Synthesis, characterization, physicochemical kinetics and assay studies of novel MOCEB biofilm for bio-preservation of fresh tomato fruits
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Abstract
The research was conducted to ascertain the efficacy of moringa leaf extracts (MOLE) and chitosan edible bio-preservative (MOCEB) in shelf-life extension of fresh tomato fruits. Functional group characterization revealed the presence of imines (C=N) at 1661.8 cm-1 which authenticated the cross-linking reaction between -NH2 of chitosan and carbonyl groups of MOLE. Hydrocarbon and phytochemical analysis with gas chromatography mass spectrometry (GC-MS) indicated that MOLE contained high amount of antimicrobial hydrocarbons (Pentadecane = 18.46%; Tridecane = 12.386%; Heptacosane = 12.013 %). Similarly, MOCEB was found to contain significant antioxidants including quercetin (10.265 %). After 20 days of non-refrigerated storage at 1% chitosan conc. and MOCEB ratio of 40:60, the tomato fruit maintained a titratable acidity (TA) of 2.1706 g/kg and reduction in weight loss of 20.01%. Zero-order (0.9797≤R2≤0.9815) and first order (0.8941≤R2≤0.9417) models were superior in describing the bio-preservation process at chitosan conc. and MOCEB mixing ratio, respectively. Assay studies showed the efficacy of MOCEB biofilm in antagonizing the growth of gram-positive (rA = 7.93 mm) and gram-negative (rA = 7.73 mm) bacteria, and authenticated the anti-oxidant activity (DPPH = 71% and FRAP = 0.62). The results from this study demonstrated that MOCEB biofilm can be employed to significantly reduce the post-harvest losses of tomato fruits through coating bio-preservation. 
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Introduction
The consumption of fresh and naturally grown fruits and vegetables is becoming increasingly common to consumers, but the preservation of these fruits and vegetables have become a major global problem to the food industry (Kayode and Afolayan, 2014). Tomato (Solanum Cycopersium) is one of the most widely grown vegetable crops in the world (Mahfoudhi et al., 2014). About 130 mega tonnes of tomatoes are produced annually in the globe; this is due to the availability throughout the year in most tropical regions of the world. Tomato is rich in vitamins (such as vitamin A, vitamin C), carbohydrate, protein, fibre and potassium (Ruelas-Chacon et al., 2017). It is also rich in lycopene which has many health benefits such as, the prevention of cancers, and improvement in the skin’s ability to protect itself against the sun’s harmful ultraviolet rays (Tarangini et al., 2022). Tomato is regarded as an ‘easy to damage’ kind of fruit, due to its climacteric characteristics of continuous ripening after harvest. The shelf life of untreated tomato fruit varies between 4 - 8 days at room temperature, depending on the mode of preservation (Pinheiro et al., 2015, Nasrin et al., 2008).
Nigeria is the 14th largest producer of tomato in the world and the 2nd largest Tomato producer in Africa (Olanrewaju et al., 2019). Nigeria produced more than 3.9 million tonnes of tomatoes in 2019, and recorded about 45 – 60 percent of this annual production to losses (Sibomana et al., 2019). This post harvest losses can be attributed to microbial decay and physiological activity during transportation and storage. In time past, different modes of food preservation, such as drying, freezing, curing and canning, were used to extend the shelf life of food crops (Islam et al., 2018); but were time consuming, required large amounts of energy, and altered the taste and nutritional value of the food. Also, the use of chemical preservative to extend the shelf life of food products has been associated with several health challenges, (Teshome et al., 2022). Hence, bio-preservatives are currently becoming an alternative option to chemical preservatives, because they maintain the hygienic quality, nutritional properties and extended shelf life of food products. Plants extract such as moringa oleifera leaf (Naik et al., 2023), green tea, clove extracts, and animal extracts (prawn, shrimps, crab shell) have been applied as bio-preservatives to inhibit the growth of pathogenic microorganism, slow down the oxidative reactions within the food system and extend the shelf-life fruits and vegetables (Islam et al., 2018).
Chitosan is non-toxic, bio-functional, biodegradable and bio-compatible edible coating. Chitosan has the ability to inhibit fruit decay through its antifungal and antimicrobial activities (Ruvubu and Roy, 2023). Chitosan based coatings have successfully reduced the respiration rate of fruits and vegetables by inhibiting the penetration of carbondioxide and oxgyen (Panda et al., 2023). Also, chitosan has demonstrated promising effectiveness when applied on food materials such as papaya, guava, strawberry, and banana (Hong et al., 2012, Islam et al., 2018). Previous studies (Islam et al., 2018, Butt et al., 2023) have demonstrated that the use of mixed formulation of chitosan coating & natural preservative improves the longevity of several perishable foods. Similarly, moringa oleifera leaves have been reported to possess various biological activities such as antidiabetic, hypertensive agent, and regulation of thyroid hormone (Alsamhary, 2023). The extracts from the leaves are known to be rich in β-carotene, and possess high amounts of phenolics, flavonoids, alkaloids, tannins, and anthraquinone which are responsible for the antimicrobial and antioxidant properties (Butt et al., 2023, da Silva et al., 2022).
One of the promising postharvest treatments used for extending the shelf-life of food is edible coating technology. Application of edible coating on fresh fruits reduces the alteration in quality and degradation index. The synthesis of Chitosan and Moringa Oleifera extract is envisaged to form a bio film which can be applied as an edible coating on the tomato fruit. To the best of our knowledge, there has not been any documented report on the application of chitosan and moringa oleifera leaf extract biomix in the coating of tomato fruit. 
