to 290 °C. The entire run took 52 min, with a 1 mL injection volume. Data collection was
set to start after a 3.2 min solvent delay. Additionally, the MS quadrupole and MS ion
source temperatures were 150 °C and 230 °C, respectively. The investigated sample was
injected in split mode with a split ratio of 40.8:1. The carrier gas, helium 5.0, was used and
flowed at a rate of 1 pL./min. Data were gathered in scan mode using electron impact mass
spectrometry (EI-MS; 70 eV) in the 35-550 m/z range. To identify volatile compounds,
retention indices were established experimentally using n-alkanes (C7—Css). These indices
were then compared with those available in the NIST and Wiley databases. Compound
percentages (amounts >0.1%) were calculated from their GC peak regions [51,52].

2.3. Microorganisms Tested for Antimicrobial Activity

The assessed EO antibacterial activity was evaluated using the following strains of
bacteria: Bacillus cereus CCM 7934, Listeria monocytogenes CCM 4699, Staphylococcus aureus
subsp. aureus CCM 4423, and Streptococcus pneumoniae CCM 4501, which are examples of
Gram-positive bacteria; Salmonella enterica subsp. enterica CCM 3807, Serratia marcescens
CCM 8588, Shigella sonnei CCM 4421, Yersinia enterocolitica CCM 7204T, which are examples
of Gram-negative bacteria; and yeasts including Candida albicans CCM 8186, Candida glabrata
CCM 8270, Candida krusei CCM 8271, Candida parapsilosis CCM 8260, and Candida tropicalis
CCM 8223. For this experiment, all Gram-positive and Gram-negative bacterial species
and yeasts were obtained from the Czech Collection of Microorganisms (CCM), which is
kept in Brno, Czech Republic. From milk production, the biofilm-forming Gram-negative
Salmonella enterica was isolated and sequenced to evaluate the antibacterial and antibiofilm
activity. Before analysis, the bacterial and yeast inoculums were cultivated for 24 h at 37 °C
and 25 °C, respectively, in Mueller-Hinton Broth (MHB, Oxoid, Basingstoke, UK) and
Sabouraud Dextrose Broth (SDB, Oxoid, Basingstoke, UK). On the day of the experiment,
the optical density of the bacterial and yeast inoculum was set at the 0.5 McFarland
standard [53].

2.4. Minimal Inhibition Concentration (MIC)

The minimal inhibitory concentration values (MICsy and MICqy) were calculated. The
microbial inoculum was initially added to 50 uL of a 96-well microtiter plate. Different
concentrations of RDEO [54] (10 mg/mL to 0.00488 mg/mL in MHB) were then added.
The negative and positive controls were prepared using MHB and SDB with EO (at the
appropriate concentration) and MHB and SDB with inoculum, respectively. After the
incubation period, absorbance at 570 nm was measured using a spectrophotometer (Glomax,
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Promega Inc., Madison, WI, USA). The MICsy and MICy values correspond to the lowest
concentrations of RDEO that inhibit 50% and 90% of bacterial growth, respectively. The
test was performed in triplicate.

2.5. Examination of the Fruit and Vegetables In Situ

To evaluate the antimicrobial properties of RDEO in situ, a variety of commercial kiwi,
banana, eggplant, and pumpkin substrates were used, along with specific strains of yeast
and Gram-positive and Gram-negative bacteria [55]. The substrates were chopped into
0.5 mm pieces, cleaned, and then placed into 60 mm Petri plates containing the bacteria.
RDEO samples at concentrations of 500, 250, 125, and 62.5 ug/L were dispersed using ethyl
acetate. Filter sheets made of ethyl acetate were used as controls. The Petri plates were
sealed and incubated for seven days at 37 °C. The volume density of the bacteria and yeasts
was calculated using the Image] program, and conventional techniques were employed to
measure the in situ growth of microbial colonies [54].

2.6. Assay for Antibiofilm
2.6.1. Crystal Violet Assay

In the crystal violet study, Kac¢aniova et al. [56] incubated bacterial suspensions in
Mueller-Hinton Broth at 37 °C to determine the minimum biofilm inhibitory concentration
(MBIC). A microtiter plate containing an inoculum was treated with two-fold dilutions of
EO (from 100 mg/mL to 0.049 mg/mL). Wells were cleaned, stained, and their absorbance
at 570 nm was measured after a 24 h period. The doses that inhibit 100%, 50%, and 90% of
biofilm formation were determined to be MBICs5y and MBICy, respectively.

2.6.2. Applying the MALDI-TOF MS Biotyper to Detect the Development of Biofilms

A Bruker Daltonics MALDI-TOF MicroFlex (Bruker Daltonics GmbH & Co. KG,
Bremen, Germany) instrument was used to measure the protein degradation that occurs
during the biofilm-forming process. Stainless steel and glass slides were placed into 50 mL
polypropylene tubes containing 20 mL of Mueller-Hinton Broth (MHB) and 100 pL of
Salmonella enterica biofilm-forming bacterial inoculum. Experimental tubes were filled
with EO to a concentration of 0.1%, while control tubes were left undisturbed. Biofilms
were removed from glass and plastic surfaces by shaking at 170x g for three days and
then incubated at 37 °C for five, seven, nine, twelve, and fourteen days. Additionally,
planktonic cells from control samples used for the RDEO experiment were investigated.
Dendrograms based on the estimation of Euclidean distance using 19 typical global spectra
were produced and protein spectra were obtained using MALDI-TOF in the linear positive
mode [56].

2.7. Kinetics Growth Measurement

To develop growth curves for Salmonella enterica, optical density (OD) at 850 nm was
measured using a personal bioreactor (RTS-1, Biosan, Riga, Latvia). The strain was first
cultured for 24 h on Mueller-Hinton Agar (MHA; Oxoid, Basingstoke, UK) at 37 °C. One
colony was then transferred to a 30 mL sealed tube containing Mueller-Hinton Broth
(MHB) and incubated at 37 °C until the OD850 reached 1, representing the log phase of
bacterial growth. The bioreactor operated at 2000 rpm with directional changes every
second. The temperature was gradually raised to 50 °C, with OD readings recorded every
5 min over a 20 min period. This procedure was then repeated at 55 °C, 60 °C, and 65 °C.
In a separate experiment, 1% EO was introduced to the culture at the point when OD850
reached 1, marking the log phase. OD readings were recorded for both control (no EO) and
experimental (with EO) conditions. Notably, the bioreactor is calibrated for microorganisms
of 0.4-0.8 x 1-3 um in size.
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2.8. Antimicrobial Action of Sous Vide in the Eggplant Model

The two and a half kg of eggplant samples used in this investigation came from an
authorized dealer in the Slovak Republic. Utilizing a sterile knife, the eggplant (Solanum
melongena) was cut into five-gram halves after cooling and was then transported to the
microbiological laboratory. The study included a total of 480 five-gram samples: 3 raw
samples, 240 treated and control samples on day 1, and 240 treated and control samples
on day 7. The chopped eggplant samples were treated with a 1% v/w RDEO solution
dissolved in rapeseed oil, and each was vacuum packed separately with a Concept vacuum
packer. Both vacuum-packed and unpackaged samples were employed as control samples.
Samples containing 100 pL of S. enterica and 1% v/w RDEO were intended to imitate the
presence of S. enterica without harming the eggplant. Before the samples were vacuum
packed, they were stimulated for approximately a min [57].

We had the following data accessible to us while we were assessing it:

(i) Control: New eggplant samples were kept at 4 °C in polyethylene bags. Following
this, they underwent treatments at 50 to 65 °C for 5 to 20 min.

(ii) Control + vacuum: Fresh eggplant samples were treated for 5 to 25 min at 50-65 °C
after being vacuum packed in polyethylene bags and kept at 4 °C.

(iii) EO: Collected eggplant samples received vacuum packaging, 1% RDEO treatment,
and preservation at 4 °C. After that, they were cooked for 5 to 25 min at 50 to 65 °C.

(iv) Salmonella: Fresh eggplant samples that were vacuum packed and treated with S.

enterica were kept at 4 °C before being exposed to the bacterium for 5 to 25 min at 50

to 65 °C.

(v)  Salmonella + EO: Vacuum-packed fresh eggplant samples treated with S. enterica and
containing 1% RDEO were held at 4 °C before being treated for 5 to 25 min at 50 to

65 °C.

On the first day, a raw, uncooked eggplant sample was used as the control. All of the
samples were macerated for a full day after the EO from the first set of samples and the S.
enterica from the second group of tests were applied, gently mixed, and integrated. The
samples were created using a CASO SV1000 sous vide device, produced by a company in
Arnsberg, Germany. To prepare the samples for sous vide cooking, they were divided into
groups and cooked at a specific temperature for a predetermined amount of time while
being closely monitored.

The high-barrier polyethylene vacuum packaging bags are made of an impermeable
substance that is resistant to moisture and extremely high or low temperatures (—30 °C
to 100 °C), with a thickness between 40 and 200 microns. The data sheet also states that
they taste and smell good, have a very long shelf life, and are free of bisphenol A and all
plasticizers, including microplastics. They can last for several years when kept in freezers
and refrigeration cases.

2.9. Microbiological Analyses of Eggplant Samples

Microbiological studies were carried out from day 0 to day 7. After heating, a portion
of the samples were assessed one and seven days later. After weighing five grams, the
eggplant samples were put in an aseptic stomacher bag. The materials were diluted to
10! in 45 mL of peptone water and then homogenized using a stomacher for two min.
Subsequently, a standard pre-dried plate count agar medium was covered with 0.1 mL
of an aliquot pipetted from an appropriate dilution. The samples were homogenized in
the GFL 3031 shaking incubator (GFL, Burgwedel, Germany) for 30 min. The following
microorganism populations were tested: Coliform bacteria were cultivated on Violet Red
Bile Lactose Agar (VRBL, Oxoid, Basingstoke, UK) at 37 °C for 24 to 48 h and Total Viable
Counts (TVCs) on Plate Count Agar (PCA, Oxoid, Basingstoke, UK) at 30 °C for 48 to
72 h [57].
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2.10. Identification of Microbial Strains by MALDI-TOF MS Biotyper

The MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization Time of Flight) MS
Biotyper (Bruker, Daltonics, Bremen, Germany) and reference libraries were used for
determining the eggplant samples. Once a stock solution had been prepared, it transformed
into a substance that was organic. 50% acetonitrile, 47.5% water, and 2.5% trifluoroacetic
acid made up the standard solution. 1 mL of stock solution was made by mixing 500 uL of
pure 100% acetonitrile, 475 pL of filtered water, and 25 uL of pure 10% trifluoroacetic acid.
In a 250 L Eppendorf flask, the “HCCA matrix portioned” was created and homogenized
with the organic solvent. The matrix materials were from Vrable, Slovakia-based Alogence
Science. The samples were created in accordance with previous suggestions [57].

2.11. Insect-Related Activity

The model organism utilized for assessing the insecticidal effectiveness of RDEO was
Megabruchidius dorsalis Fahreus, 1839. Petri plates were used to hold groups of fifty M. dor-
salis insects, and each plate was covered with sterile filter paper. To achieve concentrations
of 100%, 50%, 25%, 12.5%, 6.25%, and 3.125%, RDEO was diluted with 0.1% polysorbate.
After saturating sterile filter paper disks with 100 pL of each RDEO concentration, the
plates were covered with parafilm and left at room temperature for an entire day. A 100 pL
0.1% polysorbate solution was given to the control group. After one full day, counts of
live and dead insects were recorded. Three distinct studies successfully replicated this
experimental setup [56].

2.12. Statistical Analysis

The data are presented as mean values =+ standard deviation (SD), and each evaluation
was carried out in triplicate. A one-way ANOVA was conducted, and then Tukey’s HSD
test was run at p < 0.05 of significance (CoStat version 6.451, CoHort Software, Pacific
Grove, CA, USA). Finally, the JMP Pro 17.0 software program (SAS Institute, Cary, NC,
USA) was used for the graphic elaborations.

3. Results
3.1. Chemical Composition of Rosa Damascena Essential Oil

The GC/MS technique was used to investigate the chemical composition of the RDEO
volatile oil. The results, which show the percentage distribution of detected compounds,
are presented in Table 1. A total of six volatiles were found, accounting for 99.9% of the EO
composition. The findings suggest that the examined EO was primarily characterized by a
significantly elevated percentage (70%) of phenylethyl alcohol.

Table 1. Volatile constituents of RDEO.

No RI (lit.) 2 RI (calc.) P Compound € % 94
1 1108 1115 phenylethyl alcohol 70.0
2 1229 1223 nerol 3.7
3 1225 1227 citronellol 11.3
4 1252 1249 geraniol 7.1
5 1875 1873 1-nonadecene 3.1
6 1990 1899 nonadecane 4.7

Total 99.9

a jterature values of retention indices on HP-5MS column; ? Calculated values of retention indices on HP-5MS
column; € identified compounds; 9 percentage amounts of identified compounds.

3.2. Minimal Inhibition Concentration

The broth microdilution method was used to determine the MIC5; and MICy, i.e.,
the minimum inhibitory concentrations. This was performed in order to gain a better
understanding of the antibacterial activity of RDEO. Overall, RDEO had the strongest
effect on inhibition of Gram-negative species. In particular, the lowest MICsq values
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(0.250 mg/mL) and MICyg values (0.13 and 0.14 mg/mL) were observed for S. enterica and
S. sonnei. For Gram-positive S. pneumoniae and S. aureus, MICsg (0.249 and 0.274 uL/mL,
respectively) and MICyg (0.283 and 0.291 mg/mL, respectively) were determined. The
results of inhibiting S. enterica biofilm formation using RDEO showed MIBCs values of
0.270 mg/mL and MIBCy values of 0.291 mg/mL. The yeast strains C. albicans and C.
tropicalis showed the best MIC results, with MICsg and MICy values of 0.363 and 0.369
mg/mL and 0.393 and 0.386 mg/mL, respectively. The detailed results of the minimum
inhibitory concentration (MIC) assay are presented in Table 2.

Table 2. Minimal inhibition concentration and minimal biofilm inhibition concentration of RDEO

inmg/mL.
Microorganism MICs5 MICy,
Gram-negative bacteria
Salmonella enterica CCM 3807 0.250 = 0.015 P 0.277 £ 0.027 b

Serratia marcescens CCM 8588
Shigella sonnei CCM 4421

0.264 +0.014 b
0.250 £+ 0.015 b

0.295 =+ 0.006 b
0.282 +0.013 b

Yersinia enterocolitica CCM 7204T 0.254 + 0.015 P 0.284 + 0.010P
Gram-positive bacteria
Bacillus cereus CCM 7934 0.352 +0.013 2 0.382 + 0.006 @
Listeria monocytogenes CCM 4699 0.353 £0.029 @ 0.380 £ 0.003 @
Staphylococcus aureus CCM 4423 0.274 +0.022b 0.291 =+ 0.005 b

Streptococcus pneumoniae CCM 4501

0.249 + 0.029 b

0.283 £ 0.007 b

Yeast

Candida albicans CCM 8186

Candida tropicalis CCM 8264

Candida glabrata CCM 8270
Candida krusei CCM 8271

0.363 + 0.016 2
0.369 £+ 0.0122
0.372 +£0.014
0.369 £+ 0.016 2

0.393 4+ 0.006 2
0.386 +0.011 2
0.389 +0.0112
0.389 +0.0102

Candida parapsilosis CCM 8260 0.372 £0.0152 0.387 £ 0.0172
Biofilm forming bacteria (BFB) MIBCsq MIBCyg
Salmonella enterica 0.270 + 0.016 ° 0.291 + 0.005 °
Data are the mean (+SD) of three samples. Different letters in each column refer to significant differences (Tukey,

p < 0.05).

3.3. Antimicrobial Activity in Vapor Phase

In the following experiment, we carried out an in situ antimicrobial investigation
using fruit and vegetables as food models. The pre-selected bacteria have also been used in
the in vitro evaluation. Table 3 and Figure 1a, b showed the vapor phase data for the fruit
model. Overall, compared to the in vitro tests, the vapor phase of RDEO showed higher
efficacy in suppressing Gram-positive strains, following yeasts and Gram-negative in the
fruit model. When RDEO was used for in situ assessment of C. tropicalis development on
the kiwi model, the results indicated that the highest concentration used (500 ug/L) had
the strongest inhibitory effect (88.48%). The maximum dose of RDEO tested (88.32 and
87.55%, respectively) significantly inhibited the growth of C. albicans and C. krusei in the
kiwi model (Table 3). RDEO was the most effective at inhibiting biofilm-forming S. enterica
(76.36%) at 500 pg/L, but even at the highest concentration (500 nug/L), a significant level
of inhibition was maintained compared to the other tested microorganisms. Furthermore,
EO showed significant antibacterial activity against S. pneumoniae (86.89%). Maximum
antibacterial activity against S. sonnei was observed at a concentration of 500 pg/L (76.46%).
RDEO showed modest inhibitory effects in the in situ evaluation of Gram-positive bacterial
development on the banana model. Among the Gram-positive strains, RDEO showed
the highest inhibitory activity against B. cereus (67.13%) at 62.5 ug/L. In contrast, at the
highest concentrations tested, RDEO showed the greatest inhibitory effect on biofilm-
forming S. enterica (57.46%) among the Gram-negative strains growing on the banana

77



Foods 2024, 13, 3579

model (Table 3). The results showed that among the yeasts grown in the banana model,
RDEO, when applied at the maximum concentration, was the most effective at inhibiting
the growth of C. albicans (46.83%) and C. krusei (45.63%). Furthermore, RDEO at the highest
concentration tested strongly inhibited Y. enterocolitica. In the case of Gram-negative
bacteria and yeasts, pro-microbial growth was detected in some of the species at the
lowest concentrations, indicating that the concentrations of EO promoted the growth of the
individual microorganisms.

(a) Kiwi

500
250

125

Gram-negative bacteria Gram-positive bacteria Yeast

m0-50 % m>50 %

(b) Banana

500
250

125

Gram-negative bacteria Gram-positive bacteria Yeast
B<0% m0-50 % m=>50 %

Figure 1. Isometric elaboration of the data of Table 4 (In situ analysis of the antimicrobial activity

of the vapor phase of RDEO in fruits model): (a) Kiwi; (b) Banana. Blue < 0%; Green: 0—50%;
Red: > 50%.
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Table 3. In situ analysis of the antimicrobial activity (%) of the vapor phase of RDEO in fruits model.

Concentration of RDEO in ug/L

Food Model Microorganisms
62.5 125 250 500
Kiwi

Salmonella enterica 37.10 +2.28 P 53.77 + 1.06 2 66.59 +1.722 75.69 + 1.05°
Gram-nesati Serratia marcescens 35.63 +1.76 ° 54.90 + 1.682 66.07 +2.242 76.33 +£2.19°
ram-negative Shigella sonnei 3497 +253b 54.16 +0.82 2 65.66 + 2.21 2 76.46 +2.10°
Yersinia enterocolitica 3713 +1.30° 55.25+£2.362 66.09 +2.332 76.15 + 2.61 P
Bacillus cereus 2522 +2.18°¢ 46.29 +2.63° 64.36 +3.14 2 85.50 +2.16 2
. Listeria monocytogenes 25.62 £292°¢ 46.13 +1.54P 66.68 +2.84 86.56 £1.90°
Gram-positive S c b a a

taphylococcus aureus 2540 + 0.55 46.33 +2.57 65.97 + 2.60 85.05 + 1.56
Streptococcus pneumoniae 25.69 £2.20°¢ 45.88 +2.78 P 66.06 £2.31° 86.89 £3.13°
Candida albicans 24.414+251°¢ 46.14 + 2.64° 66.76 +2.922 88.32 + 1.152
Candida tropicalis 2543 +£2.14°¢ 4548 +1.61° 65.69 +2.94 2 88.48 +1.142
Yeast Candida glabrata 24.80 +1.16 4529 +£191° 67.06 +2.412 84.93+1.702
Candida krusei 25.70 + 1.88 ¢ 45.00 +£2.19° 64.85 +3.182 87.55 +2.802
Candida parapsilosis 26.09 + 3.05°¢ 4521 +2.32P 65.15 + 0.512 86.37 +£2.942
BFB Salmonella enterica 44.26 +1.652 55.30 + 1.842 66.43 +1.70 2 76.38 +3.51°

Banana

Salmonella enterica ~1477 +2119 1363+ 1164 26.06 + 1.68 © 36.44 + 1.70 «d
Gram-neeative Serratia marcescens —6.74 + 097 ¢ 10.73 4+ 0.77 4 2440 £2.09¢ 36.84 +2.21 <
& Shigella sonnei —12.77 £390°4 1750 +1.674 26.76 +2.91 de 36.40 4+ 2.30 «d
Yersinia enterocolitica ~7.85+1.08 «d 16.33 + 2574 35.73 +2.86 ¢ 4210 + 1.40 be
Bacillus cereus 67.13 £2.292 56.68 + 1.21 2P 45.47 +3.602 35.76 + 1.83 «d
Cram-positive Listeria monocytogenes 65.76 +=4.217 63.52+211°% 44.67 £1.062 36.03 + 1.68 4
p Staphylococcus aureus 66.08 4 2.33 @ 55.43 +2.30° 44.08 +1.38 2P 33.63 + 0.96 4
Streptococcus pneumoniae 65.37 +£2.28% 54.33 +1.39P 4561 £2.31° 35.66 + 2.21 4
Candida albicans 2337 +296f 14.60 +2.17 4 36.77 +2.20 b¢ 46.83 + 1.86°
Candida tropicalis -2240+1.10¢ 1570 £295¢ 36.81 + 1.85b¢ 4543 +4.35°
Yeast Candida glabrata —23334+ 140" 16.39 + 3.55 4 33.62 +2.72 <4 44.74 +2.63°
Candida krusei —2248 +4.12¢f 1756 +3.964 37.11 +2.27b¢ 45.63 +2.63°
Candida parapsilosis 2293 +1.00f 16.39 + 3.554 34.19 +3.38 d 45.61 +2.32°
BFB Salmonella enterica 15.66 + 3.32b 3539 +3.22°¢ 45.66 £3.322 57.46 +3.012

Data are the mean (£ SD) of three samples. Different letters in each column (for each fruit type: kiwi and banana)
refer to significant differences (Tukey, p < 0.05).

The results of the antibacterial activity on vegetables against all microorganisms

observed in the vapor phase are reported in a subsequent section of our experiment
(Table 4, Figure 2a,b). On the eggplant model, the best antimicrobial results were found
against S. pneumoniae (85.62%) at the lowest concentration, followed by the bacteria B. cereus
(85.13%), S. aureus (84.49%), and L. monocytogenes (82.41%), also at the lowest concentration
of 62.5 ug/L (Table 4). Similarly, the lowest concentration of EO applied, 62.5 ug/L,
showed the highest antimicrobial activity in the pumpkin model. The best results were
obtained against S. pneumoniae (77.44%), followed by S. enterica with 76.62% inhibition and
L. monocytogenes with 75.92% inhibition in the pumpkin model (Table 4). Satisfactory results
were obtained against other Gram-positive and Gram-negative bacteria, while the lowest
antimicrobial activity on the cucumber model was achieved by yeast against C. parapsilosis
(58.62%) at the lowest RDEO concentration. In the case of the biofilm-forming bacterium S.
enterica, pro-bacterial growth was detected at the lowest concentration.

79



Foods 2024, 13, 3579

Table 4. In situ analysis of the antimicrobial activity (%) of the vapor phase of RDEO in vegetable models.

Concentration of RDEO in ug/L

F 1 Microorganisms
ood Mode & 62.5 125 250 500
Eggplants
Salmonella enterica 76.34 +2.11 bc 65.20 + 3.28 ¢ 56.29 =+ 2.46 b¢ 4259 +1.94P
Gram-nesati Serratia marcescens 76.03 + 2.78 be 65.87 + 4.44 bc 56.09 + 4.14 b¢ 45.03 + 1.68 P
ram-negative Shigella sonnei 7443 +3.49°¢ 66.08 1215 56,86+ 1.76°¢ 4719 +0.61°
Yersinia enterocolitica 86.29 +-4.294 7419 £ 0.642 63.15 4+ 1.58 @b 57.79 £1.754
Bacillus cereus 85.154+0.512 7593 +£4322 63.30 4+ 2.24 ab 5751 +1.694
Gram-positi Listeria monocytogenes 8241+ 1.11% 63.37 £2.25°¢ 5441 £3.81°¢ 43.52 +1.89P
rameposttive Staphylococcus aureus 84.49 + 1.86 2 73.75 4+ 2.17 64.76 + 3.50 2 55.74 4 0.93 2
Streptococcus pneumoniae 85.62 £2.26° 74.58 £3.93 ¢ 67.87 £0.02° 5717 £1.22%
Candida albicans 56.14 + 1.18 4 43.89 + 0.58 4 35.70 + 1.88 2433 +226°¢
Candida tropicalis 54.74 +£2.714 43.67 +2.06 4 35.37 +1.594 25.69 4 3.53
Yeast Candida glabrata 54.56 +2.01 4 46.03 + 2564 33.63 +1.114 2396 +3.40°¢
Candida krusei 57.49 + 0.62 d 4347 +2364 34.97 + 3414 25.33 +2.28¢
Candida parapsilosis 54.86 +1.724 46.06 +2.234 35.66 +£2.724 25.74 +2.10°¢
BFB Salmonella enterica 56.03 +2.314 442041294 2490 £2.73¢ —640+1.654
Pumpkin
Salmonella enterica 76.62 £ 4.152 66.54 +1.07 2 55.66 & 2.932 4559 4+ 2332
- G Serratia marcescens 65.28 + 3.75 be 55.88 + 2.59 be 4434 +1.25P 35.10 + 1.68 P
rammegative Shigella sonnei 7296 + 1793 6437 +1.7273b 56.81 +1.05° 45.00 + 1252
Yersinia enterocolitica 73.59 + 4.31 ab 55.84 + 4.51 b¢ 4337 +2.07" 34.00 =+ 3.69 b¢
Bacillus cereus 75.15 4+ 1.57 2 65.88 4+ 4.05 2 55.34 +1.712 46.86 +1.144
. Listeria monocytogenes 75.92 £3.984 64.59 + 1.97 b 56.14 +3.712 4412 +£2942
Gram-positive a ab a a
Staphylococcus aureus 74.38 +3.17 62.95 £ 8.21 56.06 + 2.78 44.06 £+ 0.55
Streptococcus pneumoniae 7744 £1.672 65.92 £ 0.582 56.50 +-1.19 2 33.96 4 0.71 b¢
Candida albicans 56.14 +1.19 4 46.32 +2.10 ¢4 32.66 =+ 2.00 ¢d 24.80 +3.614
Candida tropicalis 56.44 + 1.63 ¢d 46.41 + 0.64 <d 34.63 4+ 1.00¢ 27.42 +2.18¢<d
Yeast Candida glabrata 55.63 + 1.23 4 44.70 + 0.96 4 33.40 4+ 1.45d 23.56 +2.114
Candida krusei 55.94 +2.79 4 4473 +3.814 35.06 & 3.27 ¢ 27.88 +1.10
Candida parapsilosis 58.60 + 0.66 4 46.38 +2.76 3529 £3.21°¢ 25.30 + 3.36 4
BFB Salmonella enterica —29.52 +5.26¢ 16.03 + 1.68 © 26.77 +2.93 4 34.15 + 3.43 bc

Data are the mean (£SD) of three samples. Different letters in each column (for each vegetable type: eggplants

and pumpkin) refer to significant differences (Tukey, p < 0.05).

In conclusion, as shown in Figure 1a,b, the two used fruit models (kiwi and banana),

had different trends. In kiwi, by increasing the concentration of RDEO used, the % inhibi-
tion tends to increase. For all tested microorganisms, concentrations of 250 pg/L and 500
ug/Llead to a % inhibition greater than 50%; indeed, this inhibition value was maintained
with 125 ug/L of RDEO for Gram-negative bacteria and BFB S. enterica (Figure 1a).

In banana, on the other hand, the 50% inhibition was archived only for Gram-positive

bacteria for concentrations less than 125 png/L and for BFB S. enterica at 500 pg/L. For
the other microorganisms (such as yeast and Gram-negative bacteria), the RDEO had not
shown a significant effect on inhibition. Indeed, the growth of microorganisms was favored
at concentrations of 62.5 ug/L (Figure 1b).
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( a) Eggplants

500
250

125

Gram-negative bacteria Gram-positive bacteria Yeast

E<0% m0-50 % m=50%

(b) Pumpkin
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125

Gram-negative bacteria Gram-positive bacteria Yeast

m<0% m0-50 % m=50%

Figure 2. Isometric elaboration of the data of Table 5 (In situ analysis of the antimicrobial activity

of the vapor phase of RDEO in vegetable models): (a) Eggplants; (b) Pumpkin. Blue < 0%; Green:
0—50%; Red: > 50%.

Table 5. Insecticidal activity of RDEO against Megabruchidius dorsalis (n = 50).

Concentration (%) Number of Living Number of Dead Insecticidal Activity
° Individuals Individuals (%)

100 10 90 90.00 £ 0.00

50 20 80 80.00 £ 0.00

25 30 70 70.00 £ 0.00

12.5 50 50 50.00 £ 0.00

6.25 100 0 0.00 £ 0.00

3.125 100 0 0.00 £ 0.00
Control group 100 0 0.00 & 0.00

On the contrary, in the vegetal models (eggplants and pumpkin) in Figure 2a,b, the
similar trend has been seen. In fact, in this case, the inhibition percentage increased

Concentration of EO (pg/L)

Concentration of EO (pg/L)
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Intens. [a.u)

Intens. [a.u)

Intens. [a.u)

with decreasing the RDEO concentrations, indicating that a greater effect occurs at low
concentrations (62.5 pug/L).

In eggplants, the application of RDEO showed the major effect. Gram-positive bacteria
and Gram-negative bacteria were inhibited at concentrations lower than 250 pug/L, while
for yeast and BFB S. enterica only at a concentration of 62.5 ug/L (Figure 2a).

In pumpkin, all Gram-positive bacteria and Gram-negative bacteria were inhibited at
concentrations lower than 125 ug/L but at a concentration of 62.5 pug/L. Meanwhile, the
RDEO promoted growth of BFB S. enterica (Figure 2b).

3.4. Antibiofilm Activity of Rosa Damascena

Figure 3A-F showed the spectra of the developmental stages of S. enterica biofilm
throughout the experiment. RDEO was added to the experimental groups. The spectra
were sorted into pairs according to their growth stage on different surfaces, except for the
spectra of planktonic cells, which were obtained from the culture medium. Mass spectra of
S. enterica on day 3 of the experiment are shown (Figure 3A). Spectra of control planktonic
cells and experimental spectra with both stainless steel and glass are similar. On day 5 of
the experiment (Figure 3B), a difference can be observed between the control planktonic
cells and the experimental group with stainless steel, while the experimental group with
glass is comparable. On day 7 of the experiment (Figure 3C), there was a change in the
spectra in both experimental groups compared to the control planktonic cells. The same
trend can be observed on day 9-14 of the experiment (Figure 3D,F).

The results suggest that distinct stages of biofilm development could be distinguished
based on MSP distance using MALDI profiling. They were divided into different clusters
(Figure 4). It can be observed that the planktonic stage of S. enterica showed the most
significant similarity at day 3 with the experimental group in MSP distance. The control
groups showed shorter MSP distances from the planktonic cells than the experimental
groups on the following days.

x104

W
I

1.0+

0.5

0.0

x104

254

204

154

1.

=)

0.

o

7450.131 SES3 l
9335.060
6862.863 i
: 9911.033
3720.904 4664.606 8449.634 =S
: —_— £6100.891 —_— : 12500.073
2724.441 10316.525 i
e 1 11117224 13722.011 16215.060
: . S 14923426 —
5268.865 SEG3
5892.643
- 7172387 9332.363
9908.720
9908.720
2773.646
- 3720548 8447.044 10313295
i 11709898
13718.486
Ll J&VWMU\U W J—M haregird Lf‘ U LL«. . A A
7449.400 SEPC3
5883033 6854.774
: : 9593.738
4856.038 5508.676 =
8485286
4240.028 '
13705.096
2934873 11748.097 16206.539
N 12648.582 ‘ 14921563
LMI k /\ H‘ b |‘ W AL A '
0.0 Jwee Anall LA M b AW AN i A Sa A W

2000

4000 5000 8000 10000 12000 14000 16000 18000

Figure 3. Cont.

82



Foods 2024, 13, 3579

Intens. [a.u)

Intens. [a.u)

Intens. [a.u)

Intens. [a.u)

Intens. [a.u]

Intens. [a.u]

x104
3.0

257
2.0
151 2773794

' 3517.309

0.5

5269.729
4786.489

6229.404

7043.621

9594.637

8486171

SES5,

11297135

x‘?ﬁg_

204

2935.513

0.0

3720.923 4664.591

5883

MLM.J‘JW\JJ \«M ""i‘ */u‘f-‘«'l‘MU \l"d“llwle L‘M‘J \-«M-Jl‘v\u'i“f"'-}vl"}

7449.032

3.365

9332733
6862.109 —_—

8104.712

{9877 787

iy

:
g S er Mo

SEG5

12497.239 13720973 16207.044

A |
f M e e

1 1035223

x104 {

2.0

3291.700

4257.414

4943.452

M 7377.362

:i*dewiiﬂw

9890.013

8112.946
6733.295 - 9339.032

8819 661!

SEPC5

12502 985

11282 738 16224 264
U 13659.951 15085561 18679592

2000 4000

5000 8000 10000

12000 14000 16000 18000
miz

x104

3720 552

1 3105.811

4665.010

6250.214 8106134

O_Mkmmwm Uﬁ wt mm L jW NN

9334.707

7450.080
6861.084 |

7966.389

AT T T Y = wii

SES7

16216.978
32501940 ring54755

11752.250 | 14701.358

x104 ]

254

2.0

3721.611
1.0 3105.452

4665.581

;idMWU$&M J@W %ﬂkh

5884 714

9336.574

7451.971 9881.651

8872248
8201136
6388916
/LJ l J 11039.368 12779111 J\
16214.987 18501.746
Lwhﬁdmﬁﬂ RLVLT VI DY SO I A P

SEG7

IViSS27¢, 13739.494

x1 04
2774.233

3288.428
3537.896

0.5 w
0.0

4665.869

I

9335.680

5908.767 9881.349

6870.118

7569.701
6390.097 i 8201.995

-

SEPC7

1 741
11754.682 754 682 13741.588

12781.478 2781 478
10990357 0990 357
SSUS DL VUSRS SR

T
2000 4000 6

Figure 3.

Cont.

T T
000 8000 10000

T T T T
12000 14000 16000 18000

83



Foods 2024, 13, 3579

El
o
e
2
=

Intens. [a.u)

Intens. [a.u)

]

x

=

o
»

Intens. [a

Intens. [a.u]

S x104

254

2.0

0.54

4556.

3720.577

3104

Lol

.968

0.0

6367.881

5873.978|6875.144

7448.730

9331.800

10094.907
(SO EOL,

8103.465
11747.836

12496.025

SES9|

19102.327
16206.532 O

! 16973.400 JKJ\}L_&

13360200 14689.648

x104

2.0

0.54

0.04

WIWRI J*\L«M,M

4663.980

4141.408

3104.943

5282.973

5874.247

J L"‘J UL“[ ‘@\/JL“.A/J “(“ u, B, m‘Jd‘v-‘LJL“‘u&J‘ /W L' wth.é«M«_M—vM “.,\,Ul VO

9331.215

6854.352

9876.181

NJ

8103.729

7448123 8614.278

12494.880

SEGY9

13703.426

16204.124

x104

_J, LLMW

3633747 4735.333

2991 019

Ju j HJ]J \JUJJM

5993

7124.049

‘w" L/ Lx}«f’ta \LJJWL Hj*w“‘

7964.722

9473.594

8979.444

10825379

8849. 508 20260492

LARTHI, DO

13747.014

D OISO\

16111.518
AN

200!

4000

5000

8000 10000 12000

14000 16000 18000

x104 ]
1.25

e © o =
MoOowoN ©
a o o o

o

=3

=3
1

3739.537

4558.741

6252.244

6733.162

7293.325

9557.088

10100.187

7996.039 11451003

12505.275

SES12 |

19115.224

15986.832

N
o

=)

Ll

4938.382

4141.935
3287.991 i
13779.886:

=

]

9879.369

6862.865

5875.761

6387.180|

il

W

9334.457

11750 868

SEG12

1 3724 187

107.457

JLMJ ‘}

10986.636 0986 636 Jl~

12500.258
‘JL\ foct 5

16210.508
14697.833 16978.971

v vl

AN e

g
o

o
=)
L

2936.523

5413
4938.230:

.03

5885.036

6877.341

9334.384

7966775  — - 10316407

11752752

SEPC12

13741.564
18484.857

2000

4000

Figure 3. Cont.

5000

8000 10000 12000

84

14000 16000 18000

miz



Foods 2024, 13, 3579

Intens. [a.u)

Intens. [a.u)

Intens. [a.u)

x104
1.254

1.004

0.75

0.50

0.25

0.00

3739.537
H 9557.088

6733.162
. 10100.187

5723.031

i 7293.325
| 7996.039

11451.003

12505.275

15986.832

SES14

19115.224

x104

254

2.0

0.5

0.0 _MuLML‘J}uu -JMJIL:[-LJ‘} Lln)dd-M"" I(\"\M‘\,'J}

4938.382 987?.369

6862.865

9334.457
4240.678 5875.761 i

4141.935 7567.578

3287.991 i 5387.180 | 8107.457 ‘
J

3779.886:

\‘Aﬁ,mwb

10986.636

1)
U\,J LA.’\.,)L.'/M. Mfl\/ ﬂ‘lJJ‘_‘\_Ji‘k;\_‘J") lk)\ A_M;‘LJ\,,M.. b

S MmN e S N e

11750.868

13724.187

12500.258

Jf‘ 14697.833

16210.5

08

| 16978.971

y)

SEG14

x104
257

2936.523 5413.032

5885.036

7966.775 9334-'384 10316.407

4938.230}

6877.341

11752.752

13741.564

N

SEPC14

18484.857

4000 5000 8000 10000

12000

14000

16000

18000
miz

Figure 3. Representative MALDI-TOF mass spectra of S. enterica: (A) 3rd day; (B) 5th day; (C) 7th day;
(D) 9th day; (E) 12th day; (F) 14th day. SE = S. enterica; G = glass; S = stainless steel; and

PC = planktonic cells.
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Figure 4. Dendrogram of S. enterica generated using MSPs of the planktonic cells and the control.

SE = S. enterica; C = glass; S = stainless steel; and PC = planktonic cells.

3.5. Kinetic Growth of S. enterica

Figure 5 illustrates the growth of S. enterica over time, comparing the optical density
(OD850) under two conditions: with 1% EO added at OD 1 (log phase) and without EO
(control), alongside the temperature profile of the experiment. In the control group (without
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EO), S. enterica demonstrated continuous growth during the initial 3 h, reaching a peak
OD of approximately 1.0. As the temperature increased beyond 40 °C after 3 h, bacterial
growth stabilized, followed by a gradual decline in OD, indicating inhibited growth at
higher temperatures. In contrast, the addition of 1% EO at the log phase resulted in a
similar growth trend up to 3 h, with the OD peaking near 1.0. However, beyond the 3 h
mark, when the temperature exceeded 40 °C, the OD began to decrease significantly in
the EO-treated group. The decline in OD was more pronounced compared to the control,
suggesting that the presence of EO enhanced the inhibitory effects of elevated temperature
on bacterial growth. By the end of the experiment (4.5 h), the OD in the EO-treated group
had dropped substantially lower than that of the control, indicating a marked reduction in
bacterial viability. These findings highlight the combined effect of temperature and EO on
bacterial inhibition.
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Figure 5. Optical density (OD850) of S. enterica over time with and without EO treatment at varying
temperatures.

Figure 6 depicts the growth rate (i) of S. enterica over time, under two experimental
conditions: with 1% EO added at the log phase (OD 1) and without EO (control), alongside
the corresponding temperature profile. In the control condition (no EO), the bacterial
growth rate increased steadily until approximately 3 h, when it began to plateau at ap-
proximately 0.2 h. After this point, the growth rate began to decrease, coinciding with an
increase in temperature above 40 °C. At the end of the 4.5 h period, the growth rate dropped
to negative values, indicating inhibition of the bacteria due to the elevated temperature.
In the EO-treated conditions, the growth rate during the first 3 h had a similar pattern
and peaked at approximately 0.4 h, slightly higher than the control group. However, after
3 h, the growth rate dropped dramatically and fell below the control as the temperature
continued to increase. This sharp decrease in growth rate suggests a significant inhibitory
effect of EO, especially when the temperature exceeded 40 °C. At the end of the experiment,
the growth rate in the EO-treated group reached a more negative value compared to the
control, indicating a stronger inhibition of bacterial growth.
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Figure 6. Growth rate (i) of S. enterica over time with and without EO treatment at increasing
temperatures.

These results demonstrate that EO in combination with increasing temperature signifi-
cantly inhibits the growth of S. enterica.

