Preservation Challenges in Cherry Tomatoes: Evaluating Freezing Methods for Improved Color and Structural Integrity
1. Materials and Methods
1.1. Chemicals
Polygalacturonic acid, Tween-20, alcohol oxidase (derived from Pichia pastoris), linoleic acid, and Triton X-100 were obtained from Sigma-Aldrich (St. Louis, MO, USA). The remaining reagents employed in this work were of analytical grade.
1.2. Plant Material
Cherry tomatoes (Solanum lycopersicum L. var. cerasiforme cv. ‘A. Albeni’), used as the raw material for the freezing process, were supplied by Özgörkey Gıda (Ozgorkey Frozen Food, İzmir, Türkiye) in August. The average fresh fruit characteristics were determined as 15.29 g in weight, 26.40 mm in diameter, and 28.70 mm in height. 
The tomatoes were harvested at commercial maturity which was visually evaluated based on external skin color (Stage 6, >90% red surface), according to the USDA tomato color classification [1, 2]. Prior to freezing, the samples were kept at +4 °C for 24 h. As a preliminary step, the tomatoes were classified according to size and washed before processing.
1.3. Freezing Operations of Cherry Tomatoes
 Cherry tomatoes were frozen using four different methods: (I) multistage freezing (MF), (II) individual quick freezing (IQF), (III) static freezing (SF), and (IV) vacuum pretreatment followed by IQF (V+IQF). For V+IQF, vacuum pretreatment was applied at ambient temperature (25 ± 2 °C) in a vacuum chamber (Nuve, Turkey) at 568.864 mmHg (11 psi) for 10 min immediately prior to IQF. The cold point temperature of the tomatoes was continuously monitored using a data logger (Testo 176 T4), and samples remained in each system until the target cold point temperature was reached. Multistage freezing was performed stepwise at 0, −10, and −20 °C using a refrigerator (Beko 7121Y, Turkey) and a cold air-cooling unit (Terkan, Turkey). IQF was conducted at −30 °C with an air velocity of 4 m/s in an IQF system (Frigoscandia, Sweden), while SF was carried out at −20 °C in a freezer (Bosch KDN53NW20N, Germany).
The cold point temperature of the tomatoes was continuously monitored using a data logger (Testo 176 T4), and freezing was continued until the target cold point temperature of −20 ± 1 °C was reached. The freezing time required to reach this temperature was recorded for each method. The average freezing durations were 290 min (MF), 35 min (IQF), 320 min (SF), and 30 min (V+IQF). IQF was conducted in a tunnel operating at −30 °C with an air velocity of 4 m/s (Frigoscandia, Sweden). In multistage freezing (MF), samples were sequentially held at 0 °C for 40 min, −10 °C for 100 min, and −20 °C for 150 min before reaching the target cold point temperature.
After freezing, samples were packaged in 110 μm PET/PET/PE multilayer films (12/12/75 μm) and stored under frozen conditions for six months. Prior to analysis, frozen tomatoes were thawed at +4 °C for 2 h.
1.4. Physicochemical Analysis
Tomato samples were initially homogenized with an Ultra Turrax (IKA T18, Germany). Total solids were measured according to AOAC method 925.09 [3], while water-soluble solids were quantified using a refractometer.
Color measurements were conducted using a Hunterlab Colorflex CFLX 45-2 colorimeter (VA, USA), and the CIE Lab parameters L*, a*, and b* were recorded. Here, L* represents lightness (100 = white, 0 = black), a* indicates the red-green axis (+a*= red, –a*= green), and b* denotes the yellow-blue axis (+b* = yellow, –b* = blue). Results were reported as L* values and the ratio of a*/b*.
The pH values of both fresh and frozen cherry tomato samples (processed by different methods) was determined using a digital benchtop pH meter (WTW-Inolab, Germany) [4]. 
Total titratable acidity was analyzed by diluting the pulp with distilled water (1:1, w/v) and titrating 10 mL of the diluted juice with 0.1 N NaOH until pH value 8.1 was reached. The results were expressed as grams of anhydrous citric acid per 100 g of sample (g/100 g).
1.5. Percentage of Skin Cracking
 Skin cracking in cherry tomatoes was assessed visually immediately after freezing and at monthly intervals during six months of frozen storage. For each freezing method, three separate bags containing 15 tomatoes each were evaluated, and the number of cracked fruits was recorded. Cracking incidence was expressed as the percentage of cracked tomatoes, with final values reported as the mean of the three replicates.
1.6. Enzyme Activities
1.6.1. Pectin Methylesterase (PME) Activity
The amount of methanol production was determined depending on pectin methylesterase (PME) activity by making some modifications in the method given in Anthon and Barrett [5]. Tomato samples were homogenized in 0.1 M sodium phosphate buffer (pH 2.0) containing 1 g/L SDS to inactivate endogenous PME, preventing rapid pectin de-esterification and ensuring accurate measurement of methanol and methyl ester contents, followed by centrifugation at 16,000 × g for 5 min. The resulting supernatant was used for analysis. For the assay, 90 μL of phosphate buffer (0.1 M, pH value 7.5), 10 μL of alcohol oxidase (0.01 U/μL), and the supernatant were mixed and incubated at 30 °C for 10 min. Afterwards, 200 μL of purpald solution was added, and incubation continued until the final reaction volume reached 1 mL. Absorbance was then read at 550 nm, and residual PME activity (RAPME, %) was calculated using Eq. (1).
  (1)
where A0 represents the PME activity of the fresh tomato, and A corresponds to the PME activity following treatments or frozen storage.
1.6.2. Polygalacturonase (PG) Activity
Polygalacturonase (PG) activity was assessed using a modified version of the method proposed by Gross [6]. For homogenization, samples were mixed with a buffer containing 0.1 M phosphate and 2 M NaCl. Equal volumes of sample and buffer were combined, centrifuged at 16,100 × g for 5 min, and the resulting clear supernatant was desalted. The substrate solution consisted of polygalacturonic acid, pre-washed with 0.1 M sodium acetate, at a concentration of 2 mg/mL in ethanol. A reaction mixture containing 200 μL of the substrate and the sample was incubated at 30 °C for 40 min. Parallel assays were performed with 4 mM galacturonic acid to generate the standard curve. Absorbance was recorded at 276 nm, and the galacturonic acid concentration was calculated from the standard curve. Residual PG activity (RAPG, %) was then determined using Eq. (2).
  (2)
where A0 represents the PG activity of the fresh tomato, and A corresponds to the PG activity following treatments or frozen storage.
1.6.3. Lipoxygenase (LOX) Activity 
The method is given in Anthon and Barrett [7] has been used by making some modifications to determine lipoxygenase activity. Linoleic acid was used as a substrate in the determination of LOX activity, and the substrate solution was prepared by adding linoleic acid and Tween-20. Then 0.6 mL of 1N NaOH was added, and the final volume was completed with distilled water to 25 mL. Homogenization buffer containing 0.1 M phosphate buffer and Triton X-100 were used for the homogenization of the samples. 
In enzyme extraction from cherry tomato samples, an equal amount of sample, and cold (+4 °C) homogenization buffer were mixed and centrifuged at 10000 × g. The supernatant was desalted using 0.1 M sodium phosphate buffer. The reaction was started by adding the desalted sample into a quartz cuvette containing 20 μL linoleic acid substrate and 1 mL 0.1 M phosphate buffer (pH value 6.5) resulting in a final linoleic acid concentration of 0.5 mM, and the absorbance increase at 234 nm wavelength was observed. The method is based on the detection of conjugated diene formation from linoleic acid at 234 nm [8]. 
Enzyme activity was calculated from the slope of absorbance versus time graph (ΔA234/min) using an extinction coefficient of 23,000 M⁻¹ cm⁻¹ and shown as μmol/g fresh weight/minute (Gibian and Vandenberg, 1987). 
The residual activity of LOX, expressed as RALOX (%), was measured using Eq. (3). 
  (3)
where A0 represents the LOX activity of the fresh tomato, and A corresponds to the LOX activity following treatments or frozen storage.
1.7. Lycopene Content
Lycopene content was analyzed following the procedure described by Pieper and Barrett [9] with slight modifications. Tomato samples (5 g) were homogenized using an Ultra-Turrax (IKA T18, Germany), and 0.1 g of the homogenate was combined with 8 mL of a hexane/ethanol/acetone mixture (2:1:1, v/v/v). The solution was vortexed for 30 s and kept in the dark for 30 min. Subsequently, 1 mL of distilled water was added, followed by another 30 s of vortex mixing, and the mixture was filtered through Whatman No. 1 filter paper. After standing for 10 min to allow phase separation, the absorbance of the upper layer was measured at 503 nm using a spectrophotometer (Agilent-Varian Cary 50). 
Lycopene concentration was calculated according to Eq. (4) and expressed as mg lycopene per kg fresh weight (FW) of tomato.
          					(4)                                                                                                 
where the molecular weight of lycopene is 537 g·mole⁻¹, the hexane layer accounts for 0.55 mL of the total 8 mL solvent volume, the sample mass is 0.1 g, and the extinction coefficient of lycopene in hexane is 172,000 M−1 cm−1.
1.8. Statistical Analysis
The experimental data were processed using the SPSS 20.0 statistical software package. The One-way ANOVA (Analysis of variance) was performed and significant differences between groups were identified by Duncan’s multiple range test. The probability level of 5% (p<0.05) was considered as significant. The detailed ANOVA results and exact p-values are provided in Supplementary Table S1.
Table S1. ANOVA results for the evaluated parameters
	