Optimization of bio-preservation storage conditions of tomato is necessary to consolidate the properties and shelf life of the fruit. Management of fresh tomato fruit entails regulating the physicochemical dynamics which occur during storage  (Mai and Pathare, 2021). All of this will be accomplished by numerically analyzing the parameters of importance. Kinetic modeling is an important technique for predicting and controlling these dynamic changes in fresh product quality parameters (Liao et al., 2024). Kinetic based models have traditionally been employed to describe variations internal (titratable acidity), and external (weight loss) qualities of fruits and vegetables (Al-Dairi et al., 2023). To the best of our knowledge, the physicochemical kinetics of tomato fruit bio-preservation has not been effectively discussed. 
Given Nigeria’s high tomato fruit production capacity, and associated significant amount of post-harvest losses, it is desirable to employ a benign approach to manage the shelf-life in order to reduce waste. This can be achieved by novelly harnessing the bio-preservation potentials of MOLE and chitosan complex in biofilm coating of fresh tomato fruit. Specifically, the current study will consider: (1) synthesis and characterization of MOLE, chitosan and MOCEB biofilm; (2) investigation of bio-preservation process variables; (3) physicochemical kinetic, and error appraisal studies; (4) exploration of antimicrobial and antioxidant activities. 
2.0 Materials and methods
2.1 Materials
2.1.1 Sourcing of Moringa Oleifera leaves and Chitosan substrates
Moringa Oleifera leaves were sourced from local from farms grown in Anambra State. The fresh Moringa Oleifera leaves were washed to remove any dirt and other impurities and subsequently dried in open air to remove moisture on the surface of the leaves and were kept for further use. Medium molecular weight chitosan with ≥ 80% degree of deacetylation was purchased from Sigma-Aldrich, United States of America.
2.1.2 Collection and preparation of tomato fruits
Fresh tomatoes with uniform colour, and no obvious physical damage or bruising were carefully harvested from a local tomato farm in Kangimi, Igabi local government area, Kaduna state, Nigeria. The tomato fruits were well packaged and transported down to Awka, Anambra state, after 24 hr of harvest. The transported fruits were washed using distilled water and air-dried at room temperature prior to the treatment.
2.2 Methods
2.2.1 Synthesis of MOCEB biofilm
Moringa Oleifera leave extract was prepared by leaching MOLE from dried Moringa Oleifera leaves using pure ethanol. Five percent (5g weight of sample/100ml of solvent) dried moringa leaves were added to pure ethanol under constant stirring conditions. The solution was allowed to stir at 50 oC for 12 h. After which, it was filtered and oven dried at 70 oC onto constant weight to obtain MOLE.
Different concentration of chitosan solution encompassing 0.5 %, 1 %, 1.5 % , 2.0 %, and 2.5 % (weight of sample/100 ml) was prepared by dissolving measured amounts of chitosan powder in 1 % acetic acid solution under constant stirring at 60 oC, for 5 h. MOCEB was prepared by mixing the pure (chitosan 100 % or MOLE 100 %) and blended (MOLE:chitosan = 20%:chitosan 80% ; 40%:chitosan 60% ; 60%:chitosan 40% ; 80%:chitosan 20%) substrates of MOLE and Chitosan using glycerol plasticizer (25 % w/w). The mixture was allowed to stir at 40 oC and 500 rpm for 2 h using Axiom hotplate magnetic mixer (Model 85-2). After this process the sample as allowed to cool to room temperature. The cooled samples were immediately used for bio-coating of fresh tomatoes, while the remaining was labeled MOCEB and preserved with refrigeration until further use.
2.2.2 Coating and bio-preservation studies
Tomato samples were shared into two groups of equal number; one group served as the uncoated (negative control) while the other group was subjected to MOCEB coating. Subsequently, in each of the two batches, five sub-groups were selected to represent the process variable levels. Each level was made up of three tomato fruit samples, and the result obtained at the end of the experiment for each level of process variable was a mean value of the three tomato fruit samples. Coating was done by immersing each tomato fruit sample into the MOCEB biofilm for 60 sec., after which they were allowed to dry for 2 min. Prior to storage, the weight of all the samples and the initial titratable acidity (TA). All samples were placed in specially designed bio-respirators as depicted in Fig. S1 and S2 (supplementary material). Physicochemical properties in terms of Weight loss rate and titratable acidity were measured and recorded at different sampling days. The governing equations for estimating the weight loss, weight loss rate, and TA are given in Eqs. (1) - (3), respectively.
										(1)
										(2)
Where W1 and W2 represent the initial and final weight (g) of tomato fruit at sampling time, while t denotes the sampling time (day). 
									(3)
Where 0.1 is the normality of NaOH (N), 0.064 is the conversion factor from sucrose acid to citric acid, V is the volume of NaOH required for the titration (ml), while m is the mass of tomato juice (g), (AOAC, 2000). 
2.2.3 Characterization
The physicochemical characterization to determine the properties of MOLE, chitosan and MOCEB biofilm were carried out according to AOAC standard (Ohale et al., 2022, Feldsine et al., 2002).
The detailed procedures for ascertaining the phenolic compounds, flavonoids, alkaloids, tannins, styrene, and benzoic acid, were reported in section S1 of the supplementary material. The hydrocarbon and the phytochemical constituents of the substrates were carried with SHIMADZU GC-MS equipment (model QP2010), following AOAC guidelines (Feldsine et al., 2002). Furthermore, the chemical functional groups were determined with Buck scientific infrared spectrophotometer (Model 530).
2.2.5 Kinetic studies
To determine the physicochemical dynamics of the tomato fruits during storage at ambient temperature 25 oC, the kinetic data of the quality parameters were tested on established kinetic models outline in Eqs. (4) - (6).
Zero order model 
   	                                         		(4)
Nonlinear first order
                                         				(5)
Linear first order
                                         	(6) 
Where C is the measured quality parameter at sampling time (day), Co denoted the initial value of the quality parameter, while K and t represent the model rate constant and sampling time, respectively. A plot of C (or ) vs time will produce K as the slope and Co as intercept (Al-Dairi et al., 2023).
The fitness of the kinetic data on each kinetic model was appraised using error function models outlined in Eqs (7) - (10), (Ohale et al., 2023, Abonyi et al., 2023).