3.6. Microbiological Quality of Sous Vide Eggplant

A microbiological examination was conducted on raw eggplant to verify the presence
of Salmonella enterica on XLD agar. On day 0, no coliforms were detected and the total
bacterial count (TBC) was 1.98 log CFU/g. The TBC of the first day and the seventh day of
storage were used to evaluate the microbiological quality of the vacuum-packed eggplant
(Figures 7 and 8). Within the control group, the range of the bacterial counts was from 1.18
to 2.45log CFU/g and from 1.11 to 2.67 log CFU/g on the seventh day. TBC ranged from
1.19 to 2.26 log CFU/g on day 1 and 1.27 to 2.22 log CFU/g on day 7 in the vacuum-packed
group. In the group that was vacuum packed and subjected to the RDEO treatment, the
log CFU/g varied between 1.04 and 1.67 on the first day and between 1.06 and 1.43 on the
seventh day. For TBC, the log CFU/g ranged from 1.22 to 2.32 on the first day and from 1.58
to 2.32 on the seventh day for the group treated with S. enterica. In the presence of S. enterica,
TBC varied from 1.34 to 2.32 log CFU/g on day 1 and from 1.16 to 1.78 log CFU/g on day
7 after vacuum packaging and RDEO treatment. In general, there were fewer bacteria in
the groups receiving RDEO and S. enterica inoculation.

Coliform bacteria count (CBC) was not identified in the RDEO group, in the vacuum-
packed control group, or in the control group on the first day (Figure 8). Only the last two
groups, where S. enterica was inoculated into the samples, revealed coliform bacteria on
day 1. CBC ranged from 1.81 to 2.24 log CFU/g in the S. enterica inoculated group and
from 1.37 to 1.95 log CFU/g in the RDEO with inoculation of S. enterica group. On the
seventh day, the CBC in the control group ranged from 1.06 to 1.26 log CFU/g. Neither the
RDEO group nor the vacuum-packed group contained coliforms after seven days of the
experiment. In the group to which S. enterica was inoculated, the CBC ranged from 1.19 to
1.63 log CFU/g. In the treatment group receiving RDEO addition and inoculation with S.
enterica, CBC ranged from 1.00 to 1.32 log CFU/g on day 7.
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Figure 7. Total bacterial count (TBC) treated at temperatures ranging between 50 and 65 °C for
durations of 5 to 20 min. (expressed in log CFU/g) on the first day and seventh day. Data are the
mean (£SD) of three samples. Control: fresh samples were treated at 50-65 °C for 5 to 20 min after
being packaged in polyethylene bags and kept at 4 °C. Control vacuum: fresh samples were treated
at 50-65 °C for 5 to 20 min after being vacuum packed in polyethylene bags and kept at 4 °C. Ess. oil:
vacuum-packed fresh samples were treated with 1% RDEO kept at 4 °C and treated for 5-25 min at
50-65 °C. Salmonella: vacuum-packed fresh samples were treated with S. enterica kept at 4 °C and
treated for 5-20 min at 50-65 °C. Salmonella + EO: vacuum-packed fresh samples were treated with
S. enterica and 1% RDEO was kept at 4 °C and treated for 5-20 min at 50-65 °C.
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Figure 8. Coliform bacteria count (CBC) treated at temperatures ranging between 50 and 65 °C
for durations of 5 to 20 min (expressed in log CFU/g) on the first and seventh day. Data are the
mean (£SD) of three samples. Control: fresh samples were treated at 50-65 °C for 5 to 20 min after
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being packaged in polyethylene bags and kept at 4 °C. Control vacuum: fresh sample were treated at
50-65 °C for 5 to 20 min after being vacuum packed in polyethylene bags and kept at 4 °C. Ess. oil:
vacuum-packed fresh samples were treated with 1% RDEO kept at 4 °C and treated for 5-25 min
at 50-65 °C. Salmonella: vacuum-packed fresh sample treated with S. enterica was kept at 4 °C and
treated for 5-20 min at 50-65 °C. Salmonella + EO: vacuum-packed fresh sample treated with S.
enterica and 1% RDEO was kept at 4 °C and treated for 5-20 min at 50-65 °C.

The microbial species, genera, and families that have been isolated since the first day
of storage are displayed in Figure 9. A total of 246 isolates were identified using mass
spectrometry; the scores in all categories might go up to 2. There were twenty-five species,
eight genera, and six families among these isolates. Most of the discovered species belonged
to the families Burkholderiaceae and Bacillaceae. On the first day of the experiment, the most
frequently recovered species from the sous vide eggplant samples in the experimental
groups were Salmonella enterica (12%), Bacillus amyloliquefaciens (10%), Bacillus cereus, Bacillus
licheniformis, Burkholderia cenocepacia, and Ralstonia pickettii (8%).

5 subtilis subsp. spizizenii

S thuringicnsis

Microorganisms
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Figure 9. Krona chart: Species, genera, and families isolated from eggplant at the first day of storage.
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The microbial species, genera, and families that were identified from sous vide-cooked
samples of eggplant (Solanum melongena) after a seven-day period of preservation are dis-
played in Figure 10. A total of 363 isolates were found using mass spectrometry, and every
group received a score of two or higher. In total, 24 species from 10 families and 14 gen-
era were among these isolates. The Enterobacteriaceae and Pseudomonadaceae families
contained the majority of the species. S. enterica, which was inoculated on eggplant, was
the most commonly found isolate (18% of all isolates). After S. enterica, the most frequent
bacteria were Rhizobium radiobacter (11%), Stenotrophomonas maltophilia (8%), Acinetobacter

calcoaceticus (6%), Acinetobacter baumannii, Klebsiella oxytoca, and Pseudomonas kilonensis,
each at 4%.
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Figure 10. Krona chart: Species, genera, and families isolated from eggplant at the seventh day of
storage.
3.7. Insecticidal Activity of RDEO

The evaluation of the insecticidal activity of RDEO against M. dorsalis is presented

in Table 5. According to the results, the application of 50% and 100% of the tested EO
produced the highest levels of insecticidal activity. RDEO, when applied at a concentration
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of 6.25% and 3.125%, did not show any significant repellent effect against M. dorsalis. It is
noteworthy that a concentration of 12.5% had an effect on the M. dorsalis population (50%).
However, a concentration of 25% was effective against 70% of the insects, respectively.

4. Discussion

Terpenes, glycosides, flavonoids, and anthocyanins were among the components of
Rosa damascena that were extracted from its flowers, petals, and hips (seed pods) [58-60].
Citronellol, geraniol, and nerol—the three main components of rose EO—have been shown
to possess antibacterial properties [61,62]. Thus, these compounds may act as mediators for
the antibacterial properties of the EO. The high concentration of phenylethyl alcohol in rose
absolute may contribute to its antibacterial qualities, as alcohols have long been recognized
for their antibacterial properties [63]. In our study, the main component was phenylethyl
alcohol (70.0%), followed by citronellol (11.3%), geraniol (7.1%), nonadecane (4.7%), nerol
(3.7%), and 1-nonadecene (3.1%). The obtained results agree with the studies by Ulusoy
et al. [16] and Aydinli et al. [64] who showed that the main compound of rose absolute EO
is characterized by the high relative amount of phenylethyl alcohol that varies in the range
from 72.73% to 78.38%, followed by a significant abundance of citronellol, nonadecane,
geraniol, and nerol. On the other hand, Lei et al. [65] showed that rose water from Chine
had a higher amount of phenylethyl alcohol (90.2%). The principal constituents of rose EO
extracted from the central region of Iran have been identified as citronellol, nonadecane,
and geraniol [66]. According to other studies, the main constituents of the essential oil of
Rosa damascena EO collected from northern Iran were 1-nonadecene, hexatriacontane, n-
tricosane, and geraniol [67]. The most representative bioactive compounds of the essential
oil of Rosa damascena EO collected from southern Iran were reported to be nonadecane,
heneicosane, docosane, citronellol, and 9-nonadecene [67]. The principal constituents of
the Rosa damascena EO extracted from the Kashan region were (3-citronellol (14.88-47.43%),
nonadecane (10.5-40.5%), geraniol (5.5-18%), and heneicosane (7-14%) [68].

The results showed that RDEO exhibited the strongest antibacterial action against
Gram-positive Streptococcus pneumoniae, Gram-negative S. sonnei, and yeasts such as Candida
parapsilosis. It has been demonstrated that RDEO exhibits antibacterial action against the
biofilm-forming Gram-negative bacteria Salmonella enterica. The wide range of antibacterial
activity of Rosa damascena has been established. Hydrosol, absolute, and EOs are signif-
icant products that demonstrate these benefits [62]. Strong antibacterial efficacy against
strains of Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus,
Chromobacterium violaceum, and Erwinia carotovora was reported by Ulusoy et al. [16] using
EO and absolute. C. violaceum was the microorganism most susceptible to rose absolute
and EO. Additionally, E. coli was sensitive to rose essential oil. Nevertheless, none of the
microbes were susceptible to the antibacterial effects of hydrosol [16]. Both Gram-positive
and Gram-negative bacteria were also susceptible to the antibacterial properties of rose
absolute. In a different investigation, the antibacterial properties of the EO extracted from
the petals of R. damascena were assessed against three strains of Xanthomonas axonopodis
spp. vesicatoria. The growth of the investigated strains of X. axonopodis vesicatoria was
significantly reduced by the essential oil of R. damascena EO from flowers [69]. The antibac-
terial properties of R. damascena flowers were investigated against 15 different species of
bacteria, including Aeromonas hydrophila, Bacillus cereus, Enterobacter aerogenes, Enterococcus
faecalis, E. coli, Klebsiella pneumoniae, Mycobacterium smegmatis, Proteus vulgaris, P. aeruginosa,
P. fluorescens, Salmonella Enteritidis, Salmonella Typhimurium, S. aureus, and Yersinia enteroco-
litica [70]. A different study demonstrated the in vitro antibacterial activity of the EO from
R. damascena against Pseudomonas, S. aureus, and E. coli. In this work, R. damascena showed
antibacterial efficacy against S. aureus [61]. The antibacterial activity of EOs from several
plants, including R. damascena, was also evaluated against the yeast Candida albicans, Gram-
positive S. aureus, Gram-negative E. coli, and Gram-negative P. aeruginosa. At low doses,
the studied essential oils demonstrated both bactericidal and inhibitory effects against all
tested bacteria [71]. In a different study, rose EO was found to be less effective against

91



Foods 2024, 13, 3579

Gram-positive S. aureus compared to rifampin and gentamicin [72]. The same results were
observed in our study. The antibacterial activity of the EO against this bacteria in Bulgaria
and Saudi Arabia was greater than the lethal and inhibitory power of the EO against these
bacteria [73]. Furthermore, in our work, we investigated the antimicrobial activity in the
vapor phase on model fruits and vegetables. The results revealed that the inhibitory effect
of RDEO at different concentrations acted on various microorganisms, depending on the
model food. The best inhibitory effect was observed on kiwifruit against C. tropicalis yeast
at the highest concentration, on banana against B. cereus at the lowest concentration, on
eggplant against S. pneumoniae, and on pumpkin against S. enterica at the lowest concen-
trations. In some cases, pro-bacterial growth was demonstrated. A different study found
antimicrobial effects in situ on fruit and vegetable models with similar results [54-57].

As far as we know, this is the first study to investigate the antibiofilm activity of
RDEO. However, the current findings align with earlier research [74-76] that demonstrated
the antibiofilm capabilities of various EOs against a range of foodborne pathogens on
different surfaces. After employing RDEO to prevent the formation of Salmonella enter-
ica biofilms, we obtained minimum inhibitory biofilm concentration (MIBC) values of
0.270 mg/mL and 0.291 mg/mL for MIBCy using the crystal violet assay. The MALDI-TOF
MS investigations indicated changes in the protein composition of the biofilm-forming
bacteria S. enterica. The increasing incidence of bacterial diseases can be attributed to the
lack of effective treatment options, antibiotic resistance, and the tendency of bacteria to
form biofilms [77]. Consequently, new approaches that emphasize innovative technologies
such as natural antimicrobials have emerged to control bacterial biofilms and mitigate the
resistance of Salmonella, a highly prevalent pathogen. The EOs are antibacterial substances
extracted from various herbal plants using a range of methods. EOs have been shown
to possess significant antimicrobial activity against planktonic microbes, in addition to
their antibacterial properties against microorganisms embedded in biofilm [78-81]. All
examined free EOs and their active ingredients successfully inhibited planktonic bacterial
cells [82,83]. However, the biofilms required significantly higher concentrations of Eos,
or their active components, than their planktonic counterparts, to achieve comparable or
zero microbial reductions [75,84-89]. In several studies, even when EOs or their active
components were applied at twice or even higher concentrations than their minimum
inhibitory concentrations (MIC) against planktonic cells, the biofilms were not completely
eradicated [85,88,90-96]. Moreover, longer exposure times and greater EO concentrations
were necessary to eliminate the biofilms that had formed over extended periods [80,97].

Salmonella enterica bacteria are responsible for a variety of severe, potentially fatal
diseases in both humans and animals across the globe [98]. Salmonella grows best at 37 °C
and pH 7, with a range of 5-47 °C and pH 4-9 [99]. In our study, without EO, the bacteria
followed this growth pattern, thriving near 37 °C. However, with 1% EO, the growth
was significantly inhibited, as shown by lower optical density (OD) and growth rates. At
higher temperatures, both treated and untreated bacteria experienced a decline, but the
EO-treated samples showed a steeper drop, highlighting EO’s stronger inhibitory effect
even at suboptimal growth conditions.

The microbiological quality of eggplant was monitored during storage over 7 days.
Eggplant was treated using the sous vide cooking method, while microbiological quality
was assessed at different temperatures and times, in combination with Salmonella enterica
inoculation and RDEO treatment. During the observation period, we found that increasing
temperature and time positively affected the total number of microorganisms and the num-
ber of coliforms. RDEO treatment demonstrated an antimicrobial effect against S. enterica
inoculation on eggplant. According to Zhou et al. [100], the shelf life of a green vegetable
is determined by its ability to maintain an appealing appearance—a crisp, green texture
with minimal browning or wetness—for consumers. After day 7 of storage, these products
become more perishable than untreated materials due to off-flavors, tissue weakening, and
microbial growth [101]. The relationship between the development of spoilage bacteria,
their production of metabolites—particularly volatiles—and consumers’ is very impor-
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tant. Additionally, the inherent composition of food may affect bacterial susceptibility and
reduce the antibacterial effectiveness of EOs. Higher concentrations of free EOs or their
active ingredients are often required to achieve equivalent antimicrobial effects in food
compared to in vitro assays [102-105]. This could have unfavorable organoleptic effects
and reduce food products’ general appeal [106,107]. It was discovered that EOs or their ac-
tive ingredients were more beneficial in foods with no or low fat content than in foods with
high fat content [102,104,105]. Additionally, certain extrinsic factors like pH, temperature,
and oxygen present may have an impact on the antibacterial action of EOs. Due to their
higher hydrophobicity and easier dissolving in bacterial cell membranes, numerous EOs
generally exhibited greater antibacterial action at low pH [102,103,108,109]. Some investi-
gations found conflicting results regarding the effect of temperature on the antibacterial
activity of EOs. Due to an increase in unsaturated phospholipids in the composition of
cytoplasmic membranes and an increase in membrane fluidity, it has been discovered that
lower temperatures (7 °C compared to 35 °C) boost the antibacterial action of the EOs or
their active components [102]. According to Cava et al. [102], the enhanced fluidity makes
the membrane connection weaker and facilitates the simpler dissolution of the EOs into it.
In contrast, it was discovered that the antibacterial activity of carvacrol and cymene was
more effective at 25 °C than it was at 15 and 4 °C [104]. The reason why bacterial cells were
less sensitive to antimicrobial agents at lower temperatures remained unclear, but possible
explanations included modifications to the fluidity and/or properties of the membrane,
or the possibility that low temperatures would impact the synthesis of target sites in both
EOs and bacterial cytoplasmic membranes, which in turn influences the susceptibility of
microorganisms to EOs [104]. Additionally, EOs were reported to have greater antibacterial
action in low-oxygen environments (vacuum and modified atmosphere packing) than in
aerobic environments [110,111]. The microbiological quality of sous vide eggplant was
associated with all the factors described above. That is, in our study, we investigated the
effect of RDEO at 1% concentration as a function of temperature and time during storage
for 7 days at 4 °C. In another study compared to our results, much higher numbers of
microorganisms were obtained on eggplant treated with gamma irradiation and ascorbic
acid [112]. On the first day of storage, the most frequently isolated species from sous vide
eggplant were Salmonella enterica, Bacillus amyloliquefaciens, Bacillus cereus, Bacillus licheni-
formis, Burkholderia cenocepacia, and Ralstonia pickettii, and on the seventh day of storage
they were S. enterica, Rhizobium radiobacter, Stenotrophomonas maltophilia, Acinetobacter cal-
coaceticus, Acinetobacter baumannii, Klebsiella oxytoca, and Pseudomonas kilonensis. In different
study bacteria species namely, Staphylococcus aureus, Bacillus subtilis, Micrococcus luteus, and
Enterococcus faecalis, and four fungal species, namely, Saccharomyces, Fusarium, Aspergillus,
and Rhizopus were isolated from eggplant after preservative treatments [113].

The results indicated that applying 50% and 100% concentrations of the tested RDEO
provided the highest insecticidal efficacy against M. dorsalis. This study represents the
first investigation into the insecticidal activity of RDEO against M. dorsalis. Through
a variety of mechanisms of action, such as contact activity, inhibition of molting and
respiration, reduction in growth and fertility, cuticle destruction, and an impact on the
octopamine pathway invertebrates, the EO exhibit a wide range of activity against insects
and mites [114,115]. Geraniol and citronellol, the two main constituents of rose EO, shown
contact actions against both adult and nymph Tetranychus urticae. On the adult and nymphal
stages of T. urticae, the amounts of rose oil, geraniol, and citronellol that were applied,
particularly after 96 h, had a strong fatal effect. At all concentrations, geraniol exhibited
the greatest contact effect on T. urticae adults and nymphs, followed by citronellol and
rose EO. According to Attia et al. [116], the primary constituents of the EO contribute to
their acaricidal properties. EOs and monoterpenoids have been found to exhibit acaricidal
efficacy against two-spotted mites [117-121]. The literature contains no reports on the
insecticidal or acaricidal properties of rose EO. Nonetheless, research has been conducted
on geraniol, an ingredient in several EOs.
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5. Conclusions

The findings of this study confirm that Rosa damascena essential oil (RDEO) possesses
potent antimicrobial and insecticidal properties, primarily attributed to its high concen-
tration of phenylethyl alcohol. RDEO exhibited significant inhibitory effects against a
variety of microorganisms, including clinically relevant Gram-positive and Gram-negative
bacteria, as well as yeast strains. The antimicrobial activity was robustly demonstrated
through minimum inhibitory concentration (MIC) assessments, indicating its effectiveness
against biofilm-forming bacteria like Salmonella enterica. Additionally, the in situ analyses
using fruit and vegetable models showcased the essential oil’s ability to inhibit microbial
growth in vapor phase applications, highlighting its practical utility in food preservation.
Furthermore, the study revealed effective antibiofilm activity, emphasizing the potential of
RDEO to mitigate biofilm formation, a critical challenge in food safety and public health.
The results also suggest that sous vide conditions may enhance the antimicrobial efficacy
of RDEOQ, offering a novel approach to integrating EOs in cooking processes to improve
food safety. Moreover, the insecticidal activity tests support the role of the EOs, as a natural
pest deterrent, underscoring its applicability in sustainable agricultural practices. Given
the rising concerns over antibiotic resistance, RDEO represents a promising candidate for
further exploration as a safe and effective antimicrobial agent across various industries.
Future studies should focus on elucidating the specific mechanisms of action of RDEO’s
constituents and evaluating its effectiveness in real-world food systems and agricultural
practices. Additionally, the research could investigate the formulation of RDEO with other
natural preservatives to enhance its stability and efficacy and explore its potential syner-
gistic effects in combination with conventional antimicrobial agents. By addressing these
areas, RDEO could pave the way for innovative solutions to contemporary challenges in
food safety and pest management.
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Abstract: The main goal of this work was to develop bio-based and ecofriendly intelligent films as
freshness indicators to monitor European hake (Merluccius merluccius) quality during storage by using
a visual, non-destructive, and real-time technique. Locust bean gum (LBG)/k-carrageenan (Car) films
incorporating blueberry extract (BLE) or beetroot extract (BEE) were developed and their effectiveness to
detect hake deterioration during 7 days of storage at 4 °C was evaluated. A visible color response from
pink to blue was observed on the BLE films at the end of hake storage, which correlated with the hake
deterioration profile, namely an increase in pH values (from 6.60 &= 0.04 to 8.02 + 0.03), total viable count
(TVC, from 4.61 % 0.36 to 8.61 £ 0.21 log CFU/g), and total volatile basic nitrogen content (TVB-N, from
10.21 £ 1.97 to 66.78 £ 4.81 mg/100 g) beyond the spoilage threshold. The results of this study are very
promising, since it was possible to develop a new effective intelligent bio-based responsive indicator film
incorporating natural dye BLE, which has the potential to contribute to food waste reduction and improve
food safety by detecting the hake freshness status.

Keywords: bio-based film; pH indicator; anthocyanins; betalains; shelf-life

1. Introduction

Food products that exhibit safety limitations due to the presence of microbial agents
(bacteria, viruses, and parasites) and/or harmful chemical substances are the cause of
more than 200 diseases including diarrhea and cancer, according to the World Health
Organization (WHO) [1]. Food deterioration as a result of biological, chemical, or physical
phenomena causes changes, in some cases, not directly recognized by the final consumers.
Moreover, approximately 30% of all food produced worldwide is lost or wasted every
year along the supply chain, according to the Food and Agriculture Organization (FAO).
Category wise, food loss is predicted to be 20% in dairy products, 35% in seafood, 45%
in fruits and vegetables, and 20% in meat, with the losses predominant at the processing,
distribution, and consumption stages [2]. Therefore, it is important to solve the current
challenges of food waste, quality, and safety through (i) the detection of changes in food
products, in order to avoid product consumption by the final consumer; (ii) the identifica-
tion of potential health risks; and (iii) the establishment of strategies to reduce or eliminate
the occurrence of the previously mentioned events [3].

In this context, the development of innovative packaging with specific functions, namely
intelligent packaging, has been observed in recent years. Intelligent packaging emerged with the
aim to detect, monitor, and inform the consumer about the quality of food throughout the food
chain in a non-destructive way and in real-time [4,5]. Moreover, intelligent packaging has been
an important contribution to avoid unnecessary food waste because it is able to monitor and
display the food quality status, and consequently avoid food products being thrown away even
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though they are still suitable for consumption. On the other hand, it has the potential to improve
product safety, food logistics, and traceability, increasing the food industries’ efficiency [4].

Freshness indicators (such as pH indicators) are devices usually integrated into the
packaging that are capable of reacting with metabolites generated by microbial growth and
metabolism (e.g., organic acids, ethanol, biogenic amines, and volatile nitrogen compounds)
or are able to detect any chemical change, providing visual information about the food
product quality [6]. As synthetic dyes are considered carcinogenic or mutagenic agents
in humans, their application in food intelligent packaging is not ideal. In an attempt to
overcome this limitation, more attention has recently been given to the alternative use
of natural pigments. Natural dyes (pigments) extracted from plants are attractive and
relevant options in the intelligent packaging field due to their low toxicity, easy preparation,
renewable, and non-polluting properties [1,7,8]. Examples of natural dyes that change their
color significantly with pH changes are anthocyanins and betalains [9-11].

The increase in consumer and food industry consciousness related to food safety and
environmental pollution has guided researchers to focus on the development of safe, envi-
ronmentally friendly, and biodegradable packaging materials. Thus, our research aim was to
replace synthetic, petroleum-based polymers (such as plastics) with eco-friendly materials to be
used in food packaging, especially in intelligent packaging [5,12]. The interest in using natural
biopolymers such as polysaccharides for the development of bio-based intelligent packaging
has increased due to their high abundance and high availability in nature and in low-value
agricultural residues/by-products (for example, fruit peels and seeds) [5,10]. For instance,
intelligent packaging films have been developed based on locust bean gum (LBG) and polyvinyl
alcohol containing betacyanins from the cockscomb flower to indicate shrimp freshness [13].
k-Carrageenan (Car) is an anionic linear sulfated polysaccharide that consists of the repetition
of disaccharide units with 3,6-anhydro-D-galactopyranose residues in its chain [14]. These have
been widely used in the food (mainly in dairy products) and pharmaceutical industries due to
their biocompatible and biodegradable properties. He et al. [15] developed a film based on Car,
gelatin, and curcumin, which work as an intelligent indicator for the freshness detection of grass
carp fillets. Thus, polysaccharide-based intelligent films with natural compounds as freshness
indicators have the potential to guarantee food quality and safety, reduce environmental impact,
and increase the product packaged attractiveness to the retailer and the final consumer [7,12].
However, despite permanent innovations in the food packaging area, research related to this
type of bio-based intelligent packaging is still limited.

Fish consumption and popularity have been increasing due to the customers’ aware-
ness regarding fish nutritional composition, especially its high protein content [16]. Several
studies have been carried out to monitor the freshness of fish products such as Atlantic
mackerel (Scomber scombrus) and Wuchang bream (Megalobrama amblycephala) using bio-
based intelligent films containing natural pH dyes [11,17]. However, there is a lack of
information regarding hake quality monitoring using bio-based intelligent packaging,
which was a research opportunity explored in the present work. Portugal is the largest fish
consumer per capita in the European Union due to its geographical location and tradition
in fishing and fish consumption, with hake (Merluccius merluccius) the third most consumed
fish in Portugal [18,19]. Hake is highly perishable due to microbial contamination and
enzymatic reactions and can cause high economic losses for the fishery industry as well as
a high risk to human health, thus it is crucial to monitor the fish freshness during storage,
processing, and transportation.

Thus, to tackle the current concerns related to the consumption of contaminated fish prod-
ucts, food waste, and the environmental impact of petroleum-based packaging, a novel quality
indicator sensitive to the changes in hake fish freshness was developed in this work. Therefore, a
colorimetric bio-based LBG/Car intelligent film incorporating natural dyes—blueberry extract
(BLE) or beetroot extract (BEE)—was developed. Moreover, the effect of BLE or BEE on the
LBG/Car films” mechanical, water barrier, and optical properties as well as color response
efficiency to different pH conditions and volatile nitrogen compounds were assessed.
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2. Materials and Methods
2.1. Materials

Polysaccharides, Car (Gelcarin® DG 5264), and LBG were obtained by FMC Biopoly-
mer (Philadelphia, PA, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. The
glycerol was purchased from Sigma-Aldrich (St. Louis, MO, USA). Freeze-dried BLE
powder (Simplu®, Guimaraes, Portugal) and BEE powder (Solgar®, Leonia, NJ, USA)
were purchased in Celeiro (Braga, Portugal). Sodium hydroxide (NaOH), ammonia, and
plate count agar (PCA) were provided by Merck (Merck SA, Lisbon, Portugal). Boric acid
(H3BO3), hydrochloric acid (HCI), and sulfuric acid (H,SO4) were supplied by Chem-Lab
(Chem Lab, Zedelgem, Belgium). Potassium carbonate (K,COs3) and methyl red indicator
were purchased from Panreac (Panreac AppliChem ITW Companies), Barcelona, Spain).
Bromocresol green was supplied by Acros Organic (Acros OrganicsTM, Lisbon, Portugal).
The fresh hake was purchased from a local market (Braga, Portugal).

2.2. Production of LBG/Car Film Incorporating BLE or BEE

LBG/Car films were produced based on our previous works [20,21]. Initially, 60% (w/w)
LBG and 40% (w/w) Car were dissolved in distilled water under stirring for 1 h at 25 °C. Then,
30% (w/w) of glycerol was added, and the film-forming solution was homogenized at 70 °C
under agitation for 30 min. This film-forming solution was used to produce control films
(i.e, no-added BLE or BEE) and films incorporating the extracts (1 to 50% (w/w)). Regarding
films incorporating extracts, 30% (w/w) BLE or 50% (w/w) BEE was added to the LBG/Car
film-forming solution and homogenized at 1200 rpm for 30 min at 40 °C. The selected BLE and
BEE concentrations were based on preliminary tests, where the films’ visual color uniformity
and handling behavior (e.g., brittle) were assessed. All film-forming solutions were added to
Petri dishes (90 mm) and placed in an oven with airflow circulation (WTC Binder) at 35 °C for
22 h to produce the films. All films produced were conditioned in a desiccator at 54% relative
humidity (RH) until further analysis.

2.3. Physico-Chemical Properties of BLE and BEE Films
2.3.1. Color and Opacity of the Films

The color of films was determined with a Minolta colorimeter (CR 300; Minolta,
Japan) [21,22]. To calibrate the instruments, a white standard color plate (Y = 93.90; x = 0.32;
y = 0.33) was used as the background for the film color measurements. Lightness (L*)
(white to black) and chromaticity parameters a* (red to green) and b* (yellow to blue) were
assessed through reflectance measurements using the CIELab scale. The color change of
films during storage (AE) was determined using Equation (1):

AE = \/[(AL*)2+ (Aax)® + (Ab*)z} 1)

The opacity of each film sample was obtained according to the Hunterlab method as
the relationship between the film opacity on a black standard plate and on a white standard
plate. All color and opacity measurements were performed six times for each sample, and
three samples of each film were tested.

2.3.2. Evaluation of Color Stability of the Films during Storage

The BLE and BEE films were stored under light or dark conditions for 60 days at 25 °C
or 4 °C to evaluate their color stability during storage. The L*, a*, and b* colorimetric param-
eters were measured in each film using a CR400 colorimeter (Konica, Minolta, Osaka, Japan)
according to the methods described in the literature [8,12]. The color parameters of the
films were analyzed at 2, 5, 10, 15, and 60 days of storage. The colorimetric measurements
were conducted in triplicate on each film sample.
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2.3.3. Evaluation of pH-Sensitive Properties of the Films

In order to evaluate the BLE or BEE films’ color response to pH changes, a droplet of
the HCI (0.1 mol/L) aqueous solution (pH 2, 4, and 6), distilled water (pH 7), or NaOH
(0.1 mol/L) aqueous solution (pH 8, 10, 12 and 14) was placed on the surface of the film
samples (2 x 2 cm) for 10 min [10]. The color change was evaluated by comparing the
color differences between the films before and after contact with the buffer solutions. All
measurements were taken at three random locations of each film sample.

2.3.4. BLE and BEE Films Response to Ammonia Vapor

The film’s color response to volatile compounds, namely ammonia vapor, was de-
termined as described by Qin et al. [23] and Yun et al. [24]. BLE and BEE film samples
(1.5 x 1.5 cm) were placed in the headspace of sealed Petri dishes loaded with 0.4 mol L1
ammonia solution for 60 min at room temperature under no-light conditions. The L*, a*,
and b* colorimetric parameters of the films were measured with 10-minute intervals. Color
measurements were conducted at three random locations of each film sample.

2.3.5. Water Contact Angle (WCA) Measurements

The WCA on the film surface was measured using an optical contact angle meter
(OCA 20, Dataphysics, Filderstadt, Germany) through the sensile drop method [25]. Each
film sample was cut into square pieces (1.5 x 1.5 cm) and 5 pL of ultrapure water was
dropped onto the film surface using a micro-syringe with a 0.75 mm diameter needle
(Hamilton, Bonaduz, Switzerland). Contact angle measurements were performed after 30 s
of the droplet placement on the film surface.

2.3.6. Moisture Content (MC) and Water Solubility (WS)

The MC and WS of the films were determined gravimetrically according to the meth-
ods reported by other authors [22,26]. The MC was determined by measuring the weight
loss of the film samples (2 cm of diameter) after drying at 105 °C in an oven (WTC Binder)
until it reached a constant dry sample weight. To determine the WS, dried samples of the
film (2 cm of diameter) were weighed and immersed in 50 mL of deionized water for 8 h at
room temperature under orbital agitation at 120 rpm (Orbital shaker ES-20/80, BOECO,
Hamburg, Germany). The water was removed and the film residue was dried at 105 °C for
24 h to determine the weight of dry matter that was not solubilized in water. For the MC
and WC assays, three replicates were performed for each film sample.

2.3.7. Water Vapor Permeability (WVP)

The WVP of the films was determined gravimetrically following the methodology de-
veloped by other authors [22,25]. Three samples were cut from each film and sealed on a
permeation cup cell containing 50 mL of distilled water (100% RH; 2337 Pa vapor pressure at
20 °C) and placed in a desiccator containing silica gel (0% RH; 0 Pa water vapor pressure at
20 °C). Constant air circulation outside of the test cup was maintained by using a fan inside the
desiccator to assure uniform water pressure and steady-state conditions. Cups were weighed
every 2 h for 12 h, and the water transferred through the film was determined from the weight
loss of the permeation cup cell. All measurements were performed in triplicate. The water
vapor transmission rate (WVTR) through the film (g m~2 s!) was calculated through the ratio
between the slope of the linear regression of weight loss versus time and the film area. The
WVP (g m~! s7! Pa!) was calculated according to Equation (2):

WVTIR x L
WVP =———"—— 2
AD @)

where L is the mean film thickness (m) and AP is the partial water vapor pressure difference
(Pa) across the two sides of the film.
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Film thickness was measured using a digital micrometer device (Mitutoyo No. 293-766,
Kanagawa, Japan) with 0.001 mm accuracy. Ten thickness measurements were randomly
taken from different points of each film sample [27].

2.3.8. Assessment of Mechanical Properties

The tensile strength (TS) and elongation-at-break (EB) of the films were measured
using a TA-HD plus Texture Analyzer (Serial R5232, Stable Micro Systems, Surrey, UK),
according to Martins et al. [21]. Film specimens (120 mm x 20 mm) from each film sample
were cut and placed between the tensile grips. The initial grip separation and crosshead
speed were set at 30 mm and at 5 mm min !, respectively. The TS and EB were determined
from the stress—strain curves. At least four measurements were performed for each film.

2.4. Evaluation of BLE and BEE Films as Hake Freshness Colorimetric Indicators
2.4.1. Sample Preparation and Storage Conditions

Fresh hake was purchased from a local market (Continente, Braga, Portugal) and
immediately transported to the laboratory. Fishbones were removed, and fish fillet samples
(approximately 5 g) were prepared.

To validate the BLE and BEE films as colorimetric indicators sensitive to pH and gas
changes, tests with fish samples stored at 4 °C and 25 °C for 7 days were carried out. BLE
and BEE film samples (2 cm x 2 cm) were fixed to the top cover of sterile polystyrene 45 mm
diameter Petri dishes that were in contact with the dish headspace, as can be seen in Figure 1.
Then, the fish samples were placed into Petri dishes and sealed [12,26] (Figure 1). The Petri dish
with no-added fish sample was used as the control. All samples were stored at 4 °C and 25 °C
and analyzed on days 0, 2, 3, 4, 6, and 7 to detect any physico-chemical or microbial changes.
All results obtained over the storage period were compared with the results obtained on day 0.
For each sampling day, three replicates were performed for each fish sample.

Figure 1. Illustrative example of the experimental setup used to monitor hake freshness during
storage at 4 and 25 °C. (A) Film sample fixed to the Petri dish cover and (B) closed Petri dish system
containing the hake sample used to monitor the freshness status.

2.4.2. Film Color Analysis

Film color changes during the loss of hake freshness over the storage time were as-
sessed according to the method described in Section 2.3.1. At least three color measurements
were performed on different film samples on each sampling day.

2.4.3. pH Measurement of Fish Samples

The fish samples were blended with 100 mL of distilled water using a stomacher
(Stomacher® 3500, Sweard Medical, Worthing, UK) at high speed for 4 min. All pH
measurements were performed using a digital pH meter (HI 2210, Hanna Instruments,
Porto, Portugal) by immersing the glass electrode in the homogenized samples [12].

2.4.4. Determination of Total Volatile Basic Nitrogen (TVB-N)

TVB-N measurements were conducted according to the Conway micro diffusion method
with some modifications [15]. Initially, the hake samples (4 g) were added to 40 mL of distilled
water and homogenized using a stomacher (Stomacher® 3500, Sweard Medical, UK) for 8 min.
Then, the mixture was filtered using filter paper (type 601A Rotilabo®-Round filters, Carl Roth,
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Karlsruhe, Germany). Subsequently, 1 mL of 0.02% boric acid and one drop of pH indicator
(methyl red:bromocresol green = 1:5) were added to the inner chamber of the Conway dish.
One mL of saturated potassium carbonate solution and 1 mL of the fish filtrate sample were
added to the outer dish chamber. A blank sample was also prepared as described, but the
filtered sample was not added to the Conway dish. The lid of the Conway dish was closed, and
the resulting mixture was allowed to stand at room temperature for 1.5 h. Finally, the solution
in the inner chamber was titrated with hydrochloric acid (0.01 mol/L) until a pale pink color
appeared. Analyses were conducted in triplicate. The TVB-N content (presented as mg N /100
g of fish sample) was calculated using Equation (3):

(V1 —V2) x ¢ x 14 x 100

TVB—N -
m X g5

®)

where V1 and V2 represent the HCI volume (mL) required for the sample and blank
titration, respectively; c is the HCI concentration (mol/L); m is the fish sample weight (g);
14 is the molecular weight of nitrogen; 100 is the conversion factor; V is the volume of
filtrate sample (mL); and VO is the total volume (mL).

2.4.5. Microbiological Analysis

The determination of the total viable count (TVC) was performed in triplicate according
to the procedures reported by other authors [15,27]. Hake samples (4 g) were transferred
to a stomacher bag. Then, 36 mL of sterile 0.1% peptone water was added to the bag and
homogenized for 2 min using a stomacher. Serial decimal dilutions (10! to 10°) were prepared,
and 1 mL of the appropriate dilution was placed in a Petri dish and 20 mL of sterile PCA was
added to the dish. The dishes were incubated at 35 °C for 72 h. The TVC was determined and
expressed as a log colony forming unit per g fish sample (log CFU/g). According to the TVC
results , the initial TVC of the hake samples was 4.56 £ 0.36 log CFU.g’l.

2.5. Statistical Analysis

All experiments were performed at least in triplicate. All data were expressed as
the mean values =+ standard deviation (SD). One-way analysis of variance (ANOVA) was
performed, and the significant differences among samples were determined by the Tukey
HSD test (p < 0.05). Statistics were performed on the SigmaPlot Software 11.0 for Windows.

3. Results and Discussion
3.1. Development of LBG/Car Film Incorporating BLE or BEE

Different BLE or BEE concentrations were tested to select the films’ formulations for
use as potential freshness colorimetric indicators. LBG/Car films presented a soft yellow
color and were transparent, while films incorporating BLE or BEE showed a pink color
(Figure 2). Based on visual examination of the film surface, namely the color uniformity
throughout the film and handling properties, films containing 30% (w/w) of BLE or 50%
(w/w) of BEE concentrations were selected for further analysis. Films containing BLE
and BEE concentrations below 30% and 50%, respectively, presented very light and non-
homogenous coloration and were very brittle when handled.

Figure 2. Photographs of the (A) control film (no-added extracts), (B) film incorporating 30% (w/w)
BLE, and (C) film incorporating 50% (% w/w) BEE.
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3.2. Physicochemical Properties of the Developed Films
3.2.1. Optical Properties: Color and Opacity

The color parameters (L*, a*, and b*) and opacity of the various films developed
are shown in Table 1. The control film showed a higher transparency and luminosity
(i.e., higher L* value) than the BLE and BEE films. The BLE addition to the film led to a
decrease in L* and b* parameters (p < 0.05), which demonstrated a decrease in film bright-
ness and an increase in the blue color of the film (Table 1). On the other hand, there was a
significant increase in a* value (p < 0.05) compared to the control film, which represented
an increment in red coloration of the film. This result was in line with the reddish/purple
color of the BLE, contributing to the red/purple color of the BLE film. Qin et al. [5] also
concluded that the rise in the anthocyanin-rich extract from Lycium ruthenicum Murr con-
tent within starch films significantly increased the a* value and decreased the b* value,
indicating a change in film color to red. Merz et al. [28] observed that the color of the
chitosan and polyvinyl alcohol film changed to red when anthocyanins from the jambolana
fruit were added. The addition of BEE also caused a decrease in the L* and b* values (p <
0.05) of the control films (Table 1). Furthermore, the a* value of the BEE film had a higher
increase when compared to the BLE film (p < 0.05). For this reason, the pink/red color was
more visible on the BEE films (Figure 2). These changes in the color parameters after adding
red pigments such as betalains from beetroot have previously been reported. For instance,
Wau et al. [13] showed that films based on LBG/polyvinyl alcohol with betacyanins from the
cockscomb flower were reddish-purple, which caused an increase in the a* value. A similar
color was also observed in pectin-based films incorporating the beetroot extract [29].

Table 1. Color parameters (L*, a* and b*) and opacity of the control, BLE, and BEE films.

Films L* a* b* Opacity (%)
Control 89.13 +2.512 0.14 +0.052 518 +0.822 13.55 4+ 1.81 2
BLE 41.01 4+ 1.46° 40.76 +£3.20° 4744190° 37.41+2.73P
BEE 56.80 4 0.84 ° 51.58 + 0.96 € —435+023¢ 24.86 4+ 1.18

2= Different superscript letters in the same column indicate significant differences (p < 0.05).

Film opacity refers to the film’s ability to act as a barrier to light. The higher the
opacity value, the lower the film transparency. The control film showed the lowest opacity
value compared to the BLE and BEE films, confirming its high transparency (Table 1). The
BLE film presented the highest opacity value compared to the BEE films. Thus, the BLE
film reduced the film transparency and hindered the passage of light through it, which
has great potential to prevent oxidative rancidity in foods caused by exposure to light [30].
Other works have reported similar film opacity results where the increase in film opacity
was due to the incorporation of natural extracts in bio-based intelligent films [31,32].

