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The jasmine (Jasminum sambac (L.) Aiton) flower has delicate petals, resulting in rapid browning after harvest. The aim of this study was to search for an innovative postharvest treatment for delaying browning of jasmine petals using plant essential oils. J. officinale L. f. var. grandiflorum (L.) essential oil was found to reduce peroxidase activity in jasmine flower by 44.21% in the in vitro condition. The antioxidant activities and chemical composition of J. officinale essential oil were subsequently characterized. The essential oil exhibited the ability to scavenge 2,2-diphenyl-1-picrylhydrazil (DPPH) radicals with a 50% inhibition (EC50) value of 6.72 ± 0.89 mg/mL, a chelating effect with EC50 value of 7.42 ± 1.59 mg/mL, and reducing power with EC0.5 value of 14.89 ± 0.73 mg/mL. GC-MS analysis detected 29 compounds in the oil, with benzyl alcohol (20.68%) and benzyl acetate (19.87%) predominating. As plant essential oils have restricted water solubility, an oil-in-water emulsion was formulated using a spontaneous emulsification method. The resulting J. officinale essential oil naonoemulsion (JEN) had an oil droplet size of 70.2 ± 0.39 nm and a narrow polydispersity index. In vivo testing confirmed the inhibitory effects of JEN on jasmine flower browning and relevant enzyme activities. Jasmine flowers were soaked in various concentrations of JEN for 5 min, packed in polyethylene plastic bags, and stored in a refrigerator at 10 ± 3°C with relative humidity 66 ± 5%. Flowers treated with 1 and 2 mg/mL JEN showed effective delay of petal browning and maintained good quality with minimum flower opening index, high freshness score, and high color retention index. JEN treatment also reduced phenylalanine ammonia lyase (PAL), polyphenol oxidase (PPO), and peroxidase (POD) activities, indicating postponement of the browning process. In addition, scanning electron microscopy micrographs of treated flower epidermis cells revealed delayed cell wall collapse, indicating retention of intact cells. Taken together, these results support JEN as a potential preventative of enzymatic browning and hence petal browning in jasmine flower.
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1 Introduction

Jasmine, a member of the Oleaceae family, is a common fragrant plant with sweet-scented flowers. The most well-known species of jasmine is Jasminum sambac (L.) Aiton, also known as the Arabian jasmine or jasmine flower. In several Asian countries, the jasmine flower is regarded as a propitious symbol in religious ceremonies and has been integrated into local customs and traditions. In Thailand, this flower is consumed domestically, is in demand in the domestic market throughout the year, and is popularly demanded for a traditional Mother’s Day, religious holidays, and the Songkran festival. However, jasmine flowers are delicate and highly perishable in nature with petals turning brown by the second day after harvesting (Lavanya et al., 2016; Ali et al., 2024). The primary cause of brown-colored pigment in fresh-cut products and flowers is enzymatic activity, including polyphenol oxidase (PPO) and peroxidase (POD), that contributes to phenolic oxidation to form dark-colored compounds. The centrality of this enzymatic browning reaction in regulating brown-colored pigment within petal tissues has been established in cut anthurium (Aghdam et al., 2019) and narcissus (Golrokh and Somayeh, 2023) flowers. In addition, numerous studies in a variety of cut flowers have reported that PPO and POD activity increases prior to or during petal browning, and those methods targeted at reducing browning often lower PPO and POD activities. For example, the browning and quality deterioration of Narcissus tazetta cv. Shahla−e−Shiraz flowers are controlled by γ−aminobutyric acid (Golrokh and Somayeh, 2023), maintains the membrane stability index and inhibits PPO and POD. In addition to PPO and POD, the enzyme phenylalanine ammonia lyase (PAL) indirectly contributes to browning by providing the substrate for the synthesis of phenolic compounds. PAL activity increases prior to or during tissue browning, and techniques aimed at minimizing browning often lower PAL activity, as has been demonstrated in fresh-cut lettuce (Chen et al., 2017) and fresh-cut taro slices (Wang et al., 2022).