                                  	(7)

                               		(8)
										(9)
											   		(10)
Where R is regression analysis, RMSE is the root mean square error, SSE represent the sum of square error, N denotes the number of data points, P is the number of variables, while ypred.(i) is the model prediction, yexp.(i) is the actual experimental response, yexp.ave. is the mean value of experimental data, and i is the data index.
2.2.6 Assay Studies
The assay studies was done to determine the antimicrobial inhibition of the biofilm on tomato juice.
2.2.6.1 Agar well diffusion
The antimicrobial activity of chitosan, MOLE and MOCEB were accessed using agar well diffusion method. The procedure adopted in the work has been previously reported by other researchers (Ahmadpour Kermani et al., 2021, Vijayakumar et al., 2020, Walia et al., 2020). The microbial cultures used were two gram positive species (S. aureus and B. cereus) and two gram negative (E. coli and S. typhi) species. A suspension containing 1.6×103 cells/m of each bacteria species was cultured on the tomato agar medium. Then, six millimetre walls were created in the agar medium using sterile cork borer. Equal volume (30µl) of varying concentration (25, 50, 75 100 mg/mL) of the inhibitors and positive control (gentimicin) were delivered into the wells. The medium was incubated for 24hr at 37 ± 0.5 oC to allow for full development bacteria growth and inhibition zone. Inhibitory efficiency was determined by measuring the annular diameter (inhibition zone) to get a reflection of the inhibition potency of each inhibitor (chitosan, MOLE, MOCEB) and the gentimicin positive control. The report of this antimicrobial assay was discussed in details (see section 3.41).   
2.2.6.2 Antioxidant studies
Antioxidant activity by DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay. The free radical scavenging activity of the antioxidants was investigated using DPPH radical scavenging method, as reported by Karadag et al., (Karadag et al., 2009) with slight modification. One milliliter of each antioxidant (at 1.0 mg/ml conc.) was prepared in triplicate and mixed with 1 ml DPPH (0.135 mM). The mixture was further mixed with in 1 ml methanol. Afterwards, the sample mixture was carefully vortexed and kept to rest for 30 min at room temperature. The mixture absorbance was measured at 517 nm using UV/Vis spectrophotometer and the percentage of the DPPH radical scavenging was expressed using Eq. (11). 
	(11)
Where Ac =Absorbance of control at 517 nm 
As = Absorbance of sample. 
2.2.6.2.2 Ferric ion Reducing Antioxidant Power (FRAP)
The methods described by Ghasemi et al., (Ghasemi et al., 2019) and Mohamed at al., (Mohamed et al., 2013) were used to study the ferric reducing power assay of the biofilms and positive control (garlic oil). Concisely, 1 ml of MOLE was mixed with 2.5 mL of 1% potassium ferricyanide [K3Fe(CN)6] and 2.5 mL of 200 mM phosphate buffer with pH 6.6. After the incubation of the mixture for 20 min at 50o C, 2.5 mL of 10% trichloroacetic acid was added to the mixture and centrifuged at 10,000 rpm for 10 min. Five milliliters of distilled water and 1 mL of 0.1% ferric chloride were mixed with 5ml of the top layer of mixture, and the final solution absorbance was recorded at 700 nm. Results were expressed by plotting absorbance against concentration, using ascorbic acid as standard. 
3.0 Results and discussion
3.1 Characterization
3.1.1 Phytochemical properties
The phytochemical compositions of MOLE and MOCEB are illustrated in Table 1. The results show that both MOLE and MOCEB contain significant amounts (+++) of flavonoids, and phenolic compounds, and also moderate amounts (++) of tannins and alkaloids. Trace amounts of benzoic acid were detected in MOLE and MOCEB, while the aromatic compounds were undetected after MOCEB synthesis. These results satisfactorily authenticate the viability of MOCEB to promote antioxidant activities during tomato fruit storage.
	Table 1: Phytochemical result of MOLE and MOCEB