3.2.2. Color Stability of the BLE and BEE Films during Storage

It is necessary to evaluate the influence of environment conditions (namely, temper-
ature and light) on the produced films in order to confirm that the intelligent film can
provide reliable visual feedback to consumers. Thus, the BLE and BEE films’ color stability
was tested at different temperatures (4 °C and 25 °C) and under light/no light exposure to
simulate possible food storage conditions.

As shown in Figure 3, the AE values of the BLE and BEE films were influenced by the
incidence of light and temperature after 2 days of storage. The untrained human eye detects
a color change when AE values are higher than 5 [33,34]. In all of the tested conditions, the
BLE and BEE films presented AE values higher than 5 (Figure 3), suggesting that the films’
color change can be detected by the consumer [35]. These changes may be the result of
the photodegradation of natural pigments (such as anthocyanins and betalains) in the films.
However, the AE values of the BLE and BEE films remained stable from day 2 until day 60 (p >
0.05) when they were stored at 4 °C under the presence or absence of light. It can be concluded
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that if the BLE and BEE films are stored under refrigeration conditions, the films color changes
will not be directly associated with the photodegradation due to light exposure, but rather to
changes to the food product quality. This result is in accordance to Etxabide et al. [36], who
studied the color stability of anthocyanins and betalains containing colorants under different
storage conditions for the development of intelligent packaging. They concluded that the color
remained stable under 4 °C and no light incidence storage conditions for 28 days, although a
small color fading was observed during the final days. On the other hand, the AE results related
to storage at 25 °C under light storage conditions showed an evident increase in AE values
(p < 0.05), possibly due to BLE and BEE degradation (Figure 3). However, the BLE and BEE
films showed no significant differences (p > 0.05) in AE values after 60 days of storage at 25 °C
under no light conditions. Thus, an increase in temperature and exposure to light (e.g., during
food products transport chain), which could compromise the food quality, could be detected
by both films studied. Gao et al. [37] also concluded that the AE of intelligent films based on
Car incorporated with anthocyanins and betalains increased gradually with the extension of
storage time at 25 °C. The authors stated that the color stability decreased progressively, which
may be related to the oxidation and decomposition of anthocyanins and betalains. The results
of film stability as an intelligent indicator for monitoring hake spoilage during specific storage
conditions were very promising. However, it should be explored in more detail in future work.

B
W 4°C (lighty M 4°C (no light) ¢ 0 W 4°C (light)y ™ 4°C (no light)

I 25°C (light) M 25 °C (no light) I 5 I 25 °C (light) m 25 °C (no light)

2 5 10 15 60 2 5 10 15
Time (days) Time (days)

Figure 3. Total color difference (AE) of (A) the BLE and (B) BEE films during 60 days of storage
under different temperature and light conditions. Values are given as the mean £ SD (n = 9). The
blue line represents a AE equal to 5, a value at which the consumer can visually detect colorimetric
changes. ¢ Different letters at the same storage condition over time represent statistically significant
differences (p < 0.05).

3.2.3. pH-Sensitive Properties of the BLE and BEE Films

Figure 4 illustrates the visible color response (ranging from red to green color) of each
film sample when exposed to different buffer solutions (pH 2 to 14). The BLE film presented
a red color at pH = 2; a light purple color at a pH range of 4 to 7; a dark purple color at
pH = 10; a blue/green color at pH = 12, and yellow color at pH = 14 [5,12,38]. The color
parameter analysis of the BLE films showed that the L* value increased (39.13 £ 4.04 to
44.63 £ 5.87), and the a* (40.61 + 3.02 to 26.00 £ 2.23) and b* (26.27 £ 4.16 to 10.36 + 1.32)
values significantly decreased (p < 0.05) between pH 2 and 4. Therefore, in acidic solutions,
the BLE film showed a decrease in its red color and an increase in its blue color. The values
of the L*, a*, and b* parameters remained similar (p > 0.05) between pH 4 and 10, which
showed that the BLE film did not change its color under this pH range. As the pH value
increased from 10 to 12, the L* values increased (45.05 + 2.29 to 51.05 + 3.35), and the
a* (28.66 £ 2.21 to 7.60 £ 5.81) and b* (9.66 + 1.99 to 3.85 +£ 2.39) values dropped sharply.
Thus, it can be concluded that the BLE film showed a more intense blue color, as can be seen
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in Figure 4. During the pH transition from 12 to 14, the L* value increased (51.05 £ 3.35
to 62.18 + 5.03), the a* value decreased (7.60 + 5.81 to 5.03 + 1.54), and the b* value
increased (3.85 + 2.39 t0 26.98 + 3.68). These results demonstrate that the film became more
yellow. Research has shown that the color stability of the anthocyanins present in blueberry
is influenced by external conditions such as pH, storage temperature, and incidence of
light [7]. Indeed, anthocyanins are more stable in acidic than in alkaline solutions. The
flavylium cation form of anthocyanins is stable under acidic solutions, with its double
bonds prone to conjugation (e.g., cation hydration), forming the carbinol basic form (pink-
light violet color). At pH 10, anthocyanins are in the quinoidal base form due to cation
deprotonation, leading to a color change to violet. At pH 12, a color change to blue-green is
observed, since the quinoidal anhydro base form occurs by deprotonation from the oxygen
and carbon ring. Finally, the retro-chalcone formation occurs at pH 14 through carbinol
tautomerization, which is responsible for the appearance of a yellow-green color [39]. Ma
et al. [40] reported similar color changes of polyvinyl alcohol-chitosan films containing
anthocyanins from mulberry, while Choi et al. [12] observed color changes of agar/potato
starch films incorporating anthocyanin extracts (from purple sweet potato) from bright red
at pH 2, to pink at pH 34, to brown at pH 5-6, and finally to greenish-brown at pH 9-10.

-~ epam

Figure 4. Color changes of the BLE and BEE films as a result of the contact of different buffer solutions
(pH 2 to 14) to the films.

pH 4 pH 7 pH 10 pH 12 pPH 14

Regarding the BEE films, they exhibited a pink-purple color when the films were in contact
with buffer solutions ranging from pH 2 to 10 (Figure 4). At this pH range, the L*, a*, and b* values
did not present statistically significant differences (p > 0.05), concluding that the BEE film did not
present visible colorimetric changes under these conditions. When the pH values changed from 10
to 12, the L* value increased (55.08 + 1.51 to 60.17 + 6.27), and the a* (44.55 + 3.37 to 21.97 + 3.54)
and b* (4.94 £ 1.23 to 3.37 &= 1.72) values decreased, which means that the BEE film had a higher
lightness and showed a green-blue color. At pH 12 to 14, the color film changed to yellow. In this
case, the L* value (60.17 = 6.27 to 74.50 £ 2.22) continued to increase, the #* decreased significantly
(21.97 £ 3.54 to 1.07 £ 3.26), and b* increased significantly (p < 0.05) (3.37 = 1.72 to 23.06 =+ 1.94).
Beetroot contains two groups of betalain pigments: red-violet betacyanins (at pH 4 to 10) and
yellow betaxanthins (at pH > 10). Betalains are relatively stable at a pH range of 2 to 10, unlike
anthocyanins [28]. For this reason, it is not easy to visually distinguish the film color change over
a wide range of pH values, with the most visible change between pH 10 and 12. Similar to our
results, Wu et al. [13] described the color changes of LGB/ polyvinyl alcohol films incorporating
betacyanins (from cockscomb flower) at different pH. The films exhibited stable reddish-purple
colors at pH 3 to 8 and turned light brown or light purple at pH 9 to 12. These color changes
were related to the structural degradation of betacyanins in alkaline solutions. Thus, it can be
concluded that the color of all films tested were strongly pH-dependent, showing their potential
to be applied in the intelligent packaging field [5,28].

3.2.4. Films Response to Ammonia Vapor

Generally, the spoilage of many protein-rich animal foods can produce a high amount
of volatile nitrogenous compounds (e.g., ammonia, dimethylamine, and trimethylamine)
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due to the deterioration of proteins, which directly affect the food products” pH status [9].
Thus, all films were exposed to an ammonia solution to simulate the volatile nitroge-
nous compounds released from food products presenting a high protein content, and the
colorimetric film response was evaluated.

As shown in Table 2, the control film’s color did not change over time, and the a*
and b* values remained nearly constant (p > 0.05). As expected, the BLE film showed a
significant color change from pink/violet to blue after 10 min, and pale green/yellow after
60 min when exposed to ammonia vapor. Accordingly, the a* and b* values significantly
decreased (p < 0.05) after 30 min of exposure time, which means that the BLE film became
blue/green. After 30 min, the blue/green color of the film started to fade, and some
grey color portions began to appear (Table 2). The a* and b* values increased, which
consequently led to a decrease in the green and blue color. After 60 min, there was a
decrease in the a* and b* values again, but at 120 min, they increased again, causing another
considerable color change in the film (blue to pale green/yellow). The mechanism that
possibly explains these color changes is the fact that ammonia can diffuse through the
films, combining with water molecules and subsequently hydrolyzing into hydroxyl ions,
producing an alkaline environment in films. As previously discussed, BLE films, as exposed
to increasingly alkaline conditions, change their color from pink/violet to blue, and finally,
to green/yellow [41]. Jiang et al. [33] also reported that the film color from carboxymethyl-
cellulose/starch/purple sweet potato anthocyanins changed from red to green after 60 min
of exposure time to ammonia. Other research has shown a significant color change from
reddish/pink to pale green of methylcellulose/chitosan nanofiber/barberry anthocyanin
films after 15 min, and to yellow after 30 min when exposed to ammonia vapor [42].

Table 2. Color response of the control, BLE, and BEE films to ammonia vapor.

Control Film BLE Film BEE Film

Time Film " " Film " " Film " "
(min) Photo a b Photo a b Photo a b

0 025+0.07% 432-+0502 . 4349 +3.44° 542 +£2.102 n 46.09 £ 4532  —4.96 + 0.52 2
10 0.13+0.05%  4.00+0.392 . 334+231°P —11.59 + 093P . 33.61+3772 —570+1.01P
20 0.174+0.042  371+0.192 - 025+ 094° —635+121b ' 2735+ 4510 4454121 4b¢
30 016 £0.07®  3.67+0592 . 0.62 0.65 b¢ —3.41+1.79bc 3050 +£327b —3.83+0.78
40 0.16 £0.062  4.00 £ 0.682 . 1.54 + 1.77 bed 2.22 4+ 5.38bc . 2827 + 412 224 +1.382d
50 0.17 £0.062  4.15+0.462 . 1.52 + 1.32 bed 545+ 4.33°¢ . 2991 +261P  —1.82+1.07
60 0.17+0.052 413 +0312 . 0.83 4 1.07 bed 5.02 + 3.88 ¢ . 26.85+7.00° —1.18+0.824

\’- 2

120 0.09+£0.102  3.99+0.362 421+1274 13.83 +4.10¢ ; 2598 +5.22b 34042024

a-d Different superscript letters in the same column indicate significant differences between samples (p < 0.05).
Regarding the BEE film, the colorimetric changes were not visually significant (p > 0.05),

as shown in Table 2. The films showed a pink/violet color during 120 min when exposed
to ammonia. Overall, the a* value decreased and the b* value increased during the exposure
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time, which allowed for an increase in the green and yellow color of the BEE film, despite not
being easily visible. The ammonia diffusion on the film surface caused alkalinization of the
environment, which led to the degradation of betacyanins, changing the red color into colorless
cyclo-dopa-5-O-(malonyl)-3-gucoside and yellow betalamic acid, consequently inducing minor
colorimetric changes in the film [23,43]. Naghdi et al. [44] developed a starch film containing
paper flower betacyanin and reported the film'’s sensitivity to ammonia gas as the color changed
from pink to yellow after 30 min of exposure. Qin et al. [23] observed that the pink color of the
polyvinyl alcohol film/starch with red pitaya betalains faded after 10 min of exposure, and the
yellowness degree gradually intensified after 20 min. Despite these results being obtained by
other researchers, the BEE film developed did not significantly display color changes compared
to the BLE film. This can be due to several factors: the amount of betalains incorporated in the
film, the polymeric base used in the bio-based film development, and the time of exposure to
ammonia or the ammonia solution concentration used.

The real-time, immediate, and sensitive reactions of colorimetric films are important
properties of the color and pH-sensing intelligent packaging applications. As a result, the
BLE film showed the most evident colorimetric differences in a short time of exposure to
ammonia compared to the BEE film. Thus, BLE could be applied to protein-rich animal
food to monitor its freshness.

3.2.5. Water Contact Angle (WCA), Moisture Content (MC), Water Solubility (WS), and
Water Vapor Permeability (WVP)

The films’ hydrophobicity was assessed through the measurement of the contact angle
of water drop on the surface of the films. All WCAs measured were less than 90 °C, which
indicated that the surface of all films had a hydrophilic character [37,45]. This result could be
related to the presence of free hydrophilic groups on the surface of the LBG/Car film, which
make the film more hydrophilic [37]. Moreover, no significant differences were observed be-
tween the control film (34.50 4= 5.51°) and the other films (i.e., BLE (41.43 £ 3.32°) and BEE
(30.62 £ 3.62°) film samples (p > 0.05)). However, the BLE film presented a higher hydrophobic-
ity (i.e., higher WCA value) than the BEE film (p < 0.05). Wu et al. [46] reported similar results
and concluded that the addition of polyphenols (such as anthocyanins) into polysaccharide-
based films led to the formation of hydrogen bonds and non-covalent hydrophobic interactions.
Luchese et al. [47] also described that adding blueberry residue to starch films increased the
WCA, and consequently, the film hydrophobicity.

As shown in Table 3, the MC values of the BLE and BEE films were not significantly
different from the MC values of the control film (p > 0.05). These results were different from
the ones reported by Zhai et al. [48]. The authors showed a significant decrease in the MC of
the starch/polyvinyl alcohol-roselle anthocyanins films, which was attributed to the interactions
between the film matrix and anthocyanins that decreased the availability of hydroxyl groups in the
matrix to interact with the water molecules. The MC of the BEE films were lower than the MC of
the BLE films (p < 0.05) (Table 3). This is possibly because less hydroxyl group interactions between
the water molecules and BEE films occurred compared to BLE [5,49]. Similarly, Jamréz et al. [17]
verified that the MC significantly decreased in furcellaran films by adding BEE.

Table 3. Moisture content (MC), water solubility (WS), water vapor permeability (WVP), tensile
strength (TS), and elongation-at-break (EB) of the control, BLE, and BEE films.

Films MC WS WVP x 1010 TS EB
(%) (%) (gm-1s-1Pa-1) (MPa) (%)
Control 21.05+ 1302 94414+ 0.01° 2.09£0.29° 11.70 £3.38 2 16.50 +1.48 2
BLE 23.54 +£0.98 2 39.66 £0.11° 2.30£0.58 2 40.26 +5.79 P 2839 +1.19°
BEE 18.23 +1.47° 92.90 4+ 0.03 P 313+ 046" 2283 +£275°¢ 27.76 +0.90

2= Different superscript letters in the same column indicate significant differences (p < 0.05).

The film solubilization starts with water access into the biopolymeric matrix, followed
by a breakdown of hydrogen bonds and Van der Waals forces between the chains of
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biopolymers [50]. The WS results are shown in Table 3, and it is possible to observe that the
control and BEE films lost their integrity after 8 h. This may be due to the high number of
hydrophilic groups, which can form strong hydrogen bonds with water molecules, leaving
the films very hydrated. On the other hand, the incorporation of BLE on the film led to
a significant reduction in the WS values obtained (p < 0.05) compared to the other films
(Table 3). This could possibly be explained by hydrophobic groups present in BLE, which
decreased the film’s ability to form bonds with water molecules. Thus, interaction between
the phenolic compounds in BLE with the hydroxyl groups of the LBG and Car matrix led to
a more compact inner-structure formation, with stronger bonds. Huang et al. [27] reported
a similar WS behavior of an agar-based film incorporating Arnebia euchroma root extracts
rich in anthocyanins, concluding that the WS was reduced significantly due to the addition
of water-insoluble extracts.

The WVP is an important feature in food packaging, which assesses the water barrier
properties of the film. Many films used in the food industry must have reduced low WVP
values to delay food deterioration and to extend its shelf life and ensure its quality [44].
Furthermore, it has been described that the thickness, film matrix integrity, and interactions
between the functional groups of film components can influence the films” WVP [23,44].
The results obtained for the control, BLE, and BEE films are shown in Table 3. The addition
of BLE to the biopolymer-based matrix did not cause a significant effect on the WVP values
of the films (p > 0.05). As previously discussed in the WCA, WS, and MC results section,
the BLE can possibly form intermolecular interactions with LBG and Car, which limited
the interactions between water vapor and film matrix [49]. Gao et al. [37] also reported
that the addition of an anthocyanin-rich purple sweet potato extract had no significant
effect on the WVP of the Car-based film. On the other hand, in our study, a significant
increase in the WVP values were observed (p < 0.05) when the BEE was incorporated into
the LBG/Car film matrix. It is possible that the increase in the WVP can be attributed to
the BEE hydrophilicity (in agreement with WCA, WS, and MC results) and the increase
in micro-paths in the network microstructure, which facilitated the diffusion of water
molecules through the matrix. Zamudio-Flores et al. [51] determined that the addition of
a beet extract significantly increased the WVP of oxidized starch films, which was also
attributed to the hydrophilic property of the betalains present in the extract composition.

3.2.6. Mechanical Properties

The intelligent film must have enough strength to withstand the mechanical stress to
suit its application and retain its integrity during transport and storage [21].

The effect of the incorporation of the extracts on the mechanical properties (TS and EB)
of the biopolymeric matrix are shown in Table 3. The incorporation of the BLE and BEE ex-
tracts into film significantly increased the TS and EB values compared with the control film
(p <0.05). This result may be related to the reduction in intermolecular interactions between
the LBG and Car, improving the chain mobility and the overall film elasticity. Additionally,
the observed increase in TS and EB values may be associated with the interactions between
the phenolic compounds and LBG/Car groups. Accordingly, the internal structure of the
film matrix with the addition of natural extracts changed, becoming more compact and
able to withstand higher mechanical forces [17,37]. Zhang et al. [52] showed a significant
increase in the TS and EB values in starch/polyvinyl alcohol incorporating anthocyanin-
rich purple potato. Qin et al. [23] found a similar trend when betalains from red pitaya
peel were incorporated in a starch-polyvinyl alcohol matrix. The authors stated that the
increase in the film mechanical strength film was due to a weakening of intermolecular
forces between adjacent macromolecules, which facilitated the motion of polymer chains.

3.3. Monitoring Hake Fish Freshness Using the Developed Colorimetric Films
3.3.1. Selection of Colorimetric Film to Be Applied in Fish Freshness Study

The BLE and BEE films were tested as freshness indicators during hake storage at 4 °C.
Overall, it was possible to observe gradual colorimetric changes of both films at 4 °C (Figure 5).
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According to previous reports, a AE value higher than 5 can be detected by the human eye.
However, only values above 12 represent an absolute difference in color, which is very noticeable,
even by untrained panelists/consumers [27,30]. The BLE film showed more distinguishable
color variations to the naked eye (i.e., AE > 12) on day 2 of storage when compared to the
BEE film (AE around 5.4). At day 6, a significant increase in AE values (p < 0.05) occurred in
both films, with colorimetric changes easily detectable. Similarly, Zhai et al. [48] reported that
films based on starch/polyvinyl alcohol incorporated with roselle anthocyanins changed their
color from the initial pink to purple in 34 days and to green after 6 days of fish storage at
4 °C. Qin et al. [23] also described that the color of starch/polyvinyl alcohol films incorporating
betalains from red pitaya changed from purple to yellow after fish storage at 4 °C for 8 days.
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40 A b
b

35 A

30 A

25 4

20 H b

15 a a a
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1 2 3 6 7
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Figure 5. Color changes (AE) of the BLE and BEE films during fish storage during 7 days at 4 °C.
Values are given as the mean + SD (n = 3). ¢ Different letters indicate significant differences between
the same film sample over time (p < 0.05).

Both colorimetric films displayed continuous color changes within the fish shelf life, suggest-
ing that they are capable of indicating the real-time fish freshness [48]. However, the BLE film
color change was more easily detectable early on (day 1) than the BEE film (day 2). Moreover, it
was possible to observe a significant perceptible color change (p < 0.05) of the BLE film on day 3.
These results could be due to the anthocyanin-rich BLE’s ability to detect more easily and react
faster with volatile compounds than betalain-rich BEE. Thus, the BLE film would be more suitable
for monitoring real-time fish freshness in the early days of storage than the BEE film. Hence, we
decided to only apply the BLE film as an intelligent freshness indicator for the hake samples to
evaluate other parameters (i.e., microbiological, pH, and TVB-N) during storage.

3.3.2. Relationship between Color Changes of Freshness Indicator Film and
Microbiological and Physico-Chemical Characteristics of Fish during Storage

Microbiological spoilage is one of the main factors in which to monitor fish quality
during cold storage since seafood is very perishable and susceptible to microbial deteriora-
tion. This is mainly due to its higher water activity (fundamental factor for the growth and
survival of microorganisms), high fat content (favorable to oxidation), and neutral pH val-
ues (useful to the development and growth of most microorganisms) when compared to
other food products [30,44].

Therefore, the microbiological quality of the hake samples was assessed as a function
of storage time. During hake storage, the microbial load increased (p < 0.05), being equal
to 8.61 4- 0.21 log CFU g~ ! on the last day of storage (day 7) (Figure 6A). As the storage
time increases, microorganisms generally grow faster and generate various metabolites
responsible for off-odors, off-flavors, texture, and color changes, resulting in sensorial rejec-
tion by the consumer [44,52]. Fish is considered tobe acceptable for human consumption
if the samples’” microbial load does not exceed 7.0 log CFU g~!, the maximum accepted
value for marine species [53]. As can be observed in Figure 6A, this limit was exceeded
between days 3 and 4 of storage at 4 °C, pointing out that the hake samples had lost their
quality /freshness and were no longer suitable for consumption. Huang et al. [27] described
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a novel colorimetric indicator based on agar incorporated with anthocyanin extracts for
monitoring fish freshness at 4 °C. They concluded that the fish samples were not suitable
for consumption (7.11 log CFU g~!) after 5-6 days.
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Figure 6. (A) Total viable count (TVC) of the hake samples stored for 7 days at 4 °C. The dashed
horizontal line represents the maximum acceptable intake limit value (7 log CFU g~!. Values are the
average £ SD (n = 6). (B) TVB-N levels of the hake samples during storage at 4 °C. The acceptable
TVB-N limit for fish consumption (35 mg TVB-N/100 g) is represented by the dashed horizontal line.
Values are the average 4= SD (1 = 3).

Volatile amines such as ammonia, di-, and trimethyl amine, collectively recognized as
TVB-N, are produced due to fish proteolysis during storage. For this reason, it is considered
an important parameter indicative of muscle tissue degradation and the degree of fish
freshness [30,44]. Usually, microbiological spoilage leads to an increase in TVB-N content
because numerous enzymes produced by microorganism in the fish post-mortem phase
will degrade the protein present in fish muscle tissue, and consequently, an unpleasant
fish taste and odor will develop [5]. The average TVB-N values obtained throughout
the storage of the hake fish samples at 4 °C are shown in Figure 6B. The TVB-N content
increased significantly throughout the storage period (p < 0.05). On the last day of storage,
the TVB-N values reached 66.78 £ 4.81 mg/100 g. This result agrees with the increase in
the microbial growth on the fish samples (Figure 6A), which is related to the microbial
activity and action of endogenous enzymes [23,27,30,44]. According to Regulation (EU)
No. 2019/627, the TVB-N limit value for species belonging to the Merlucciidae family to be
considered fit for human consumption is 35 mg/100 g [54]. Thus, hake samples exceeded
the maximum TVB-N limit of acceptability after 4 days of storage (Figure 6B). Furthermore,
it was also noticed that the lapsed time to reach the maximum TVB-N limit of acceptability
(day 4) (Figure 6B) and TVC threshold (between day 3 and 4) (Figure 6A) was very similar.
This phenomenon has previously been observed by other researchers who stated that the
generation of TVB-N inherently follows the increase in microbial population [27].

One of the parameters associated with fish freshness and quality is the pH value. The
initial pH value of the fresh hake was 6.60 £ 0.04, which gradually increased to 8.02 + 0.03,
on day 7 (Table 4). The pH increase may be correlated to compounds (such as ammonia and
amines) generated from protein degradation in hake muscle, resulting from endogenous
and microbial proteolytic enzyme activity [30,37,52]. The hake samples presented a higher
pH value on day 4 compared to previous days (p < 0.05) (Table 4). The obtained pH result
showed a good connection with the microbiological analyses and TVB-N results, since the
threshold of the recommended TVC and TVB-N limits for fish freshness were also reached
at day 4 of storage (Figure 6).
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Table 4. pH values of hake and the color parameters (L*, a* and b*) values of the BLE film during

storage at 4 °C.

ST : : : n P
0 6.60 + 0.04 2 62.86 +3.002 2791 +1.982 0.58 +0.972 . Fresh
2 6.87 +0.03P 50.89 £4.042 20.56 +£1.372 3.09 +£0.592 . Medium fresh
3 6.68 + 0.06 @ 46.47 £1.41°2 21.59 4+ 4.31 b 2.88 +£0.552 . Medium fresh
4 7.04 £0.03¢ 55.41 +10.752 19.25 + 6.03 b 2.69 +0.232 E Spoiled
6 7.92 +0.04 9 5740 £9.342 1.04 +£0.44°¢ 286 +2712 . Spoiled
7 8.02 +0.034 57.14 £5592 1.11 +0.16 € 3.12+2932 - Spoiled

a-d Different superscript letters in the same column indicate significant differences (p < 0.05).

Regarding the BLE film colorimetric performance, the results showed remarkable
color changes during the storage period (Table 4). The film color change from pink/purple
(days 1 to 3) to blue/green (day 7) may be due to the pH sensitive characteristic of BLE
films. No significant differences in the film brightness (L*) values were observed (p > 0.05)
during storage (Table 4). It was also possible to observe that the a* value decreased
significantly (p < 0.05) over 7 days, indicating a considerable loss of the film’s red color. It
is possible that an increase in TVB-N released from the hake samples led to an increase in
pH values, resulting in film color changes. According to the Table 4 results, the color of
the film changed from pink to light purple from 0 to 4 days of storage, with the a* values
significantly decreasing (p < 0.05) during this time period. Meanwhile, the TVB-N levels
of hake increased from 10 to 36 mg/100 g, suggesting that the hake was spoiled and not
safe for consumption (Figure 6B). Thus, it was possible to observe a correlation between
the changes in the indicator film color and changes in TVB-N in hake. The reduction
in hake freshness due to the microbial growth in muscle tissue (i.e., TVC increased) led
to the release of increasing amounts of TVB-N (such as ammonia, trimethylamine, and
dimethylacetamide) [50]. It is possible that these basic compounds were detected by
anthocyanins present in BLE, leading to changes to the anthocyanins’ chemical structure
(i.e., flavylium cation converted into quinoidal bases), and consequently decreasing the
a* values of the films. Regarding the b* parameter, there was no significant differences
(p > 0.05) during storage (Table 4). Similarly, Qin et al. [5] also described a color variation
from purple to green/yellow of cassava starch with anthocyanins, in accordance with the
change in pH and TVB-N values of pork during storage. Furthermore, a starch/polyvinyl
alcohol film incorporated with roselle anthocyanins that changed color from pink/purple
to green when in contact with spoiled fish has been reported [48]. The most noticeable color
change for the human eye to recognize occurred on day 4, corresponding to the period
when the fish was considered to be unsuitable for consumption (Table 4).

Although intelligent bio-based films have been developed in recent years for moni-
toring fish freshness, to the best of our knowledge, hake freshness monitoring films that
are fully bio-based have not been developed yet. Moreover, studies related to the effects of
light and temperature on the stability of film indicators, especially those developed with
BLE, are limited. Hence, we report in this work an alternative and stable intelligent film for
hake pH monitoring based on Car, LBG, and BLE, which has been successfully applied as a
natural pH indicator.

The BLE-based film indicator can be integrated into packaging as a sticky label fixed
to the headspace of a transparent package to monitor seafood freshness. For instance, a disc
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of BLE-based film with a printed ring presenting a reference color scale around it should
be used for purposes of comparison.

4. Conclusions

Novel colorimetric LBG/Car-based films incorporating BLE or BEE as freshness
indicators were successfully developed in the present work. The developed bio-based
films demonstrated a high sensitivity to pH and TVB-N content changes with a visible
transformation from a pink to red or yellow color under acidic or alkaline environments,
respectively. Moreover, the color stability test showed that the colorimetric films were
stable within 60 days at 4 °C. Based on the physicochemical properties of the developed
films, the BLE film was chosen in order to evaluate its ability to monitor the hake quality
during storage. The mechanical properties of the control films were enhanced when
BLE was incorporated into the films as the EB and TS of the films increased 58% and
29%, respectively. Moreover, the results showed that films containing BLE became more
hydrophobic (WCA = 41.43 +£ 3.32°) than the control film (WCA = 34.50 £ 5.51°), which
could be advantageous since water is an accelerating agent in the food deterioration process.
The hake application trial suggests that the visible color transition point of the colorimetric
BLE film is correlated with the loss of fish freshness due to the spoilage process over the
storage time as verified by the TVC, TVB-N, and pH results. The BLE film color changed
from pink to light purple after 4 days of storage, which could be observed with the naked
eye, showing the shift in hake from fresh to spoiled.

In summary, this work reveals the great potential of LBG/Car-based films incorpo-
rating BLE as a dynamic colorimetric indicator suitable for sensing the actual condition
of packaged and refrigerated hake, which might to some extent contribute to a reduction
in food waste. Future research on the industrial use of the developed film freshness indi-
cator including scale-up processing methods and validation tests under different storage
conditions to avoid any false negative should be conducted. Furthermore, assessment of
the film’s ability to act as indicators of freshness when applied to other protein-based food
products such as meat should be explored.
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Abstract: (1) Background: Cultivating microgreens is emerging as an excellent market opportunity.
Their easy, short, and sustainable production methods are the main reasons they are approved by
growers. However, a feature that still prevents its further spread is the microbiological risk and
their rapid senescence. The present study was conducted to evaluate the post-harvest storage and
shelf life of arugula microgreens in different packaging through microbiological, physico-chemical,
and sensory parameters; (2) Methods: Plants were stored at 5 °C in open air, vacuum sealed, and
under modified atmosphere bags and tested at 0, 3, 5, 7, and 10 days; (3) Results: Microgreens
stored in all packaging were safe for consumption within ten days. Regarding physical and chemical
parameters, open packaging proved to be promising, with less weight loss and slower chlorophyll
degradation. The sensory analysis demonstrated that the microgreens stored in the vacuum-sealed
packaging showed a decrease in quality from the fifth day onwards for all attributes. However, the
MAP presented good scores with a better visual quality, similar to the fresh microgreens.

Keywords: Brassicaceae microgreens; packaging; shelf-life assessment; microbiological analysis;
physico-chemical parameters

1. Introduction

Arugula is one of the most consumed vegetables from the Brassicaceae family in the
world [1,2] and the intensity of its aroma, pungency, and crunchiness seem to be decisive
in consumer acceptance [3]. Microgreens of this vegetable are consumed fresh in salads but
are also served as a garnish in other dishes, such as soups and sandwiches [4]. These plants
contain significant amounts of important bioactive compounds and minerals [5], often being
higher than adult plants of the same species [6], since they receive only light treatments [7]
and are preceded by the germination stage [8]. This crop has a fast production cycle [9]
and can be produced in greenhouses, in soil, or, more commonly, in soilless systems using
solid organic or inorganic growing media or hydroponics [10], demonstrating the potential
of these products to adapt the production of leafy vegetables to different scales [11]. If they
are produced hydroponically, the soil is replaced by a substrate and seedlings are fed with
a solution containing all the essential elements for their growth [12], allowing them to be
grown organically [13]. Komeroski et al. [14] showed a high 45 protein, total fiber, and
soluble fiber content of arugula microgreens grown using this system.

Choosing a culture medium with adequate microbiological characteristics is extremely
important to ensure the safe consumption of microgreens, since the chosen medium may
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represent a contamination source [15]. For example, heat and humidity are the same ideal
growth conditions for microgreens and pathogens such as Salmonella, Listeria, and E. coli
0157:H7. These bacteria can infect seeds through small cracks and multiply to high levels
during sprouting [16].

Before harvest, the greatest risks of contamination are related to irrigation water,
substrate, and other factors [15]. In this regard, a delicate balance is required to maintain
lower temperature (0-5 °C) and humidity conditions (50-85%) that optimizes the quality
retention and microgreens shelf life while discouraging the growth of microbes and human
pathogens [17]. However, data on potential microbiological hazards post-harvest are
lacking. Currently, this type of product is packaged for subsequent sale without any
disinfectant treatment, increasing consumer health risks.

According to Mir et al. [18], advances in packaging technology will help maintain the
quality of microgreens for longer periods and extend their shelf life. In addition to quality
parameters, functional information from these plants will help select the specific crop for a
particular type of storage.

Modified atmosphere packaging (MAP) extends shelf life by ensuring persistent
storage temperature and limited oxygen or moisture flows [19] by changing the gas com-
position, creating an appropriate atmosphere inside the packaging film, and effecting
the integrity of the leaf tissue membrane [20]. Nowadays, it is one of the most effective
technologies in maintaining the quality and extending the shelf life of fresh produce [21].

This work goal was to evaluate the post-harvest storage and shelf life of arugula
microgreens in open, vacuum-sealed, and modified atmosphere packaging through micro-
biological, sensorial, and physico-chemical analysis.

2. Materials and Methods
2.1. Growing Conditions

Arugula (Eruca sativa L.) seeds were purchased from Isla Sementes® Ltda. (Rio Grande
do Sul, Brazil). The cultivation was carried out at the Laboratory of Bioactive Compounds
of the Institute of Food Science and Technology of the Federal University of Rio Grande do
Sul (ICTA /UFRGS) according to the methodology proposed by Di Gioia et al. [10], with
some modifications:

Seeds were placed in Green-up® phenolic foams with central holes and soaked in
water for 48 h to promote germination according to the supplier’s recommendation. The
cultivation system used was floating hydroponic. In this case, these sown foams were
placed on top of perforated polystyrene boards and irrigated using a nutrient solution
prepared with potable water containing (mg L~!) 6% nitrogen, 9% phosphorus, 29%
potassium, 2.7% magnesium, 5% sulfur, 0.2% iron, 0.05% manganese, 0.02% zinc, 0.05%
boron, 0.03% copper, 0.002% cobalt, 0.006% nickel, and 0.01% molybdenum. An air pump
was used to oxygenate the nutrient solution. Seeded trays were kept at 25 °C in a controlled
environment and were exposed to sunlight for a 12 h photoperiod.

Microgreens were harvested after 14 days of germination, cutting the plants manually
with scissors a few millimeters above the phenolic foam.

The microgreens were packed (30 g) in polypropylene bags ((15 x 20 x 1.2 cm; OTR
50 cm3/m? /24 h/bar at 23 °C and 75% RH; residual pressure in the vacuum package
was <100 Pa; 12 mm of thickness)-TecMaq®, Sao Paulo, Brazil) in different forms: open
packaging (Open), the plastic bag remains with the upper side open; vacuum sealed
packaging (Sealed), using the Fastvac® sealer (model TM 250, TecMaq®, Sao Paulo, Brazil),
and modified atmosphere packaging (MAP), in the same equipment, with the following
gas composition: 5% carbon dioxide, 2.1% oxygen, and 92.9% nitrogen, as recommended
by Chitarra and Chitarra [22]. They were then stored at 5 °C in a climate chamber (model
NL-41-ALT, New Lab®, Sdo Paulo, Brazil) under a 12-h photoperiod (light/dark cycle) for
ten days. Sampling was performed after 3, 5, 7, and 10 days of storage. Three packs were
sampled at each time and analyzed as independent replicates for shelf-life evaluation.
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2.2. Microbiological Analysis
2.2.1. Salmonella spp. and Listeria monocytogenes Analysis

The isolation of Salmonella spp. and Listeria monocytogenes in samples of microgreens
stored in open, sealed, and modification atmosphere bags for 0, 5, and 10 days was
carried out according to the ISO 6579-1:2017/ Amd 1:2020 [23] and ISO 11290-1:2017 [24]
methodology, respectively.

For Salmonella pre-enrichment, 10 g of the sample was added to 90 mL of buffered
peptone water (BPW; HIMEDIA®) and incubated at 37 °C for 24 h. Subsequently, selective
enrichment was carried out in Muller Kauffmann Tetrationate Broth (MKTTn; HIMEDIA®,
Kelton, PA, USA) at 37 °C for 24 h and Rappaport-Vassilidis Soy Broth (RVS; HIMEDIA®)
at 37 °C and 43 °C for 24 h. Then, seeding was carried out on Xylose Lysine Desoxycholate
Agar (XLD; KASVI®, Parana, Brazil) and Hektoen Enteric Agar (HE; HIMEDIA®) plates,
both being incubated at 37 °C for 24 h [25]. Typical colonies were selected and subjected to
identification through proteomic analysis using matrix-assisted laser desorption/ionization
mass spectrometry and time of flight (MALDI-TOF/MS), model Autoflex Speed (Bruker
Corporation, Bremen, Germany), following the method of Barbosa et al. [26].

For Listeria pre-enrichment, 10 g of the sample was added to 90 mL of Half-Fraser
broth (HIMEDIA®) and incubated at 30 °C for 25 h. Subsequently, sowing was carried
out on Listeria Ottaviani & Agosti (ALOA®) and OXFORD® agar plates, incubating at
37 °C for 24 h to 48 h. Furthermore, 100 uL of the contents of the pre-enrichment tube were
transferred to 10 mL of Fraser broth and incubated at 37 °C for 24 h. Afterward, seeding
was carried out on ALOA® and OXFORD® plates incubated at 37 °C for 24 to 48 h [25]. All
experiments were performed in duplicate.

2.2.2. Total Enterobacteriaceae and Escherichia coli Count

Total Enterobacteriaceae and Escherichia coli in samples of microgreens stored in open
air, sealed packaging, and under a modified atmosphere for 0 and 10 days was determined
according to the Petrifilm™ method [18]. Subsequently, the plates were incubated at 35 °C
for 24 h to count total Enterobacteriaceae and 48 h to count Escherichia coli [25]. Experiments
were performed in duplicate.

2.2.3. Mesophilic, Psychrophilic, and Molds and Yeasts Count

The total count of mesophilic, psychrophilic, and molds and yeasts in samples of
microgreens stored in open air, sealed packages, and under a modified atmosphere for 0,
5, and 10 days was determined according to the plating methods APHA 08:2015, APHA
13.61:2015, and APHA 21:2015, respectively. The following media and incubation conditions
were used: Plate Count Agar (PCA) for mesophilic (35 °C for 48 h) and psychrotrophilic
(7 °C for 10 days) and Dichloran Rose Bengal Chloramphenicol (DRBC) agar plates for
molds and yeasts (25 °C for 5 days). The results were expressed as log CFU/g [25].
Experiments were performed in duplicate.

2.3. Physicochemical Analysis
2.3.1. Color

Microgreen samples were measured using a colorimeter from Konica Minolta®-
Osaka/Japan (model Chrona Meter CR400). This equipment identifies the color spectrum
in a three-dimensional system (CIE standard illuminant D65 and standard observer 10),
with the vertical axis, “L”, referring to the color of the sample from black to white; axis “a”,
from green to red; and axis “b” from blue to yellow. The L-axis ranges from 0 to 100, with
values over 50 being the lighter samples and below 50 the darker samples. All readings

were performed in triplicate.

2.3.2. pH, Soluble Solid Content and Titratable Acidity

Microgreens were ground in a tissue homogenizer Ultra Turrax IKA® (model T25,
IKA, Sao Paulo, Brazil) in a ratio of 1:5 (leaves:water) and then filtered, and its pH was
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measured at 25 °C using a Satra® pH meter (model pHS-3E, Pré-Anélise, Porto Alegre,
Brazil). The Brix® were measured using an Atago® refractometer (model PAL-3, Atago,
Sao Paulo, Brazil) according to the AOAC methodology [27]. The titratable acidity (TA)
was measured by titrating a 10 mL aliquot of microgreen juice extracts with 0.1 mol/L
NaOH to the end point of pH 8.2. The results were expressed as the concentrations of (H")
in the unit of mol/L based on the fresh weight mass of the sample [28].

2.3.3. Weight Loss

Weight loss was performed by scaling the microgreens before and after storage. Weight
loss was computed according to the following formula [29]:

Weight loss (%) = (mp — m1)/mg x 100% 1)

where:
m = the weight (g) of microgreens before storage
m; = the weight (g) of microgreens after storage

2.3.4. Chlorophylls

The samples (0.4 g) were macerated with 10% (w/v) of 80% (v/v) acetone-water and
then vortexed for 10 min. The homogenized tissue was centrifuged (5000 x g for 15 min)
and the supernatants were filtered. Samples were analyzed in UV-VIS spectrophotometer
with the absorbance of the solution mixture at 647 nm for chlorophyll “a” and 663 nm
for chlorophyll “b”, and the concentration was determined using the CHLs equations,
according to method of Lichtenthaler and Wellburn [30]. The results were expressed on a
dry basis.

2.4. Sensory Evaluation

Fresh (control, harvested on each day of analysis) and stored microgreens (3, 5, and
7 days) were submitted to sensory analysis at the Laboratory of Sensory Evaluation of
the Food Science and Technology Institute (ICTA) of UFRGS to evaluate the following
attributes: appearance, texture, taste, odor, color, and overall acceptance.