Essential oils are being increasingly recognized as natural antioxidant agents, which is a valuable alternative for the preservation of agricultural produce. Antioxidant agents can also be used to inhibit or slow down oxidation and enzymatic browning of fruit and vegetable (Piva et al., 2017). Extensive research has also investigated the use of plant essential oils as anti-discoloration agents to prevent browning, for example in button mushrooms (Gao et al., 2014), fresh-cut lettuce (Chen et al., 2017), and cloudy apple juice (Xu et al., 2020). Notably, the utilization of free essential oils may be impeded by several significant factors, including their low water solubility, low stability, and susceptibility to degradation by volatilization and/or oxidation. Micro- and nanoemulsions can serve as promising delivery systems for essential oils and their bioactive constituents, typically incorporating carrier materials such as surfactant solutions, including Surfynol, Tween, Span, or lecithin (Cortés et al., 2021; Yammine et al., 2024). Compared to free essential oils or microemulsions, nanoemulsions offer the advantages of smaller droplet size, high solubilization capacity, enhanced stability, and higher antimicrobial and antioxidant activities (Salvia-Trujillo et al., 2015; Lou et al., 2017; Sundararajan et al., 2018). Nanoemulsification markedly improved the antioxidant efficacy of essential oils relative to pure essential oil (Lou et al., 2017). Thus, nanoemulsions are good candidate formulations for delivering plant essential oils that can serve as antioxidants, and anti-browning agents.

A number of chemicals have been investigated for their application to extend storage life and decrease browning caused by enzymes, including in jasmine flowers by dipping in boric acid (Boonprasert et al., 2018) and calcium carbonate solution (Sriwichan et al., 2016). As far as we know, no information is available on the response of jasmine flowers to postharvest essential oil application. The aim of this study was investigation the ability of flower essential oils in browning- relevant enzyme inactivation of jasmine flowers. An effective flower essential oil was analyzed the chemical composition and determined its antioxidant capacity. This study also reports easy methods for preparation of nanoemulsions using surfactants and the characteristics of nanoemulsion in terms of droplet size and size distribution. Nanoemulsion has emerged to enhance essential oil efficacy along with targeted delivery. Finally, given the importance of jasmine petal browning in postharvest flower quality, the effect of nanoemulsion treatment on jasmine browning and quality over 12-day cold storage was investigated.




2 Materials and methods



2.1 Chemicals

Nonionic surfactants including Tween 80, Span 20, Span 80, Span 83, and Span 85 were purchased from Sigma-Aldrich (Taufkirchen, Germany). Ascorbic acid, catechol, boric acid, 2,2-diphenyl-1-picrylhydrazil (DPPH), ethanol (≥99.8%), ferrozine, guaiacol, L-phenylalanine, polyvinylpolypyrrolidone (PVPP) and potassium ferricyanide and trichloroacetic acid were purchased from Sigma-Aldrich (Taufkirchen, Germany). Disodium hydrogen phosphate, ferric chloride, ferrous sulphate and potassium dihydrogen phosphate were purchased from Ajax Finechem (New South Wales, Australia). Hydrochloric acid and hydrogen peroxide were purchased from Merck (Darmstadt, Germany).




2.2 Plant material and plant essential oils

Jasmine (Jasminum sambac (L.) Aiton cv. Ratsburana) flowers were produced at a commercial grower’s field in Phichit province, Thailand. The flower buds were harvested by hand during the morning, pre-cooled by cold water immersion (0-4°CC) for 20 min, packed in polythene bags, stored in a foam box with ice, and transported to the laboratory as soon as possible. Flower bud samples of uniform size with milky white color and absence of mechanical injury were used for the study.

Plant essential oils from J. sambac (L.) Aiton, J. officinale L. f. var. grandiflorum (L.) Kob., Gardenia augusta (L.) Merr., Rosa bourboniana L. (Edward rose), and Tagetes patula L. were purchased from the Chemipan Corporation Co., Ltd (Bangkok, Thailand).