	Constituent
	Qualitative mount

	
	MOLE
	MOCEB

	Alkaloids
	++
	++

	Tannins
	++
	++

	Flavonoids
	+++
	+++

	Polyphenols and phenolic acids
	+++
	+++

	Hydroxycinnamic acid and styrene
	+
	-

	Benzoic acid
	+
	+


3.1.2 FTIR
3.1.2.1 FTIR of MOLE and chitosan
The Fourier transform infra-red spectra (FTIR) of Moringa Oleifera leaf extract (MOLE) and chitosan film were depicted in Figs. 1 and 2, respectively. The infrared spectrum of MOLE produced nine prominent peaks at 3482.97, 2947.17, 2004.61, 1688.03, 1641.42, 1557.34, 1081.72, 1026.22 and 528.86 cm-1. The broad wavelength at 3482.97 cm-1 is attributed to O–H group, which highlights the presence of phenol functional group in MOLE (Khalid et al., 2023). This is not out of place given that MOLE substrate is laden with flavonoids which possess O–H functional group. Symmetric and asymmetric stretching of aliphatic C-H group of alkanes was detected by 2947.17 cm-1 vibration while the peak at 2004.61 cm-1 translates to a potent C–C triple bond alkyne group (Naik et al., 2023). These observations corroborate the findings of other researchers (da Silva et al., 2022, Khalid et al., 2023, Marrufo et al., 2013) who reported significant presence of alkane compounds in leaf extracts of Moringa Oleifera. Also, the antimicrobial activities of these compounds have been established (Wei et al., 2023, Carev et al., 2023a). Infrared peaks existing withing 1700 - 1800 cm-1 denote the presence of antioxidants in MOLE (Johnson et al., 2020). Characteristic vibrations at 1688.03 and 1641.42 cm-1 authenticate the presence of C=O carbonyl groups (present in carboxylic acids and ketones) and NH stretching of amide groups, respectively (Cusioli et al., 2023). The peak at 1557.34 cm-1 corresponds to C–N elongation and bending vibrations found in primary and secondary amides of MOLE proteins. The sharp bands at 1081.72 and 1026.22 cm-1 are associated with C–H and C–O elongation vibrations of alcohols (Aisida et al., 2021). This is expected, since ethanol was used in the extraction of MOLE substrates. The presence of halo compounds is linked to the spectral peak at 528.86 cm-1. 
Similarly, the infrared spectrum of chitosan depicted identical number of relevant peaks between 3324.8 to 659.15 cm-1 (see Fig. 2). The highest absorption band at 3324.4 cm-1 accounts for the presence of N–H bonds inherent in amino groups of chitosan molecules. This peak also highlights the existence of O-H stretching vibration resulting from intra-molecular hydrogen bonding (Ruvubu and Roy, 2023). The absorption band at 1649.8 cm-1 reveals the presence of N–H bending vibration associated with amine groups of chitosan (Tan et al., 2018). Also, the peak at 1593.11 cm-1 denotes the presence of ˗NH2 vibration of primary amine, which is a very reactive functional group of chitosan biopolymer (Bhat et al., 2023). The wave bands at 1420.60 and 1350.60 cm-1 correspond to symmetric deformation of CH2 groups, and amide III group vibration which resulted from NH group deformation respectively (Smolarkiewicz-Wyczachowski et al., 2023). Infrared absorption bands that exist within the range 1250 to 800 cm-1 are typically associated with glycosidic ring. Specifically, characteristic vibrations at 1061.04 and 993.03 cm-1 shows the pressure of C–O stretching bonds of glucosamine ring in the chitosan sample (Hadidi et al., 2020). Furthermore, the peak at 659.14 cm-1 shows the O–C‒O vibration of acetic acid. This observation is connected to the fact that acetic acid was used as the dissolution solvent in forming the chitosan solution. A universal observation from the MOLE and chitosan surface chemistry reveals that the MOLE substrate possess desirable qualities to promote both antimicrobial and antioxidant properties during tomato fruit bio-preservation, while chitosan predominantly illustrate antimicrobial qualities.
[image: Pure Moringa Leaf Extract]
Fig. 1. FTIR Spectrum of Moringa Oleifera leaf extract (MOLE).
[image: Pure Chitosan]
Fig. 2. FTIR Spectra of Chitosan
3.1.2.2 FTIR of MOCEB
FTIR spectroscopy was useful in exploring the chemical relationships between chitosan and MOLE, which contributed to the physicochemical characteristics of the MOCEB biofilms. The infrared spectra of pure substrates (MOLE and chitosan) and their variable composition derivatives were depicted in Fig. 3. The spectra results of MOCEB species illustrate the formation of new peaks which could be attributed to the interactions of MOLE and chitosan functional groups. The vibrational peak at 3454.61 cm-1 highlights a slight shift from the OH functional group of 3482.97 cm-1 found in MOLE. However, the formation of this band may be as a result of the interractions of NH amino group of chitosan (3324.8 cm-1) and OH functional group of MOLE. This reactive interaction could signal the cross-linking of chitosan and flavonoids contained in MOLE substrate. 
Additionally, the alkane group was identified by the absorption peak at 2948.11 cm-1, while the alkyne group shifted from 2004.61cm-1 in MOLE to 1980.83 cm-1 in the MOCEB sample. The new sharp absorption peak at 1661.8 cm-1 highlights the formation of C=N stretching mode of imines, which could result from the interactions of amine groups (N–H, –NH2) of chitosan and carbonyl groups (C=O, Ketones, carboxylic acid) of MOLE in a Schiff-base reaction (Božič et al., 2012, Tan et al., 2018). The presence of amide II and III in the MOCEB biofilm was noted at 1560.25 and 1357 cm-1, respectively. It is important to note that these amide peaks shifted from their original bands in MOLE and chitosan, confirming efficient interactions in MOCEB synthesis. The wave band at 1071.7 cm-1 and 936.3 cm-1 which are slight deviations from 1081.72 cm-1 (MOLE substrate), and 993.3 cm-1 (chitosan substrate) indicates the presence of alcohol traces and glucosamine in the MOCEB biofilm. It is important to note that the presence of acetic acid at 659.84 cm-1 remained unaffected in all mixed species involving chitosan sample. This implies that there was no interaction between MOLE and acetic acid remnants contained in chitosan solution. 
[image: MOCEB]
Fig. 3. FTIR Spectra for MOCEB at different mixing ratios
3.1.2 Gas chromatography–mass spectrometry
The hydrocarbon and phytochemical constituents of MOLE and MOCEB were given in Figs. 4 - 5, respectively. Table 2 presents the hydrocarbons and phytocomponents of MOLE and their associated retention time (RT), Molecular weight (MW), peak area, and concentrations (%). 
The hydrocarbon analysis indicated that the MOLE substrate contained four major hydrocarbon constituents having concentrations above 10 %. These hydrocarbons include Tetradecane (41.24 %), Pentadecane (18.46 %), Tridecane (12.386 %) and Heptacosane (12.013 %). Tetradecane has been identified as a major anti-microbial agent with vast applications in food preservation and packaging (Karim et al., 2022, Bains et al., 2023). Similarly, the antimicrobial and anti-oxidant activities of pentadecane (Faridha Begum et al., 2016, Girija et al., 2014) and tridecane (More et al., 2022) have been documented. These findings corroborate the observations of Marrufo et al., (2013), who reported that heptacosane was among the major constituents of Moringa Oleifera leaf extract. It is important to state that heptacosane is a very active anti-microbial ingredient found in the liquid extracts of plant leaves (Carev et al., 2023b). These observations validate the results obtained by FTIR analysis which highlighted the presence of alkanes in Moringa Oleifera leaf extract (MOLE). The phyto-components of MOLE were identified in Fig. 4. The result shows that MOLE contains significant amounts of Quercetin (>25 %), Kaempferol (>20 %) and Artemetin (>10 %) flavonoids. Other compounds within 5–10 % concentration range include Daidzin, Robinolic, and Ferrulic phenolic acid acid. Several reports have highlighted the anti-oxidant properties of quercetin (Marrufo et al., 2013) and kaempferol (Tian et al., 2021). Also, quercetin has been reported to exhibit natural cross-linking abilities, which is highly desirable in forming biochemical mixtures between plant extracts and other substrates (Wiggers et al., 2022, Hong et al., 2022). The concentration hierarchy of these flavonoids are comparable to the findings of Kashyap (Kashyap et al., 2022), and Lin (Lin et al., 2018) who reported the phytochemical constituents of Moringa Oleifera leaf extracts. These observations emphasize the suitability of MOLE to inhibit oxidation and microbial attack of fruits and vegetables coated with MOLE biofilm.
The phyto-components of MOCEB biofilm showed a decline in the concentrations of some major constituents found in MOLE. The concentration of quercetin declined significantly from 26.5035 % in MOLE to 10.2656 % in MOCEB, while the presence of Kaempferol was not detected. This reduction in concentration is attributed to the active participation of quercetin in cross linking with chitosan biopolymer. The disappearance of kaempferol in MOCEB biofilm implies that it was consumed in the formation of a new MOCEB bioconjugate. A general comparative overview of the phytochemical constituents of MOLE and MOCEB reveals that a significant amount of flavonoid and phenolic compounds were involved in the synthesis of MOCEB biofilm. 
	[bookmark: _GoBack]Table 2: GC-MS results of MOLE and MOCEB