40 Adult judges of both genders (the average age was £34 years, ranging from 18-49;
72.5% of the judges (n = 29) were female while 27.5% (n = 11) were male) were randomly
and voluntarily recruited to receive a slice of approximately 1 g of each formulation, with
three-digit random codes, a glass of water to clean the taste buds, and an evaluation sheet
for sensory analysis, which contained a hedonic scale of nine points (1 = Dislike extremely,
9 = Like extremely). The analysis was carried out over a period of 20 min and the judges
signed the Term of Informed Consent in accordance with the rules of research involving
human beings.

This procedure was approved by the ethics and research committee of the UFRGS.
Number of the Certificate of Presentation of Ethical Review: 65303222.5.0000.5347.

To calculate the acceptability index (Al) of each treatment (>70% = well accept), the
following expression was used, as described by Viana [31]:

Al (%) = A x 100/B (1) @)

where:
A = average grade obtained for each treatment
B = maximum grade given for each treatment

2.5. Statistical Analysis

Data regarding shelf life in different packaging were subjected to two-way analysis
of variance ANOVA. The mean values were compared using Tukey’s test and separated
by a least significant difference test (p <0.05). Statistical analysis was performed using the
software Statistica 14.0.1.
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3. Results and Discussion

Microbiological analyses were performed to evaluate the contamination of the growing
media and microbial growth levels on microgreens stored in different packaging. Salmonella
spp. and Listeria monocytogenes were not observed in arugula microgreens, regardless of
the day of storage and packaging used (Table 1). The same was observed by Priti et al. [32],
who worked with mung bean (Vigna radiata L.), lentil (Lens culinaris subsp. culinaris), and
Indian mustard (Brassica juncea L.) microgreens and did not detect Salmonella or Listeria in
any of the samples tested.

Table 1. Presence or absence of Salmonella spp. and Listeria monocytogenes in arugula microgreens
stored in different packages for 0, 5, and 10 days.

Samples/Time 0 Days 5 Days 10 Days
Salmonella spp.
Open Absent Absent Absent
Sealed Absent Absent Absent
MAP Absent Absent Absent
Listeria monocytogenes
Open Absent Absent Absent
Sealed Absent Absent Absent
MAP Absent Absent Absent

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging;
MAP: modified atmosphere packaging.

Generally, mesophilic and psychrotrophic bacteria counts and enumeration of total
Enterobacteriaceae are useful for indicating the shelf-life duration and microbial quality
of foods [33]. Regarding the Enterobacteriaceae count (Table 2), the presence of these
microorganisms was verified. Despite this, and in accordance with resolution (RDC
724/2022) and normative instruction (IN 161/2022) of the Brazil National Health Surveil-
lance Agency [34,35] for microbiological food standards for fresh and prepared vegetable
products, with no specific standard for microgreens, it proves good hygiene conditions and
correct handling of samples during harvest and storage, regardless of the packaging used.
We also observed the absence of E. coli on all samples.

Table 2. Total Enterobacteriaceae and Escherichia coli (log CFU/g) in arugula microgreens stored in
different packages for 0 and 10 days.

Time (T) p Value

Samples (S)

0 Days 10 Days S T SxT

Total Enterobacteriaceae
Open 7.61 + 0.60 A 6.95 + 0.44 bA
Sealed 7.61 + 0.60 24 7.22 +0.54 PA 0.862 0.039 0.862
MAP 7.61 + 0.60 A 6.91 & 0.38 bA
Escherichia coli

Open Absent Absent - - -
Sealed Absent Absent - - -
MAP Absent Absent - - -

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging; MAP:
modified atmosphere packaging. Different lowercase superscript in the same line indicates statistically significant
difference for the time in the same package type by Tukey’s test (p < 0.05). Different uppercase superscript in
the same column indicates statistically significant difference for the package in the same time by Tukey’s test
(p <0.05).

Jablasone, Warriner, and Griffiths [36] found E. coli O157:H7 in the internal tissues

of watercress, lettuce, radish, and spinach seedlings, but not in the mature plants’ tissues.
The pathogen preferentially colonized the epidermal root junctions since, during seed
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germination, the seed releases a mixture of carbohydrates and peptides that can attract
neighboring bacteria in the rhizosphere.

Chandra et al. [37] suggested that bacterial populations can easily grow on micro-
greens’ delicate and immature tissue structure and may be stimulated by sugars and other
organic molecules derived from the endosperm breakdown during germination. Post-
harvest, respiration becomes the primary physiological process of the plant, which uses its
own previously accumulated metabolic reserves. However, depending on the intensity of
biochemical reactions, tissues can reach senescence faster, becoming more susceptible to
moisture loss and the development of microorganisms [22].

Table 3 shows the microbial population of arugula microgreens after 0, 5, and 10 days
of storage. The total aerobic mesophilic bacteria during the initial phase of storage was
7.3 £ 0.22 log CFU/g, with a statistical difference (p < 0.05) for subsequent storage days.
On day 10 of storage, we can observe a statistically significant difference (p < 0.05) in
relation to the packaging used. This fact can be explained by fermentative activity, which is
a characteristic of biological oxidations in an oxygen-free environment, such as vacuum-
sealed packaging. In this environment, pyruvic acid is converted into carbon dioxide and
acetaldehyde [15].

Table 3. Total count (log CFU/g) of mesophilic, psychrotrophilic, and molds and yeasts in arugula
microgreens stored in different packages for 0, 5, and 10 days.

Time (T) p Value
Samples (S)
0 Days 5 Days 10 Days S T SxT
Mesophilics
Open 7.30 £0.2234 740+ 0404 7.90 + 0.26 2B
Sealed 7.30 + 0.22bA 7.90 + 0.23 bA 8.80 4+ 0.42 24 0.008 <0.000 0.013
MAP 7.30 4+ 0.22 24 7.90 + 0.37 27 7.70 + 0.15 2B
Psychrotrophs
Open 5.70 4+ 0.10 bA 7.30 +0.16 2B 7.90 + 0.58 A
Sealed 570 +£0.10°4  7.60 4+ 0.05PAB 8604 0.482A 0.087 <0.000 0.003
MAP 5.70 £ 0.10 bA 8.30 £ 0.50 A 7.70 + 0.152A
Yeasts and Molds

Open 5.70 & 0.06 24 6.50 & 0.28 2B 7.00 £ 1.09 2B
Sealed 570 £0.064  7.604 0.09PAB 890 4 0.53 24 0.002 <0.000 0.001
MAP 5.70 + 0.06 A 8.30 + 0.83 24 7.00 £ 0.01 bB

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging; MAP:
modified atmosphere packaging. Different lowercase superscript in the same line indicates statistically significant
difference for the time in the same package type by Tukey’s test (p < 0.05). Different uppercase superscript in
the same column indicates statistically significant difference for the package in the same time by Tukey’s test
(p <0.05).

Similar values of total aerobic mesophilic bacteria were found in the work of Paradiso
et al. [5] with chicory microgreens. During the initial storage phase, the number was
6.69 £ 0.07 log CFU per g and 8.19 £ 0.07 log CFU/g after 10 days of storage. In their
work, psychrotrophic microorganism counts were very similar to those of mesophilic
microorganisms, which matches this study at 5 and 10 days of storage.

Authors such as Chandra et al. [37] and Xiao et al. [38] identified the presence
of mesophilic aerobic bacteria and molds and yeasts in these vegetables, with up to
107 CFU/g~! and 10° CFU/g !, respectively. These levels can be considered potentially
dangerous, both for the food’s safety and its sensory quality and preservation capacity. It is
worth mentioning that the International Commission on Microbiological Specifications for
Foods (ICMSF) [33] states that foods with aerobic microorganism counts above 10° CFU/g
typically show noticeable signs of spoilage, such as off-smells, off-tastes, and changes
in appearance.
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The growth of yeasts and molds on buckwheat microgreens was relatively slow during
the initial 8 days of storage (about 5.5 log CFU/g) and increased obviously from 8 to 12 days
(up to 8.2 log CFU/g) storage in the study of Yan et al. [29]. Similar behavior was observed
in the microgreens in this study, except for those in the open packaging, which did not
differ statistically (p < 0.05).

According to Kyriacou et al. [39], the optimal conditions for microgreen growth are
a pH between 6.56 and 7.54. Unfortunately, this is the same range for the development
of neutrophil bacteria. Data in the study of Huang, Luo, and Nou [40] showed that the
proliferation of Salmonella and L. monocytogenes was more significantly impacted by long-
term suboptimal refrigeration or frequent temperature fluctuation than short-term terminal
exposure to higher temperatures in fresh-cut cantaloupe.

The environmental conditions that influence the development of plants in a hydro-
ponic system are light, temperature, and humidity [41]. The FDA [42] requires that all
foods in the “Time and Temperature Control for Safety” be maintained at a temperature
not exceeding 5 °C. Fresh-cut leafy green vegetables all belong to this category.

However, controlling climatic factors seems to be challenging for microgreens growers,
who occasionally treated seeds with hydrogen peroxide before planting to mitigate the
potential proliferation of mold and pathogens [43]. However, as reported by these authors,
there is little evidence regarding the effectiveness of H,O, for controlling microorganisms,
including pathogens, on nonfood-contact and food-contact surfaces.

In Table 4 we show the physico-chemical evaluation of microgreens up to the tenth
day of storage. In this work, we observed a drop in pH within seven days of storage, with
a statistical difference (p < 0.05) between open and modified atmosphere packaging. This
can be explained by the degradation of nitrogenous compounds present in the leaves of
microgreens, releasing ammonia. Ammonia, when combined with water, resulting from
cellular respiration, forms ammonium hydroxide, a weak base. However, the production of
acids during cellular respiration often exceeds the production of bases, resulting in tissue
acidification [22].

Table 4. Physicochemical analysis of arugula microgreens stored in different packages for 0, 3, 5, and
10 days.

Time (T) p Value

Samples (S)

0 Days 3 Days 5 Days 7 Days 10 Days S T SxT

pH
Open 534+0.10"4  639+0.04A  6.054 05324 454 +0.16A 5.93 +0.10 24
Sealed 5.34 4 0.10 PA 6.35 4 0.11 24 6.24 4 0.82 24 48540114 6.29 + 0.06 24 0.432 <0.000 0.908
MAP 5.34 +0.10 A 6.20 + 0.07 2A 6.12 +0.87 24 495+ 0.12¢A 6.26 4+ 0.23 24
Soluble solids
Open 943 +0.05°4 9264005  9.70 & 0.00 24 9.66 & 0.05 24 9.50 + 0.00 PA
Sealed 9.43 4 0.05 bA 9.43 4 0.05 A 9.70 4 0.00 2 9.66 4 0.05 24 9.46 + 0.05 A 0.114 <0.000 0.017
MAP 943 +0.05"4 9434+ 0.05P4  9.66 4 0.052A 9.66 + 0.05 24 9.56 + 0.05 2bA
Titratable acidity
Open 246409224 090+ 0.17P4 143 4 0.66°4 0.63 +0.15 A 0.53 +0.32 A
Sealed 246409224 0.86+030bA  146+0.89bA 0.66 4 0.05 <A 0.40 4+ 0.10 <A 0.988 <0.000 0.999
MAP 246 +0922A  1.03+025PA 150+ 0.70PA 0.76 + 0.15 A 0.23 +0.05A
Weight loss

Open - 893 +2.02°4 9,05+ 2.09bC 15.03 + 1.36 2B 16.85 4+ 3.63 28
Sealed - 71542434 1310+ 1.00PB 1502+ 2.382B 1779 + 1.352B <0.000 <0.000 <0.000
MAP - 9.86+0.3494 1644+ 1767 2032 +£1.90PA 2414412724

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging; MAP:
modified atmosphere packaging. Different lowercase superscript in the same line indicates statistically significant
difference for the time in the same package type by Tukey’s test (p < 0.05). Different uppercase superscript in
the same column indicates statistically significant difference for the package in the same time by Tukey’s test
(p <0.05).
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The increasing acidity at 5 days, which happened in this study, may be attributed to
the biochemical conversion of fatty acids to acids over time [44]. After that, it is expected to
decrease over time due to the plant’s physiological processes.

In this study, the effect of time on the increase in soluble solids (SS) occurred on days 5
and 7, whereas the interaction with the MAP did not differ significantly in 10 days of storage.
This can be attributed to differential utilization of metabolites in by respiration getting
influenced by the permeabilities of the packaging material to gasses in this package [44].

Leafy vegetables are highly susceptible to water loss after harvest, and respiration
and other senescence-related metabolic processes are the primary cause of postharvest
loss [45]. In this work, the weight loss increased with increasing storage time, with no
statistical difference (p < 0.05) for 7 and 10 days, but with a difference for MAP. It was
observed that although the weight loss was greater in the MAP, the microgreens presented
a better visual quality compared to those in the open packaging, since contact with the
environment caused dehydration in the microgreens closest to the opening.

In the work of Patil et al. [21], the post-harvest treatment of ascorbic acid + citric acid
along with MAP of broccoli microgreens significantly (p < 0.05) suppressed the weight loss
and helped to retain better firmness. According to Khan and Mittal [46], the efficiency of
MAP depends upon multiple factors like appropriate gas composition, oxygen transmission
rate (OTR), freshness, degree of processing of the product, product surface area, metabolism,
respiration rate, microbial quality of produce, storage temperature, and relative humidity.

As Kou et al. [19] and Xiao et al. [38] explained, a favorable O, /CO, balance and
absence of anaerobic conditions that cause physiological damage to leaf tissue is required.
When controlling these factors, the effect of storage temperature on the shelf life of micro-
greens appears to be more critical than the gas permeability of the packaging. At a storage
temperature of 5 °C, the microgreens remained good for consumption for up to ten days
of analysis.

Chlorophyll content is important for the health benefits it offers and has an effect
on the appearance of the microgreens. Various shades of greenness in microgreens add
to their aesthetic appeal [47]. In this work, the microgreens’ total chlorophyll content
(Table 5) ranged from 31.03 & 1.38 mg/100 g to 15.04 & 2.43 mg/100 g at 10 days in MAP.
In general, the decline in chlorophylls can be observed from the third day onwards, with a
statistical difference (p < 0.05). Chandra et al. [37] observed that polypropylene films, due
to the more significant accumulation of CO,, caused faster and more irreversible damage
to the membrane compared to polyethylene, generating unpleasant odors. Furthermore,
electrolyte leakage may contribute to faster yellowing, tissue senescence, and chlorophyll
degradation of vegetables [38].

Similar values were found for total chlorophyll in the work of Kowitcharoen et al. [48],
who analyzed some Brassicaceae microgreens such as Rat-tailed radish and red cabbage
(36.61 and 39.79 mg/100 g, respectively). In the study of Ghoora, Hanldipur, and Sriv-
idya [49], the total chlorophyll of radish microgreens was 50.9 mg/100 g, but with a similar
proportion of chlorophyll a and b (chlorophyll a approximately 2x higher) in relation to
this work.

Color parameters are presented in Table 5. The L coordinate indicates lightness, which
decreased significantly over the storage period after 3 days. The a* coordinate, denoting
greenness, becomes less negative, signifying a decrease in ing samples. The b* value,
representing yellowing, also showed a regressive incline over greenness over the storage
period. However, no significant difference (p < 0.05) was observed in open packaging over
the same storage period for the a* coordinate.

Katsenios et al. [50] reported that a bright green color corresponds to the high-quality
index for microgreens of green vegetable species, and yellowing suggests the product’s
quality deterioration. Green basil microgreens showed similar behavior in the work of
Ciriello et al. [51]: luminosity (L; 48.06), greenness (a*; —17.30), and yellowness (b*; 28.92).
El-Nakhel et al. [52] and Petropoulos et al. [53] reported that nutrient availability may affect
the color of microgreens’ leaves and, thus, improve the visual quality of the final product.
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Table 5. Chlorophyll and color analysis of arugula microgreens stored in different packages for 0, 3,

5,7,and 10 days.

Time (T) p Value
Samples (S)
0 Days 3 Days 5 Days 7 Days 10 Days S T SxT
Chlorophyll a
Open 19.67 + 0.64 24 18.69 + 0.84 24 17.47 £1.2224 14.80 + 1.26 PA 12.38 £ 0.73 %A
Sealed 19.67 4 0.64 2A 13.96 4 0.30 <B 16.04 4 1.22 bA 14.08 4 0.03 <A 1142 +£0.6894  <0.000 <0.000 <0.000
MAP 19.67 + 0.64 24 17.62 + 0.39 bA 17.16 4 0.24 bA 10.88 + 0.22 B 8.70 + 0.18 9B
Chlorophyll b
Open 11.35 4 2.02 24 9.37 + 1.60 °A 8.59 +1.32b4 11.31 £ 224 A 10.00 + 0.83 PA
Sealed 11.35 4 2.02 2A 6.77 4+ 1.07 bA 6.33 +1.37bA 5.91 4+ 0.07 PA 6.88 & 1.94 bA <0.000 <0.000  0.720
MAP 11.35 4 2.02 @A 8.71 4 0.42 bA 6.17 + 1.51 bA 551 4 0.37PA 6.34 +2.32bA
Total chlorophyll

Open 31.03 4+ 1.38 24 28.07 4 0.93 2bA 26.07 4 0.15 beA 26.11 4 3.50 bA 22.39 4 0.52 <A
Sealed 31.03 + 1.38 24 20.73 + 1.21 beB 22.38 +0.91 bB 19.99 + 0.10 b<B 1831+ 126 <0.000 <0.000 <0.000
MAP 31.03 + 1.38 24 26.33 +0.32bA 25.79 + 1.72 bA 16.39 4+ 0.37 B 15.04 +2.43 B

Color L
Open 53.41 4 6.56 A 51.64 + 1.17°A 44.30 + 1.96 bA 44.62 £0.03 <A 39.08 £ 0.02 <A
Sealed 53.41 + 6.56 27 4458 + 5.67 bA 4150 + 1.14 beA 41.90 £ 0.03 A 41.39 + 0.03 A 0222  <0.000 0.377
MAP 53.41 + 6.56 2A 4535 + 3.17 bA 44.94 + 0.09 beA 40.53 £ 0.01 A 39.83 & 0.29 A

Color a*
Open —14.82+1502A  —11.23+3.822%  —1239+0.0124  —11.124+0.032F  —9934+0.022C 0596 <0.000  0.029
Sealed —1482+150PA  —11.82+299P4 1386+ 1.69PA  —11.08+0.01P8  —6.4340.0124
MAP —14.82+1504  —13.01 £210°%  —11.79 £0.05PA  —7.75+0.0124A —9.15 + (.03 2bB

Color b*
Open 25.15 4 1.20 34 22.35 + 3.84 2bA 26.81 & 0.45 34 18.66 4 0.25 beA 1552 £0.02°4  0.002  <0.000 <0.000
Sealed 25.15 + 1.20 24 20.60 4 2.84 abA 22.49 4 3.25 abA 17.88 + 0.03 b<B 14.57 +0.02 B
MAP 25.15 + 1.20 %A 24.18 4 1.54 24 17.19 + 0.05 B 15.56 =+ 0.02 b<C 14.71 £ 0.21<B

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging; MAP:
modified atmosphere packaging. Different lowercase superscript in the same line indicates statistically significant
difference for the time in the same package type by Tukey’s test (p < 0.05). Different uppercase superscript in
the same column indicates statistically significant difference for the package in the same time by Tukey’s test
(p <0.05).

According to sensory analysis results (Table 6), the sealed package showed a significant
difference (p < 0.05) at 5 and 7 days in all attributes when compared to the third day. This
result can be proven by the visual quality of the microgreens in this packaging, as shown in
Supplementary Figure S1 (FS1). In contrast, we can observe a similarity between the open
and MAP treatments (Supplementary Figure S2 (FS2)). In the study of Dhaka et al. [54],
mustard microgreen was the first to undergo deterioration, and its visual quality showed
some changes after four days.

In the descriptive analysis conducted in the work of Bafumo et al. [55], the evaluators
identified rocket and watercress microgreens as the most astringent, standing out for pro-
nounced bitterness and sourness, distinguishing them from the rest. Assessed microgreens
evaluated by Caracciolo et al. [56] had consistently greater appearance scores than those
concerning texture and flavor. Their statistical analysis indicated that the observed differ-
ences in microgreens acceptability depended on two main sensory dimensions experienced
through the consumer test: astringency/sourness and bitterness.

In relation to the acceptability index (Figure 1), as expected, the fresh sample obtained
the best result (91.38%) for color, followed by appearance (91.11%) and texture (86.94%).
It is noteworthy that regardless of the sealed packaging, at 5 and 7 days, all acceptability
indexes of all treatments reached values above 60%, which is considered satisfactory.
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Table 6. Sensory evaluation of arugula microgreens stored in different packages for 3, 5, and 7 days.

Time (T) p Value
Samples (S)
3 Days 5 Days 7 Days S T SxT
Appearance

Fresh 7.55 4 1.63 abA 7.43 4+ 1.50 bA 8.20 4 0.96 A
Open 7.66 + 1.54 A 7.46 +1.37 34 7.37 +1.39 24
Sealed 7.63 + 1.57 A 3.07 £ 1.72 bB 3.27 + 1.89 bB <0.00 <0.00 <0.00
MAP 7.60 +1.28 24 7.35 + 1.42234 7.42 + 15224

Odor
Fresh 6.63 + 1.63 2AB 5.89 4+ 1.552A 6.57 + 1.66 24
Open 6.50 + 1.90 2AB 5.84 +1.49 34 6.00 + 1.63 24
Sealed 6.33 + 1.86 3P 433+ 1.82bB 457 4+ 2.12bB <0.000 <0.000 0.009
MAP 7.25 + 1.313A 5.74 + 1.75bA 6.40 + 1.56 bA

Color
Fresh 7.80 4 1.41 abA 7.38 4 1.42bA 8.22 4 (.97 aA
Open 7.88 +1.48 3A 743 + 14134 7.62 +1.3534 <0.000 <0.000 <0.000
Sealed 7.80 + 1.4524A 407 +1.97bB 450+ 2.18bB
MAP 7.62 +1.0624 741 4+ 1.393A 7.32 +1.5424

Texture

Fresh 7.50 + 1.39 24 7.74 413137 7.82 +1.1524
Open 7.45 + 1.56 4 7.61 +1.333A 7.62 + 13534 <0.000 <0.000 <0.000
Sealed 7.26 +1.84 24 433 + 2.46 B 3.80 +2.15bB
MAP 7.58 +1.27 24 741 + 14424 7.60 + 1.48 24

Taste
Fresh 6.32 +£2.352B 6.64 + 2.06 24 7.07 + 1.99 24
Open 6.03 +2.29 2B 6.64 + 1.8534A 6.82 +2.06 24 <0.000 0.156 <0.000
Sealed 6.25 + 2.48 2B 474 + 2338 3.77 +2.42bB
MAP 7.37 + 1.46 24 6.66 + 17234 6.80 + 1.84 24

Global acceptance

Fresh 6.76 4 1.88 PAB 6.79 + 1.55 bA 7.67 +1.263A
Open 6.55 + 2.00 2B 6.84 + 1.64 24 7.20 + 1.34 234 <0.000 0.002 <0.000
Sealed 6.56 + 1.98 2B 453 +2.24bB 3.80 +2.17bB
MAP 7.60 + 1.21 34 6.82 + 1.47bA 7.25 4 1.37 abA

Open: open packaging, the plastic bag remains with the upper side open; Sealed: vacuum sealed packaging; MAP:

modified atmosphere packaging. Different lowercase superscript in the same line indicates statistically significant
difference for the time in the same package type by Tukey’s test (p < 0.05). Different uppercase superscript in
the same column indicates statistically significant difference for the package in the same time by Tukey’s test
(p < 0.05).
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Figure 1. Acceptability index of sensory attributes of fresh (in black), open (in gray), sealed (with
dots), and MAP (with stripes) arugula microgreens.

4. Conclusions

Microgreens stored in all packaging types were safe for consumption over ten days.
Regarding physico-chemical parameters, open packaging proved to be promising, with less
weight loss and slower chlorophyll degradation, with maintenance of the greenness. The
sensory analysis demonstrated that the microgreens stored in the vacuum-sealed packaging
showed a worsening in quality from the fifth day onwards for all attributes. However, the
MAP presented good scores, with a better visual quality, similar to fresh microgreens.

Further analysis can be conducted to enhance microgreens’ shelf life. We hope that
the findings of the study will contribute to this field and inspire investigation into effective
methods for food packaging and preservation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods13193020/s1, Figure S1: Visual quality of fresh (without
packaging), open (open packaging, the plastic bag remains with the upper side open), sealed (vacuum
sealed packaging) and MAP (modified atmosphere packaging) arugula microgreens in seven days of
storage; Figure S2: Sensory analysis radar chart of fresh (without packaging), open (open packaging,
the plastic bag remains with the upper side open), sealed (vacuum sealed packaging) and MAP
(modified atmosphere packaging) arugula microgreens.
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Abstract: The objective was to review, using an integrated approach, all parameters related to osmotic
dehydration, freezing, and frozen storage when assessing the advantages of the osmodehydrofreezing-
ODF process. Peeled cherry tomatoes were treated at (T) 25, 35, and 45 °C (t) up to 180 min in
glycerol-based OD-solution (50, 60, 70% w/w). OD was studied and optimized by applying the
Response Surface Methodology, combined with selected desirability criteria to define the optimum
process parameters. Water loss-WL, solid gain-SG, water activity reduction-ay, texture and color
changes were monitored during the process. Untreated and OD-treated at optimal OD conditions
(C=615%, T =36 °C; t = 72 min) samples were frozen and stored at isothermal (T, —5, —8, —14,
—23 °C) and non-isothermal temperature conditions (Teg, —7.3 °C). OD samples presented acceptable
color, increased firmness, low drip loss and high vitamin C/lycopene retention during frozen storage.
OD increased the shelf life of frozen cherry tomato (up to 3.5 times based on sensory quality loss).
The kinetic models obtained for vitamin and lycopene degradation and sensory quality loss were
validated at non-isothermal conditions.

Keywords: cherry tomato; osmodehydrofreezing; process optimization; frozen storage; quality loss;
shelf-life

1. Introduction

Osmotic dehydration (OD) entails submerging food products in hypertonic aqueous
solutions that contain carbohydrates and/or salts to partially remove water without causing
a phase change [1]. Mass transfer occurring during the OD process involves the water
transfer from the product matrix to the osmotic solution, the solute transfer (taking place in
opposite directions), and, to a lesser extent, the leaching of the product’s solutes [2]. The
goal of osmotic processing is to reduce the water activity of the product without significantly
altering its quality, unlike other dehydration methods (such as air-drying) [2,3]. Food
material characteristics, molecular weight and concentration of the solutes in the osmotic
solution, the temperature of the process, the length of immersion, and the agitation level
affect the rate of mass transfer [4-10]. Furthermore, studies have been carried out to better
understand mass transfer and model the mechanisms of the OD process [11,12]. Especially
for plant-based food, such as fruits and vegetables, that are susceptible to significant tissue
damage when high temperatures are applied, OD is found to lead to improved quality
retention, particularly when compared to other, more intense dehydration techniques
like air-drying [13,14]. However, osmotically dehydrated fruits and vegetables do not
reach a water activity level to render them microbiologically stable and a complementary
preservation method such as freezing or air-drying is required to obtain an extended shelf
life. Besides lowering food water activity and thus improving its stability, OD could be
also used as a tool in matrix engineering since it typically results in the selective uptake of
solutes, such as bioactive components, components targeting texture, flavor, or nutritional
value enhancement [4,15,16].
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Osmodehydrofreezing (ODF) is the application of partial dehydration in a hypertonic
solution prior to a subsequent traditional freezing procedure [17]. The application of os-
motic pre-treatment before conventional freezing lowers the freezing point and significantly
reduces the water amount to be frozen thereafter. When a solute is impregnated and the
moisture content decreases, the glass transition temperature of the modified tissue rises,
greatly increasing its stability in the subsequent frozen storage [11,12]. Osmodehydrofreez-
ing has several positive effects on the freezing process itself, such as better preservation
of structure and other quality attributes, lower packaging, distribution, and storage costs,
lower energy to freeze the remaining water and a decrease in the refrigeration load [18].
Despite the above-mentioned advantages, ODF’s wider exploitation and industrial appli-
cation are practically limited [2]. This is primarily because it is challenging to model and
control mass transport phenomena, additionally due to issues related to osmotic solution
management [19,20]. In this context, there is a need to implement an integrated kinetic
approach aiming at optimizing the ODF, using criteria such as lowering the product water
activity as well as the quality loss reaction rates. Response surface methodology (RSM)
has been frequently proposed as a means of characterizing and pinpointing the primary
elements impacting processes. Moreover, the desirability approach is used, as a comple-
mentary RSM tool, to optimize multiple responses, when there is a need to apply multiple
optimization criteria [21] and this strategy has been recently implemented for optimizing
the osmotic dehydration process [6,7,16,22-24].

Cherry tomato is abundant in nutrients and bioactive compounds, and recently, an eco-
nomically important commodity in multiple recipes [25]. Its small size, tomato-like flavor,
and variety of colors make it a favorite option. Cherry tomatoes in different colors and tastes
are bought and eaten raw; however, they can also be found in processed foods [26]. Its thin
skin and juicy characteristics make it perishable during storage and transportation, [27,28].
Therefore, it is necessary to find suitable processing and/or packaging methods to improve
the storage life of cherry tomatoes. Freezing, as a single preservation method, gives poor
results, especially when frozen tomatoes are used for direct consumption [29].

In this study, the quality of osmo-dehydrofrozen (produced at optimized OD con-
ditions using RSM, coupled with selected desirability functions) cherry tomatoes was
kinetically studied during frozen storage. More specifically, mass exchange, color and
texture changes were monitored during the OD process. After processing tomato pieces
at the optimal OD conditions, samples were frozen and packed. Vitamin C and lycopene,
color, texture, drip loss and overall acceptability of OD pre-treated as well as conventionally
(untreated) frozen samples were measured during storage at isothermal and non-isothermal
temperatures at a wide range of sub-zero temperatures and product shelf life was calculated.
Applying this integrated process (ODF), involving three steps (OD-freezing-frozen storage),
one can better assess its advantages, compared to the conventional freezing preservation,
in terms of the stability and the improved shelf life of the ODF tomato samples, obtained.

2. Materials and Methods
2.1. Sample Preparation

Cherry tomatoes (Lycopersicon esculentum) (diameter: 30 & 10 mm) were purchased
at the local market and kept in temperature-controlled cabinets for a maximum of 1 day
(approximately 4.0 °C). Before osmotic treatment, tomatoes were washed with tap water,
and then, blanched in water at 80 °C for 30 s, for both peel removal and enzyme inac-
tivation. Water activity (ay) was measured at 0.9505 % 0.0076, total soluble solids (TSS)
were 8.8 £ 0.6 °Brix and pH was 4.108 £ 0.012 (mean =+ standard deviation; five sam-
ples). According to Gould (2013), all measured values fall within the acceptable limits for
ripeness [30]. Striking is the high content of total soluble solids (approximately 7.0 °Brix)
which is commonly perceived as a good predictor for both ripeness and high sensory
quality [24,25].
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2.2. Osmotic Dehydration

Osmotic dehydration (OD) was carried out in solutions by dissolving glycerol (Glyc-
erine EP 212, OLEOGEN, Genova, Italy), (C) 50, 60, and 70% (w/w), 3.5% NaCl and 1.5%
CaCly, for (t) up to 180 min at (T) 25, 35, and 45 °C [8]. to yield a solid to liquid ratio
of 1:5 (w/w). Glycerol was used as the main lowering a,, agent sugar alcohol with low
sweetness (Regulation EC No. 1333/2008) [31]. Additionally, it acts as a cryoprotectant and
it improves the texture. Sodium chloride was included in the osmotic solution to balance
the slight sweetness obtained during osmotic pretreatment as well as to increase the driving
force of the process [32]. Calcium chloride was used to retain or even to improve the texture
properties of the osmodehydrated product. Calcium may interact with cellular pectins
and other wall components modifying the structural and mechanical properties of plant
tissue [33]. Tomatoes were pre-weighed, put in cylindrical glass containers and placed in
water baths of controlled temperature, under constant agitation (240 rpm). At times (t) 15,
30, 60, 90, 120, 150, and 180 min samples (triplicates) were removed from jars and weighed
after carefully blotting the excess coating solution.

2.2.1. Water, Total Solids and Water Activity

Water content and total solids were monitored during the process, measured by drying
at 105 °C for 24 h according to the AOAC method (1990). Water activity (aw) was monitored
using Aqua LAB 4TEV (Decagon Devices, Inc., Pullman, WA, USA).

2.2.2. Mass Transfer

Water loss (WL) and solid gain (SG), which describe the mass transfer phenomena
during the OD process, were calculated (Equations (1) and (2)) [34]:

(Mo — mg) — (M —m)

WL — - (1)
_ (m—my)
5G = ) @)

where M and my are the initial total mass and dry mass of the tomato sample at OD time
zero, respectively, and M and m are the total mass and dry mass of the tomato sample at
OD time ¢, respectively.

2.2.3. Experimental Design and RSM Implementation

The optimization of the OD process was performed by applying a symmetrical 15-run
three-level Box-Behnken design (BBD). Temperature (x1), 25, 35, 45 °C; time of osmotic
treatment (x2), 30, 60, 90 min and glycerol concentration (x3), 50, 60, 70% were the factors
under optimization or independent variables, while mass exchange (WL, SG), water ac-
tivity (aw), texture (firmness), and color (AE) changes were the response of the model or
dependent variable, which were adequately modeled using a second-order polynomial
model describing the effect of the most important OD processing factors. Since the exam-
ined factors have different natural units, their actual values should be transformed into
dimensionless normalized coded units (—1, 0, +1) to directly compare and evaluate their
effect and the effect of their interactions on the dependent variables. The actual and coded
values of the investigated extraction factors are presented in Table 1.
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Table 1. Actual and coded values of the investigated factors.

Indeper}dent oD Teml())elr)ature oD Time Corcl;clzri::tlion X1 Xp X3
Variable ©0) (min) % wlw)
High 25 30 50 +1 +1 +1
Center 35 60 60 0 0 0
Low 45 90 70 -1 -1 -1
Standard order X1 Xo X3
1 1 0 1
2 -1 1 0
3 0 -1
4 0 1 -1
5 1 -1 0
6 1 0 -1
7 -1 0 1
8 -1 0 -1
9 -1 -1 0
10 0 0 0
11 0 0 0
12 0 1 1
13 1 1 0
14 0 -1 -1
15 0 0 0

2.2.4. Factor Interactions during Osmotic Dehydration

A second-order polynomial was used to describe the interactions between response
variables Y (water loss WL and solid gain SG, water activity ay) and the factor variables
Xj (concentration of glycerol co C) 50, 60, 70%, process temperature (T) 25, 35, 45 °C,
and process time (t) 5-180 min (Equation (3)) [35].

y =ag + Za,-xi—i—Za,-ixiz + Zaijxixj 3)

where 4y is the constant, 4; is the linear, a;; is the quadratic, and 4;; is the interaction effects
of the factors. The quadratic variables indicate the surface curvature, the linear variables
the coordinates of the greatest value anticipated, and the bi-factorial cross-variables the
directions of the axes of the geometric figure formed by sectioning the surface area [35].
Positive values of the coefficient indicate an effect that favours the response, whereas
negative values show an opposite effect of the factor on the response. After assessing the
polynomial equations’ coefficients and calculating the model, analysis of variance (ANOVA)
was applied to investigate how well the model describes the data. The corresponding p
value served as a statistical significance indicator for this purpose.

2.3. Freezing Process

Cherry tomatoes, osmodehydrated and non-osmodehydrated (untreated), were quick
frozen at —40 °C (forced air convection characteristics, h = 11 W/m?K) (Sanyo MIR 553,
Sanyo Electric Co., Gunma, Japan), packed in pouches used for commercial frozen vegetable
products [laminate film characteristics: 20 Im bio-oriented polypropylene (BOPP)-48 Im
polyethylene (PE), water-vapor transmission rate (WVTR) < 6 g/m? d], and kept at —40 °C.
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2.4. Storage at Sub-Freezing Temperatures

Osmodehydrated and non-osmodehydrated (untreated) cherry tomatoes were stored
in temperature-controlled cabinets (Sanyo MIR 153, 253, Sanyo Electric Co., Gunma, Japan)
at isothermal temperatures (T) —5, —8, —14, —23 °C (£0.5 °C), monitored by temper-
ature dataloggers (COX TRACER®, Belmont, NC, USA). The experimental set-up was
according to ASLT (Accelerated Shelf-Life Testing) principles [36]. Quality and sensory
parameters (color, texture, drip loss, vitamin C, lycopene) of osmodehydrofrozen (OD)
and non-osmodehydrated (untreated) frozen cherry tomato samples were determined at
predetermined time intervals during storage based on a rough estimate of an expected
temperature-dependence of quality loss [4].

The applicability of the developed (at isothermal conditions) kinetic models was
tested by an independent experiment (at non-isothermal conditions). A temperature-time
scenario was applied, by repeating three successive cycles of =12 °C-24 h, —5°C-24 h
and —8 °C-24 h (Sanyo MIR 153, Sanyo Electric Co., Gunma, Japan) equal to an effective
temperature (T,5) of —7.3 °C [37].

2.4.1. Color

Tomato color, expressed in CIELab scale, was measured by a chromameter (CR-200,
which uses the D65 illuminant and a 10-degree observer for its measurements, Minolta Co.,
Tokyo, Japan). The total color change during the OD process as well as during the frozen
storage, was mathematically described by Equation (4) [38].

AE = \/(L—Lo)2+(ﬂ—ao)er(b—bo)2 @)

where L (lightness), a (from +: red to —: green), b (from +: yellow to —: blue), and Ly, ao, by
values at time t, and at time zero (0), either of the OD process or of the frozen storage,
respectively.

2.4.2. Texture

Texture measurements of cherry tomato samples (OD and untreated), equilibrated
to room temperature for 30 min, were measured by a texture analyzer (TA-XT2i of Stable
Micro Systems, England). The test took place on a non-lubricated flat platform with a
knife probe, used for cutting samples at a test speed of 1 mm/s and a depth of 1/3 of
the initial (approximately 5 mm). The maximum peak force (Fy, g) was reported as
hardness/firmness. Eight to ten samples (3 replicates) were used.

2.4.3. Drip Loss

Osmodehydrated and non-osmodehydrated (untreated) cherry tomatoes were put on
a sieve to allow their exuded water to drip off and then left to defrost at room temperature
for 60 min. Samples were weighed at time intervals of 10 min. The difference between the
weight at any time t and the initial weight referred to as the initial value was defined as the
drip loss of the sample [39] (Equation (5)).

Drip loss (0/) o Whefore thawing — YVafter thawing «100 ®)
Wbefore thawing

where Wi, (g) the weight of tomato before freezing and Wi fter thawing the weight of the
tomato after freezing.

2.4.4. Vitamin C

Vitamin C (mg L-ascorbic acid /100 g fresh/OD material) was determined by a high-
performance liquid chromatography method (HPLC) [37]. Two replicates were used. Five
g of osmodehydrofrozen or untreated sample homogenates were mechanically stirred in
15 mL of a 4.5% (w/v) solution of metaphosphoric acid (Merck, Darmstadt, Germany) for
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15 min (two replicates for each measurement). The mixture was filtered under vacuum
and diluted using HPLC grade water (Merck, Darmstadt, Germany); the total final volume
was recorded and an aliquot was filtered through a 0.45 m filter (Chromafil PVDF-45/25,
Macherey-Nagel, Germany) prior to injection into the chromatographic column. The
details of the HPLC instrumentation were HP Series 1100 (quarternary pump, vacuum
degasser, a Rheo dyne 20 puL injection loop and a Diode-Array Detector, controlled by
HPChemStation 1100 series software); Hypersil ODS column (250 x 4.6 mm) of particle
size 5 um; mobile phase: HPLC grade water with metaphosphoric acid to pH 2.2; detection
at 245 nm; calibrated by external standard method.

2.4.5. Lycopene

Lycopene (mg total lycopene/100 g fresh/OD material) was determined using a high-
performance liquid chromatography method [40]. Two and a half g of osmodehydrofrozen
or untreated sample homogenates were added to a mixture consisting of 50 mL of hexane,
25 mL of ethanol, 25 mL of acetone and 0.05% (w/v) butylated hydroxytoluene, then
stoppered and mechanically agitated for 5 min (two replicates for each measurement).
Cold, doubly distilled water (10 mL) was added and the suspension was agitated for an
additional 5 min. The solution was allowed to stand for 15 min for separation of polar and
non-polar layers. The upper hexane layer, containing the lycopene, was filtered through a
0.22-Im filter (Chromafil PET-20/25; Macherey-Nagel, Duren, Germany) and then injected
into the chromatographic column. The instrumentation was the same as in Section 2.4.4.
The mobile phase was methanol:tetrahydrofuran:water at a ratio of 67:27:6. The detection
was performed at 472 nm. The method was calibrated by an external standard method.

2.4.6. Sensory Parameters

Sensory evaluation was carried out by a panel of eight to ten trained assessors [70%
female and 30% male, 60% young (18-35 years old) and 40% middle-aged (36-55 years old)]
of the sensory laboratory of NTUA, according to ISO standards [41,42] (ISO 6658:2017, ISO
20613:2019), on the following attributes: appearance for red color; firmness and juiciness
for texture, sweetness, sourness for flavor and aftertaste. The intensity was evaluated using
a 9-point scale (1 = low intensity and 9 = high intensity). The panel also performed an
overall impression test using a 9-point hedonic scale (1 = extremely dislike to 9 = extremely
like).