2.3 Identification of compounds in J. officinale essential oil

The solvent extraction method was employed to extract the volatile oil from flowers of J. officinale. The components of J. officinale essential oil were identified by GC-MS analysis. Gas chromatography-mass spectrometry (Scion 436-GC MS/MS Triple Quad, Bruker, USA) utilized a HP-5MS column (30 m length, 0.25 µm film thickness, 0.25 mm internal diameter). The injector temperature was 250°C and the split ratio 100:1. The temperature was programmed as follows: initial temperature 50°C for 2 min, ramp 20°C per minute to 220°C, and a final hold at 220°C for 18 min. The mass detector conditions were: transfer line temperature 250°C and ion source temperature 230°C; electron ionization at 70 eV with a scan range from 30 - 500 amu. Compounds were identified by comparison of their mass spectra to the mass spectral library of W10N14R.lib.




2.4 Determination of J. officinale essential oil antioxidant capacities

Antioxidant activity of the J. officinale essential oil in ethanol was assessed in terms of diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity and ferrous ion chelating ability following the methods of Arteaga et al. (2012) and Singh and Rajini (2004), respectively. Reducing power was also assessed according to Thaipong et al. (2006). Linear regression analysis was used to determine the sample concentrations required to reduce 50% of DPPH radicals (EC50), chelate 50% of Fe2+ ions (EC50), and obtain 0.5 absorbance units (A.U.), referred to as the EC0.5.




2.5 In vitro inhibition of browning-relevant enzymes in the presence of flower essential oil

For the determination of phenylalanine ammonia lyase (PAL, EC 4.3.1.5) activity, 45 grams of jasmine flowers were extracted with 150 mL of 50 mM borate buffer (pH 8.5) and 35 μL of 5 mM 2-mercaptoethanol containing 25 g/L PVPP using a commercial electric blender (Electrolux, Sweden). The homogenate was centrifuged at 6000×g for 20 min at 4°C and the supernatant collected. PAL activity was determined using the procedure described by Huang et al. (2020). The reaction mixture was prepared by adding 700 μL of 100 mM L-phenylalanine, 3 mL of borate buffer (pH 8.5), and 3 mL treatment solution (10 mg/mL flower essential oil, 100 mM ascorbic acid, or distilled water) to 300 μL of the supernatant; this mixture was then incubated at 40°C for 1 h. The reaction was finally terminated by the addition of 100 μL of 5 mM HCl, and enzyme activity was measured at an absorbance of 290 nm.

For the determination of polyphenol oxidase (PPO, EC 1.14.18.1) and peroxidase (POD, EC 1.11.1.7) activities, 45 grams of jasmine flowers were similarly extracted with 150 mL of 0.05 M phosphate buffer (pH 7.0) containing 25 g/L PVPP using an electric commercial blender. The homogenate was centrifuged using an MPW-260R (MPW, Poland) at 6000×g for 20 min at 4°C, and the supernatant was collected.

PPO activity was assayed using the procedure described by Chen et al. (2017). The reaction mixture consisted of 3 ml of 0.5 M catechol solution in 0.1 M phosphate buffer (pH 7.0), 0.1 mL treatment solution (10 mg/mL flower essential oil, 100 mM ascorbic acid, or distilled water), and 0.2 mL crude enzyme solution. Enzyme activity was measured at an absorbance of 420 nm with a VIS Spectrophotometer (Spectronic™ GENESYS 20 spectrophotometer, Thermo Fisher Scientific, USA).

POD activity was assayed using the procedure described by Seyyed and Shahram (2011). The mixture consisted of 0.1 mL of 0.4% guaiacol, 0.1 mL of 0.46% hydrogen peroxide, 2 mL of 0.05 M phosphate buffer, 0.1 mL treatment solution (10 mg/mL flower essential oil, 100 mM ascorbic acid, or distilled water), and 1 mL crude enzyme solution. Enzyme activity was measured at an absorbance of 470 nm.