	Hydrocarbon constituents of MOLE

	Hydrocarbon content
	MW(g/mol)
	RT (min)
	Area
	Conc (%)

	Dodecane
	170.34
	7.235
	1.21769
	4.682

	Tridecane
	184.4
	8.0374
	3.22123
	12.386

	tetradecane
	198.39
	9.396
	10.72631
	41.246

	Pentadecane
	212.42
	9.296
	4.8008
	18.46

	Hexadecane
	226.45
	10.341
	1.25744
	4.8351

	Hexacosane
	366.71
	16.378
	1.65823
	6.376

	Heptacosane
	380.74
	16.785
	3.12467
	12.013

	Phytochemical quantitative result of MOLE

	Compound
	MW(g/mol)
	RT (min)
	Area
	Conc (%)

	Apigenin
	270.0528
	3.884
	1.87208
	2.23448

	Artemetin
	388.37
	5.56
	6.58526
	10.46861

	Quercetin
	302.236
	7.537
	22.27661
	26.50350

	Daidzin
	254.23
	8.246
	5.0254
	6.11321

	Butein
	272.25
	9.286
	2.73057
	3.28393

	Naringenin
	272.257
	10.054
	2.64946
	3.18328

	Luteolin
	286.24
	10.592
	3.876688
	4.69589

	Kaempferol
	286.23
	11.124
	16.41721
	20.14230

	Epicatechin
	290.26
	11.779
	1.57236
	1.74839

	Daidzein
	254.23
	12.671
	1.26927
	1.47638

	Robinetin
	302.238
	13.899
	4.48533
	5.43520

	Myricetin
	318.2351
	14.865
	3.59993
	4.23879

	Cinnamic acid
	148.1586
	17.981
	1.30506
	1.44220

	Ferrulicn acid
	194.18
	20.037
	7.4216
	9.03383

	Phytochemical quantitative result of MOCEB

	compound
	MW (g/mol)
	RT (min)
	Area
	Conc (%)

	Catechin
	290.26
	3.8884
	1.87208
	2.8536

	Quercetin
	302.236
	5.56
	6.58526
	10.2656

	Artemetin
	388.37
	7.537
	22.27661
	34.9662

	Retusin
	358.34
	8.246
	5.0254
	7.807

	Ellagic acid
	302.197
	9.286
	2.73057
	4.138

	Vanillic acid
	168.14
	10.054
	2.64946
	4.0653

	Naringenin
	272.257
	10.592
	3.87668
	5.997

	Apigenin
	270.0528
	11.779
	1.57236
	2.2328

	Myricetin
	318.2351
	12.671
	1.26927
	1.8854

	Daidzein
	254.23
	13.899
	4.48533
	6.9412

	Genistein
	270.241
	14.865
	3.59993
	5.4133

	Naringenin
	272.257
	17.981
	1.30506
	1.8418

	Baicalein
	270.237
	20.037
	7.4216
	11.5369


[image: HC Content]
Fig. 4. GC-MS result of hydrocarbon constituents of MOLE
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Fig 5. Phytochemical constituents of (a) MOLE and (b) MOCEB
3.2 Effect of bio-preservation variables
3.2.1 Effect of chitosan concentration
The effect of chitosan concentration on titratable acidity (TA) of fresh tomatoes fruits was investigated at five levels (0.5 %, 1.0 %, 1.5 %, 2.0 % and 2.5 %). The results were sampled at day 5, 10, 15, and 20, using a MOCEB mixing ratio of 50:50 (MOLE:chitosan, v/v). From the results presented in Fig. 6, on the 5th day of incubation, the value of TA increased from 3.607 g/kg to 3.738 g/kg at chitosan concentrations of 0.5 % and 1.0 %, respectively. Beyond 1.0 % conc., the measured TA value maintained a negligible difference until the peak at 2.5 % chitosan concentration. The increment in TA value at higher chitosan concentration is attributed to the complimentary sealing effect of chitosan in MOCEB biofilm for coating of tomato fruit. From the result in Fig. 6, this effect was significantly enhanced when chitosan concentration increased from 0.5 - 1.0 %, but was negligibly improved beyond this conc. range. Consequently, 1.0 % conc. of chitosan was taken to be the best for subsequent studies. Similar results have been reported by other researchers who investigated the effect of chitosan concentration on shelf extension of fruits and vegetables (Chien et al., 2007, Dong et al., 2004).

Fig. 6. Effect of chitosan concentration on TA  
3.2.2 Effect of MOCEB mixing ratio
The effect of MOCEB biofilm ratio on weight loss rate and TA of coated tomato species at different sampling time were depicted in Figs. 7 (a) and (b), respectively, while a pictorial illustration was depicted in Fig. 8. Figure 7 (a) demonstrated that the weight loss rate in g/day remained approximately idem as the MOLE composition increased from 0 to 40 %. Beyond 40 % MOLE composition, the rate of weight loss continued to increase until the final MOCEB mixing ratio of 100:0 (MOLE:Chitosan, v/v). A similar observation was recorded for titratable acidity measurement where the highest value was noted at a MOCEB ratio of 40:60 (MOLE:Chitosan, v/v). According to Chen et al. (Chen et al., 2019), a reduced rate of weight loss is desirable for optimum shelf life preservation of fruits and vegetables. Reduced rate of weight loss signals controlled loss of organic acid content of tomato fruit. The increase in weight loss rate (Fig. 7 (a)) and reduction in titratable acidity (Fig. 7 (b)) were occasioned by the reducing composition of chitosan in the mixing ratio of MOCEB biofilm. The slight increment in titratable acidity which was stimulated by increase in MOCEB mixing ratio could be attributed to the complimentary nature of MOLE increment in bio activity of chitosan.
(a)

(b)