2.4.7. Data Analysis

The evolution of the selected quality and sensory parameters of osmodehydrofrozen
(OD) and non-osmodehydrofrozen (untreated) cherry tomato samples were plotted and
mathematically modeled, at all studied temperatures; The quality loss rates k were cal-
culated. The vitamin C (ascorbic acid) and lycopene loss were described by an apparent
first-order reaction (Equation (6)) [43], whereas the sensory quality loss was described by
an apparent zero-order reaction (Equation (7)) [6].

Casc = Clay%o . exp(—k%-t) (6)

Iyc

Sovemll: Sovemll 0— ksens-t (7)

where Cgeyc and Cascyyco are the concentrations of vitamin C or lycopene at time t and
zero, respectively, Syyera and Syrerqir 0 are the sensory scores at time t and zero, respectively,
and kasc/iyes Ksens,overanl 1S the apparent reaction rate of vitamin C loss, lycopene loss or overall
sensory quality loss.

The temperature dependence of the deterioration rates kase/1yc/ksens,overans Wwas modelled

by the Arrhenius equation (Equation (8)) [36]:
E,( 1 1
_R<Tmf ‘Tﬂ ®

k?’yiz,ovemll: kref © exp
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The shelf life, determined (based on the vitamin C or lycopene loss), was calculated
using Equations (6) and (8) (Equation (9)). The shelf life (SL), determined by the overall
sensory quality, was calculated using Equations (7) and (8) (Equation (10)):

lnc asc,final lnCﬂ 0
Tyc, final Lyc’

E — ©)
Aasc/lyc
kusc/lyCTn'feXp <_Ry (T - Tref))

SLasc/lyc =

(10)

- Eu (1 _ 1
ksTrefeXp(_T<T B Tref))

where E; 451 1s the activation energy of the parameter k, kr;.f is the deterioration rate at the

reference temperature T, (—18 °C, in this study), R is the universal gas constant, Casc fina is
Tyc, final
the acceptance limit of vitamin C/lycopene content (50% loss) [37,44], Sy, is the acceptance

limit of the sensory parameter S (overall impression score = 5) [8]. Using these equations, the
shelf life can be predicted at different storage temperatures (in the same temperature range).
In the case of variable temperature profiles, common for temperature abuse during real
conditions, where T becomes a function of time (T(t)), Equations (7) and (8) are transformed
to integrals, and accordingly solved to obtain SL decrease at each iso-thermal time step.
Variable temperature profiles were expressed by the effective temperature concept [37].
Effective temperature T, is defined as the constant temperature leading to the same quality
parameter value as the variable temperature distribution (that can be discretized into small
isothermal time steps, t;) over the same time period, is based on the Arrhenius model
and integrates into a single value the effect of the variable temperature profile as given in

Equation (11),
Eqf1 1 Eqfl 1 1
k 28 Ve =kt = deo - S —— ||t 11
rEf; (exp[ R <Ti T”f)] l) S (Teff Tref)] o
from which the value of T, can be calculated.
The rates of quality deterioration calculated by the developed kinetic models were
compared to the respective experimental values by calculating the relative error (RE) values
(Equation (12),

kexp - kfitted

%RE = - 100 (12)

kexp

where 20% is the limit of acceptance [43].

2.5. Statistical Analyses

Analysis of variance (ANOVA) was conducted by STATISTICA 12.0 software (Stat.
Soft. Inc. Tulsa, OK, USA), while significant differences in mean values of WL, SG, and
ay values were estimated by Tukey’s HSD test (p < 0.05). Regarding RSM implementation
and desirability approach, the data processing and the statistical analysis were performed
using Minitab 17 software (trial version, Minitab LCC, State College, PA, USA).

3. Results and Discussion
3.1. OD Process
3.1.1. Mass Exchange during OD Process

The results for the OD of cherry tomato samples (50-70% w/w glycerol concentration
and temperatures 25-45 °C) in terms of water loss (WL) and solid gain (SG) are presented
in Figure 1a,b. According to the particular Figures, the dehydration (water loss) as well
as solids uptake was accelerated with temperature increase. At OD time t = 0, i.e., the
immersion time, there is an almost instantaneous water loss, as the mass transfer starts as
soon as the sample meets the osmotic solution (maximum concentration gradient, which is
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the driving force for OD). The water loss rate increases during the first 30-60 min of the
process; then it decreases and tends to stabilize, as reported by Ma et al. (2021) [45]. This
effect had been reported for kiwi fruit which was subjected to osmotic dehydration with
glycerol and sucrose. The high mass transfer in the early phase of osmotic treatment was
due to the large osmotic pressure difference between the apple cube and the surrounding
osmotic solution [46]. Glycerol concentration appears to have a significant effect on water
loss, which assumes its maximum value for 60% glycerol concentration. Higher glycerol
concentration (70%) probably prevents the OD solution components (NaCl, CaCl,) from
dissolving completely, as reported by [13,47]. Figure 1b shows the uptake of solids (SG),
owing to the transport of glycerol and salts inside the cells during OD, but also to the
retention of components on the surface of the plant tissue during immersion. The solids
uptake rate is observed to be increased at the beginning of the process (30-60 min). It seems
that the temperature increase from 25 °C to 35 °C does not significantly affect the uptake
of solids, while the increase from 35 °C to 45 °C significantly increases the solids uptake
(almost double) [4].
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Figure 1. Evolution of (a) water loss (WL), and (b) solid gain (SG) of OD cherry tomatoes at (1)
25, (2) 35, and (3) 45 °C using 50, 60, 70% w/w glycerol-based solution. (Experimental data points:
average =+ standard error).

3.1.2. Water Activity during OD Process

Water activity values obtained for OD tomato samples are plotted vs. OD time for
all glycerol concentrations and temperatures studied (Figure 2a—c). As expected, water
activity immediately decreases during the first minutes of the process and throughout its
duration. According to Figure 2a—c, the temperature significantly accelerates water activity
decrease (p < 0.05), in agreement with published work [37]. A significant a,, reduction
seems to be achieved at 45 °C and 60% glycerol solution (t = 180 min => a,, = 0.85). When
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glycerol concentration increases, the rate of a,, decrease seems to increase, with 60% glycerol
solution leading to the highest a,, decrease. In published studies [13,48], it was reported
that the high carbohydrate concentration (in the osmotic solution) may present obstacles
in the dissolution of the remaining components in the solution; for this reason, a lower
water activity reduction rate is observed for the solution with 70% glycerol concentration
(compared to 50 and 60%).
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Figure 2. Evolution of water activity of cherry tomatoes during OD at (a) 25 °C, (b) 35 °C, and (c) 45 °C
using 50%, 60%, 70% w/w glycerol-based solution. Markers indicate experimental data points
(average + standard deviation).

3.1.3. Color and Texture Changes during OD

In Figure 3, the total color change (AE) and texture (firmness, Fy.x) of the osmodehy-
drated (OD) cherry tomato samples during OD at 35 °C is representatively depicted. It
was observed that OD temperature (from 25 to 45 °C) does not affect significantly color
change. For the OD temperatures studied, the color change rates were increased in the
early stages (approximately during the 15-60 min) where the mass transfer was higher.
Changes in tissue structure (semipermeable membrane in plant cells) caused by OD also
affect the color change. During the osmotic dehydration process, carotenoids that are
responsible for the color may diffuse into the solution and cause a partial loss of color [49].
The highest AE values were calculated for glycerol concentrations of 60 and 70%. The
glycerol concentration seemed to have a significant effect on the color change, after 120 min
of OD, for the 50-70% glycerol concentration. A L value decrease (lightness), along with
a b value increase (yellowness) and a value increase (redness), was observed as OD time
increased. Overall color AE values ranged from 6 to 12, expressing a significant perceivable
color change of tomato samples. According to the interpretation by Choi et al. (2002), the
AE value > 2 indicates the visible difference [50]. The perceived color change of tomatoes
observed during OD could not be only connected to their pigment color but also to the
spatial distribution of the pigments within the plant cells, which can change as the cells
become more permeable and pigments are released from the chromoplasts into the cyto-
plasm. Even though there is some loss of dry matter towards the osmotic solution during
OD (observed by slight red pigmentation of the solution post-treatment), the removal of
water significantly counteracts it, leading to a concentration of the pigments in tomato
samples [8].
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Figure 3. Evolution of color (AE index) of cherry tomato samples during OD (with tempera-
ture = 35 °C), using 50%, 60%, 70% w/w glycerol-based solution. Markers indicate experimental data
points and error bars indicate the standard deviation from replicates.

Regarding tomato texture during OD, the firmness was significantly affected by the
OD temperature (Figure 4). The highest firmness values were calculated for 70% glycerol
concentration. The 50 and 60% glycerol concentrations did not affect significantly the
texture of the osmodehydrated tomato. Ninety-one hundred twenty (90-120)% higher
firmness values were reported for osmotically dehydrated tomatoes compared to the non-
osmodehydrated ones by Dermesonlouoglou et al. [4]. Nowacka et al. (2014) observed that
the OD kiwifruits presented a decrease in firmness during the 60 min of OD, followed by
an increase after 120 min [51].
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Figure 4. Evolution of texture (hardness, Fqay, N) of cherry tomato samples at the three different
temperatures studied, namely 25, 35 and 45 °C, using, in each case, the three alternative osmotic
solutions, containing 50%, 60%, and 70% w/w glycerol. Markers indicate experimental data points.

3.2. OD Process Optimization

According to the results presented in Table 2, it could be concluded that the fitted
models adequately represented the data and could be used to describe the design space.
The asterisk sign in the table accounts for p value < 0.05 and shows which coefficients
(contribution of each factor: linear, quadratic, interaction) are statistically significant, at a
confidence level of 95%.
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Table 2. Water loss (WL), Solid Gain (SG), water activity (aw), hardness (Fy;qx) and color (AE) factor
effects obtained from the second-order polynomial model for the osmo-dehydrated tomatoes (in

coded coefficients).

Model Coefficient WL (g w./g i.d.m.) SG (g s./gi.d.m.) aw Firmness (F;;4x, N) Color (AE)
Constant a0 4.889 * 0.130 0.91000 * 1.253 * 7.498 *
Linear
al 1.340* 0.1727 —0.00525 0.398 * 0.355
a2 0.317 0.0228 —0.00437 —0.147 —0.273
a3 —0.378 —0.0033 —0.00288 0.017 0.327
Quadratic
all —0.325 0.394 * 0.02325 * 0.374 —0.9418 *
a22 —0.504 0.055 0.01550 * 1.490 * 2.906 *
a33 —2.251* 0.086 0.01850 * —0.055 —1.624 *
Interaction
al2 0.400 0.044 —0.00225 0.172 0.327
al3 —0.602 —0.008 —0.00325 —0.076 1.511*
a23 —0.067 —0.077 —0.00100 0.390 0.331
R? 0.9324 0.9211 0.9544 0.9503 0.9648
R? (adj) 0.8835 0.8293 0.8722 0.8609 0.9013
p-value (model) <0.05 <0.05 <0.05 <0.05 <0.05
Lack of fit (p-value) >0.05 >0.05 >0.05 >0.05 >0.05

* Statistical analysis of the factors of polynomial equations (RSM) with variance analysis (ANOVA). p value < 0.05,
values assigned an asterisk are statistically significant coefficients at a level of 0.95.

Water loss (WL) and solid gain (SG) values are influenced mostly by temperature
(al), as shown by the higher values of the corresponding factors (Table 2), and much less
by osmosis time (a2) and glycerol concentration (a3); nonetheless, none of the process
conditions of time (a2) and glycerol concentration (a3) has a significant effect on WL
and SG, water activity reduction and color/texture change. Regarding synergistic effects,
interactions of temperature with glycerol concentration (for color) were found to have a
significant effect on the parameters measured. The texture was positively affected by the
OD temperature; an increase in OD temperature led to an increase in tomato firmness. The
same approach for the modelling and validation of osmotic treatments of fruits (such as
tomatoes) was used in the literature [6,7,9,23,24]. The regression equations (in uncoded,
actual units) were as follows (Equations (13)—(17)):

Water activity ay = 1.871 — 0.014408T — 0.001750t — 0.02115C + 0.000232T? + 0.000017t> + 0.000185C?
— 0.000007T * t — 0.000032T % C — 0.000003t * C

Water Loss WL = —95.8 + 0.643T + 0.044t + 2.887C — 0.00325T2 — 0.000560t2 — 0.02251C2 + 0.00133T = t
— 0.00602T * C — 0.00022t * C

Solid Gain SG = 6.40 — 0.262T + 0.0183t — 0.085C + 0.00394T2 — 0.000061t2 + 0.00086C2 + 0.000146T = t
— 0.00008T * C — 0.000255T * C

Color AE = —15.5 — 0.278T — 0.5008t + 1.386C — 0.00941T2 + 0.003228t2 — 0.01624C2 + 0.00109T * t
+ 0.01511T * C + 0.00110t « C

Texture Firmness = 12.90 — 0.210T — 0.3016t + 0.016C + 0.00374T2 + 0.001656t2 — 0.00055C2 + 0.000572T *
t — 0.00076T = C + 0.001300t = C

In Figure 5, plots of the predicted and the observed (experimental) values are presented.
An acceptable level of agreement (R2 > 0.8) was calculated. Moreover, based on the
statistical results (ANOVA for Response Surface Quadratic Model, at a confidence level of
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95%), it can be observed that p-value of the model, for all different indices investigated, is
significant (p < 0.05), whereas p-value of lack of fit is non-significant (p > 0.05). From all
the above information, it can be concluded that the developed models could adequately
represent the data.
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Figure 5. Linear correlation plots between predicted and observed values for (a) water activity (aw),
(b) water loss (WL), (c) solid gain (SG), (d) color (AE) and (e) firmness (Fj;qx) responses.

Osmotic Dehydration Process Optimization and Validation

According to mass transfer and quality loss results, of the osmodehydrated tomato
(from the previous section), the criteria for the OD process optimization were set as: water
loss WL <5, color change AE < 8 and at the same time minimization of the water activity.
The upper limit of acceptance for the color change was chosen with the help of the sensory
evaluation test results as well as the kinetic study results for the color loss. The upper
limit for the water loss was set based on the mass transfer kinetic modelling. To find the
OD process parameters that meet the pre-determined criteria, the desirability function
method was applied and the corresponding composite desirability profiles were depicted in
Figure 5. To apply the methodology, for each of the critical process conditions (% glycerol,
process temperature, process time,) the levels were allowed to take values within the
experimental range. Optimal OD process conditions were found as follows: 36 °C-72 min,
61.5% glycerol, respectively, based on the simultaneous, multiple criteria set (Figure 6).

Figure 6 shows the desirability diagram of the process, with the criteria set for op-
timization. How effectively a combined variable satisfies the objectives is shown by the
individual level of desirability (represented by d for each response) and the composite
level of desirability (represented by D for the integrated response). While the composite
factor (D) evaluates how effectively the arrangements optimize an integrated criterion,
the individual desirability (d) evaluates the degree to which the arrangements optimize a
particular response (y). The geometric mean of the individual desirabilities for the chosen
responses is used to determine the composite desirability, in accordance with the algorithm
used in this work. The composite desirability D = 0.99 of the configurations suggests that
they significantly satisfy the required combination of criteria. Given that the individual

144



Foods 2024, 13, 2689

desirability levels are d = 0.99, this is reasonable. In our study, the synthetic desirability
(D =0.99) indicates that the arrangements appear to significantly satisfy the combination of
criteria required. This is reasonable since the individual desirability values are (d = 0.99).
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Figure 6. Desirability plot of variables.

In Table 3, predicted values of the dependent variables are estimated at those optimum
conditions, calculated by the polynomial equations developed, and compared to values
measured by an independent validation experiment (% Absolute Error < 20%). The data
were validated by conducting an independent experimental test in the optimal process
conditions (validation test). It is observed the % Absolute Error calculated for all measured
values (WL, SG, ay, AE) (apart from the % Absolute Error for the texture) was below <20%.
Various studies have shown that the variety of the tomato can affect its texture (firmness)
after osmotic dehydration as different varieties have different textures, structures and
chemical compositions. Some tomato varieties (depending on the growing conditions)
may have thinner skin and softer cells, while others may have a denser structure or more
flesh. These differences in structure and chemical composition can affect how the tomato
responds to osmotic dehydration. Different quality parameters have also been reported for
the same tomato varieties [52].

Table 3. Experimental and predicted values for the responses at optimum OD process parameters
(temperature: 36 °C; time: 72 min; Glycerol concentration: 61.5% w/w) of cherry tomatoes.

Experimental Value Predicted Value % Error
Water Loss (WL, g w./g i.d.m.) 4.881 4.890 0.21
Solid Gain (SG, g S./gi.d.m.) 0.130 0.152 16.5
Water activity (aw) 0.9105 0.9117 0.13
Color change (AE) 6.24 7.49 —18.0
Firmness (Fax) 2.08 1.26 394
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3.3. Shelf Life of Frozen Tomatoes, OD vs. Untreated, during Storage
3.3.1. Quality Evolution during Storage at Isothermal Conditions
Physicochemical Characteristics

The osmodehydrofrozen cherry tomatoes had water activity values around 0.90 com-
pared to 0.95 for the non-osmodehydrated frozen (untreated). The pH values were reduced
from 4.10 to 3.90. After the application of osmotic dehydration, the soluble solids (expressed
as °Brix) significantly increased, from 8.81 to 20.01. The frozen storage did not affect a,
pH, dry matter and soluble solids (p > 0.05).

Drip Loss and Texture

In Figure 7a,b the drip loss for untreated and OD-treated frozen cherry tomatoes stored
at isothermal conditions is presented. Non-treated samples suffered from significantly
higher drip loss and tissue softening at zero storage time. Tomato integrity was retained
with storage time for all osmotically pre-treated samples (low drip loss showing a decrease
with storage time and increased firmness not showing any clear tendency). Similar results
were obtained for osmodehydrofrozen fruit and vegetables such as pineapple, mangoes
melon and strawberries, respectively [39,53-55].
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Figure 7. Evolution of drip loss (%) during storage for (a) non-pretreated and (b) OD-pretreated
cherry tomatoes stored at T = —5, —8, —14, —23 °C (error bars indicate the standard deviation

from replicates).

The texture properties (mainly firmness) of tomato acceptability are significant. Changes
in the composition and arrangement of the cells and the turgor during the maturation
process lead to the development of firmness that impacts texture, shelf life, and total accep-
tance [56]. The firmness values for the osmodehydrated tomatoes were 2.664 £ 0.527 N
at all storage temperatures compared to the firmness values of untreated tomatoes which
were 0.527 £+ 0.106 N. An increasing trend was observed during storage (not statistically
significant). In Figure 8, the firmness values of untreated and OD-treated frozen cherry
tomatoes stored at isothermal conditions T = —14 °C and —23 °C are representatively
presented. The osmodehydrated tomatoes were characterized by the sensory panelists
as “not soft”, and the same time as “having a more intense flavor, and a sweeter taste
(acceptable and desirable)”. Osmodehydrated cherry tomatoes presented significantly
increased firmness compared to their untreated counterparts (p < 0.05). Frozen delicate
plant matrices, with high water content (such as tomatoes and fruits) pre-treated by osmotic
dehydration have been reported to show improved texture, after thawing [39,55].
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Figure 8. Evolution of firmness (Fy;ay, N) during storage for non-pretreated and OD-treated cherry
tomatoes stored at (a) T = —14 °C and (b) T = —23 °C (error bars indicate the standard deviation
from replicates).

Color

The color of OD pretreated tomato samples did not present statistically significant
differences compared to the color of untreated tomato samples. Color indices L, a, b of
non-pretreated and OD pretreated tomato samples were measured as: Non: 28.49 + 2.97,
18.18 £ 3.10, 13.65 + 3.20; OD: 28.25 £ 3.41, 19.47 £ 1.30, 13.16 £ 1.82 (at storage time
0 day). According to Gould et al. [30], the color parameter a/b that exceeds the value 0.5
is accepted as a measure of ripeness. United States Department of Agriculture (USDA)
recommendation [57], cherry tomatoes are considered attractive for marketing when their
a/b ranges from 0.95 to 1.21. In this study, a/b values of untreated and OD pre-treated
cherry tomatoes were calculated as 1.33 and 1.47, respectively.

Cherry tomato color change during storage is attributed to lycopene degradation and
pigment accumulation including anthocyanins, flavonoids and carotenoids in the tomato
skin [47]. In this study, the total color change of all frozen cherry tomatoes was expressed
by AE (Figure 9a,b). The storage of frozen cherry tomatoes significantly changed color.
The color change was more intense for the osmotically dehydrated tomato samples. L
and b parameters significantly increased; a parameter decreased. The same trend was
observed for the non-pretreated tomato samples. Most published works reported a slight
color change from red to orange. Urbanyi et al. (1998) reported a similar color change
accompanied by a gradual reduction in carotenoids during 24 weeks of frozen storage [58].
The same was observed by Lisiewska et al. (2000) after 6 months of storage at —20 °C [29].
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Figure 9. Evolution of color change (AE) during storage for (a) untreated and (b) osmodehyddrofrozen
cherry tomatoes stored at T = —5, —8, —14, —23 °C (error bars indicate the standard deviation
from replicates).
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3.3.2. Vitamin C, Lycopene and Sensory Quality Loss: Mathematical Modelling

The protective effect of OD on vitamin C, lycopene and sensory properties’ retention
is demonstrated. Vitamin C, total lycopene and sensory quality of the non-pretreated and
OD pre-treated cherry tomatoes stored at constant temperature conditions T = -5, —8,
—14, —23 °C are presented (Figure 10). Vitamin C and lycopene, owing important health
benefits, are considered quality indicators of cherry tomatoes [59]. As shown in Figure 10,
throughout frozen storage, Vitamin C and lycopene content decreases. The decrease in
Vitamin C and lycopene content can be attributed to oxidation [28]. Compared to the
untreated samples, OD pre-treatment delayed the vitamin C and lycopene loss of cherry
tomatoes during storage.

S0 7 o-5°c  e@-8°C (al)
A-14°C  m-23°C

120

40 o
o
®
30 g
20 2
£
10 =t
s
0 L BN N B N D I B S B B N B BN B B BN S R B a | ol
0 30 60 90 120 120
Storage time (days) Storage time (days)
15 - (b1) 15 5 (b2)
. o0
12 ] s
o
A,
o0
£
(]
c
[b)
o
] 8 3 ]
] > ]
3 1 0-5°C @-8°C -
] A-14°C | -23°C 1
O-Illlllllllllllllllll 0"”"”"””“”’
0 30 60 ) 120 0 30 60 0

Storage time (days) Storage time (days)
Figure 10. Evolution of (a) vitamin C and (b) lycopene during storage for (1) non-pretreated and
(2) OD-pretreated cherry tomatoes stored at constant temperature conditions T = —5, —8, —14, —23 °C
(error bars indicate the standard deviation from replicates).

Osmodehydrated cherry tomatoes with glycerol-based solutions showed higher ly-
copene content than fresh cherry tomato, as reported by Heredia et al. [60,61]. According to
Heredia et al. (2010), this could be due to the optimal temperature of synthesis of lycopene
(40 °C), or to the effect of osmotic stress that encouraged phytochemicals generation and
the presence of a precursor like sucrose [60]. Additionally, Heradia et al. [61] showed that
the osmotic dehydration limited the isomerization during the later stage of drying, whereas
both the total lycopene loss and the trans—cis isomerization, mainly to the 13-cis form, were
favored by an increase in osmotic dehydration/drying temperature and the microwave
power. In this study, the lycopene content of the osmodehydrated sample was 11.35 mg
lycopene/100 g OD tomato compared to the value of the non-osmodehydrated tomato
sample 10.35 mg/100 g. During frozen storage, after 3 months of storage at the temperature
of —23 °C, the osmodehydrofrozen samples retained better their (total) lycopene content
(83.1% of the initial content) compared to the non-osmodehydrofrozen tomato samples
(81.5%, respectively of the initial content).
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Dermesonlouoglou et al. [4] did not report statistically significant differences be-
tween untreated and OD pre-treated tomatoes, values ranged from 24.0 to 30.1 mg L-
ascorbic acid /100 g OD tomato compared to the value of the untreated tomato 28.9 mg/100
g. After 12 months of storage at —20 °C, osmodehydrofrozen tomatoes retained better
their vitamin content (66.2-88.0% of the initial) compared to the conventionally frozen,
untreated and blanched tomato samples (44.1% and 57.8%, respectively). Osmodehy-
drofrozen tomatoes stored at higher temperatures (e.g., at —12 °C) also exhibited better
Vitamin C stability for long storage times. In this study, the vitamin C content of osmode-
hydrated sample was 39.15 mg L-ascorbic acid /100 g OD tomato compared to the value
of the non-osmodehydrated tomato sample 38.79 mg/100 g. During frozen storage, after
3 months of storage at the temperature of —23 °C, the osmodehydrofrozen samples retained
better their vitamin content (85.0% of the initial vitamin content) compared to the non-
osmodehydrofrozen tomato samples (76.2%, respectively, of the initial vitamin content).
An et al., 2013 reported an improved retention of vitamin C in osmotically dehydrated
and dried cherry tomatoes compared to dried untreated tomatoes [62]. However, a slight
decrease in vitamin C after the osmodehydrofreezing process, possibly owing to a mild
leakage of water-soluble compounds out of the cell tissue, has been reported [63]. Zhao et al.
(2017) in [53] showed that when using a mixture of sucrose/glucose/fructose as the OD
medium, the vitamin C of ODF mangoes was significantly decreased before frozen storage
(with OD samples having a water content of approximately 80% w.b.). Nonetheless, as it
was pointed out, this loss was counterbalanced by the improved vitamin C retention of
OD samples during subsequent storage, possibly owing to rapid leaching via increased
drip loss of the untreated samples [58]. Fan et al. (2020) studied osmotic dehydration with
ultrasound enhancement before freezing of kiwi and found better retention of ascorbic acid
content; however, they underlined that, since Vitamin C is a water-soluble compound, it
can be readily lost during thawing, and thus the extent of drip loss in osmodehydrofrozen
samples is strongly related to the retention of ascorbic acid [64]. Similar findings can
be found in Xin et al. 2013, who observed a milder leak of vitamin C into the osmotic
solution (containing 40% trehalose) when an ultrasound pretreatment was applied, mainly
attributed to the shorter dehydration time compared with the OD counterparts (with a
water content of approximately 65% w.b. [65].

In this study, OD frozen cherry tomatoes presented bright color, good texture and
pleasant taste, whereas the untreated tomatoes suffered from a detrimental texture change
[high drip loss (Figure 6) and tissue softening] and taste deterioration during storage.
The pre-treated samples were preferred in terms of all sensory attributes including taste
and they showed increased stability with storage compared to non-treated samples Der-
mesonlouoglou et al. (2008, 2016, 2018) reported that panel assessments confirmed the
analytical results of better-quality retention of somodehydrofrozen strawberries, and kiwi,
also judging their flavor as pleasant [55,66]. Other research results showed that osmotic
dehydration enhanced the sensory attributes of frozen samples [64,67]. Zhao et al. (2016)
found improved color and texture, reduced drip loss, as well as retention of the aromatic
compounds in osmodehydrofrozen mangoes [68].

The kinetic models developed for frozen tomatoes, based on Equations (4) and (5), are
presented in Table 4 (Equations (2)-(4)).

The rejection of both untreated and osmodehydrofrozen cherry tomatoes was due to
sensory quality loss (the shelf life determining factor was the sensory evaluated overall
impression). For example, the shelf life at —18 °C for untreated osmodehydrofrozen cherry
tomatoes was calculated as: Untreated 42 days (sensory rejection), 166 days (vitamin C
loss) and 212 days (lycopene loss) and OD pretreated: 136 days (sensory rejection), 208
days (lycopene loss) and 234 days (vitamin C loss), respectively. OD increased the shelf life
of frozen cherry tomato (up to 3.5 times).
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Table 4. Estimated kinetic parameters [Kuscyc/senss Kre (daysfl) at Tyyr = —18 °C, Eg, kJ/mol] for
Vitamin C, lycopene and sensory quality of untreated and osmodehydrofrozen cherry tomatoes.

Kinetic Model Structure and Model Dependent Variables

Untreated OD Treated
E; =88.8 kJ]/mol E; =115.6 k] /mol
Vitamin C kref (—18 °C) =0.0033 d kyef (—18 °C) =0.0025d
Casc = L-ascorbic acid content (mg/100 g)  SL (50% loss): 20 d (=5 °C); 37 d (=8 °C);  SL (50% loss): 15d (=5 °C); 33 d (-8 °C);
87 d (—14°C); 402 d (—23 °C) 102d (—14 °C); 737 d (=23 °C)
E; =88.5k]/mol E, =86.1 k] /mol
Lycopene kref (—18 °C) =0.0025 d ! kyef (=18 °C) =0.0020 d !
Clyc = Lycopene content (mg/100 g) SL (50% Loss): 44 d (—5 °C); 68 d (—8 °C);  SL (50% Loss): 46 d (—5 °C); 70 d (—8 °C);
130d (—14°C); 415d (—23 °C) 131d (—14°C);395d (—23 °C)
E, = 56.58 k] /mol E, =57.10 k] /mol
Sensory evaluation Fref _: 0.017 (E ' Kref _: 0'0_09 (E '
S = Score for sensory quality 5i=71,5+=4 5i =9.0;5p=4
SL:14d (—=5°C);19d (-8 °C);30d SL:50d (=5°C);66d (—8°C); 100 d
(=14 °C); 67 d (—23°C) (=14 °C); 207 d (—23°C)

3.3.3. Validation in Non-Isothermal Storage Conditions

Since storage and transportation temperatures of frozen foods (fruits) can vary, it is
important to be able to reliably estimate the effect of this variability and predict product
shelf life in the actual frozen food chain. The developed models at isothermal storage
experiments were validated at non-isothermal (dynamic) storage conditions (fluctuating
temperatures from —5 to —12 °C with effective temperature, Teg = —7.3 °C) [37]. The results
showed that these models can be adequately used at variable temperature conditions,
within the same range and time of temperature fluctuations, to predict the tomato quality
and consequently the remaining shelf life, based on the relative error (RE) values, calculated
using Equation (5) (Table 5).

Table 5. Quality loss rates (k), experimental and predicted, for Vitamin C, lycopene and sensory
quality of untreated and OD-treated cherry tomato samples, and the relative error (RE) values.

Vitamin C Lycopene Sensory Quality
Untreated oD Untreated oD Untreated oD
Kexperimental (d1 0.0179 0.0228 0.011 0.011 0.1816 0.0760
Kpredicted (d=1h 0.023 £ 0.023 0.0284 +0.019  0.0074 4+ 0.0052  0.0123 +0.0143  0.1867 - 0.247  0.0654 £ 0.0305
%RE 20.01 19.71 —47.05 10.56 2.73 —16.2

4. Conclusions

Osmotic dehydration could lead to adequate water removal, solids uptake and water
activity reduction, while improving the retention of the main quality characteristics of
frozen cherry tomato. Mass exchange (WL, SG, ay ), firmness, and color change during OD
were modeled using a second-order polynomial model describing the effect of the most im-
portant OD processing factors. The optimum processing conditions were OD: Top = 36 °C,
top = 72 min, and Cglyc +61.5% w/w, based on the triple criterion of obtaining water loss
WL <5, color change AE < 8 and at the same time minimizing water activity at the end of
the pretreatment. The shelf life determining criteria for both untreated and OD pretreated
samples were found to be sensory rejection (expressed by the score given for the overall
quality and acceptability). OD pretreated frozen cherry tomatoes presented an a,, decrease
from 0.95 to 0.92, acceptable color, increased firmness, low drip loss and high vitamin
C/lycopene retention during frozen storage. Based on this study, it is suggested that OD
may have the potential as a pre-processing step in the manufacture of sensitive frozen
fruit products. However, one should mention the limitations of the RSM implemented in
the first part (OD process); being a local analysis, the developed response surface models,
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as outlined in Equations (13)—(17), are invalid for regions other than the studied ranges
of independent factors investigated (temperature, glycerol concentration and osmosis
time). Another often reported limitation is that Response Surface Methodology (RSM) is a
‘black box” approach [69], and thus, estimating the accuracy of the approximation is rather
difficult. Nonetheless, in our approach, an experimental validation of RSM models was
performed at the optimal conditions calculated (to alleviate the acknowledged RSM weak-
nesses) and the applicability of the RSM equations derived was confirmed. Concerning the
second part of the integrated analysis (the stability test during frozen storage), one should
also bear in mind that the results of the Arrhenius equation should be cautiously used
in different conditions, and always within the range of temperature conditions analyzed.
Finally, one should also consider possible deviations from the Arrhenius law, if the glass
transition of the frozen matrix occurs within the temperature range studied [70]. Especially
in the particular study conducted, the tomato matrix was modified due to the OD process
(solid impregnation and water activity decrease occurred; therefore, the glass transition
temperature is expected to decrease, and thus a thorough investigation of kinetics at the
lower temperatures of storage (<—18 °C) would be necessary to challenge the uniform
application of the Arrhenius equation.
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Abstract: The kelp gel edible granules developed utilizing the gel properties of alginate are prone to
quality deterioration if improperly stored during the storage process. This study comprehensively
investigated the quality changes of kelp gel edible granules stored at 4 °C and 25 °C by evaluating
indicators such as total bacterial count, coliform bacteria, pH, relaxation time, color difference,
appearance, texture characteristics, gel strength, and sensory scoring. The results showed that during
the storage at 4 °C, the total bacterial count remained within the national standard range, the hardness
and chewiness increased, the gel strength first increased and then decreased, the partial exudation of
the bound water in the product occurred, and the sensory score slightly decreased, with an overall
minor change in quality. During the storage at 25 °C, significant quality changes were observed, with
the total bacterial count exceeding the national standard on the 20th day; additionally, the hardness,
chewiness, and gel strength all initially increased and then decreased, both the bound water and
the restrained water in the product exuded, the moisture stability decreased, and the sensory score
significantly decreased between 16 to 20 days. The spoilage of the product was characterized by a
significant water loss, reduction in volume, color change from bright green to dark yellow-brown,
and a distinct smell of decaying algae. No coliform bacteria was detected in all products during the
storage period. In summary, the shelf life endpoint of the product stored at 25 °C is 16 days, and the
shelf life of the product stored at 4 °C is greater than 20 days. Storage at 4 °C can better maintain
product quality, extend the shelf life, and effectively maintain the overall color of the product.

Keywords: kelp; gel; edible granules; storage; quality changes

1. Introduction

Kelp (Laminaria japonica) belongs to the brown algae and is one of the important
economic algae in large-scale mariculture in China. It is rich in polysaccharides, proteins,
vitamins, minerals, iodine, iron, zinc, and more than 60 other nutrients [1], and has vari-
ous physiological activities such as anti-inflammatory, anti-obesity, anti-thrombotic, and
immunomodulatory effects [2-5]. Kelp has a delicious taste and has a long history of
consumption in China, being well-loved by consumers. However, the current kelp pro-
cessing products in China are mainly primary processed products such as salted, dried,
and seasoned kelp strips, with relatively low economic value added. To enhance the eco-
nomic benefits of kelp processing products, it is necessary to develop new and innovative
processed food products. In recent years, the emerging beverage category of milk tea has
developed rapidly in the food and beverage industry and has subsequently driven the
development of the milk tea ingredient industry. Common milk tea ingredients include
pearls, coconut gels, crispy boo boo, and popping bobas. The crispy boo boo is made
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of konjac gum, and the outer skin of the popping bobas is made of calcium alginate gel.
Therefore, the polysaccharide with gel characteristics has the potential to be developed
into beverage ingredients. Kelp contains a higher amount of alginate [6], which has unique
gel properties. Utilizing this characteristic, a new type of kelp gel edible granules can be
developed. These granules have a uniform light green color, an elastic texture, good taste,
and a unique flavor of kelp. They are also rich in natural dietary fiber polysaccharides,
such as alginate, which are beneficial to intestinal health and can be further processed into
ready-to-eat products or added to beverages as ingredients.

The product needs to be circulated, and during this process, issues related to the
deterioration of product quality arise. At the same time, temperature plays a crucial role.
Appropriate temperature can extend the shelf life of the product, while unsuitable storage
temperature can accelerate the spoilage and deterioration of the product [7]. Therefore,
studying the quality changes of kelp gel edible granules under different storage tempera-
tures is of great significance for their future practical production. In addition, relying solely
on a single evaluation index to reflect the quality change pattern during the storage process
is too one-sided and has a low prediction accuracy. It is necessary to measure multiple
quality change indicators for comprehensive evaluation. In summary, clarifying the quality
characteristics and change patterns of kelp gel edible granules under different storage
conditions is the foundation for predicting their shelf life and improving product safety.

This study comprehensively investigated the quality changes of kelp gel edible gran-
ules stored at 4 °C and 25 °C by evaluating indicators such as total bacterial count, coliform
bacteria, pH, relaxation time, color difference, appearance, texture characteristics, gel
strength, and sensory scoring. The aim is to provide basic data for the subsequent indus-
trial application of the product and to provide a theoretical reference for similar products.

2. Materials and Methods
2.1. Materials

Salted kelp was purchased from Fujian Tianyuan Fisheries Group Co., Ltd. (Fuzhou,
Fujian, China); sodium bicarbonate was of food grade and was purchased from Tianjin
Bohua Yongli Chemical Co., Ltd. (Tianjin, China); calcium chloride was of food grade
and was purchased from Jiangsu Kelunduo Food Ingredients Co., Ltd. (Lianyungang,
Jiangsu, China); citric acid was of food grade and was purchased from Huaifang Yingxuan
Industrial Co., Ltd. (Huaifang, Shangdong, China); silver nitrate was purchased from Shen-
zhen Bolinda Technology Co., Ltd. (Shenzhen, Guangdong, China); sodium hydroxide was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China); physiological
saline was purchased from Fuzhou Haiwang Fuyao Pharmaceutical Co., Ltd. (Fuzhou,
Fujian, China); 0.85% sterile physiological saline tubes were purchased from Qingdao
High-tech Industrial Park Haibo Biotechnology Co., Ltd. (Qingdao, Shangdong, China);
total bacterial count plates and coliform bacteria test plates were purchased from Guang-
dong Dayuan Oasis Food Safety Technology Co., Ltd. (Guangzhou, Guangdong, China);
and pH precision test paper was purchased from Shanghai San Ai Si Reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of Kelp Gel Edible Granules

The preparation process of kelp gel edible granules developed by the laboratory in
the early stage is as follows [8,9]:

Cleaning: The salted kelp was cleaned using a sponge brush in tap water, then rinsed
with pure water.

Desalting: The salted kelp was desalted by soaking. Cleaned salted kelp (150 g) was
soaked in 4 L of pure water at 25 °C for 12 h. The pure water was changed every 3 h (stirred
once every hour). AgNOj solution (0.1 mol/L) was added to an appropriate amount of
kelp soaking liquid to observe if there is a white precipitate, and a small piece of desalted
kelp was tasted. The desalting process was completed when no significant precipitate
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formed with the addition of 0.1 mol/L AgNOj3 solution, and the desalted kelp was tasted
without obvious saltiness.

Deodorizing: The desalted kelp was cut into evenly sized strips and deodorized for
90 tmin at 25 °C with 3% (-cyclodextrin, then rinsed three times with pure water to remove
excess deodorizing liquid.

Mincing: The deodorized kelp was minced into small pieces using a meat grinder
(TK-12, Jinhua, Zhejiang, China).

Heating and converting: A total of 3% of the minced kelp’s weight of sodium bicar-
bonate and 100 mL of pure water were added into minced kelp (100 g). The mixture was
placed in a constant temperature water bath pot (HWS-28, Shanghai, China) at 100 °C and
stirred continuously for 11 min.

Fine grinding: Pure water at a ratio of 1: 1.1 (kelp to water, m:v) was added into
the heated kelp mixture and grinded for 5 min using a wall breaker (L18-Y68S, Jinan,
Shangdong, China).

Solidification and molding: An appropriate amount of kelp paste was placed into a
round mold with a pipette and demolished in 2% calcium chloride solution at 20 °C and
pH 8 and stood for 4 min to set.

Rinsing: After solidification, the kelp gel edible granules were quickly removed and
placed in pure water to wash off excess calcium chloride.

Vacuum packaging: The rinsed kelp gel edible granules and 30 mL of pure water were vac-
uum sealed in a pure aluminum foil high-temperature steaming bag for subsequent experiments.

Heat treatment: The kelp gel edible granules of equal weight packaged in aluminum
foil cooking bags were sterilized at 90 °C for 5 min.

Storage conditions: The kelp gel edible granules were stored at 4 °C and 25 °C, re-
spectively. The total bacterial count, coliform bacteria, pH, relaxation time, color difference,
appearance, size, texture characteristics, gel strength, and sensory scoring of the products
were measured every four days.

2.3. Determination of Sterilization Parameters

The products of equal weight packaged in aluminum foil cooking bags were sterilized
using different sterilization parameters (80, 85, 90, and 95 °C for 5 min and 10 min) in
hot water in a constant temperature water bath pot (HWS-28, Shanghai, China). After
sterilization, the products were immediately cooled in running water for 30 min. Finally,
the products were placed in an incubator at 37 °C for 7 days, after which the bacterial count,
coliform bacteria, hardness, and appearance were measured.