PAL activity was expressed as units per minute per gram of fresh weight (U/min/g (FW)) and PPO and POD activities as U/min/g (FW).




2.6 Formulation of a J. officinale essential oil nanoemulsion and determination of oil droplet size and polydispersity index

Briefly, the nonionic surfactant Tween 80 was mixed with the co-surfactant Span 20, Span 80, Span 83, or Span 85 in ratios of 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, 1:3.5, and 1:4 (w/w). Then, the J. officinale essential oil was combined with each surfactant/co-surfactant mixture by magnetic stirring at a weight ratio of 3:1. Each mixture was then titrated dropwise into a conical flask containing a calculated amount of distilled water sufficient to make a 50 mg/mL essential oil emulsion. The emulsions were maintained in laboratory conditions for 30 days to assess their stability and checked periodically for phase separation. Only stable and milky-white emulsions were selected for measurement of the oil droplet size distribution and polydispersity index (PDI) by means of light scattering with a NanoPlus Zeta/Nano Particle Analyzer (Particulate Systems, USA).




2.7 Application of the J. officinale essential oil nanoemulsion to jasmine flower



2.7.1 Preliminary screening

A stock solution of the J. officinale essential oil nanoemulsion (JEN, 50 mg/mL) was prepared by combining 3 g of pure J. officinale essential oil, 1 g of a mixture of Tween 80 and Span 85 (1:4 w/w ratio), and the appropriate amount of distilled water. This stock solution was then diluted with distillated water to produce a range of dilutions (0.01, 0.05, 0.1, 0.5, 1, and 2 mg/mL) for bioefficacy assay using postharvest jasmine flowers. Fifty flower buds of the Ratsburana jasmine variety were soaked in diluted JEN solution or distilled water for 5 min. Then, the treated samples were taken out, air-dried, packed in a polyethylene plastic bag, and stored in a refrigerator at 10 ± 3°C with relative humidity 66 ± 5%. Three replicates per treatment were sampled on days 3, 6, and 9 and color retention was assessed according to a 4-point scale where 4 = milk-white, 3 = creamy or yellowish, 2 = 1-50% brown, and 1 = 51-100% brown. The color retention index was computed using Equation 1.

 




2.7.2 Effect of JEN treatment on the browning of jasmine flowers during storage

Fifty flower buds of the Ratsburana jasmine variety were divided into four groups and soaked in 0, 0.5, 1, or 2 mg/mL JEN for 5 min. Then, the treated samples were taken out, air-dried, packed in a polyethylene plastic bag, and stored in a refrigerator at 10 ± 3°C with relative humidity 66 ± 5%. Three replicates from each treatment group were taken for evaluation at 3-day intervals for up to 12 days of storage.



2.7.2.1 Quality evaluation

Weight loss was detected as the difference between weight before storage and weight after storage divided by the weight before storage. The value was expressed as a relative percentage.

Flower opening score was judged on a scale of 0 to 3 in which 0 = closed bud, 1 = partially opened, 2 = half opened, and 3 = fully opened. The flower opening index was computed using Equation 2.

 

Freshness index was determined from fifty flower buds. The criteria for judging freshness were based on flower development, namely bud opening, and petal browning using a score from 9 to 1 in which 9 = all buds turgid, white; 8 = partial to half open flowers, white; 7 = half to fully open flowers, white; 6 = partial to half open flowers, cream or yellowish; 5 = half to fully open flowers, cream or yellowish; 4 = partial to half open flowers, 25 to 50% brown; 3 = half to fully open flowers, 25 to 50% brown; 2 = partial to half open flowers, 75 to 100% brown; and 1 = half to fully open flowers, 75 to 100% brown. The freshness index was computed using Equation 3.

 




2.7.2.2 Assaying PAL, PPO, and POD activities in jasmine flowers during storage

The enzyme assay methods were similar to the procedures described above, except that crude enzyme extract solutions added into the substrate buffer solution were prepared from treated jasmine flowers stored for 0, 3, 6, 9, or 12 days.