Fig. 7. Effect of mixing ratio on (a) TA, (b) weight loss rate
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Fig. 8. Pictorial illustration of different concentrations of MOCEB
3.2.3 Effect of storage time
The influence of incubation time on titratable acidity of coated and uncoated tomato fruits at best chitosan conc. and best MOCEB mixing ratio were illustrated in Figs. 9 (a) and 9 (b), respectively. The weight loss rate measurement of both coated and uncoated species were depicted in Fig. 10 (a) (for best mixing ratio of 40:60), and 10 (b) (for best chitosan conc of 1%). From the graphical results, it is discernible that, for both coated and uncoated species, the values of TA reduced proportionally with increase in storage time. The decline in titratable acidity is attributed to the dynamic reduction of citric acid which takes place during the storage respiration process. According to Gol et al. (Gol et al., 2013) given that titratable acidity and organic acid content are strongly correlated, a decrease in acidity may be anticipated during incubation due to the respiration induced metabolic changes which consumes the organic acids. For all species, the titratable acidity of the uncoated samples were much lower than the MOCEB coated samples. This underscores the coating effectiveness of MOCEB biofilm in controlling the decomposition of citric acid during the respiration process of the tomato fruits. Furthermore, the coated tomato fruit maintained good quality throughout the incubation period, while the quality of the uncoated sample went below 0.30 g/kg threshold (TA = 0.30 g/kg) on the 15th day of sampling (Kayode and Afolayan, 2014). It is also important to note that during respiration, the tomato fruit losses its moisture content which culminated in cumulative weight loss (%) depicted in Fig. 11. 
The weight loss rate (Figs. 10 (a) and 10 (a)) of the coated tomato fruit displayed a quadratic relationship with storage time. The first region of accelerated weight loss rate was observed between 2 - 9 days of storage (Fig. 10 (a)). During this period, the weight loss rate increased from 0.068 g/day - 0.6762 g/day. The rapid rate of weight loss could be attributed to the initial characteristics (soft and permeable) of the MOCEB coated tomato fruit surface, which did not significantly resist the permeability of water through the membrane. As the storage time increased, the MOCEB biofilm became increasingly hardened resulting in the equilibrium stage (Day 10: 0.7103 g/day - Day 14: 0.7146 g/day) and reduced rate of weight loss (Day 15: 0.6826 g/day - Day 20: 0.3246 g/day). A slightly extended period of accelerated weight loss rate was noted at best chitosan concentration depicted in Fig. 10 (b). Due to the unprotected surface of the uncoated tomato fruit, the weight loss rate was approximately 2.6 times higher than the MOCEB coated species during the storage period. This magnitude of protection further underscores the importance of MOCEB coating in enhancing the membrane resistance to moisture loss. 
Another important graphical representation of the effect of storage time is the percentage weight loss (see Fig. 11 (a) and (b)). While the weight loss rate accurately captures how phase changes in MOCEB coating controls the weight loss during storage, the percentage weight loss depicts the progressive loss in moisture which affects the total weight during storage. The percentage weight loss is a natural process observed during post harvest incubation of fruit and vegetables. As demonstrated in Figs. 11 (a) and (b), all species showcased progressive weight loss throughout the incubation period. The progressive weight loss was a direct consequence of moisture loss which resulted in shriveling of the coated species (see Fig. 12), and rupturing of the uncoated species. At the end of 20 days incubation period, the uncoated samples lost 32.88 % of their initial weight, while the coated samples (at best MOCEB mixing ratio) lost 12.87 wt%. The weight loss obtained in this study for uncoated tomato species is slightly higher than the value obtained by other researchers who performed tomato incubation at ambient conditions (Mahfoudhi et al., 2014, Tarangini et al., 2022, Ruelas-Chacon et al., 2017). After 20 days of incubating tomato fruits, Mahfoudhi et al., (2012), recorded 23.65 wt% loss of initial weight, while Tarangini et al., (2022), obtained 27 wt% loss. The difference between these results and our findings could be attributed to variations in physicochemical environments such as fluctuations in temperature and humidity. However, it is important to note that the performance of MOCEB biofilm was superior to almond gum (Mahfoudhi et al., 2014) and sericin complex (Tarangini et al., 2022) in regulating weight loss of tomato fruit. Another visible consequence of uncoated exposure is the appearance of white rot on the surface of the fruit as depicted on the 10th, 15th and 20th days of sampling (Fig. 12). From the obtained pictorial result, there was an intensified increment in the rot size. The initial detection on the 10th day occupied a diameter of 6.5 mm, which increased to 13.6mm and 18.53mm on the 15th and 20th days, respectively. It is interesting to note that this rot was not detected in the coated species throughout the storage period. 
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Fig. 9. Effect of storage time on TA at (a) best chitosan concentration, (b) 		best MOCEB mixing ratio.
[image: Picture14]
Fig. 10. Effect of storage time on weight loss rate at (a) best chitosan 				concentration, (b) best MOCEB mixing ratio.

[image: Picture12]
Fig. 11. Effect of storage time on weight loss at (a) best chitosan conc., 			(b) best MOCEB mixing ratio 
[image: Picture16gtt]
Fig. 12. Pictorial view of coated and uncoated tomato fruits at different 					incubation times.  
3.3 Physicochemical kinetics
The kinetic studies of the physicochemical properties were explored using the two most suitable models (zero and first order models) applied in bio-preservation of fruits and vegetables (Hosseinifarahi et al., 2020, Maringgal et al., 2020, Mai and Pathare, 2021). The data extracted from plotting the physicochemical kinetic models (Eqs. (4) - (6)) for titratable acidity (Fig. 13 (a) and 14 (a)) and weight loss (Fig. 13 (b) and 14 (b)) were tabulated in Tables 3 - 4. For titratable acidity (TA) and weight loss parameters, the kinetic rate constants K (day-1) for zero order model were higher than the K values obtained for the first order model. An overview of the kinetic parameters revealed that the kinetic rate constant for the uncoated species obtained for zero order, nonlinear and linear first order models were 0.2237, 0.1439, and 0.1905 day-1, respectively. Many researchers have reported similar results of decreasing kinetic rate constant of fruits and vegetables preserved under ambient conditions (Devi and Das, 2017, Mai and Pathare, 2021, Al‐Juhaimi, 2014). The reason for the disparity in the values of rate constant was obviously due to the peculiar nature and assumptions associated with each model (Mai and Pathare, 2021, Al‐Juhaimi, 2014). 
Although both kinetic models satisfactorily described the physicochemical dynamics of the bio-preservation process (R2 > 0.8800), it is important to note zero order model was superior in fitting the TA (Fig. 13 (a)) and weight loss (Fig. 13 (b)) data under best chitosan concentration. This implies that under optimum chitosan concentration, an independent relationship exists between each physicochemical quality parameters (TA and weight loss) and rate constant (K). However, the first order model was more suitable in describing the kinetics of titratable acidity and weight loss at optimum condition of MOCEB mixing ratio. This was illustrated by the low values of SSE (weight loss rate = 0.003602; TA= 0.03262) and RMSE (weight loss rate = 0.01415; TA= 0.04257) deviation parameters tabulated in Table 4, and comparable values between the predicted and observed process parameters (Co). This suggests that at best mixing ratio, the dynamic changes of the investigated quality parameters (TA and weight loss) is dependent on the reaction rate constant (K). Furthermore, these observations indicates that enzymatic degradation took place at the best chitosan concentration (Gallagher et al., 2011), while oxidation induced lycopene degradation was prevalent at best MOCEB concentration (SKREDE, 1985, Ibarz et al., 2000, Ling et al., 2021, Van Boekel, 2008).