2.4. Determination of Total Bacterial Count

The total bacterial count was determined according to GB 4789.2-2022 [10]. Minced
kelp gel edible granules (5 g) were placed into a sterile homogenization bag containing
45 mL of physiological saline. The mixture was homogenized and evenly patted for 90 s to
create a 1:10 (g:mL) sample homogenate. A total of 1 mL of the homogenate was added to
a tube containing 9 mL of 0.85% physiological saline to create a 1:100 sample homogenate.
This procedure was repeated to prepare 2-3 additional appropriate dilution samples. A
total of 1 mL of the appropriately diluted sample homogenate was dropped vertically
and uniformly onto the center of the total bacterial count test plate. The test plates were
incubated at 37 °C for 24 h. After incubation, the total bacterial count was calculated.

2.5. Determination of Coliform Bacteria

The coliform bacteria was determined according to the second method outlined in
GB 4789.3-2016 [11]. The sample homogenate was prepared using the same method as
described in the total bacterial count determination. The pH of the sample homogenate was
adjusted to between 6.5 and 7.5 using 1 mol/L NaOH. A total of 1 mL of the appropriately
diluted sample homogenate was dropped vertically and uniformly onto the center of the
coliform bacteria test plate. The test plates were incubated at 37 °C for 24 h.
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2.6. Determination of pH

The pH measurement was conducted with slight modifications based on GB 5009.237-
2016 [12]. Minced kelp gel edible granules (1 g) were mixed with 9 mL of distilled water.
The mixture was shaken for 30 s and then extracted for 30 min. The mixture was filtered to
obtain the filtrate. The pH of filtrate was measured using a pH meter (Five Easy Plus FE28,
Mettler Toledoand, Zurich, Switzerland) and the value was recorded.

2.7. Low-Field Nuclear Magnetic Resonance Analysis

LF-NMR relaxation tests were performed according to the method of Li, with some
modifications [13]. A kelp gel edible granule (about 0.65 g) was dried to remove surface
moisture and placed in a 40 mm NMR tube (NM120-069H-1, Suzhou, Jiangsu, China). The
Ty relaxation time was measured using the Carr—Purcell-Meiboom-Gill (CPMG) sequence.
The echo time, wait time, and the number of scans were set to 0.5 ms, 5000 ms, and 4,
respectively. A total of 4000 echoes were acquired for analysis. The obtained data were
inverted using Multi Exp Inv Analysis software Version 4.0.

2.8. Color Difference Determination

The color of individual kelp gel edible granule was measured using a colorimeter
(CR9, Guanzhou, Shenzhen, China) in Specular Component Include (5CI) mode and the
color values were represented with L* (lightness), a* (red-green value; positive for red,
negative for green), and b* (yellow-blue value; positive for yellow, negative for blue). The
total color difference (AE) was evaluated using Equation (1).

AE = /(L= Lo+ (a—a0)? + (b — by)? (1)
where Ly, ag, and by are the values on the Oth day of storage.

2.9. Texture Profile Analysis (TPA)

Texture profile analysis tests were performed according to Cui with some modifica-
tions [14]. The TPA tests were performed using a texture analyzer (TA-XT plus, Stable Micro
System, Godalming, UK) with a cylindrical steel P/36R probe at 30% compression. The
pre-test speed, test speed, and post-test speed were all set to 1.0 mm/s. The trigger force
was set to 5 g. The test was performed twice with a 5 s interval between measurements.
The gel strength was evaluated using Equation (2) according to Liu [15].

Hardness

2.10. Sensory Quality Determination

The sensory quality of the kelp gel edible granules was evaluated using a quantitative
descriptive analysis (QDA) method. An evaluation panel consisting of eight food science
graduate students (4 males and 4 females) was organized to taste the kelp gel edible gran-
ules. The evaluation was based on three dimensions: appearance, texture, and flavor, with
weights set at 30%, 40%, and 30%, respectively. The comprehensive score was calculated by
removing the highest and lowest scores and then averaging the remaining scores (Table 1).

Table 1. Sensory standard of kelp gel edible granules during storage.

Attribute Scoring Criteria Score Range
Green 8.1~10
Slightly faded green or deeper green 6.1~8
Color (30%) Light brown or dark green 41~6
Brown 2.1~4
Dark brown 0~2
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Table 1. Cont.

Attribute Scoring Criteria Score Range
Strong kelp aroma, no off-flavor 8.1~10
Mild kelp aroma, no off-flavor 6.1~8
Odor (40%) No kelp aroma, no off-flavor 4.1~6
Slight off-flavor 2.1~4
Strong off-flavor 0~2
Good elasticity, firm texture 8.1~10
Fair elasticity, firm texture 6.1~8
Texture (30%) Average elasticity, relatively firm texture 41~6
Poor elasticity, soft or hard texture 2.1~4
No elasticity, very soft or very hard texture 0~2

2.11. Data Processing

Data were organized using EXCEL software Version 2021. Single-factor ANOVA tests
were performed using SPSS 27.0.1 software. Graphs were created using Origin 2023b
software. Each measurement was conducted with at least three replicates, and results
are presented as mean + SEM. A correlation analysis was performed using Pearson’s
test to determine the direct and indirect contributions of these indicators to the quality
deterioration of products during storage.

3. Results
3.1. Determination of Sterilization Process Parameters

The products were sterilized under different parameters and stored at 37 °C for
7 days. It was observed that at a sterilization temperature of 80 °C, both 5 min and 10 min
treatments resulted in significant quality deterioration (Table 2). The products showed a
deepened color, volume shrinkage, and increased hardness. At a sterilization temperature
of 85 °C, the products maintained a normal appearance, but hardness still increased. When
the sterilization temperature was above 85 °C, the products retained their light green color,
volume remained unchanged, hardness did not significantly increase, and no total bacterial
count was detected. With the increase in sterilization temperature and sterilization time,
the less the total bacterial count, the better the quality of products. Therefore, a sterilization
temperature of 90 °C for 5 min was selected as the parameter for subsequent product
storage tests.

Table 2. Effect of different sterilization parameters on products quality.

Sterilization Conditions

Microbial Indicators

Quality Changes

Sterilization Sterilization Time Total Bacterial Coliform
Temperature (°C) (min) Count (CFU/g) Bacteria (CFU/g) Hardness (g) Appearance
80 5 142.50 +41.13 4 - 162.68 +5.252 Darkened .color,
10 115.00 + 17.322b - 155.40 + 1.16® volume shrinkage
Darkened color,
b _ y
85 5 67.50 £ 35.94 *¢ 140.74 £ 8.17 ¢ volume shrinkage
10 60.00 + 40.99 © ; 133.97 + 2.61 ¢ Light green, no
volume change
Light ereen, n
- - d ght green, no
90 5 11699 +1.32 volume change
Light ereen, no
- - d ghtg ’
10 110.32 +£1.28 volume change
Light ereen, no
- - d ghtg ’
95 5 115.38 & 4.40 Vglume change
10 - - 115.74 4+ 2.50 4 Light green, no

volume change

“_r
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3.2. Changes in Total Bacterial Count and Coliform Bacteria during Storage

The growth rate of the total bacterial count in products stored at 4 °C was slower
compared to those stored at 25 °C. By the end of the storage period, the total bacterial
count in the 4 °C stored products did not exceed the limit of 4.48 log10 (CFU/g) as per GB
19643-2016 [16]. For products stored at 25 °C, the total bacterial count exhibited two distinct
phases. In the first phase, microbial growth was relatively slow, while in the second phase,
the growth rate accelerated. From 4 to 8 days, the bacterial count increased slowly, but
from 8 to 20 days, the growth rate rapidly accelerated, reaching 4.62 log10 (CFU/g) on
the 20th day, surpassing the GB 19643-2016 limit [16]. At this point, the product showed
signs of spoilage, including severe moisture loss, reduced volume, color change from bright
green to dark yellow-brown, and a foul algae-like odor (Figure 1). Throughout the entire
storage period, the coliform bacteria was not detected, indicating that the product was not
contaminated by fecal matter during production and maintained good sanitary conditions

6_

—=—4°C
——25°C

5_

Total bacteria count (log10 (CFU/g))

0 4 8 12 16 20 24
Storage time (d)

Figure 1. Changes in the total bacteria count of kelp gel edible granules during storage times.

3.3. Changes in pH during Storage

The initial pH of all groups was around 9.35. The pH value of the products stored at
4 °C showed minimal fluctuation throughout the storage period. In contrast, the pH of
products stored at 25 °Cexhibited two distinct phases: a slight decrease from 0 to 8 days
and a significant drop from 8 to 20 days, ultimately reaching 6.96 on the 20th day (Figure 2).

10.0 - i3
—e—25°C
9.5
9.0 -

85

pH

8.0

oS

N
wn

0 4 8 12 16 20 24
Storage time (d)

Figure 2. Changes in the pH of kelp gel edible granules during storage times.

3.4. Changes in Moisture Distribution during Storage

T represents the chemically bound water in the product (bound water), and T»,
represents the water bound within the gel network (restrained water) of the product
(accounting for most of the product), which is more unstable compared to T5; and can
transform into free water and be lost. P»; and Py, indicate the proportion of water with
relaxation times Tp; and Ty, in the total moisture of the product, respectively. It could
be seen that Ty of the product stored at 4 °C did not change significantly throughout
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the storage period, consistent with the findings of Huang [17] (Figure 3a). However, T,
shortened from day 4 to day 20 compared to day 0, indicating that restrained water within
the gel network in the 4 °C product became more stable during storage. P»; in the product
stored at 4 °C tended to exude, forming P»;.1, which was less stable than P»; but more
stable than Py, (Figure 3b). This suggested that the stability of bound water decreased
while the stability of restrained water within the gel network increased during storage at
4 °C. It could be seen that T of the product stored at 25 °C gradually shifted to the right,
while Ty, first shifted to the left and then to the right (Figure 4a). The number of water
types in the product stored at 25 °C changed from two to four. During the storage period
from day 4 to day 16, Tp1 exuded, forming the P»;.; component. In the later storage period
(day 16 to day 20), the stability of Py, decreased, and it exuded as P51, whose relaxation
time significantly increased, indicating a rapid decrease in stability and a tendency to be

lost (Figure 4b).
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Figure 3. Changes in the water distribution of kelp gel edible granules under 4 °C during storage
times. (a) Change in relaxation time of the product during storage at 4 °C; (b) change in water
distribution ratio during storage at 4 °C.

100 1 [ | [sec
C e,
onl E,P”
o =i
-, ey
s
/ = 60
S
120 &
3 o
S 100 & 4
% 80 / E |1
£ I
E 60 0l
—g' 40 /
E%D 20 /mm"‘ 0 1 1 1 1 1 1
0
1 10 100 1000 10,000 0 4 8 12 16 20
T, relaxation time (ms) Storage time (d)
(a) (b)

Figure 4. Changes in the water distribution of kelp gel edible granules under 25 °C during storage.
times. (a) Change in relaxation time of the product during storage at 25 °C; (b) change in water
distribution ratio during storage at 25 °C.
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3.5. Changes in Color Difference during Storage

AE represents the overall color change, with larger AE values indicating more severe
deterioration. The AE values for products stored at both 4 °C and 25 °C increased over
time, indicating a greater overall color change during storage. On the 20th day;, the total

color difference of products stored at 25 °C was nearly twice than products stored at 4 °C.

The decrease in L* and a* values in products stored at 4 °C contributed to the increase in
AE, while b* remained unchanged. For products stored at 25 °C, L*, a*, and b* all changed
significantly, reflecting a shift in appearance from bright green to dark yellow-brown
(Table 3). This demonstrated that low-temperature storage better preserved the overall
color of the product.

Table 3. Color parameters and changes of kelp gel edible granules during storage times.

Storage Temperature Storage Days(d) L* a* b* AE
0 27.09 + 1.462 —11.36 4 1.03 2 12,57 +£2.392
4 22.67 + 0.46° —13.28 + 1.03 be 14.63 +1.412 532 +1.30¢
100 8 2291 +035P —13.07 + 0.84 b¢ 13.26 + 2.16 2 495 +0.32°¢
12 21.73 +£0.57° —1423 +0.11°¢ 14.80 +1.26 2 6.55 + 0.08 be
16 19.74 + 0.92°¢ ~1357+0.75¢ 11.65 + 1.332 7.82 +0.98 2P
20 2321 +0.12° ~10.94 4+ 1.342 9.65 +2.622 8.44 +0.882
0 31.20 +1.892 —10.95 + 0.67b 13.14 + 0.68 @b
4 2538 + 1.42° —13.48 +031°¢ 16.27 + 2552 7.47 £ 0344
95 0C 8 22.47 + 2.40bc —13.90 + 0.94 ¢ 15.18 + 4.59 @ 1037 £ 0.17 ¢
12 20.50 -+ 1.00 <d —1351+0.72¢  11.69 + 3.96 abc 11.58 4+ 0.94 ¢
16 17.17 + 0.47 de —11.79 + 1.72b 8.93 + 0.52 b¢ 14.73 £ 020 b
20 15.60 + 2.36 ¢ —8.93+ 0402 6.60 £ 0.55 ¢ 17.08 + 1.942

Each value is the mean =+ standard deviation (1 = 6). Superscripts: different small letters within rows indicate
significant difference among treatments (p < 0.05).

3.6. Changes in Appearance during Storage

The color of the products stored at 4 °C changed from the initial green to dark green,
with reduced brightness, consistent with the changes in a* and AE values. For products
stored at 25 °C, the color initially shifted from green to dark green and eventually turned
dark brown by the 16th day, aligning with the changes in a*, b*, and AE values. The
significant color change in appearance was related to the significant increase in total
bacterial count and the decrease in pH discussed earlier (Figure 5).

0d 12d 16d 20d
[ —_ 0.7 em,

Figure 5. Changes in the appearance of kelp gel edible granules during storage time. The pictures
circled in red indicated that the appearance of the products had changed significantly.
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By the 20th day of storage, the volume of spoiled products significantly decreased
compared to normal products. This observation aligned with the changes in relaxation time
and moisture ratio. During spoilage, the T, relaxation time gradually increased, indicating
the decreased stability of restrained water within the gel network. As restrained water,
which constitutes the majority of the moisture of products, leaked out and transformed into
less stable free water, a reduction in restrained water in the gel network and consequently
a decrease in product volume occurred (Figure 6).

4°C
25 °C

Jem,

Figure 6. Appearance comparison of kelp gel edible granules on the 20th day of storage.

3.7. Changes in Texture and Gel Strength during Storage

The hardness of products stored at 4 °C significantly increased from 0 to 4 days
and remained relatively stable from 4 to 20 days, with an overall increase of nearly 50%
compared to day 0. Chewiness, elasticity, resilience, and gel strength generally showed a
trend of first increasing and then decreasing, while cohesiveness showed no significant
difference. For products stored at 25 °C, the changes in hardness and chewiness exhibited
three phases: First, from 0 to 4 days, hardness and chewiness rapidly increased, with
both being 1.5 times higher on day 4 compared to day 0. Second, from 4 to 12 days,
hardness slightly decreased, and chewiness remained relatively unchanged. Third, from
12 to 20 days, the products underwent spoilage, resulting in a rapid decrease in hardness
and chewiness, while elasticity and cohesiveness increased, and resilience showed no
significant difference. Gel strength increased gradually from 0 to 8 days and then decreased
after 8 days (Table 4).

Table 4. Changes in TPA and gel strength of kelp gel edible granules during storage times.

Tel?lt[(;::agteure Sta(;rsaig;) Hardness (g) Elasticity Cohesiveness Che:\gn)ness Recoverability Ge:;‘t;el;l)gth
0 107.31 £ 3.62°¢ 0.74 4+ 0.03 ¢ 0.72 £0.022 57.00 + 4.09 © 0.46 +0.012 96.8 +10.29 4

4 145.30 =+ 6.54 2P 0.81 +0.012 0.734+0.022 85.89 + 4.92ab 047 4+0.012 135.21 + 6.08 ©
4°C 8 151.54 + 8.272 0.81 £0.012 0.73 £0.012 89.05 4+ 5.332 0.47 +0.012 128.17 + 12.65 b¢
12 141.47 +£2.00° 0.814+0.012 0.72 +0.012 82.34 +2.38P 0.46 +0.012 157.30 4 10.152
16 146.33 4 5.05 2P 0.79 + 0.01 2 0.71+£0.01° 81.48 + 5.28P 0.45+0.013%  128.814+9.67b°

20 151.42 +3.03 2 0.78 4+ 0.02° 0.70 4 0.02 2 83.19 + 3.38P 0.44 +0.01° 117.90 £ 5.52 ¢

0 96.38 4 3.06 ¢ 0.75 + 0.02d 0.71 £0.01¢ 50.69 + 1.39 4 0.46 +0.002 89.51 + 4.03 ¢

4 14433 £ 4.31° 0.80 + 0.02 ¢ 0.73 +£0.02°¢ 84.47 + 554 P 0.46 +0.022 13431 +£4.01°

25°C 8 150.59 + 4.78 2 0.81 £0.01¢ 0.72 +£0.01¢ 87.30 4 4.28 2b 0.45 +0.012 135.13 +11.322
12 135.86 + 8.20 b 0.84 + 0.02 2 0.80 + 0.03 P 90.73 4-4.83 2 0.47 4+ 0.022 112.92 + 7.28 P

16 86.07 + 3.42 4 0.82 + 0.01 be 0.82 4+ 0.02° 58.04 + 4.59 ¢ 0.45 4+ 0.022 115.17 £ 11.05°

20 86.67 +7.414 0.86 & 0.022 0.84 +£0.012 62.96 + 6.15 ¢ 0.46 +0.012 120.71 4+ 10.39 ®

Each value is the mean =+ standard deviation (1 = 6). Superscripts: different small letters within rows indicate
significant difference among treatments (p < 0.05).

3.8. Changes in Sensory Quality during Storage

The color, odor, texture, and comprehensive sensory scores of the product stored at

4 °C changed little, and the comprehensive sensory score remained between 8.2 and 7.5;
throughout the entire storage process, the kelp flavor of the 4 °C product was lighter, but
the texture was tight, and the color remained green. Although AE indicated that the overall
color of the product had changed, the change was not significant enough for the average
observer to discern (Figure 7a).
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(a) (b)

Figure 7. Changes in sensory quality of kelp gel edible granules during storage times. (a) Change in
quality of the product during storage at 4 °C; (b) change in sensory quality of the product during
storage at 25 °C.

The color score of the 25 °C product decreased from 8.17 to 2.97; the odor score
decreased from 7.48 to 4.23; the texture score decreased from 8.37 to 3.75; and the compre-
hensive sensory score decreased from 8.04 to 3.66 (Figure 7b).

3.9. Correlation Analysis of Quality Indicators of Kelp Gel Edible Granules

The total bacterial count and AE showed a highly significant positive correlation with
storage time and the comprehensive sensory score showed a significant negative correlation
with the storage time of the 4 °C stored product. For the 25 °C stored product, the total
bacterial count and AE had a highly significant positive correlation with storage time; pH
and overall sensory score had a highly significant negative correlation with storage time.

The above results indicated that the total bacterial count, AE, and comprehensive
sensory score of the 4 °C stored product all changed significantly with the change in storage
time. In addition to the above indicators, the pH of the 25 °C stored product could also
reflect the change in product quality with storage time. Moreover, the key quality indicator
of the product stored at different temperatures was different except for the comprehensive
sensory evaluation. The key indicator for the 4 °C stored product was the total bacterial
count (correlation coefficient was 0.977), and the key indicator for the 25 °C stored product
was pH (correlation coefficient was —0.965) (Table 5).

Table 5. Correlation analysis results of various indexes of kelp gel edible granules.

Total .
Storage Measurement Storage . . Gel Comprehensive
Temperature Indicator Time Bé‘:)tz;l? 1 AE pH Hardness ~ Chewiness Strength Sensory Score
Storage time 1 0.977 ** 0.907 ** —0.632 0.682 0.515 0.310 —0.877 %
Total bacterial 1 0879*  —0537 0725 0.569 0.302 —0.858 *
4°C AE 1 —0.653 0.879 * 0.780 * 0.574 —0.906 **
pH 1 —0.402 —0.246 0.030 0.690
Hardness 1 0.972 ** 0.597 —0.843 *
Chewiness 1 0.696 —0.701
Gel strength 1 —0.236
Comprehensive 1

Sensory score
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Table 5. Cont.

Total .
Storage Measurement Storage . . Gel Comprehensive
Temperature Indicator Time Bécotfl;lta 1 AE pH Hardness  Chewiness Strength Sensory Score
Storage time 1 0.934 ** 0.962 ** —0.965 ** —0.423 —0.045 0.243 —0.930 **
Total bacterial 1 0.889%  —0900%  —048%  —0.147 0.267 —0.954 %
25°C AE 1 —0.864 * —0.200 0.167 0.490 —0.830 *
pH 1 0.584 0.208 0.006 0.949 **
Hardness 1 0.912 ** 0.600 0.694
Chewiness 1 0.689 0.375
Gel strength 1 —0.037
Comprehensive 1

Sensory score

* indicates significant difference at the p < 0.05 level; ** indicates extremely significant difference at the
p <0.01 level.

4. Discussion
4.1. Microbiological Analysis

The total bacterial count is an important indicator for assessing the hygienic condi-
tion of processed products, while coliform bacteria is commonly used as an indicator of
fecal contamination. Both indicators reflect the sanitary status of food and are crucial
for determining its edibility. Kelp can be contaminated with human pathogens during
cultivation, such as Vibrio spp., Salmonella spp., Staphylococcus aureus, Listeria, etc. Addi-
tionally, the introduction of pathogens uncommon to the marine environment, such as L.
monocytogenes, during handling and post-harvesting processing into finished products can
be another route for kelp contamination [1,18]. The observed changes in the total bacterial
count at 25 °C might be due to the initial low bacterial count after pasteurization, which
killed most microorganisms mentioned above except for some heat-resistant spores. These
spores might be some of the thermostable Bacillus species, such as Bacillus pumilus and B.
licheniformis [19]. As storage time progressed, these spores began to germinate but adapted
slowly to the environment, leading to a slower initial growth rate. In the later stages,
microorganisms adapted to the environment and rapidly proliferated using the abundant
materials such as alginate polysaccharides present in the product. In summary, low tem-
peratures effectively inhibit the metabolic activity and proliferation of microorganisms.
Similarly, several studies have reported that microorganisms grew more slowly at lower
temperatures [20,21].

4.2. pH Analysis

The changes in products stored at 25 °C could be explained by the initial heat steriliza-
tion stage at 25 °C, which killed most microorganisms, resulting in a low acid production
and minimal pH change in the early stage. After 8 days, the microbial growth rate increased,
the total bacterial count rose, and the microorganisms utilized organic substances such
as alginate polysaccharides, producing organic acids that led to a decrease in pH. It was
noteworthy that the pH changes did not exhibit the typical “V” shape (initial decrease
followed by an increase) often seen in food products [22]. This was primarily due to the
low protein content in the kelp gel particles. During spoilage, the decomposition of pro-
teins into alkaline substances like ammonia and amines was insufficient to neutralize the
acidic substances produced from the decomposition of polysaccharides and other organic
materials. Consequently, the pH value of the product continued to decline throughout the
storage period.

4.3. Moisture Distribution Analysis

The observed phenomena of moisture distribution could be attributed to several
factors. First, for products stored at 4 °C, the significant increase in hardness during
storage might cause the three-dimensional gel network to become finer and more uniform,
increasing the capillary binding force of the gel network and thus increasing the stability of
restrained water, resulting in the leftward shift of T5,. Second, for products stored at 25 °C,
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the initial leftward shift of Ty, could be attributed to the same reasons mentioned above.
After 16 days of storage, Ty began to shift to the right. At this point, the internal microbial
proliferation rate increased, and bacteria decomposed alginate, leading to the destruction
and disintegration of some parts of the gel network. The damaged gel network reduced its
water-binding capacity [23], causing some restrained water to exude from the disintegrated
network as free water. Additionally, kelp gel edible granules are hydrogels with a three-
dimensional network of an “egg box” model formed by cross-linking COO- and Ca?* in
sodium alginate [24]. A large amount of H* produced by the bacterial decomposition of
alginate and other organic matter might compete with Ca?* (H* and COO- will protonate to
form carboxylic acid) [25], thereby replacing Ca?* from calcium alginate to produce alginate
acid, which will also lead to the disintegration of the gel network. This ultimately resulted
in the leftward shift of Ty, and the formation of Py;_; water in the later storage period.

4.4. Physicochemical Properties

Color can reflect the sensory and physicochemical changes in a product and is an
important indicator of product acceptability [26]. This observed phenomenon of color
could be attributed to the structure of chlorophyll, which consists of a planar ring formed
by one porphyrin ring and four pyrrole subunits. The electrons can migrate freely within
this structure, making chlorophyll unstable under conditions such as acid, heat, light, and
oxygen [27]. Research has shown that pheophytinisation was associated with the number
of acids liberated during processing. Once an acidic environment (pH < 7) surrounded
the chlorophyll compounds, the structural change in the chlorophyll molecule affected the
overall structure of the macroalgae, which led to a change in the color of the macroalgae [28].
During storage at 25 °C, the products underwent spoilage, and microorganisms decom-
posed organic matter to produce acids, leading to the replacement of Mg?* in chlorophyll
with H*, forming yellow-brown pheophytin [29]. Conversely, the products stored at 4 °C
had slower microbial growth, maintaining a pH above 9, and thus the green retention was
good. In summary, low-temperature storage can inhibit microbial growth and reduce the
damage caused by acid and heat to chlorophyll in the product, thereby better preserving
the overall color.

The reasons for the changes in texture characteristics might be as follows: First, the
kelp paste contained dispersed sodium alginate, which, during the demolding and curing
process, was attracted by the Ca®* in calcium chloride to the surface of the product for a
replacement reaction, resulting in an uneven distribution of sodium alginate inside the
product (more on the surface) [30]. As the storage time extended, Ca?* gradually diffused
from the surface to the inside of the product, and sodium alginate also gradually distributed
evenly in this process. The three-dimensional network gel structure inside the product
became more uniform and dense, thereby enhancing the overall deformation resistance,
which ultimately led to a significant increase in all product hardness and chewiness in
the first 0—4 days [25,31]. Since a stable gel structure had been formed inside the product
during this period, the hardness and chewiness of the product stored at 4 °C did not
change much from 4 to 20 days. Second, the quality of the 25 °C product deteriorated
significantly in the later stage of storage, and the pH decreased significantly during the
massive proliferation of microorganisms; the produced H* might replace some Ca®* and
cause the alginate calcium gel to transform into alginate gel. Since ionic bonds have higher
bond energy than hydrogen bonds [32], the mechanical properties of the alginate calcium
gel were stronger than alginate gel, and the gel network structure collapsed during the
spoilage process of the product, which comprehensively led to a significant decrease in
hardness and chewiness. As the hardness decreased, elasticity and cohesiveness increased.
Finally, since the gel strength is a composite index based on hardness and product area,
its changes during the storage process were consistent with the reasons for the changes in
hardness. A previous study has also reported that table grapes could better maintain their
hardness under low temperature conditions [33].
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4.5. Sensory Quality Analysis

Generally, a mean liking score of >7 on a 9-point hedonic scale is associated with a
highly acceptable sensory quality [34]. When the products were stored at 4 °C, the color,
odor, texture, and comprehensive sensory scores were kept between 8.2 and 7.5, indicating
that the products were highly acceptable. While the products were stored at 25 °C, the
color, odor, texture, and comprehensive sensory scores were all lower than 7 after 8 days
of storage. The main reason for the significant decrease in the sensory score of the 25 °C
product in the later stage of storage was the massive proliferation of microorganisms. This
was consistent with the above reasons for changes in color, texture, and total bacterial
count. A previous study has also reported that under low-temperature conditions, the pH
change of beef meatballs was slower, and the starting point of sensory quality change was
longer [35].

4.6. Correlation Analysis of Quality Indicators Analysis

The purpose of correlation analysis is to determine the direct and indirect contribution
of these quality indicators to the quality deterioration of products in the storage process
through the correlation coefficient, and to provide an indicator basis for monitoring product
quality changes in the future. The key indicator of products stored at 4 °C was the total
bacterial count, which was significantly positively correlated with storage time, indicating
that low temperature only slowed down the growth rate of microorganisms. The key
indicators of the products stored at 25 °C were pH and total bacterial count, which were
significantly positively correlated with storage time. The change in pH was caused by the
change in total bacterial count.

5. Conclusions

This study comprehensively investigated the quality changes of kelp gel edible gran-
ules stored at 4 °C and 25 °C by evaluating indicators such as total bacterial count, coliform
bacteria, pH, relaxation time, color difference, appearance, texture characteristics, gel
strength, and sensory scoring. Data gathered from this research show that the shelf life
endpoint for products stored at 25 °C is 16 days, while for products stored at 4 °C, it is
more than 20 days. Low-temperature storage (4 °C) better maintains the quality of kelp
gel edible particles, extends their shelf life, and effectively preserves the overall color of
the product. Future studies are warranted to flavor kelp gel edible particles to enrich
their flavor substances, develop beverages adding kelp gel edible particles, enrich their
application forms, and expand the application range in the market.
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Abstract: The accelerated ripening and senescence of fruits and vegetables is characterized by
various biochemical changes that hinder the maintenance of their postharvest quality. In this context,
developing edible films and coatings formulated with natural and biodegradable materials emerges
as a sustainable strategy for preserving the quality parameters of these products in replacement
of conventional petroleum-based packaging. Recently, plant-based polymers, including mucilage
from different cactus species and/or their bioactive compounds, have been investigated to develop
edible films and coatings. As the available literature indicates, the Opuntia genus stands out as
the most used for mucilage extraction, with the cladode being the most exploited part of the plant.
Conventional extraction methods are widely employed to obtain mucilages, which are applied to
fruits and vegetables after being combined with plasticizing and cross-linking agents. In general, these
films and coatings have proven effective in prolonging the shelf life and maintaining the nutritional,
physical, and sensory quality of fruits and vegetables. Given their preservation potential, combining
cactus mucilages with bioactive compounds, probiotics, and prebiotics represents an emerging trend
in developing functional films and coatings. However, some limitations have been identified, such
as the underutilization of different species and parts of the plant, the lack of standardization in
extraction methods, and the absence of studies on the effects of the physicochemical properties of
mucilages in the formulation and characteristics of films and coatings. Therefore, overcoming these
limitations is essential for developing edible films and coatings with enhanced techno-functional
properties and greater commercial viability.

Keywords: active packaging; polymers; quality parameters; vegetable matrices

1. Introduction

Harvested products, especially fruits and vegetables, are metabolically active, undergo-
ing ripening and senescence processes that must be controlled to prolong their postharvest
quality [1]. These products have intrinsic properties and are exposed to extrinsic factors
that accelerate postharvest losses. Intrinsic factors include physiology, size, and ripeness. In
contrast, extrinsic factors include mechanical damage, microbial diseases (especially fungi),
and the lack of or inadequate postharvest management [2]. The inefficient management
of these processes can result in significant losses of nutritional and quality attributes and
financial setbacks [1,3]. Postharvest losses in fruits and vegetables can be as high as 45%
due to poor postharvest handling [4].

In this sense, maintaining the quality of fruits and vegetables becomes crucial for
the agri-food sector. To improve the postharvest use of these products, the production
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of minimally processed fresh foods has increased [5]. Minimal fruit and vegetable pro-
cessing involves applying operations such as washing, sanitizing, peeling, chopping, and
partial preservation treatments. This allows for obtaining products ready for consumption
with sensory and nutritional characteristics like fresh fruits [6]. However, processing can
cause physical damage (e.g., a soft texture and flavor loss), enzymatic browning, increased
ethylene production, and respiration for vegetables and fruits. In addition, vegetable
and fruit cell rupture caused by cutting releases cellular contents and promotes microbial
growth, reducing their potential economic value [7].

These changes in fresh and minimally processed products require conservation tech-
niques. Cold storage, alone or in combination with other treatments, represents the most
effective technique for maintaining the quality (physical, nutritional, and sensory prop-
erties) of fruits and vegetables, as it reduces the rate of many metabolic processes and
controls microbial deterioration over time [8,9]. Although cold storage remains a funda-
mental postharvest strategy, its efficacy in preserving the optimum quality of fruits and
vegetables during transportation and in markets has yet to diminish. Furthermore, some
of these materials may suffer chilling injury at temperatures below 7 °C, which favors the
development of fungal diseases [4]. These situations have directed integrating postharvest
technologies, such as modified and controlled atmosphere packaging, to preserve horti-
cultural products [10]. However, conventional food packaging materials like plastic are
not environmentally friendly. For this reason, researchers have focused on developing
innovative biodegradable packaging for application in the food industry, aiming to replace
packaging made from petroleum derivatives [11]. Active packaging in the form of edible
films and coatings could be a sustainable alternative to preserving the quality of fruits and
vegetables that are fresh and minimally processed [6,12].

Edible coatings and films are semipermeable barriers that may positively influence
vegetable tissue metabolism by protecting against mechanical, physical, and chemical
damage (facilitating weight loss control, reducing breathing and perspiration processes,
and preserving texture and nutritional properties), in addition to being able to carry antiox-
idants, antimicrobials, and other stabilizers, controlling microbial growth, and preserving
fruit/vegetable quality for a more extended period [9,13]. Furthermore, edible coatings
and films can be consumed with food, providing additional nutrients, improving sensory
characteristics, and enhancing product quality [13,14].

The main components used for producing edible/biodegradable films and coating
are biopolymers, such as carbohydrates—polysaccharides (chitosan, sodium alginate, gums,
starch, pectin, and cellulose derivatives); proteins; a solubilizing medium (e.g., water and
ethanol); and plasticizers. The advantages of using such components are their capabil-
ity to provide moisture resistance, a water-soluble nature, gelling properties, and good
thermal and mechanical properties [15]. Researchers have recently focused on using natu-
ral biopolymers from different plant-based materials, highlighting the mucilage derived
from cacti, characterized as a subgroup of hydrocolloids that can form gels in the pres-
ence of water [16]. Cactus mucilages have already been investigated for creating films
and coatings, demonstrating promising results for improving the shelf life of fruits and
vegetables [1,6,9,16].

Cactus mucilage is a complex high-molecular-weight polymeric heteropolysaccharide
that contains variable amounts of neutral sugars (D-galactose, D-xylose, I-thamnose, and
l-arabinose) and D-galacturonic acid [12]. These substances swell when mixed with water
or form colloidal suspensions, producing a shiny coating on the surface of the fruit (or
vegetable). In addition, these substances have hydrophilic properties that create a bar-
rier against water evaporation from the plant tissue, slowing weight loss and increasing
firmness [9]. Its application also reduces microbial growth by developing a modified
atmosphere around the product and can facilitate the incorporation of additives, such as
antimicrobials and antioxidants [12]. Cactus species are also rich in bioactive compounds,
such as betalains, phytosterols, polyphenols, vitamins, and minerals, which can improve
the nutritional composition of foods when incorporated into coatings applied to foods [17].
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Mucilage and its bioactive compounds could be preferred to synthetic materials in
edible packages due to their intrinsic properties, such as nontoxicity, biocompatibility,
biodegradability, and adaptability. Mucilage also has other advantages, including produc-
ing low-cost films compared to most biopolymers and being obtained through an easy
extraction process with a high yield [16,18]. However, it has disadvantages, such as low
mechanical strength and a high affinity for water. The properties of cactus mucilage films
and coatings are closely related to the composition and structure of the polysaccharide,
which is highly branched and rich in hydrophilic groups [19].

This review updates the main production methods, chemical composition, and tech-
nological and functional properties of edible films and coatings formulated with mucilage
and bioactive compounds from different cactus species. Furthermore, the effects of these
edible films and coatings on the quality parameters of fruits and vegetables, as well as the
market challenges and future perspectives, are presented and discussed.

2. Cactaceas: Genera, Species, and Plant Parts Used for Extraction of Mucilages and
Formulation of Films and Coatings

Cacti are xerotrophic plants cultivated in Central and South America, Asia, and South-
ern Europe [20]. The family species have a high concentration of polysaccharides, especially
mucilage [21]. Mucilage is a subgroup of hydrocolloids that can create gels in the presence
of water [22]. Opuntia species are the most potential sources of mucilage among plants
due to their abundance, biodegradability, and renewability. Opuntia mucilage is a com-
plex material formed from carbohydrates, including L-arabinose, D-galactose, D-xylose,
L-rhamnose, and D-galacturonic acid, in variable proportions [2]. In the Opuntia genotype,
the cladode age, cultivation area, and pruning season affect its composition [13,19]. Fur-
thermore, seasonal variations contribute to the physicochemical changes of mucilage, such
as the relative amount of carbohydrates related to water availability to the plant or the
effects of changes in pH and electrical conductivity [23].

According to the data shown in Table 1, the Opuntia genus is widely used to extract
and formulate edible films and coatings applied to fruits and vegetables. The most em-
ployed species are O. ficus-indica [1-3,6,8-10,12,14,15,19,24-29], Nopalea cochenillifera [17,30],
O. dillenii [31,32], O. stricta L. [4], O. robusta [21], O. stenopetala [13], and O. oligacantha [33].
The Hylocereus undatus species was also used to extract mucilage in a study [34]. O. ficus-
indica has gained popularity as a potential source of additives for the food industry due to its
nutritional properties, such as high calcium and potassium contents, a high water-retention
capacity, and bioactive phytochemicals [12]. The mucilage in O. ficus-indica represents
about 10% of the dry weight of cladodes and can retain more than 30% of the total water
in the storage parenchyma. This anatomical characteristic contributes to its high drought
resistance and remarkable water-retention capacity in the tissues, which is explained by
the polymerization of sugars, the elasticity of the storage parenchyma cells, and the high
water-retention capacity of the mucilage [26].

Table 1. Species and plant parts and methods and conditions for extracting mucilages and bioactive
compounds from cacti.

Species of Cacti  Plant Part Extraction Method  Extraction Procedure

References

O. ficus-indica

Scraping of cladodes; pressing; sieved to separate pure
Cladodes Hot extraction mucilage from slurry; extraction in water at 25%, 50%, and
75%, (w/v); and pasteurization at 70 °C for 45 min.

(1]

O. stricta L.

Hygienization; peeling and cutting; addition of distilled
water (1:1 w/v); blended for 3 min; filtration through cloth;
Stems Aqueous extract precipitation of the filtrate using 20% isopropyl alcohol in a
1:1 (v/v) ratio; centrifugation of the precipitate at 2.683x ¢
for 10 min; and drying of the precipitate at 70 °C for 4 h.

[4]
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Table 1. Cont.

Species of Cacti  Plant Part Extraction Method

Extraction Procedure

References

O. ficus-indica Cladodes Hot extraction

Court of cladodes; crushing; homogenization in water in a
1:1.5 (w/v) ratio and at 20 °C; heating at 40 °C for 90 min;
centrifugation at 1450 x g for 20 min; heating of the
supernatant until half of the initial volume; addition of
ethanol (1:2 v/v); storage of the solution at 4 °C for 48 h;
and elimination of the supernatant and use of pure
mucilage.

[9,24,26]

O. robusta Cladodes Hot extraction

Removal of chlorenchymatous tissue and parenchymatous
tissue; homogenization with ethanol or water in a 1:1 (w/7v)
ratio; agitation at 50 °C for 2 h; crushing; resting; filtering;
drying at 50 °C; and milling and storage at 25 °C.

O. ficus-indica Cladodes Hot extraction

Hygienization; removal of the parenchyma; immersion in
hot water for 30 s; homogenization with water for 5 min;
and filtration.

(6]

O. stenopetala Cladodes Hot extraction

Homogenization with distilled water in a 1:2 (w/v) ratio;
magnetic stirring at 60 °C for 90 min; centrifugation for
10 min at 246 x g; addition of 96% ethanol in a 1:2 (v/v)
ratio with the supernatant; centrifugation at 61 x g for

10 min; drying of precipitate at 40 °C for 24 h; and
grinding and storage.

[13]

O. ficus-indica Cladodes Hot extraction

Mucilage used as a gel: peeling and slicing of cladodes;
homogenization in a blender; heating of the paste at 40 °C
for 90 min; centrifugation at 10,000 g for 10 min; recovery
of the supernatant; pasteurization at 77 °C for 1 min; and
storage at 4 °C.

Mucilage used as a polysaccharide: peeling and slicing of
cladodes; homogenization in a blender; heating of the
paste at 40 °C for 90 min; centrifugation at 10,000 g for
10 min; boiling of the supernatant at 100 °C to 50-60% of
the initial concentration; centrifugation; precipitation with
96% ethanol (1:1); incubation at 1 °C for 2 h; centrifugation
at 3600 x g for 5 min; drying the pellet at 50 °C for 12 h;
and grinding and sieving.

[20]

N. cochenellifera  Cladodes Alcoholic extraction

Removal of the epidermis; slicing of the parenchyma;
homogenization with 99.5% ethanol in a ratio of 2:3 m/v
for 60 s; addition of ethanol to precipitate the mucilage;
filtration of the mucilage in polypropylene fabric; washing
(2x) with 99.5% ethanol for pigment removal; drying at
55 °C for 24 h; and grinding to obtain dry powder.

(17]

O. ficus-indica Cladodes Aqueous extraction

Peeling and cutting the cladodes; homogenization; dilution
of the extract in water (2:1 w/v); and obtaining mucilage.

3]

Microwave-

Cladodes assisted extraction

O. ficus-indica

Hygienization; cutting into cubes; microwave heating (900
W for 2 min); homogenization; centrifugation at 12,500
rpm for 15 min at 4 °C; discarding of insoluble fiber; and
decanting and separation of soluble fiber.