2.7.2.3 Observation by scanning electron microscopy

To examine the adaxial epidermis of the petals, fresh petals from treated flowers stored for six days were rinsed with distilled water, and a square sample of 5 mm × 5 mm was excised and immersed overnight in a 2.5% (v/v) glutaraldehyde solution at 4°C. Subsequently, the petal samples were dehydrated in a graded ethanol series, then placed on pin stubs with carbon tape and sputter coated with gold. Finally, the adaxial surfaces of all samples were analyzed using a scanning electron microscope (JEOL InTouchScope™, JSM-IT500HR, JED-2300, Japan).






2.8 Statistical analysis

All experiments in this study were established according to a complete randomized design (CRD) with three replicates. Analysis of variance was applied using SPSS. When the ANOVA showed significant differences at p < 0.05, Tukey’s test was applied to compare the mean values.





3 Results



3.1 In vitro inhibition of PAL, PPO, and POD by flower essential oils

As presented in Table 1, the flower essential oils under investigation did not inhibit PAL and PPO activities. Inhibition of PAL and POD activities was provided by 100 mM ascorbic acid (as positive control). Ascorbic acid showed the greatest suppression of POD activity. In flower essential oil treatment, J. officinale essential oil highly inhibited POD activity, followed by R. bourboniana essential oil, J. sambac essential oil and G. augusta essential oil. Application of T. patula essential oil had no effect on POD activity. Thus, the J. officinale essential oil exerted the greatest inhibitory effect on POD activity in the in vitro condition.


Table 1 | PAL, PPO, and POD content and of jasmine flowers in the presence of flower essential oils (10 mg/mL) and ascorbic acid as antioxidant. Numbers in parentheses indicate percentage of in vitro enzyme activity reduction.






3.2 Chemical composition and antioxidant capacity of J. officinale essential oil

The total ion chromatogram of the J. officinale essential oil is presented in Figure 1; a total of 29 compounds were identified, representing 99.52% of the total weight (Table 2). The major volatile components with concentrations higher than 5.0%, calculated as percent relative to total area, were benzyl alcohol (20.68%), benzyl acetate (19.87%), hydroxy citronellal (9.91%), trans-cinnamyl alcohol (7.03%), 2(10)-pinene (6.10%), linalool L (6.78%), α-hexylcinnamaldehyde (6.75%), and phenyl acetaldehyde diethyl acetal (5.82%). Additional volatiles present in medium concentrations (1.0-5.0%) were benzyl benzoate (4.96%), 2-pinene (3.10%), linalyl acetate (2.12%), cinnamaldehyde, (E)- (1.08%), and terpineol (1.06%). Many other components occurred in minor amounts (lower than 1.00%).




Figure 1 | GC-MS chromatogram of essential oil of the flowers of Jasminum officinale showing the separation of chemical components.




Table 2 | Constituent compounds and antioxidant capacities of J. officinale essential oil.



The essential oil of flowers of J. officinale was subjected to screening for its possible antioxidant activities by three methods, namely, DPPH free radical scavenging activity, metal chelate effect and reducing power assay. The free-radical scavenging properties of the J. officinale essential oil are presented in Table 2. Plant essential oils are classified as natural antioxidants due to their capacity to reduce and/or prevent the formation of free radicals. According to the EC50 values presented in Table 2, a lower EC50 value indicates greater antioxidant activity. The EC50 values obtained were 6.72 ± 0.89 mg/mL for DPPH radical reduction and 7.42 ± 1.59 mg/mL for Fe2+ ion chelation. Performing both tests provides that the essential oil exhibits effective scavenging of DPPH radicals and good chelating power. With regard to reducing power, the concentration of essential oil required to obtain 0.5 A.U. was 14.89 ± 0.73 mg/mL.