	Table 3. Kinetic parameters at optimum chitosan concentration

	Model
	Parameter
	TA
	Weight loss

	
	
	Coated
	Uncoated
	Coated
	Uncoated

	


Zero Order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co
	4.277
	3.836
	80.55
	78.47

	
	K (day-1)
	0.1173
	0.2237
	1.654
	1.996

	
	R2
	0.9797
	0.8956
	0.9815
	0.998

	
	Adj. R2
	0.9785
	0.8898
	0.9805
	0.9979

	
	SSE
	0.1958
	3.996
	35.25
	5.335

	
	RMSE
	0.1043
	0.4712
	1.0547
	0.5444

	


Nonlinear first order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co.
	4.435
	5.006
	81.84
	80.56

	
	K (day-1)
	0.03816
	0.1439
	0.025
	0.03393

	
	R2
	0.9795
	0.9477
	0.9693
	0.9837

	
	Adj. R2
	0.9783
	0.9448
	0.9676
	0.9828

	
	SSE
	0.1975
	2.002
	58.03
	44.63

	
	RMSE
	0.1047
	0.3335
	1.805
	1.575

	



Linear first order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co.
	4.413
	6.298
	82.33
	81.61

	
	K (day-1)
	0.03665
	0.1905
	0.02642
	0.03542

	
	R2
	0.9738
	0.9731
	0.9727
	0.9844

	
	Adj R2
	0.9491
	0.9717
	0.9712
	0.9832

	
	SSE
	0.03262
	0.686
	0.0134
	0.01359

	
	RMSE
	0.04257
	0.1952
	0.02728
	0.02784
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Fig. 13. Effect of storage time on (a) TA, and (b) weight loss of coated 		  tomato fruit at best chitosan conc.

	Table 4. Kinetic parameters at optimum MOCEB concentration

	Model
	Parameter
	TA
	Weight loss

	
	
	Coated
	Uncoated
	Coated
	Uncoated

	


Zero Order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co
	3.652
	3.836
	76.95
	78.47

	
	K (day-1)
	0.08699
	0.2237
	0.6664
	1.996

	
	R2
	0.8941
	0.8956
	0.9417
	0.9980

	
	Adj. R2
	0.8883
	0.8898
	0.9385
	0.9979

	
	SSE
	0.6137
	3.996
	18.82
	5.335

	
	RMSE
	0.1847
	0.4712
	1.023
	0.5444

	


Nonlinear first order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co.
	3.797
	5.006
	77.24
	80.56

	
	K (day-1)
	0.03297
	0.1439
	0.009592
	0.03393

	
	R2
	0.9334
	0.9477
	0.9500
	0.9837

	
	Adj. R2
	0.9297
	0.9448
	0.9472
	0.9828

	
	SSE
	0.386
	2.002
	16.16
	44.63

	
	RMSE
	0.1464
	0.3335
	0.9474
	1.575

	



Linear first order
	Exp. Co
	4.2684
	4.2684
	76.507
	76.507

	
	Model Co.
	3.713
	6.298
	76.98
	81.61

	
	K (day-1)
	0.03065
	0.1905
	0.009313
	0.03542

	
	R2
	0.9518
	0.9731
	0.9428
	0.9844

	
	Adj R2
	0.9491
	0.9717
	0.9397
	0.9832

	
	SSE
	0.03262
	0.686
	0.003602
	0.01359

	
	RMSE
	0.04257
	0.1952
	0.01415
	0.02784
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Fig. 14. Effect of storage time on (a) TA, and (b) weight loss of coated 		  tomato fruit at best MOCEB mixing ratio.