[10]

Microwave-

O. ficus-indica . .
f assisted extraction

Cladodes

Hygienization; removal of thorns; removal of
chlorenchyma; cutting into cubes; heating in microwave
oven (900 W) for 3-5 min; homogenization; centrifugation
of pulp at 8117 x g for 15 min at 4 °C; and decantation of
mucilage.

[14,24]

O. ficus-indica Pear fruits Aqueous extraction

Hygienization; cutting; immersion in water (5:1 w/v);
overnight incubation at room temperature; filtration of the
mixture; and concentration of mucilage by evaporation.

[28]
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Table 1. Cont.

Species of Cacti  Plant Part

Extraction Method

Extraction Procedure

References

N. cochenillifera Cladodes

Acid extraction

Hygienization; removal of glochids; cutting of cladodes
into cubes; immersed in a solution of citric acid (5 mg/L)
for 10 min; and mesh filtration.

(30]

O. ficus-indica Cladodes

Aqueous extraction

Peeling and cutting of cladodes; immersion in distilled
water (5:1 w/v); incubation overnight; filtration; and
concentration of the solution by evaporation.

(2]

Fruit

O. oligacantha (xoconostle)

Ultrasound assisted
extraction

Addition of orange essential oil to soy lecithin and aqueous
extracts of 20% and 10% xoconostle; sonication of the
mixture for 30 min with a 6 mm probe at an amplitude of
80% and a frequency of 20 kHz; distribution of the droplets
via a dynamic laser light; scattering technique with an
angle of 90 °C; and storing the nanoemulsion at 6 °C.

Dragon

H. undat .
undatus fruits

Alcoholic extraction

Cutting and peeling; removal of the seeds; removal of the
pulp; precipitation of the mucilage with ethanol in a ratio
of 2:3 (v/v) for 24 h at 4 °C; filtration; and drying in an
oven at 40 °C for 24 h.

Opuntia spp. Stems

Aqueous extraction

Homogenization of mucilage (20% w/v) in distilled water;
centrifugation at 4500 rpm for 10 min; and pasteurization
of the supernatant at 70 °C for 45 min to obtain pure
mucilage.

[35]

Opuntia spp. Cladodes

Hot extraction

Hygienization; removal of thorns; cutting; heating in three
buffer solutions (pH 7, 4, and 9); repose for 5 h in pH 10;
separation of the precipitate of the supernatant; resting of
supernatant in a refrigerator overnight; separation of the
precipitate; and drying in an oven at 105 °C for 12 h.

O. ficus-indica Cladodes

Microwave-
assisted extraction

Peeling; slicing; microwave heating at 800 W for 4 min;
separation of insoluble fibers in gauze; centrifugation of
the supernatant at 8000x g for 15 min at 4 °C;
lyophilization for 72 h; and storage at 25 °C.

[12,29]

O. ficus-indica Cladodes

Hot extraction

Hygienization; removal of parenchyma; trituration in
distilled water in a ratio of 1:1.5 (w/v) at 20 °C; heating of
the solution at 40 °C for 90 min; centrifugation at 1450 g
for 20 min; heating of the supernatant to half of the initial
volume; precipitation with ethanol in a 1:2 (v/v) ratio;
solution stored at 4 °C for 48 h; discarding of the
supernatant; and obtaining hydrated mucilage.

(8]

Nopal cactos Cladodes

Hot extraction

Homogenization for 30 min with distilled water in a 1:1
(w/v) ratio; heating of the suspension at 90 °C for 30 min;
centrifugation at 1500 g for 20 min; addition of 96%
ethanol to the supernatant in a ratio of 2:1 (v/v);
centrifugation at 1500 g for 20 min; drying of the
mucilage for 24 h at 70 °C; and pulverization to obtain the
mucilage.

[5]

O. ficus-indica Pads

Aqueous extraction

Hygienization; removal of the peel and thorns; cutting the
pulp; extraction in distilled water ina 1:2 v/v
(pulp:distilled water) ratio; resting the solution for 24 h at
room temperature; filtration through nylon cloth;
centrifugation at 12,880 g at 4 °C for 30 min; precipitation
with 95% v/v ethanol; and evaporation of ethanol in a
water bath at 50 °C.

[15]
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Table 1. Cont.

Species of Cacti  Plant Part Extraction Method  Extraction Procedure

References

O. dillenii

Peeling and slicing of cladodes; drying at 80 °C for 6 h;
sifting to obtain a fine powder; extraction of fat (Soxhlet);
dispersion in distilled water under agitation; obtaining a
suspension at a concentration of 5% (w/v); extraction of
the suspension in a water bath at 80 °C for 4 h; filtration;
removal of proteins; concentration of filtrates; precipitation
with three volumes of ethanol; filtration; and
lyophilization.

Cladodes Hot extraction

[31]

O. dillenii

Peeling and slicing of cladodes; homogenization with
distilled water in a 1:1 w/v ratio; heating in a water bath at

Cladodes Hot extraction 75 °C for 6 h; filtration; removal of proteins from the
filtrate; addition of three volumes of absolute ethanol to
the precipitate; filtration; and lyophilization.

[32]

The mucilage of O. ficus-indica found in cladodes is a complex anionic polyelec-
trolyte polysaccharide formed by alternating galacturonic acid linked to rhamnose residues.
Branches are galactose residues that carry sugars, such as xylose and arabinose, as sub-
stituents [5]. This compound can be an attractive natural edible coating with high nutri-
tional value, besides helping to preserve fruits and vegetables [29]. In addition to the com-
plex mixture of carbohydrates, it presents quantities of phenolic compounds (flavonoids
and phenolic acids); vitamins (mainly ascorbic acid, vitamin B, and «-tocopherol); polyun-
saturated fatty acids; and amino acids [15,27,29]. The hydrophilic characteristic of O.
ficus-indica coatings could act as a barrier to water transfer, retarding transpiration and
browning; maintaining fresh weight, firmness, and nutritional attributes; and control-
ling microbial growth, resulting in a more extended storage period for coated fruits and
vegetables [27,28].

Although O. ficus-indica is the most studied species, other cactus species have also been
characterized as sources of mucilage and other bioactive components. Among the other cac-
tus species producing mucilage is the cactus pear (Nopalea cochenillifera Salm-Dyck), a plant
with an acid crassulacean metabolism. This mechanism confers an efficient use of water,
enabling the plant to thrive in arid and semiarid regions, becoming a vital forage resource
for ruminant animals, especially during the dry seasons of the year [17]. Using edible coat-
ings based on forage palm is a way to naturally incorporate antioxidants, such as soluble
phenolics, into the treated product [17]. Belonging to the cactus family, O. dillenii is mainly
distributed in tropical and subtropical regions, growing mainly in the arid or semi-desert ar-
eas of America and Mexico. O. dillenii polysaccharide is one of the main active compounds
of this plant and is extracted mainly from the fruit and plant stem. The main constituents
are arabinose, xylose, fructose, glucose, galacturonic acid, and rhamnose [31,32]. A pre-
vious study reported high aggregation in the mucilage obtained from O. robusta, which
indicated that this species has a higher fiber content than other Opuntia species [21]. The
species O. stenopetala, traditionally used for human consumption and livestock fodder,
showed potential for use in the formulation of multilayer coatings [13]. Xoconostle (O.
oligacantha CF Forst), a traditional fruit from Central Mexico, contains phenolic compounds,
flavonoids, and betalains, which confer antioxidant and antibacterial activities and can
thus be ideally incorporated into edible coatings [33]. Pitahaya (H. undatus), commonly
known as “dragon fruit”, is a native fruit from tropical regions of America that belongs to
the climbing cacti family. The fruit has white or red flesh with numerous tiny black seeds.
Edible films produced with mucilage extracted from dragon fruit peel, combined with
glycerol and pectin, demonstrated improved mechanical properties [16]. The addition of
pectin in cactus mucilage-based edible coatings is particularly associated with an increase
in solid content in the film/coating-forming solution, enhancing the mechanical and barrier
properties of the produced film/coating [2,13]. Glycerol, in turn, contributes to a more
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efficient interaction among the components in the film-forming solution, resulting in films
with smooth, homogeneous, and compact microstructures [16]. Pitahaya films have strong
potential to aid sustainable food production by reducing food waste (pitahaya peel), which
can be used as coating and packaging to extend the shelf life of fruits and vegetables [16].

As shown in Table 1, cactus mucilage can be obtained from different plants and plant
parts, including cladodes or pads [1,3,6,9,13,15], stems [3,4,35], and fruits [28,33]. The
cladodes represent the most abundant plant portion in cactus cultivation areas and are
widely used for the extraction of mucilage and its subsequent application as an edible
coating [16,18]. Consisting of branches that exhibit variable morphology, cladodes can
be globular, cylindrical, or flattened, and their dimensions differ according to the species,
plant age, and the cultivation environment conditions [37]. These structures are covered by
a waxy layer that reduces transpiration and are arranged to form a tree without a defined
trunk and branches. The internal structure of the cladodes consists of a dense network of
cells that contain substances capable of absorbing and retaining water, allowing the plant
to survive in arid conditions. Additionally, the fine spines on the outer surface are essential
to defend against animals [38].

Mucilage is stored in the cladodes in mucilaginous cells located in the chlorenchy-
matous and parenchymatous tissues, with the parenchymatous being the tissue with the
highest mucilage content [20]. The mucilage extracted from the chlorenchyma, the outer
layer of the cladodes, is characterized by a fibrous nature with an irregular structure and
dimensions. For this reason, it is removed during the mucilage extraction process [17,20]. In
contrast, the mucilage obtained from the parenchyma, which constitutes the inner portion
of the cladodes, has a higher concentration of pectic substances. This characteristic enhances
its effectiveness in formulating edible coatings for fruits and vegetables [6,8,17,20].

Regardless of the part used in extraction, in general, the life cycle of cactus mucilage
encompasses the stages of biosynthesis by the plant, extraction and purification, storage, in-
dustrial applications, and its biodegradation in the ecosystem [1,4,9,16,39]. After extraction,
the preservation of ideal physicochemical characteristics of the mucilage was observed
for up to eight months of storage at low temperatures [39]. As for the biodegradability
rate, mucilage-based films disintegrated after 35 days of soiling in organic compost [16].
However, it is noteworthy that, despite its importance, few studies address these aspects
during their analyses, which is an essential fact for the valorization of the polymer as a
sustainable strategy for food storage.

3. Main Extraction Methods and Physicochemical and Technological Properties of
Cactus Mucilages

Cactus mucilages are complex polymeric molecules composed of branched polysac-
charides that act as intricate molecular networks capable of absorbing water [21]. These
natural colloidal structures possess technological, nutritional, and functional properties that
can be industrially exploited [40,41]. In recent years, different methods for extracting cactus
mucilages have been developed or optimized to increase mucilage yields and promote
its use at the industrial level. As shown in Table 1, conventional methodologies, such as
hot extractions, water immersion, or organic solvent use, remain predominant over more
advanced methods, such as ultrasound-assisted extractions and microwave-assisted extrac-
tions. However, it was observed that conventional methods require more extended periods
and high temperatures, which can favor the degradation of thermosensitive bioactive
compounds, such as phenolic compounds and pigments present in cactus mucilage [42,43].
Although their low cost is an attractive feature of these methods, the excessive use of
organic solvents can increase extraction costs and negatively impact the environment due
to improper disposal [44]. In general, mucilages extracted by conventional and ultrasound-
assisted methods show similar rheological behaviors; however, the ultrasound-assisted
method results in a higher yield and shorter extraction time [45]. Although several extrac-
tion methods are used to obtain cactus mucilage applicable in coatings and edible films, no

176



Foods 2024, 13, 3613

previous study has addressed the influence of extraction methods on the techno-functional
attributes of these films and coatings [4,9,24,26].

The first step preceding mucilage extraction from cacti is washing the cladodes to
remove dirt from the field, then sanitization with sodium hypochlorite [10,46]. After
this process, the cladodes are peeled and manually cut into smaller fractions [4,10]. The
next step involves immersing and homogenizing the cactus pulp in different organic
solvent concentrations, such as ethanol [9], citric acid [30], or distilled water [15]. This
process can be aided by equipment, such as magnetic stirrers, blenders, or food processors,
and may occur under heating or at room temperature (Table 1). Thermal treatment is
commonly applied during mucilage extraction to weaken molecular interactions between
polysaccharide chains, facilitate water entry, and promote non-covalent intermolecular
interactions with mucilage aggregates [47,48]. Next, the obtained mucilage is precipitated
and washed with ethanol or isopropyl alcohol in varying concentrations (Table 1) to
remove pigments and then directed to the separation stage [13]. Ethanol is the most used
organic solvent for precipitating mucilages, while isopropanol is applied for extracting
and purifying various biomolecules [47]. The separation stage of the mucilage can be
carried out by multiple methods, such as filtration [6], decantation [10], evaporation [15], or
centrifugation [10], adjusting the parameters of rotation, time, and temperature (Table 1).

After the separation stage, the wet mucilage is concentrated using convective dry-
ing [13] or freeze drying [31,32] at different temperatures and drying times. Conventional
oven or tray drying is the most used method in the food industry; however, its low efficiency
can cause physicochemical changes in the cacti using different times and temperatures [47].
As shown in Table 1, the temperatures used during the mucilage drying process range
from 40 to 105 °C. The influence of drying using two different systems, i.e., convective
drying and refractance window drying, on mucilages from O. ficus-indica and Austrocylin-
dropuntia cylindrical dried at various temperature ranges (45-85 °C) was evaluated. The
results show that increasing the temperature reduced the drying time in all experiments.
Fourier Transform Infrared Spectroscopy (FTIR) analyses indicated that the mucilage and
cellulose did not undergo significant structural changes due to the drying techniques em-
ployed [47]. However, the refractance window method reduced the mucilage drying time
by half, emerging as a more efficient alternative. The final step for obtaining mucilage is
grinding and sieving to achieve a fine powder. The final product of the mucilage extraction
is a white, amorphous, and water-soluble material that can formulate films and coatings in
liquid form [4] or powder form [49].

As characterized previously, due to their ease of execution, conventional methods
using organic solvents or distilled water are the most employed for extracting mucilages
from cacti to formulate edible films and coatings (Table 1). However, using these methods
requires longer extraction times and high temperatures, which can result in the degradation
of thermosensitive bioactive compounds. Although the cost of executing these methods
is lower than that of non-conventional methods, the large-scale use of organic solvents
can increase the process costs and present significant environmental challenges [42]. To
mitigate the use of organic solvents during the mucilage extraction process, some studies
performed mucilage extraction using only distilled water under different temperature
conditions (25 and 90 °C) and volume proportions (in a general ratio of 1:1 w/v), with or
without agitation (using a blender) [3,4]. Despite not being characterized, the mucilages
obtained, when applied to fruits and vegetables, proved to be functional as a barrier against
oxygen and ethylene, slowing down the rate of respiration and ripening [34].

Non-conventional extraction methods, such as ultrasound-assisted extractions [31]
and microwave-assisted extractions [10,12,34], have also been employed for obtaining
mucilages from cacti (Table 1). A microwave-assisted extraction uses microwave energy to
heat the solvent and the plant simultaneously, promoting cell rupture and facilitating the
release of bioactive compounds, such as mucilage. The main advantages of this technique
include its speed, ease of execution, low cost, and reduced use of organic solvents. These
factors make this method a sustainable and efficient alternative [18]. In turn, an ultrasound-

177



Foods 2024, 13, 3613

assisted extraction is based on acoustic cavitation, generated by high-frequency ultrasonic
waves applied to samples immersed in extracting liquids. This process causes the formation
of microbubbles that, upon collapsing, release the energy responsible for breaking down
cell walls and releasing bioactive compounds. In addition to increasing the efficiency of
the extraction process, this technique also allows for a significant reduction in the volume
of solvents used, making it a sustainable and economically viable alternative without
compromising yields or process efficiency [42].

The yield of mucilage from cacti after extraction can vary depending on the part of
the plant used, the extraction method, the solvents employed, and the pre-processing and
purification steps [49]. In addition, other factors, such as the season, the plant genotype, the
maturation stage, and the harvest time, can influence the yield and the physicochemical,
technological, and functional properties of the cactus mucilage [23,38]. In particular, the
stage of maturity and time of harvest can modify the yield, which is reduced with advancing
maturity and the mucilage composition in terms of the concentration of carbohydrates,
pigments (such as chlorophyll), and minerals (such as calcium) [22]. Young cladodes have
a high content of water, phenolic compounds, and, mainly, soluble fibers, contributing
to a higher mucilage yield. In contrast, in older cladodes (which face more significant
climatic variations), an increase in the content of insoluble fibers and minerals is commonly
observed [43]. However, galacturonic acid was identified as the main component in mature
cladodes, being essential for film formation due to their viscosity properties, water retention,
and ability to chelate Ca®* ions [50].

Therefore, considering the biotic and abiotic factors involved in cultivating cactus
species and selecting the appropriate extraction method is necessary to obtain mucilages
from cacti with desirable physicochemical and technological characteristics. Mucilages
of seven native cactus species from Brazil (O. ficus-indica, O. cochenillifera, C. jamacaru,
C. hildmannianus, P. gounellei, P. pachycladus, and T. inamoena), obtained through aqueous
extraction and precipitated with ethanol, showed high yields, ranging from 8.9% to 21.54%.
The extraction process involved aqueous extraction followed by precipitation with ethanol.
More specifically, the species P. gounellei (21.54%), P. pachycladus (20.80%), O. ficus-indica
(19.05%), and O. cochenillifera (18%) exhibited the highest yields, suggesting the potential of
these cacti as sources of mucilages applicable to the food industry [22].

The physicochemical properties of cactus mucilages determine the functionality and
behavior of coatings during food storage and handling [51]. An early study analyzed the
physicochemical, structural, and technological properties of mucilages from seven cactus
species, including species native to the semiarid region of Brazil (O. ficus-indica, Opuntia
cochenillifera, Cereus jamacaru, Cereus hildmannianus, Pilosocereus gounellei, Pilosocereus pachy-
cladus, and Tacinga inamoena). The mucilages exhibited a light coloration, with luminosity
(L) values ranging from 69.29 to 81.99 and low a* values, close to negative, indicating a
tendency toward green [22]. The authors emphasize that the color of the mucilages can
vary depending on the plant maturation stage, the amount of chlorophyll, the extraction
and purification methods, and the solvents used in precipitation. Technologically, the
mucilages demonstrated a high water-retention capacity, ranging from 2.40 to 23.01 g/g. In
contrast, the oil-retention capacity was relatively low, between 2.14 and 3.02 g/g, which
was attributed to the hydrophilic properties already known of mucilages. The mucilages
exhibited satisfactory emulsifying, stabilizing, and foaming properties, highlighting their
potential applications in food [22].

The particle size of mucilage can also influence the distribution of nutrients and their
functional groups. Grinding and sieving techniques help obtain particles with a better
water- and oil-retention capacity and optimize the release of bioactive compounds dur-
ing processing [48]. Scanning electron microscopy (SEM) tests conducted on mucilages
extracted from the parenchyma of O. robusta revealed aggregates of small particles with
irregular shapes and fibrous dimensions more significant than the mucilage extracted from
the chlorenchyma [48]. A study showed that reducing the particle size of the flour from the
cladode of O. ficus-indica, obtained through grinding and sieving, altered the content of
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carbohydrates and lipids present in the mucilage [52]. Another study identified changes in
the physicochemical and technological properties of mucilage powders obtained from two
cultivars of O. ficus-indica and one cultivar of O. robusta (Robusta), collected during two dis-
tinct periods. The powders from mucilages harvested in February exhibited higher porosity,
oil absorption, and retention capacity while showing a lower water-retention and swelling
capacity. In contrast, the powders of mucilages collected in August exhibited smaller im-
permeable particles and superior hydrophobic properties and a better emulsifying capacity,
stability, and viscosity [53].

The viscosity of these mucilages is influenced by the concentration of monovalent and
divalent ions in their composition, and they may exhibit pseudoplastic behavior [39,54].
Due to their hydrophilic nature and the presence of calcium, cactus mucilages have a
higher water-retention capacity compared to oil [23]. This characteristic allows for a more
efficient interaction with water, promoting water retention and the homogeneous distri-
bution of the mucilage during its application in films and coatings [55]. Edible films and
coatings with homogeneous characteristics indicate a structural integrity associated with
improved mechanical properties [56]. Several factors, such as the mucilage concentration,
temperature, pH, porosity, and particle size, can influence the viscosity of cactus mucilages,
potentially hindering their diffusion during the application of edible films and coatings
on fruits and vegetables [23,52,54]. Thus, the viscosity of the mucilage should be adjusted
to the application method, as less viscous solutions are preferable for spray applications.
In contrast, more viscous solutions are suitable for other methods, such as immersion and
spreading [57,58].

The barrier capacity of films against water molecules is associated with their efficacy
in minimizing moisture loss or gain in foods or food products. Water vapor permeability
(WVP) can be measured to evaluate moisture barrier properties [59]. This parameter
reflects the film’s water barrier property between the environment and the food matrix,
contributing to increased shelf life [23]. Films with low WVP are ideal, as they prevent
moisture transfer and water loss from the food during storage, thus helping to maintain
food quality [11,59]. However, due to their hydrophilic nature and chemical composition,
edible coatings and films formulated with cactus mucilage generally exhibit high WVP,
which may be related to the mucilage extraction method, type and concentration of the
additive used, and the coating processing method [23,49,55]. To improve the techno-
functional properties of coatings and films formulated with cactus mucilage, using additives
to reduce the spaces within the polymer structure, thus hindering water vapor diffusion,
has been a common approach [51,54,60].

The mucilage from the genus Opuntia, commonly used for formulating edible coatings
and films, is a complex polymer with a branched structure composed of various sugar units.
These sugars interact with the hydroxyl groups of uronic acids, imparting the mucilage
with its technological and functional characteristics [31]. The spectra obtained through
FTIR analyses are commonly used to evaluate the main functional groups present in cactus
mucilages, relating the absorption frequencies obtained to known absorption frequencies
of recognized chemical bonds [23]. The bands commonly identified are OH groups from
polysaccharides, carboxylic acids, uronic acids, and «- and (3-D-glucose configurations [23].
In addition to carbohydrates, cactus mucilage is an excellent source of proteins; minerals
(calcium, copper, iron, zinc, and manganese); and various phenolic compounds that can act
in preserving fruits and vegetables when applied in edible films and coatings [22,23].

4. Processing Methods and Characterization of Films and Coatings Formulated with
Cactus Mucilages and Their Bioactive Compounds

Postharvest losses of fruits and vegetables represent a significant challenge for the
agricultural sector. In recent years, edible packaging in films and coatings formulated with
different biomaterials (carbohydrates, proteins, and lipids) has been widely used as an
innovative strategy to minimize postharvest losses [46]. In general, the application of edible
coatings helps maintain the firmness of the food, control the respiration rate, and regulate
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the ripening process, playing a crucial role in determining the shelf life, marketability,
nutritional value, and functionality of horticultural products [17,29].

From this perspective, various polymers obtained from natural sources, such as
starches, cellulose derivatives, pectin, carrageenan, chitosan, sodium alginate, proteins (of
animal or plant origin), and plant-based mucilages have been explored for the formulation
of edible films and coatings [10,13,60]. The biodegradability, biocompatibility, bioavailabil-
ity, low processing cost, and high extraction efficiency, combined with their nutritional,
physicochemical, and technological properties, make cactus mucilage a widely used raw
material in the formulation of effective edible coatings and films aimed at extending the
shelf life of various fruits and vegetables [3,4,17].

Although edible films and coatings based on cactus mucilage offer several advantages,
they present some limitations compared to synthetic polymers, including a low yield in
the extraction process [22], the use of organic solvents in conventional mucilage extrac-
tions [17,34], and variations in mucilage chemical compositions, which make standardizing
coating formulations challenging [23]. Additionally, the high hydrophilicity of mucilage
reduces the mechanical strength and barrier properties, resulting in films that are frag-
ile and have a granular texture, necessitating the combination of mucilages with other
compatible polymers and plasticizing agents to optimize their physical and functional
properties [15,16,61]. These challenges highlight the need for research developments that
advance current knowledge and provide insights to overcome these limitations, paving the
way for more effective coatings suited to the food industry [39].

4.1. Techniques and Components Used to Formulate Films and Coatings with Cactus Mucilages
and Their Bioactive Compounds

Table 2 summarizes the main methods and components used to develop edible coat-
ings and films based on cactus mucilage and bioactive compounds to preserve fruits
and vegetables. The main components used for formulating edible films and coatings
include mucilage in powder or liquid form [4,6]; plasticizing agents (glycerol, Tween, or
sorbitol) [15,17,24]; and cross-linking agents, such as calcium chloride [3]. Generally, the
formulation process involves diluting and homogenizing the mucilage powder in distilled
or deionized water in concentrations ranging from 0.004% (w/v) to 75% (w/v), followed by
the addition of plasticizing agents, such as glycerol (0.1% up to 50% v/v), sorbitol (3.4%
v/v), or Tween 20 (10% v/v), depending on the methodology used (Table 2). These solutions
may or may not be subjected to heating and stirring to ensure a complete incorporation
of the mucilage with the other components in the solution [34]. Thus, the method for
developing coatings and films is simple and easy to execute.

Table 2. Development and application of coatings and edible films formulated with cactus mucilage
and its bioactive compounds for preserving fruits and vegetables.

Cacti Coating/Film Material Formulation Application Fruits/Vegetables Reference
Method
-Mucilage powder (6% Hon}ogemzatlon .of pure Minimally
L . w/v) mucilage extract in distilled .
O. ficus indica Coating o Immersion  processed [24]
-Glycerol (10% v/v) water and glycerol or Kiwifruit
-Tween 20 (10% v/v) Tween 20.
-Liquid mucilage (6% Homogenization of pure
O. ficus indica Coating ©v/v) mucilage extract with Immersion  ‘Dottato’ figs [26]
-Glycerol (10% w/v) distilled water and glycerol.
-Mucilage powder .
(0%,25%, 50%, and 75% Eﬁiﬂ?ﬁ?ﬁfﬁﬁﬁﬁ?ﬁs
O. ficus indica Coating w/v) 8 Immersion  Mangoes [1]

water and aloe gel in

-Aloe gel (0%, 25%, 50%, different combinations.

and 75% w/v)
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Table 2. Cont.

Cacti Coating/Film Material Formulation Application Fruits/Vegetables Reference
Method
Homogenization of the
mucilage in distilled water
Mucilage powder (1%, and addition of glycerol.
. . N o Then, the solution was .
O. stricta L. Coating 2%, and 3% w/7v) . . Immersion  Peppers [4]
_Glycerol (2% v/7) dissolved for 3 min and
y centrifuged at 2683 x g for
10 min to use the
supernatant.
Addition of water or
-Mucilage powder (10% S;}llgig{:;l I:I)I?;e;igi: aeor
O. robusta Coating w/v) y . & Brushing Tomatoes [21]
-Ethanol (50% 0/2) powder (to obtain a
solution with 12% soluble
solids).
— L Minimally
O. ficus-indica ~ Coating -Liquid mucilage (* Np) App.hcatlon of liquid Immersion  processed [6]
mucilage.
rambutans
Homogenization of
mucilage in distilled water, .
. Minimally
" . -Mucilage powder (1% followed or not by .
Np Coating Immersion  processed [7]
w/v) ultrasound treatment otatoes
(40 kHz and 480 W) for P
10 min.
-Mucilage gel (25% and Homogenization of the
50% v/v) mucilage gel or
O. ficus-indica Coating -Polysaccharide of O. polysaccharide in deionized ~Immersion  Cherries [20]
ficus-indica (1% w/v) water, followed by the
-Glycerol (5% v/v) addition of glycerol.
B
N. cochenellifera  Coating (0.004% w/v) & L. " Immersion Sweet potatoes [17]
followed by the addition of
-Glycerol (30% v/v)
glycerol.
Preparation of different
solutions:
-Chitosan or alginate
-Polysaccharides from O.  solution with added
stenopetala (0.1% w/v) polysaccharides from O.
-Sodium alginate (0.5% stenopetala isolated or in
. v/v) combination with the Multilayer
O. stenopetala Coating -Lactic acid (1% v/v) extract of F. microphylla system Tomatoes (131
-Chitosan (0.5% w/v) leaves;
-Extract of F. microphylla ~ -Homogenization of the
leaves (0.5 % v/v) mucilage gel or
polysaccharide in deionized
water, followed by the
addition of glycerol.
-Mucilage powder Homogenization of cactus
N. cochenellifera  Coating (0.004% w/v) mucilage powder in Immersion  Sweet potatoes  [17]
-Glycerol (30% v/v) distilled water and glycerol.
-Liquid mucilage (50% Dissolution of pure
O. ficus-indica Coating v/v) mucilage in distilled water; Immersion  Tomatoes [3]

-Calcium chloride (6%
w/v)

previous application with
calcium chloride solution.
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Table 2. Cont.

Cacti Coating/Film Material Formulation Application Fruits/Vegetables Reference
Method
-Liquid mucilage (60% .
and 67% v/v) Homogenization of l\/ilr’lzlerzlaé(liy
O. ficus-indica ~ Coating -Glycerol (30% and 40%  mucilage to glycerol and Immersion \I:/)v}?ite—iflesh [10]
v/v) glutamine. loquats
-Glutamine (3% w/v) q
s . -Liquid mucilage (* Np) =~ Homogenization of Atomizing .
O. ficus-indica Coating -Ascorbic acid (5% w/v)  mucilage with ascorbic acid.  spray Strawberries [28]
L L .. Minimally
O. ficus-indica Coating -Liquid mucilage (* Np) Ap p.hcatlon of liquid Atomizing processed [14]
mucilage. spray 1
oquats
Minimally
O. ficus-indica Coating -Liquid mucilage (* Np) App.hcatlon of liquid Atomizing  processed [27]
mucilage. spray cactus pear
fruits
Homogenization of
-Mucilage powder (3% mucilage with distilled
w/v) water under magnetic
O. ficus-indica Coating -Ascorbic acid (0.03%, stirring for 4 h at 30 °C. Immersion  Pecan nuts [12]
0.009%, 0.015% v /v) Mixture of varying
-Glycerol (50% v/v) concentrations of ascorbic
acid and glycerol.
Homogenization of
-Liquid mucilage mucilage in a previously Minimall
N. cochenilifera Coating -Cassava starch (3% w/v) heated cassava starch Immersion rocesse dy ams [30]
-Glycerol (1% v/v) solution (70 °C), followed p ¥
by the addition of glycerol.
Homogenization of
mucilage in distilled water
-Mucilage powder (20% by vortexing, followed by
. oo . w/v) the addition of chitosan and  Direct
O. ficus-indica Film -Chitosan (2% w/v) glycerol. Addition of the application Tomatoes 21
-Glycerol (3% v/v) solution to a Petri dish for
drying at room
temperature.
-Mucilage powder (20%  Homogenization of
Opuntia spp. Coating  w/v) mucilage in distilled water =~ Immersion  Carica papaya [35]
-Glycerol (25% v/v) and addition of glycerol.
Homogenization of orange
essential oil (continuous
-Bioactive extract of O. phase) with soy lecithin
oligacantha (10 and 20% (surfactant), followed by
O. oligacantha Coating ©v/v) the addition of the aqueous  Sprinkling ~ Tomatoes [33]
-Mineral oil (70% v/v) extract of O. oligacantha
-Soy lecithin (dispersed phase). The
mixture was sonicated at
30 °C.
-Mucilage powder white Homogenization of Cherry
H. undatus Coating dragon fruits (3% w/0) mucilage in distilled water =~ Immersion tomatoes [34]

for 30 s.
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Table 2. Cont.

Cacti Coating/Film Material Formulation ﬁ/[l?t)ll:;stlon Fruits/Vegetables Reference
-Cactus polysaccharide
(0.5%, 1%, and 2% w/v) Homogenization of cactus
-Acetic acid (1% v/v) polysaccharide with acetic
Opuntia spp. Coating -Ascorbic acid (2% w/v)  acid, ascorbic acid, citric Immersion  Citrus fruits [36]
-Glycerol (1.5% v/v) acid, glycerol, sunflower oil,
-Sunflower oil (0.025% and distilled water.
v/v)
-Mucilage powder (6% Homogenization of
O. ficus-indica Coating w/v) mucilage in distilled water =~ Immersion  Sweet cherries [8]
-Glycerol (10% v/v) and addition of glycerol
Homogenization of
Mucilage powder (1% mucilage in distilled water
O. ficus-indica Coating 2%, and 3% w/v) utilizing a magnefjc stirrer Immersion  Bananas [29]
“Glycerol (0.1% 0,/) at 5000 rpm at 30 °C for 4 h,
y ' followed by adding
glycerol.
-Mucilage powder (15%  Homogenization of
w/v) mucilage in distilled water,
O. ficus-indica Coating -Glycerol (10% v/v) followed by the addition of =~ Immersion  Figs [9]
-Aloe arborescens gel (2%  glycerol and aloe
v/v) arborescens gel.
Homogenization of
. o mucilage in distilled water
-Nopal mucilage (4% and addition of glycerol. .
w/v) Immersion of fruit in Layer b Minimally
Nopal cactus Coating -Glycerol (0.5% v/v) CTSION Ot ¢ . yerby processed [5]
. . o mucilage solution; placed in  layer .
-Chitosan solution (1.5% - . pineapples
w/0) drying for 2 min; and
immersion in chitosan
solution and drying.
-Liquid mucilage (50% Homogemzathn of
/) mucilage, gelatin, glycerol,
-Pig skin gelatin (2.9% or sorbitol on a magnetic
L . & sk gela o stirrer at 70 °C for 10 min. Direct
O. ficus-indica ~ Film w/v) . . ) L Apples [15]
-Glycerol (3.4% w/v) The film-forming mixtures  application
—Soi]bi tol (3 ;l"/ w/0) were dispersed in Petri
TS dishes and dried at 45 °C
} 8
Probiotic (10° CFU/mL) for 24 h.
S . Mucilage powder (0.5%  Homogenization of .
O. dillenii Coating 1% and 1.5% w/v) mucilage in distilled water. Immersion  Potatoes [31]
Muciageponder (e Fomemon,
O. dillenii Coating  w/v) uciage € Immersion  Chestnuts [32]

-Glutathione (0.4% w/v)

followed by the addition of
glutathione.

* Np: data not provided.

The choice of plasticizer and its respective concentration is fundamental for obtaining
coatings and films with satisfactory mechanical properties. As shown in Table 2, glycerol
is the most used plasticizer for formulating edible films and coatings [4,17], followed
by sorbitol [15] and Tween 20 [26]. Glycerol is widely used as a plasticizing agent in
formulating edible films and coatings due to its structural characteristics, such as a low
molecular weight, hydroxyl (OH) functional groups, and high compatibility with biological
polymers [13,15,62]. These properties facilitate the diffusion of glycerol within the polymer
matrix, promoting the breaking of intermolecular interactions to increase mobility and
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interactions among the compounds, contributing to a homogeneous distribution and
maintenance of the film’s mechanical properties [62]. Furthermore, glycerol has hydrophilic
characteristics, acting as a water-retention agent in the film-forming matrix during drying
and storage processes [60]. A high solubility of the films is desirable, as this allows for
rapid dissolution in the oral phase of digestion or easy removal during consumption [62].

Films formulated with mucilage extracted from O. ficus-indica cladodes show higher
values of moisture, solubility, water vapor permeability (WVP), and elongation at break
(EB). In contrast, films produced with O. ficus-indica mucilage and sorbitol show higher
tensile strength [62]. The higher tensile strength of films with sorbitol may be associ-
ated with the higher molecular weight of this plasticizer, which increases intermolecular
spacing, reduces mobility, and promotes cohesion among molecules, thus enhancing film
strength [15]. Considering these aspects, glycerol-based plasticizing agents are widely
applicable in edible-film formulations for products requiring greater flexibility, such as
fruits and vegetables [5,8,15]. However, the glycerol concentration added to the coating
solution should be considered, as an anti-plasticizing effect may occur when higher con-
centrations are used [16]. The increase in parameters, such as the thickness, elongation at
break, moisture content, water solubility, and water vapor transmission rate (WVTR), is
associated with a higher glycerol content [62]. Therefore, the selection of the plasticizing
agent and the applied concentration should consider the desired properties of the film, as
plasticizers like sorbitol, despite providing less elasticity, increase mechanical strength, a
favorable attribute in formulations where mechanical resistance is essential [15].

Plasticizers in concentrations ranging from 10% to 30% (w/w) resulted in films firmly
adhered to the plate, making removal difficult. On the other hand, films formulated with
50% plasticizers exhibited an excessively sticky texture. Films containing 40% (w/w) glyc-
erol demonstrated good handling properties and an adequate appearance, making this
concentration ideal for film development [61]. However, the concentrations of plasticiz-
ers added to coating solutions and edible films formulated with cactus mucilage vary
substantially (Table 2).

Edible coatings are defined as a thin layer of semi-liquid material applied to the outer
surface of foods, using techniques such as spraying, immersion, or brushing [36]. As
presented in Table 2, the most used methods for applying mucilage-based coatings to fruits
and vegetables include immersion, followed by an atomizing spray, a direct application
multilayer system, brushing, sprinkling, and layer by layer. In contrast, the preparation
of films involves the homogenization of mucilage with the other components of the film-
forming solution and the dispersion of the solution in Petri dishes, which are then subjected
to drying and directly applied to the fruit [15]. Due to its simplicity, immersion is the most
widely used method for coating fruits and vegetables. This process is divided into three
distinct steps: first, immersion, where the fruit or vegetable remains in contact with the
coating solution for a specific time; deposition, which involves the adhesion of the solution
to the food surface; and drying, corresponding to the evaporation of the solution, resulting
in the formation of the coating adhered to the surface of the fruit or vegetable [3,8,9,30].

To achieve efficiency during the process, it is essential to consider the viscosity, density,
and surface tension of the coating solution [57,58]. Fruits and vegetables with irregular
shapes can hinder the uniform application of coatings, resulting in areas with inadequate
coverage that promote unfavorable biochemical changes, compromising their shelf life.
On the other hand, prolonged exposure to the solution can lead to excessive moisture
absorption, while shorter contact times may result in an uneven coating [63]. During
immersion in the coating solution, cross-linking agents can be used to enhance the adhesion
of the coating to the food surface [49]. Cross-linking agents are widely used to improve the
formulation of edible coatings intended to preserve fruits and vegetables [22,64]. Among
the agents commonly employed for the formulation of coatings made with cactus mucilage
are plant extracts [1,9], organic acids [12,28,49,64], and metal ions [9,65].

Calcium ion (Ca?*) is widely incorporated in CaCl, solutions as a cross-linking agent,
given its compatibility with anionic polymers [65]. This interaction promotes improve-
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ments in the techno-functional attributes of edible coatings, enhancing their stability and
effectiveness in preserving fruits and vegetables [3,65]. When in contact with the citric
acid present in the cell wall of fruits, Ca>* prevents the alteration of the intracellular gel
layer, helping to preserve the texture and firmness of the fruit. In addition, Ca®" plays
an essential role in regulating fruit ripening and senescence, contributing to its resistance
to biological stress through the activation of secondary metabolism and stimulating the
synthesis of bioactive compounds necessary for the nutritional quality of fruits [65,66]. The
combined application of calcium chloride as a cross-linking agent in the cactus mucilage-
based coating favored the creation of a modified atmosphere around the food’s surface
(namely, tomatoes), which resulted in the preservation of the overall quality attributes and
extended its shelf life for three weeks under room-storage conditions [3].

Other methods not applied in the reviewed articles have also been studied to prepare
coatings, emphasizing electroplating. This is a technique in which metal ions are reduced
to metal atoms using an electrolytic solution with the passage of an electric current and
then deposited on the surface of another. Its ability to deposit various metals, alloys, and
non-metallic materials (such as plastics and ceramics) without hazardous chemicals and
with a lower environmental impact makes it extremely valuable. This technique has been
used in several industries, such as food packaging [67].

The development of film and coating formulations involving the combination of
cactus mucilage with other biopolymers, such as aloe vera gel [1,9], gelatin [15], and
cassava starch [30], has been explored to preserve fruits and vegetables (Table 2). The
mixture of mucilage, cassava starch, and glycerol was reported to result in a negative
interaction with the plant tissue of minimally processed yam, as this combination was not
effective in maintaining sensory quality during refrigeration storage, unlike yam coated
only with mucilage and glycerol [30]. In contrast, the edible coating made with O. ficus-
indica mucilage combined with gelatin, probiotic strains (Enterococcus faecium), and glycerol
demonstrated efficacy in preserving freshly cut apple slices, extending their shelf life and
maintaining quality attributes during storage [15].

In addition to these biopolymers, bioactive compounds have also been used in coat-
ing formulations based on cactus mucilage to enhance the functionality and antioxidant
action of the coatings [12]. An early study reported that adding glycerol and L-glutamine
to the coating improved the nutritional profile of loquat fruit during cold storage [10].
Similarly, adding glutathione to the polysaccharide-based coating of O. dillenii improved
quality parameters and extended the shelf life of freshly cut Chinese cabbage by inhibiting
physiological processes [32]. In another study, the coating enriched with ascorbic acid
effectively preserved phytochemicals and antioxidant activity in pecan nuts [12]. Edible
coatings and films formulated with cactus mucilage are strongly affected by the cactus
species, cultivation conditions, extraction method, and the concentration of mucilage and
other components used in the formulation [27,28,49]. For this reason, understanding these
aspects and knowledge of cactus mucilage’s physicochemical and morphological proper-
ties is essential for formulating edible coatings and films with satisfactory technological
attributes [49].