	Sum of Squares
	Mean Square
	F
	Sig.

	L*
	Between Groups
	1056.59
	45.94
	5247.66
	0.00

	
	Within Groups
	0.42
	0.01
	
	

	
	Total
	1057.01
	
	
	

	Cracking
	Between Groups
	14243.97
	619.30
	30.41
	0.00

	
	Within Groups
	977.42
	20.36
	
	

	
	Total
	15221.39
	
	
	

	Lycopene
	Between Groups
	35721.32
	1553.10
	84.40
	0.00

	
	Within Groups
	883.33
	18.40
	
	

	
	Total
	36604.65
	
	
	

	RAPME
	Between Groups
	119425.09
	5192.40
	1335.99
	0.00

	
	Within Groups
	186.56
	3.89
	
	

	
	Total
	119611.65
	
	
	

	RAPG
	Between Groups
	113319.22
	4926.92
	219.31
	0.00

	
	Within Groups
	1078.33
	22.46
	
	

	
	Total
	114397.55
	
	
	

	RALOX
	Between Groups
	2494.04
	108.44
	424.59
	0.00

	
	Within Groups
	12.26
	0.26
	
	

	
	Total
	2506.30
	
	
	

	a*/b*
	Between Groups
	0.31
	0.01
	5141.43
	0.00

	
	Within Groups
	0.00
	0.00
	
	

	
	Total
	0.31
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