3.4 Assay studies
3.4.1 Antimicrobial studies
The antimicrobial activities of MOLE, chitosan, and MOCEB against four microbial strains (E. coli, S. typhi, S. aureus, and B. cereus) were evaluated at different concentrations and compared to gentamicin antibiotics under identical conditions. The results of these antimicrobial investigation were presented in Figs. 15 and 16 The results illustrate that at 25 mg/mL uniform concentration of MOLE and chitosan (Fig. 15 (a)), MOLE performed better than chitosan in overall antimicrobial activity. However, the microbial inhibition potency of chitosan was enhanced at higher concentrations, culminating in a superior antagonistic performance against the bacteria compared to MOLE at 100 mg/mL. It is noteworthy to state that at 25 mg/mL chitosan inhibitor concentration, the free amino acid content was not sufficient to initiate a significant inhibitory diffusion against the bacteria in the tomato agar medium. Increasing the chitosan inhibitor concentration to 100 mg/mL resulted in sufficient activity of the free amino acid content to propagate significant inhibition through well diffusion of the tomato agar. This trend of enhanced microbial inhibition efficiency following increment in chitosan and MOLE inhibitor concentrations was also noted for other inhibitor substrates (see Figs. 15 and 16). This observation underscores the concentration dependence of their antimicrobial activity in tomato agar. 
An overview of the antimicrobial activity of each inhibitor substrate reveals that MOLE was more active in resisting the growth of gram-positive bacteria (S. aureus, and B. cereus), than the gram-negative E. coli and S. typhi. It is important to note that although gram-positive bacteria possess a thicker peptidoglycan cell wall, these cell walls are easily susceptible to explosion and leakages following absorption of inhibitors. Given that the MOLE substrate is less viscous compared to chitosan, it has a higher physical attribute of accumulating on the microbial cell wall than chitosan. This phenomenon is responsible for the higher antimicrobial activity of MOLE on gram-positive bacteria than the gram-negative species. Notably, the synthesized MOCEB biofilm exhibited high antimicrobial activity (gram positive; gram negative; ) comparable to the gentamicin positive control (), and also greater than each of the constituents acting alone. Studies have shown that polycationic compounds have higher antibacterial activity compared to purer polyatomic substances (Tan et al., 2013). Chitosan constitutes a macromolecule which cannot readily penetrate the outer protective layer of microorganisms, making a direct distribution of chitosan to internal portions of the cell unattainable (Wang et al., 2020). The introduction of MOLE into chitosan upgrades the antimicrobial activity of each component (MOCEB) by increasing the net cationic strength through addition of positive charges from MOLE substrate (Wu et al., 2023, Butt et al., 2023, Alsamhary, 2023). Consequently, the antimicrobial actions of MOCEB can be hypothesized thus: the positively cationic groups of MOCEB can interface with the lipopolysaccharides and proteins found primarily on the surface of the bacteria. The interactions between the cells causes an extreme distortion of the external layer framework, leading to proteinaceous cell leakage, and eventual inhibition (Panda et al., 2023).
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Fig. 15. Microbial resistance zone result of MOLE, Chitosan, MOCEB and control (Gentamicin) at (a) 25 mg/mL, (b) 50 mg/mL, (c) 			75 mg/mL, (d) 100 mg/mL, against different microbial species in tomato agar.
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Fig. 16. Microbial resistance zone result of MOLE, Chitosan, MOCEB and control (Gentamicin) against (a) E.Coli, (b) S. Typhi, (c) 			S. Aureus, (d) B. Cereus, at different concentration of inhibitors. 
3.4.2 Antioxidant activity
The ferric ion reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were used to assess the antioxidant activity of the biofilms (MOLE, chitosan, and MOCEB). The results were compared to the antioxidant activity of an established free radical scavenger (garlic oil) as depicted in Figs. 17 (a) - (b). DPPH is a free radical with stable structure that takes and an electron or hydrogen radical to generate a diamagnetic molecule that is commonly utilized in radical scavenging studies. The antioxidant scavenging activity described in section 2.2.6.2 was used to assess the DPPH and FRAP assays of the biofilms and positive control. The DPPH radical scavenging activities of chitosan, MOLE and MOCEB were 34, 41 and 71%, respectively. The MOCEB biofilm exhibited a potential antioxidant activity comparable to that of the garlic oil positive control under identical conditions. Furthermore, it is important to state that MOLE substrate exhibited DPPH antioxidant activity than chitosan, while MOCEB demonstrated significantly higher antioxidant activities than both constituents. Due to the existence of numerous antioxidant components, such as flavonoids and phenolics listed in Table 1, MOLE is a rich source of organic antioxidants. Also, the detection of two prominent flavonoids (Quercetin and kaempferol) with verified antioxidant capacities is of particular interest. The flavonoids, particularly Quercetin, contains phenolic hydroxyl groups which has potential therapeutic applications, and have also been used in various free radical scavenging studies (Azeem et al., 2023, Shahbaz et al., 2023, Visco et al., 2022). These flavonoids and phenolic constituents make up a significant amount of MOLE phytochemical composition (Sankhalkar and Vernekar, 2016). This is not the same case with chitosan, where the only strong hydrogen donating ability is a function of the concentration and class of molecular weight. According to Vinsova and Vavrikova (Vinsova and Vavrikova, 2011), increase in concentration of low molecular weight chitosan enhances the antioxidant activity. In the current study, 1% concentration of  medium molecular weight chitosan was used to carryout the antioxidant investigation. This explanations justifies the superior performance of MOLE over chitosan throughout the free radical scavenging studies. The hydrogen donating ability of MOLE and chitosan was improved in MOCEB as depicted in DPPH and FRAP results. The incorporation of MOLE onto the chitosan network modified the antioxidant activities of both constituents compared to each of them acting alone. The resulting MOCEB specie showcased an improved free radical scavenging activity where the antioxidant in the parent constituents exerted a synergistic effect resulting in the significantly improved results.

[image: Picture189]
Fig. 17. Antioxidant activity of Chitosan, MOLE, MOCEB and control 				(Garlic oil) using (a) DPPH, and (b) FRAP


4.0 Conclusion
In this study, MOCEB biofilm was successfully synthesized by dynamic homogenization of MOLE and chitosan. The characterization of the biofilm was explored and found to contain significant antioxidant and antimicrobial ingredients suitable to propagate the bio-preservation of fruits and vegetables. The effect of bio-preservation variables revealed that increment in chitosan concentration significantly reduced the loss of weight and titratable acidity of coated tomato fruits. Furthermore, effect of MOCEB mixing ratio demonstrated that 40:60 MOCEB ratio was the optimum ratio, given the associated enhanced quality parameters at this value. Physicochemical kinetic analysis indicated that zero order equation was the most suitable model that described the bio-preservation process at best chitosan concentration, while kinetics at best MOCEB ratio was accurately captured by first order model. The established implication of the kinetic modeling was that enzymatic degradation took place at the best chitosan concentration, while oxidation induced lycopene degradation was prevalent at best MOCEB mixing ratio. Microbial assay studies revealed that MOCEB was resistant to both gram-positive and gram-negative bacteria species, while the antioxidant activity was slightly lower that garlic oil. Generally, the results from the present study has demonstrated that coating the tomato fruit with MOCEB biofilm can significantly regulate the quality deterioration rate. Also, coating application of fresh tomato fruit with MOCEB can guarantee the delivery of safe and edible tomatoes to the consumer even after 20 days of preservation. 
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