4.2. Characterization of Microstructural, Functional, and Thermal Properties of Films and
Coatings Formulated with Cactus Mucilages and Their Bioactive Compounds

The microstructural, functional, and thermal properties of films and coatings formu-
lated with cactus mucilages and their bioactive compounds are strongly associated with
the mucilage’s chemical composition and structural characteristics [49]. Although their
importance is recognized, studies investigating these parameters during the formulation of
coatings applied to fruits and vegetables are still scarce. This gap hinders the integrated
interpretation of the coating’s morphological, functional, and thermal characterization
variables [12,16,32]. In contrast, most studies emphasize the effects of these coatings on the
overall quality attributes of fruits and vegetables. Therefore, this section will also present
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information on developing cactus mucilage-based films and coatings not applied in food
matrices to deepen knowledge.

The mucilage’s particle size significantly influences the film’s mechanical properties.
When used alone, the O. ficus-indica mucilage, in its smaller fraction (NC-120), did not
result in adequate film formation, leading to a fragile and brittle matrix [52]. To overcome
this limitation, cassava starch was incorporated into the formulation, which resulted in a
homogeneous, easy-to-handle film. In another study, O. ficus-indica mucilage used for film
production exhibited an amorphous shape with a random distribution of irregular particles
in the form of aggregates due to calcium and other polyvalent ions. Scanning electron
microscopy (SEM) images of the films made with mucilage revealed a porous, network-
like structure capable of storing particles, gases, ions, and moisture, which are essential
characteristics for the coating functionality [49]. On the other hand, films formulated with
O. ficus-indica mucilage, with the addition of chitosan (2% v/v) and glycerol (3% v/v),
exhibited a homogeneous, non-porous surface, although with a slightly darker color [2].
Color is a crucial attribute to consider when making edible films, as it directly influences
consumer acceptance and must be compatible with the food to which the film will be
applied [16].

The thickness of the films is considered an important physical parameter, as it affects
water vapor permeability and mechanical strength. This parameter is directly related to the
volume of the film-forming solution applied and the concentration of the dry matter in the
solution [11]. Additionally, increasing thickness can reduce film transparency and decrease
light transmission, which is advantageous for protecting photosensitive constituents in
fruits and vegetables [23]. Increasing the concentration of mucilage typically results in
increased water vapor permeability, which can directly impact the film’s functionality. In
general, carbohydrate-based films exhibit a weak water vapor barrier due to their structure
and composition, which provide excellent affinity for water vapor molecules [49]. Barrier
properties are essential in preventing oxidation and microbial spoilage, directly contributing
to extending the food’s shelf life [19]. High water solubility, low tensile strength, and low
water vapor permeability can limit the use of mucilage alone, making the incorporation of
additives and other polymers necessary [23].

The gas permeability of edible films and coatings plays a crucial role as a barrier in gas
exchanges, particularly for carbon dioxide (CO;) and oxygen (O,), which are critical factors
in the deterioration of fresh fruits and vegetables [60,63]. Low O, levels and high CO,
levels help control microbial and enzymatic activities, extending the shelf life of fresh fruits
and vegetables. This modified atmosphere also reduces the transmission of ultraviolet (UV)
light, which limits oxidative processes, preserves sensory attributes, and slows nutrient
degradation, promoting product quality conservation [28,56,64]. Due to the polymeric
structure of mucilage and its compact network of hydrogen bonds, cactus mucilage-based
films and coatings exhibit good barrier properties against gas exchanges [20]. These
coatings reduce oxygen permeability and limit carbon dioxide accumulation around fruits
and vegetables, helping to preserve quality and minimize economic losses along the supply
chain [19,20,68].

Glycerol is the most used plasticizing agent for formulating mucilage-based films,
as it improves the mechanical and thermal properties of the film. However, its addition
can also negatively affect the barrier properties. The effects of applying plasticizers, such
as glycerol, sorbitol, and polyethylene glycol, on the properties of films formulated with
mucilage extracted from O. ficus-indica cladodes were investigated. All plasticized films
exhibited lightness; yellow-green coloration; and a homogeneous, smooth, tasteless, and
odorless appearance. The films with plasticizers showed good extensibility but poor
resistance regarding mechanical properties. Furthermore, the use of polyols did not affect
the thickness and solubility of the films in water. However, it increased the moisture
content and reduced thermal stability, with the highest thermal stability obtained in the
film formulated with polyethylene glycol due to its lower hydroxyl-group content [61].
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Mechanical properties, such as tensile strength and elongation at break, are important
indicators of the performance of edible films. Tensile strength refers to the maximum force
a film can withstand per unit area before breaking, while elongation at break measures the
change in the film’s length in the longitudinal direction at the point of rupture [11]. The
glycerol concentration added to the formulation must be considered, as high concentra-
tions can decrease tensile strength and increase elongation at the break of the formulated
films [16]. The harvest of O. stricta clones (Orelha de Elefante Mexicana) and Nopalea
cochenillifera (L.) Salm-Dyck (Miuda), at 6 a.m., positively impacted the films” mechanical
properties, permeability, and thermal stability. Specifically, the films formulated with the
Orelha de Elefante Mexicana clone, harvested during the rainy season and the transition
between the rainy and dry seasons, showed a darker color, improved the mechanical
properties and water permeability resistance, and had a more compact microstructure and
higher thermal stability [23].

Another study identified mucilage and films developed from the cactus mucilage of
N. cochenillifera (L.) Salm-Dyck (Miada) and Opuntia stricta (Haw.) (Orelha de Elefante
Mexicana), which exhibited physicochemical stability over eight months of storage. After
this period, changes in the appearance of the films were identified [39]. The results indicate
that both species were water-soluble; however, N. cochenillifera demonstrated superior
water- and oil-retention capacities and a higher concentration of phenolic compounds,
resulting in films with enhanced mechanical properties compared to those formulated with
O. stricta. These findings highlight the potential of these species for industrial applications,
especially in the formulation of edible films and coatings with extended preservation
properties.

Film biodegradation is also frequently assessed under anaerobic conditions through
weight loss analyses. This method evaluates the degradation of polymeric materials when
buried in organic matter-rich soil, determining the time required for complete decompo-
sition [49]. Biodegradation occurs through the fragmentation and mineralization of the
material caused by external factors, such as heat, humidity, and the enzymatic activity
of microorganisms present during composting [49]. Films formulated from pitaya be-
gan to degrade after 28 days, with complete disintegration occurring after 35 days [16].
Similar results were reported for films made from O. ficus-indica mucilage, which started
biodegrading after 24 days, with complete degradation achieved after 40 days [49].

As highlighted in the studies above, cactus mucilage-based films and coatings stand
out for their flexibility, gas barrier properties, thermal stability, and biodegradability. How-
ever, these composite materials have some limitations, such as low mechanical strength and
a high affinity for water, which may compromise their performance. Therefore, developing
studies to improve these aspects is essential to expand their applicability and efficacy.

5. Effects of Films and Coatings Formulated with Cactus Mucilages and Their Bioactive
Compounds on the Postharvest Quality and Storability of Fruits and Vegetables

Quality parameters, such as weight and firmness, color, soluble solid content, acidity,
pH, ascorbic acid (vitamin C), and total phenolic content, change in fruits and vegetables
(fresh and minimally processed) during storage, mainly as a result of physiological dis-
orders (alterations in ethylene production, respiration, transpiration etc.) and infections
caused by several pathogens [14,29]. Therefore, the impacts of applying coatings and
edible films based on cactus mucilages and/or their bioactive compounds on the quality
attributes of different fruits and vegetables, both fresh and minimally processed, have also
been investigated (Figure 1), and the main results are summarized in Table 3.
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Cactusspecies

Opuntia ficis-
indica

Opuntia
dillenii

Hylocerens
undats

Opuntia Opuntia
oligacantha stenopetala

Opuntia
stricta

Adapted from: [Todhanakasem et al, 2022; Greco et al., 2024]. J

Figure 1. Applying cactus mucilage films and coatings to fresh and minimally processed fruits and

vegetables [10,15].

Table 3. The main effects of applying coatings and edible films formulated with cactus mucilage or
its bioactive compounds on extending the shelf life and preserving the nutritional, physicochemical,

Cactus mucilages

Application method

by immersion

and sensory qualities of fruits and vegetables.

Applicationin fruits
and vegetables

Composition of Applied .
Coatings and Fruits and zt:rl\z%eions S;aﬁi:)tfel;arameters Main Effects References
Edible Films Vegetables
The application of the aloe gel
influenced the sensory attributes,
TSS, TA, and the sugar-to-acid
ratio, while the cactus mucilage
Sensory evaluation, pH,  primarily affected the color,
Aelf Zéglge debrana) Maneo in 25°C, Np total soluble solids appearance, and overall
]%’cus—in diCl:'l na tu;g,a RH, for (TSSs), titratable acidity ~ acceptance. Application of the [1]
mucilage 16 days. (TA), and sugar-to-acid ~ Aloe gel and cactus mucilage (50
ratio. and 75%), in combination and
alone, had a tendency to retard
quality deterioration and
maintained a good appearance of
the mangoes.
Weight loss, ascorbic Mucilage presented a protective
acid conten’/c pH effect to the firmess ip cpated
firmness TSIS an’d samples. The O. ficus-indica
O. ficus-indica 27°C microbia’l ualities (total mucilage with glycerol was more
mucilage extract Papaya in 55 60," v RH meso hilig effective than only mucilage [35]
mixed with natura p ! esop . extract in extending the shelf life
or 6 weeks. microorganisms (TMM), . . . .
glycerol of fruits, reducing their ascorbic

total psychrotrophic
microorganisms (TPMs),
yeast, and mold.

acid content, pH, and TSS when
compared to the control in the

storage period.
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Table 3. Cont.

Composition of Applied .
Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
Mucilage edible coating
Firmness, weight loss, presented positive effects on the
TSS, TA, sensory physical maintenance, ascorbic
evaluation, package O, acid, pectin content, visual
- Minimally 5 °C, 90% and CQZ ar}alysm, quality, and ﬂavor score of the
O. ficus-indica ascorbic acid, storaged fruits. Samples coated
. processed RH, for . . . . . . [24]
mucilage Kiwifruit 12 davs microbiological analysis ~ with mucilage and Tween 20
ys: (TMM and spoilage presented an increase in microbial
and/or pathogenic growth, mostly of yeasts. The
groups), and pectin coating without Tween 20 was
analysis. more effective for quality
parameters in kiwifruits.
The application of the mucilage
. . edible coating was effective in
Firmness, weight loss, L. i
. maintaining the fresh fruit’s
respiration rate, bri . .
. rightness, weight, visual
ethylene production, 1 fi
color, visual appearance appearance score values, firmness,
! . and total carotenoid content. The
score, sensory analysis, coated fruit revealed an
O. ficus-indica , ) o 4 °C, for TSS, pH, TA, total .
. Breba’ fig . expressively lower growth of [26]
mucilage 14 days. phenolic compounds .
. Enterobacteriaceae than a control.
(TPCs), total carotenoids, ..
; . . The association of temperature
and microbiological . ..
. and mucilage was effective in
analysis (TMM and . o
. reducing water transpiration and
spoilage and/or inine th hanical and
athogenic groups) retaining the mechanical an
P ' chemical properties of the fig
through 10 days of storage.
The cactus mucilage coating
O. stricta L Pepper in 25 °C, 65% Weight loss, TSS, and reduced the weight loss;
m'ucila o ’ naflia RH, for iron and ascorbic acid maintained the TSS, iron, and [4]
& 6 days. content. ascorbic acid; and extended the
shelf life of the peppers.
The mucilage obtained from the
parenchymatous tissue was more
effective as an edible coating than
Weight loss, texture the mucilage of the
O. robusta mucilage Tomato in 20°C,NpRH measurement (firmness), chlorenchymatous tissue. [21]
' & natura for 21 days. and determination of Tomatoes coated with mucilage
lycopene. revealed significantly higher
firmness and reduced weight loss
and lycopene content than the
control.
The mucilage coating effectively
reduced weight loss and
preserved the fruit’s firmness
during storage. Additionally, the
coating helped retain the fruit’s
O. ficus-indica Minimally 5°C for Welght loss, color, color and overal.l appearance.
mucilage processed 10 days firmness, TSS, and Sensory evaluations indicated [6]
rambutam ' sensorial evaluation. higher acceptability and

consumption intentions for
coated fruits. Overall, the cactus
mucilage coating extended the
shelf life and maintained the
fruit’s quality
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Table 3. Cont.

Composition of Applied .
Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
The multilayer coating applied
controlled weight loss and
maintained the pH, TA, and TSS.
Weight loss, pH, TA, Further, the coatings did not
Chitosan and O. Cherr 20°C. N TSS, firmness, color, and  impact the visual appearance of
stenopetala with toma tZ in RH fé)r P microbiological assays the fruit. In addition, a visual [13]
alginate and F. natura 15 cia S (aerobic mesophilic evaluation of the peduncle scar
microphylla extract ye. microorganisms, molds,  showed that the coatings
and, yeasts). incorporating F. microphylla
prevented F. oxysporum growth,
prolonging the shelf life of the
cherry tomatoes to 6 days.
. . . The CP-and-US combined
Microbiological assay, .
; treatment improved the
color, texture analysis, . . .
TSS, pH, cooking loss bacteriostatic effect, browning
wat,er ste’1 tus and ! inhibition effect, and antioxidant
distribution. enzvme capacity in the vegetable.
Cactus Minimall extractions z/m d a};sa s Furthermore, it reduced the
polysaccharides Y 4eC, Np RH, . ye mobility of water and the degree
processed TPC, malondialdehyde [7]
(CPs) and for 8 days. / of membrane lipid peroxidation,
otato 4 (MDA) content piep
ultrasound (US) p membrane errlneabilit maintaining the appearance
antioxi dantpca acit ¥ quality, texture properties, and
catalase ac tivitp an}(;/ cell membrane integrity. The
volatile or aniz’ combination of CP and US
compoun. C‘%S improved the shelf life of
P ' potatoes.
Weight loss, TSS, TA The application of the
H. peel COI,OI' o coating minimised weight loss
fnoisriure /dr Ima ter and respiration rates, while
respiration f}i,rmness, enhancing the firmness of the
mig‘obial C{eca ’ fruits. Additionally, the coatings
O. ficus-indica Cherrv in 1°C, 90% resistance to gélicel increased the antioxidant content,
mucilage and naturz RH, for removal eXtI'I:E)lCtiOIl of including phenolics, flavonoids, [20]
chitosan 28 days. ht h, micals, TPC and anthocyanins, compared to
paytochemica’s, ! the control group. The
total flavonoid content .. . .
(TFC), anthocyanins application of the edible coatings
and a;1 tioxi da}1]1 i ! preserved the quality and
. prolonged the shelf life of cherries
capacity. .
during storage.
o The packed vegetables, with or
18\Ian1§11_213 fo? without coating, maintained
1 4pan d ’ Visual appearance, greater visual scores after
26 davs weight loss, firmness, transference to room conditions,
Cactus pear ros eZti,V ol color, TSS, starch, exhibiting a lower weight loss for
(Napolea Sweet (si IE ulate dy, antioxidant capacity up to 26 days. Additionally, by [17]
cochenellifera Salm  potato refrigerated (DPPH and FRAP), total ~ visual analysis, the firmness,

Dick.) mucilage

transport and
shelf
conditions,
respectively).

phenolic compounds
(TPCs), ascorbic acid,
and total carotenoids.

antioxidant activity, and phenolic
and starch contents were stable in
raw and cooked sweet potatoes
packaged (coated or not) for up to
26 days.
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Table 3. Cont.

Composition of Applied .
Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
The combined coating
significantly reduced weight loss
and decay and retained firmness,
TA, and TSS compared to
untreated fruits during storage.
Cactus mucilage Tomato in 21 °C, 45% Weight loss, fruit decay, =~ Additionally, the coatings delayed
and calcium natura RH, for firmness, TA, TSS, color,  color changes, indicating a slower  [3]
chloride (CaCly) 20 days. and ripening index. ripening process. The
combination of mucilage and
CaCl, effectively preserved the
quality and extended the shelf life
of tomatoes under ambient
conditions.
The formulation of a mucilage
edible coating enriched with 30%
glycerol and 10% L-glutamine
provided better postharvest
TSS, TA, antioxidant reswfcance than .on.ly a mucilage
. .. . .. coating, maintaining the TSS, TA,
O. ficus-indica . activity, extractable juice, . .
] . Minimally 5 . and extractable juice; reducing
mucilage with 5°C,NpRH, weight loss, color, TPC, . ) ) .
processed 2. . weight loss; and increasing [10]
glycerol and 1 for 11 days. antioxidant activity, o ..
. oquat . antioxidant activity and the
l-glutamine sensory analysis, and itional profile i d frui
visual scores nutritional profile in treated fruits
' throughout the entire
cold-storage period. The coating
did not compromise the sensory
and visual quality of loquat fruits
after the storage period.
The coated fruits showed a linear
increase in weight loss during
storage. The ascorbic acid content
and TSS increased in coated
Weight loss, color; strawberries, and the overall
overall quality; firmness; visual quality decreased, being
TSS; TA; ascorbic acid affected by storage. However,
O. ficus-indica 1°C, 85% contenjc; sensory visual quaht’y’and §ensor1al '

;i ) Strawbery analysis; and analyses verified higher scores in
mucilage with . RH, for . . . . [27]
ascorbic acid in natura 12 davs microbiological analysis  the coated samples at the end of

ye. (TMM, TPM, the storage period. Furthermore,
Pseudomonas, the mucilage coating did not

Enterobacteriaceae family,
yeasts, and molds).

negatively interfere with the
natural taste of the strawberries.
The coating applications were not
able to prevent microbial growth,
but their development decreased
in coated fruits.
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Table 3. Cont.

Composition of

Applied

Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
Firmness; TSS; TA: color: Mucga.ge had a barrier effec.t
. Lo on minimally processed fruit
weight loss; bioactive duri .
. uring cold storage, which was
compounds and radical -
. - revealed by the lower weight loss,
- scavenging activity; and . . .
Minimally microbioloeical higher firmness, maintenance of
O. ficus-indica processed 5°C,Np RH, arame tersg(TMM TPM TSS, ascorbic acid and betalain [28]
mucilage cactus pear  for 9 days. b ’ ’  contents, sensorial qualities,
. Pseudomonas, . .
fruits . visual scores, lower respiration
Enterobacteriaceae, and e
easts); sensorial rates, and significantly less
y 4 . microbiological growth of the
analysis; and visual
coated samples compared to the
score. ! .
control during the storage period.
Mucilage coating preserved the
quality, nutraceutical value, and
Firmness; SST, TA, color, sensorial parameters and
. .. Minimally o extractable juice, improved the postharvest life
zl{f&: lendzca processed ?or(i/:%ljlg IZH’ ascorbic acid content, of minimally processed fruits. [14]
& loquat fruit ye. weight loss, and The treatment did not impede
sensorial analysis. microbial growth, but
considerably reduced its
development in coated fruits.
TSS; TA; carbohydrate;
color; weight loss;
headspace gas The coating treatment maintained
composition; the quality parameters,
nutraceutical attributes;  nutritional value, and sensorial
O. ficus-indica sensory analysis and profiles and enhanced the
m‘ucila o and Cactus pear 5°C,NpRH, visual score; and postharvest life of fruits. The [46]
Calciu 1’%1 ascorbate fruits for 9 days. microbiological analyses  coating application restricted the
(TMM, TPM, development of bacteria and
Pseudomonas, members  yeasts and did not negatively
of the Enterobacteriaceae affect the natural taste of fruits
family, Listeria during refrigerated storage.
monocytogenes, and
yeasts).
The coating reduced dehydration,
N. cochenillifera Minimally 5°C Np RH Fresh mass loss, visual maintained sensory quality, and
m.ucila o processed for 1’0 dlia) < ’  assessment, and sensory  increased the amount of phenolic  [30]
& yam ys: analysis. compounds in the yam during the
storage period.
The enriched coatings effectively
preserved the color, hardness, and
overall appearance of the pecan
nuts throughout storage.
Color, hardness, Athh(.)nally, the coatings
microbiological analyses maintained greater levels of TPC
O. ficus-indica 60 °C, Np (total mold and yeast) and TFC, besides antioxidant
mucilage enriched = Pecan nut RH, for TPC. TEC. an tio>}<,i dantl activities. The coatings reduced [12]
with ascorbic acid 25 days. ! ! the activities of polyphenol

activity, and enzyme
activity assays.

oxidase and peroxidase enzymes,
which was associated with quality
deterioration. Overall, the coating
protected the quality and
extended the shelf life of pecan
nuts under storage conditions.
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Table 3. Cont.

Composition of Applied .
Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
The coated tomatoes displayed a
uniform color and firmness
comparable to the fruits under
O. ficus-indica o initial storage conditions and did
. . 25 °C, for
mucilage (OM), Tomato in Color, texture, and not show symptoms of a
. room RH, for . . . . . [2]
chitosan, and natura firmness. microbial disease. The film
30 days. .
glycerol revealed a strong antifungal effect
against Rhizopus stolonifer in vitro
and in situ and improved the
shelf life of tomatoes.
The nanoemulsion coatings,
which included orange essential
oils and xoconostle, effectively
reduced weight loss and
maintained the firmness, color,
Weight loss, firmness, pH, TA, and TSS of the tomatoes
. 5 color, pH, TA, TSS, during storage. Additionally, the
O. oligacantha fruit Tomato in 6°C, Np RH, texture, bioactive coatings enhanced the antioxidant  [33]
natura for 21 days. -
compounds, and activity and preserved the
antioxidant activity. histological structure of the fruit
pericarp, indicating slower
maturation. The coating
application was capable for
extending the shelf life and
maintaining fruit quality.
The application of a combination
of UV-C and an edible coating
Color; weight loss; TPC;  provided a higher ascorbic acid
. TFC; ascorbic acid; total ~ content, antioxidant capacity, and
Dragon fruit o o AL . ial off he hurdl
mucilage coating Cherry 4°C, 95% soluble solids; TA; and antimicrobial effect. The hurdle
RH, for microbial analyses treatment reduced weight loss, [34]
and UV-C tomato . | . . .
radiation 21 days. (aerobic bacteria, and despite slightly modifying
coliform, yeast, and the color, it maintained the fruit’s
mold). visual appearance and extended
its shelf life during the storage
period.
The maximum moisture content
and pH value were observed in
Polysaccharide . Citrus fruit 5°C,90% pH, TA, and sensory fruits Coateq with Opuntza‘ spp-
extract of Opuntia in natura RH, for evaluation polysaccharides. The coating [36]
spp- 35 days. ’ application increased the shelf life
and retained the sensorial quality
of the citrus fruits.
We'lght loss, decay Mucilage coating positively
incidence, ethylene o .
. L. delayed the fruits’ ripening
production, respiration .
rate. TSS. TA  ion process. The coated fruits
o SRy presented higher firmness,
O. ficus indica Banana in 25°C, Np leakage, MDA content, chlorophyll content, and TA
- RH, for color, total chlorophyll, [29]
mucilage natura . values and a lower TSS content,
12 days. degrading cell wall

enzyme activities, total
carotenoid content,
protopectin, and
firmness.

ethylene production, respiration
rate, MDA concentration, ion
leakage, and protopectin content
than uncoated fruits.
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Table 3. Cont.

Composition of Applied .
Coatings and Fruits and zt(;)rl;z%teions S;l;ﬂ?trel;arameters Main Effects References
Edible Films Vegetables
The treated fruits showed better
acceptability, and quality
parameters, such color, compared
Fresh weight, TSS, TA, to the control group. The
O. ficus indica Sweet ' 2°C,92% firmness, color mucilage co'ating considfzrably
mucilage cherry in RH, for parameters reduced weight loss during [8]
natura 14 days. nutraceutical, and storage and pedicel browning,
sensory analysis. enhancing the visual appeal of the
cherries. The mucilage effectively
increased the storage quality and
shelf life of the coated fruits.
The combined application of O.
Weight loss; TSS; TA; ficus-indica mucilage and aloe gel
Figs, ‘San i\/laturation Index; color; 1fdible Coatir;gs improved the
. L. o7 ., ° o irmness; ruits” visual appearance,
O.f C.MS—anlCll Giovanni 4°C, 85% microbiological analyses ~ maintained firrI:r)lFr)less, and reduced
mucilage and aloe  and RH, for (TMMs ¢ d ioht loss during st Th [9]
ol Melanzana' 12 davs. , yeasts, an weight loss during storage. The
& 16 y Pseudomonas counts); coatings extended the shelf life of
cuttvars TPC; and visual the figs by maintaining their
appearance score. quality and reducing microbial
contamination.
o The application of the edible film
glﬂi?:g_zgfg Minimally resulted in improved preservation
.o . 4°C,Np RH, . and shelf life of minimally
probiotic strain processed for7d Weight loss d 1 L [15]
Enterococcus apple or 7 days. processed apples, minimizing
faecium FM11-2 weight loss and maintaining
freshness during storage.
The coating application reduced
Weight loss; firmness; weight loss and preserved the
color; TA; pH; ascorbic firmness of the pineapple cubes
Nopal cactus Minimally acid content; and throughout storage. Additionally,
mucilage, pullulan, processed 4°C,NpRH, microbiological (molds, the coatings helped in retaining [5]
and ChitO,S an ! pineapple for 18 days. yeasts, and total aerobic  the color and overall appearance.
and psychotropic Microbiological analyses showed
microorganisms) and a reduction in microbial load,
sensorial analyses. indicating enhanced safety and an
extended shelf life.
The application of different
concentrations of O. dillenii
polysaccharides considerably
reduced weight loss and
Weight loss, firmness, preserved firmness and retained
- Minimally 5 color, respiratory rate, the color and overall appearance
O.ldzllem; id processed ? C5,C11\IP RH, microbiological analyses  of the potatoes. The [31]
polysaccharides potato or > days. (total viable counts), and  polysaccharide-based coatings

total sugar.

presented antibacterial and
antioxidant activities,
contributing to the quality and
extended shelf life of the fresh-cut
potatoes.
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Table 3. Cont.

Composition of Applied

Coatings and Fruits and zt(;)rl;z%teions S;l;{izel;arameters Main Effects References
Edible Films Vegetables
The application of coatings
significantly dropped the
respiration rate and weight loss,
0. dillenii Weight loss, firmness, maintained the firmness of and
) . 3°C,NpRH, color, respiration rate, reduced the browning of the
polysaccharides Chestnut . [32]
) . for 10 days. TSS, and sensory chestnuts during storage. The
with glutathione . ., .o
evaluation. coatings” application was capable

of preserving quality and
extending the product shelf life of
chestnuts by at least 4 days.

Malondialdehyde (MDA); data not provided (Np); relative humidity (RH); titratable acidity (TA); total pheno-
lic content (TPC); total soluble solids (TSSs); total mesophilic microorganisms (TMMs); total psychrotrophic
microorganisms (TPMs); 2,2-diphenyl-1-picrylhydrazyl (DPPH); ferric-reducing antioxidant power (FRAP).

5.1. Effects on Shelf Life, Color, Firmness, Weight Loss, Total Soluble Solids, pH, Acidity, Ascorbic
Acid (Vitamin C), Total Phenolic Content, Antioxidant Activity, and Sensory Parameters

Weight loss is essential in determining the postharvest quality and shelf life of fruits
and vegetables. Weight loss is usually caused by the continuous loss of dry matter through
respiration and water-loss transpiration processes [15]. Notably, the internal water fluidity
of fruits and vegetables increases during storage, which increases water loss and decreases
quality [7]. Applying edible coatings and films minimizes water loss by creating a thin
semi-permeable layer over the external surface as a barrier and maintaining high relative
humidity [2,29,30]. The slowed weight loss and extended shelf life in fruits and vegetables
coated with mucilage from cacti might be attributed to the improved water retention
facilitated by the hydrophilic nature of this material [10].

Studies also suggest that adding active ingredients, such as mucilage, does not affect
the coating barrier’s functionality [4,6,13]. On the contrary, the combination of a mucilage
coating and film with different treatments, such as UV-C irradiation, chitosan, glycerol,
glutamine, probiotics, and aloe gel, were effective in decreasing transpiration and the
consequent decline in weight loss, maintaining freshness and prolonging the shelf life of
products [9,10,13,15,20].

Texture or firmness is a critical quality attribute in fruits and vegetables. It may
be modified during the postharvest period due to high metabolic activity and physical
damage, such as the breakage of cell wall components and shocks during postharvest
handling [14]. Studies indicate that physical barriers generated by cactus mucilage coatings
effectively reduce pectin degradation, with reduced weight loss and firmness [32]. This
effect could be attributed to the calcium content in cactus mucilage, which interacts with
pectic acid in cell walls to form calcium pectate, thus maintaining the integrity of cell walls
in fruit tissues [46].

Greater firmness of tissues preserved with mucilage was also attributed to greater con-
centrations of pectin and protopectin during storage, suggesting lower cell wall hydrolyzing
enzyme activity [20]. Enzymes, such as pectin methylesterase (PME) and polygalactur-
onase, responsible for the solubilization of pectic substances in plant cells, require high
levels of O, and ethylene for their action, parameters that are reduced /modified with
the application of coatings [20,33]. Studies have reported the potential of cactus mucilage
to act as a gas barrier by decreasing O, permeability and stimulating CO, accumulation
around coated fruits and vegetables during storage, significantly reducing the respiration
rate [27,28]. Additionally, the incorporation of Fuchsia microphylla (flowering shrub) into
mucilage coatings also had a positive effect on controlling water loss, thereby increasing
fruits” firmness and, consequently, physicochemical quality [13].
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Color is an essential indicator of the shelf life of fruits and vegetables, being a factor
that directly impacts consumer choice and acceptability and the marketing of these prod-
ucts [7,10,28]. During ripening, changes in the colors of fruits and vegetables are observed
due to the degradation of the pigment chlorophyll and the biosynthesis/cumulation of
carotenoids [3]. In fresh-cut fruits and vegetables, color changes are also caused by the enzy-
matic oxidation of carotenoids and polyphenols, forming brown pigments (quinones) [27].
The peroxidase (POD) and polyphenol oxidase (PPO) activities causing the oxidation of
phenolic compounds are related to the browning and loss of quality of many foods [12].
The stability of pigments provided by applying edible coatings formulated with cactus
mucilage occurs due to reduced gas transfers [12]. This reduces respiration and ethylene
production rates, delaying ripening and its associated modifications in fruits” color de-
velopment [3]. In addition, the application of mucilage-based coatings could retard the
oxidation reactions and enhance the brightness and overall visual quality of fruits [12,17,46].
However, decreased brightness was observed in cold storage, which is probably correlated
with a decrease in specific pigments, such as the content of betalains [27].

Changes in the content of total soluble solids (TSSs) in fruits and vegetables are
associated with the biosynthesis of polysaccharides and accumulation of sugars during
the ripening, volatilization of soluble compounds, evaporation of water, and variations in
storage conditions, such as temperature and humidity [13]. At advanced stages of ripening,
the disassociation of some molecules and structural enzymes in soluble compounds also
increases TSS levels [4]. The effect of cactus mucilage edible coatings limiting the increase
in TSS could be attributed to the role of coatings acting as a semi-permeable barrier against
0O,, CO,, and ethylene, reducing respiration, transpiration, metabolic activity, and ripening,
leading to a decrease in accumulated sugars and polysaccharides [27].

Due to the ripening process, organic acid content declines in fruits and vegetables as
storage time progresses, reflected in a reduction in titratable acidity [1]. The decreasing
trend of titratable acidity could be due to metabolic activities that lead to the biosynthesis of
sugars from organic acids in the postharvest period [29,53]. However, coating applications,
especially when combined with cold storage, can interfere with metabolic activities by
reducing the use of organic acid during respiration, delaying the postharvest ripening
process in fruits [3,29].

pH is also associated with acidity, and its modification may result from respiration and
the increasing concentration of CO, during storage [7]. The reduction in the concentration
of organic acids, caused by the ripeness and water loss of fruits, also causes variations
in this parameter [20,53]. However, a gradual increase in the pH of coated fruits has
been reported, indicating less accelerated metabolic processes [33]. It was suggested that
including a F. microphylla extract in the coatings could control water loss, thus delaying the
maturity of fruits and changes in ripening parameters [13].

Ascorbic acid is an essential quality indicator for fruits and vegetables due to its
sensitivity to oxidation during food processing and storage [4,27]. Usually, ascorbic acid
content declines during storage, with the rate affected by the genotype, maturity stage, and
storage conditions [5,34]. In minimally processed fruits, physical injuries can accelerate
ascorbic acid degradation [46]. Low oxygen levels and low storage temperatures are other
factors that can mitigate vitamin C degradation [28]. Applying cactus mucilage coatings
effectively reduces losses in ascorbic acid content during storage, mainly by forming an
oxygen barrier [46]. However, despite these effects, its preservation is compromised by its
susceptibility to rapid oxidation, and a decrease in the content of this compound is evident
in senescence [33]. Another fact related to this compound was that adding ascorbic acid to
cactus mucilage also helps mitigate the loss of hardness, possibly due to cross-links forming
a firmer structure that restricts moisture transfer. This effect was attributed to reduced cell
wall degradation and cell collapse in the coated samples [12].

Phenolic compounds, such as anthocyanins and flavonols, are crucial in fruit quality,
influencing its appearance, taste, and nutritional value [33]. Studies have shown that
phenolic compounds act as non-enzymatic antioxidants, which scavenge free radicals and
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protect cells against oxidative injury in fruits and vegetables [19,46]. As an elicitor, the
cactus mucilage could enhance antioxidant activity, scavenging reactive oxygen species,
protecting cell membranes, and peroxidation, which could further extend the shelf life of
fruits and vegetables and preserve their nutritional quality [10,29]. Moreover, Cactaceae
species are abundant in bioactive compounds, such as betalains, phytosterols, polyphenols,
vitamins, and minerals, which may also increase the nutritional composition of foods [17].

Malondialdehyde (MDA) quantification is another parameter for evaluating the degree
of lipid peroxidation in fresh-cut product tissues and cell membranes. The antioxidant
effects of the cactus mucilage coating were reflected in the elimination of free radicals
generated by cells, preventing the oxidation of membrane lipids, reducing the formation of
MDA, and effectively delaying enzymatic browning [7].

Sensory quality directly influences the consumption of fruits and vegetables and is
a significant indicator for measuring their commercial value [32]. Due to the possible
sensory impact that films and coatings can cause, this parameter was evaluated in some
of the retrieved studies in this review. The mucilage coating and combined components,
such as glutathione and glycerol, enhanced the sensory profile and preserved the overall
appearance but did not interfere with or alter the natural taste of products, an essential
characteristic concerning edible coatings [6,46]. Cactus mucilage coatings also exalt some
critical parameters, such as firmness, aroma, sweetness, and taste, that are particularly
appreciated by consumers [10,27,36]. These aspects can also be related to the changes
the coatings cause in the fruit ripening process, emphasizing the content of phenolics,
flavonoids, anthocyanins, and volatile compounds [7,17,20,30].

5.2. Effects on Microbiological Parameters

Fruits and vegetables are very exposed to microbial decay [19]. Although there is a
high presence of carbohydrates and low acidity in cactus mucilage, studies have found that
applying coatings based on this polysaccharide can reduce the microbial count [9,24,46]. A
reduced oxygen supply and oxidative stress induced by the coating may be responsible
for inhibiting the growth of fungi and yeasts, the primary fruit contaminants [12]. The
activity of bioactive compounds present in Cactaceae can also increase microbial efficacy
and scavenge free radicals, mainly by altering membrane permeability, damaging the cell
wall, and thus blocking the growth and infection processes, mainly of fungi [29].

This antimicrobial activity can also be attributed to combined applications with other
compounds, such as chitosan, glycerol, and aloe gel, which are known to prevent the mi-
crobial spoilage of fresh produce [9,46]. Thus, combining treatments could further enhance
the microbiostatic effect of mucilage [32]. Furthermore, the addition of probiotics in cactus
mucilage has also been shown to be an alternative method for controlling microorganisms
in fruits, providing health benefits [15].

The studies mentioned previously presented the beneficial effects of applying coatings
and edible films made from cactus mucilage and its bioactive compounds for maintaining
the postharvest quality of fruits and vegetables, such as weight loss, firmness, color, and
biochemical parameters. They minimized the microbial contamination of several fruits and
vegetables. Their combination with other ingredients improved the quality and efficacy
of cactus mucilage, and different applicational methods also extended their shelf life. It
is essential to highlight that variations in the mucilage extraction procedures presented
in Table 1, including factors such as time, temperature, type, and volume of solvent, can
influence the physicochemical characteristics of mucilage, which play a crucial role in the
techno-functional properties of films and coatings that act in the preservation of fruits and
vegetables [15,16].

6. Trends, Limitations, and Market Challenges of the Use of Films and Coatings
Formulated with Cactus Mucilages and Their Bioactive Compounds in the
Food Industry

Cactus mucilage has been used in the formulation of coatings and films to extend the
shelf life of fresh and minimally processed fruits and vegetables. The results are promis-
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ing, with significant improvements in quality indicator parameters after its application
alone or combined with other components [13,21,26]. Thus, applying coatings and films
formulated with cactus mucilage can reduce waste and the amount of fruits and vegetables
discarded throughout the production chain. Additionally, cactus mucilage, as a polymer
matrix, is inexpensive and widely available in semiarid environments, favoring income
generation through a circular economy approach with the sustainable use of natural re-
sources [19,22,23]. By incorporating additives and other polymeric materials, it is possible
to develop formulations that can be used as a viable alternative to traditionally applied
methods [23].

In addition, cactus mucilage-based films and coatings can also serve as carriers for
other bioactive substances, such as plant extracts with high concentrations of phenolic
or probiotic microorganisms. This combination can enhance their functional properties,
including antimicrobial activity against spoiling microorganisms and food contaminants,
and benefit human health. A pioneering study on the incorporation of probiotics in
cactus mucilage-based coatings showed promising results, highlighting the formation of
thicker films that effectively preserved the quality attributes and shelf life of minimally
processed apples [15]. However, a reduction in probiotic viability was observed during
storage at 4 °C for 7 days, indicating the need to add bioactive compounds, such as
phenolic compounds, to stimulate bacterial metabolism and promote greater viability of
microorganisms during storage [15]. The incorporation of plant extracts and prebiotics
in cactus mucilage-based coatings and films has proven effective in reducing weight loss
and maintaining quality parameters such as pH, titratable acidity, total soluble solids, and
antimicrobial and antioxidant activities in fruits and vegetables, thereby extending their
shelf life [13,33].

More research is needed to identify biopolymer film-forming mechanisms for indus-
trial use and optimize their physicochemical, morphological, mechanical tensile, barrier,
and transparency properties. This information will support further studies, leading to
better biofilm formulations for industrial applications [23]. Moreover, developing commer-
cialization studies, such as evaluating new processes, safety, and toxicity, is essential for
market applications [16].

Despite significant progress in the research on cactus mucilage, several limitations
still need to be addressed. Studies often utilize a limited number of cactus species and
need more crucial information regarding the genotype of the plants, maturation stage, and
harvesting period for mucilage extraction. Additionally, the absence of standardization in
extraction methods and the few available data on the physicochemical and technological
characterization of the mucilages used in formulating films and coatings to be applied on
fruits and vegetables hinder an integrated analysis of the variables influencing product
quality and the success of their application. Therefore, it is recommended that future
research focus on the bioprospecting of new cactus species, optimizing extraction processes,
exploring the physicochemical characteristics of mucilages, and developing films and
coatings that ensure effective incorporation into fruits and vegetables.

7. Conclusions

This review considered studies that tested the production methods, chemical composi-
tion, and technological and functional properties of edible films and coatings formulated
with mucilage and bioactive compounds from different cactus species and their effects on
the quality parameters of fruits and vegetables. Cactus mucilage presents a sustainable
alternative to synthetic coatings. It is also a viable option for large-scale applications in the
food industry, besides adding value to regional products represented by cactus species,
which are currently used mainly as forage. The cactus species most used for obtaining
mucilage are concentrated in the genus Opuntia, and the cladode is the most widely used
part in the extraction process and subsequent application as an edible coating/film in
fruits and vegetables. Cactus mucilage exhibits important physicochemical properties for
formulating edible films and coatings, which can be used alone or combined with other
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polymers and bioactive compounds, often incorporated through immersion. The main
findings from the analyzed studies show that the formulated edible films and coatings
exhibit ideal mechanical properties for prolonging the shelf life of fruits and vegetables.
These properties are achieved through effective barriers against gases, moisture, and
ultraviolet light; the efficient control of respiration rates; reduced senescence; and decreased
water permeability. These factors contribute to the maintenance of firmness, improvement
of appearance, preservation of nutritional composition, and enhancements in antioxidant
and antimicrobial activities, resulting in an extended shelf life for fruits and vegetables.
It is important to emphasize that the techno-functional properties of the coatings are
closely linked to the physicochemical characteristics of the extracted mucilages, including
their chemical composition, polymer structure, viscosity, particle size, and affinity with
the substances added to the formulation. This relationship highlights the importance of
carefully selecting mucilages to optimize and ensure a better performance of the developed
films and coatings. Despite the promising results presented in this review, some scientific
gaps still need to be addressed for a practical application of cactus mucilage in fruits and
vegetables, such as the influence of genotypic variability and the harvest time of plant
matrices on the techno-functional properties on the formulated films and coatings.
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