3.3 Characterization of J. officinale essential oil in emulsion

Overall, emulsions composed of J. officinale essential oil and high mass ratios of Tween 80 combined with Span 20, Span 80, or Span 85 exhibited greater stability than those formulated with low surfactant mass ratios. Figure 2 illustrates the significant instability of emulsions formulated from Tween 80 and Span 83 with 5% oil content, leading to phase separation, sedimentation, or creaming at the sample surface. In contrast, mixtures of Tween 80 with Span 20, Span 80, or Span 85 in the ratios of 1:3, 1:4, and 1:3.5 enhanced emulsion stability over a 30-day storage period, with the solutions appearing visually similar to milk (Figure 2). The droplet sizes recorded for these stable emulsions were microscale, at 261.2, 225.8, and 139.8 nm, respectively. Based on these results, a final emulsion was formed as an aqueous solution containing 3 g of J. officinale essential oil and 1 g of a mixture of Tween 80 (surfactant) and Span 85 (co-surfactant) in a weight ratio of 1:4. This nanoemulsion had a nanoscale droplet size of 70.2 ± 0.39 nm. Where the microemulsions displayed polydispersity indexes of 0.261 to 0.312, the nanoemulsion demonstrated a narrower polydispersity index of 0.191 (Table 3).




Figure 2 | Images demonstrating the physical stability of J. officinale essential oil emulsion prepared by combining with surfactant Tween 80 and co-surfactant Span 20, Span 80, Span 83, or Span 85 at various ratios after 30 days storage at room temperature.




Table 3 | Particle size and polydispersity index of J. officinale essential oil emulsions.






3.4 Application of J. officinale essential oil to jasmine flowers



3.4.1 Preliminary screening of JEN soaking solution effectiveness

In vitro investigations indicated the essential oil of J. officianale to have a significant inhibitory effect on POD activity (Table 1). According to Table 2, the antioxidant power of J. officinale essential oil (Table 2), which refers to the essential oil ability to protect cells from free radical damage through multiple processes, may directly or indirectly sequester damaging free radicals, preventing jasmine flower browning. Subsequently, preliminary experiments testing the ability of JEN to control flower browning and quality were conducted, with different concentrations of JEN applied to jasmine flowers during storage; the results are presented in Figure 3. Application of JEN at 0.5, 1, and 2 mg/mL delayed the appearance of browning on petals, as evidenced by color retention index values. Both the control treatment and low concentrations of JEN resulted in flowers with brown color on day 9.




Figure 3 | Assessment of J. officinale essential oil nanoemulsion (JEN) at different concentrations on the color retention index (scale: 4 = milk-white; 3 = creamy; 2 = 1-50% brown; 1 = 51-100% brown) of jasmine flowers after 9 days of storage at 10± 3°C.






3.4.2 Main study of postharvest jasmine flowers

JEN treatment concentrations of 0.5, 1, and 2 mg/mL were chosen for further postharvest treatment assays to obtain more detailed insights into their effects on jasmine flowers.




3.4.2.1Weight loss

Weight loss from jasmine flowers rose gradually as the storage period progressed in all treatments, as shown in Figure 4A. An initial rapid increase in weight loss during the first 3 days of storage was observed for the 0.5 mg/mL JEN treatment. Thereafter, the flowers lost fresh weight continuously, with approximately the same effect as distilled water. At the end of storage, weight loss values for the control and 0.5, 1, and 2 mg/mL JEN treatments were 8.87%, 9.18%, 6.86%, and 5.62%, respectively.




Figure 4 | Weight loss (A), flower opening index (B), color retention index (C), and freshness index (D) of jasmine flowers during storage as affect by postharvest (J) officinale nanoemulsion (JEN) dipping. Data are means ± SE (vertical bars). Different letters over a column cluster indicate significant differences (p < 0.05) among treatments according to Tukey’s test for the given timepoint.






3.4.2.2 Flower opening

In untreated jasmine flowers, the flower opening index continuously increased from 0% on day 0 to 67.34% on day 12, the end of the experiment. The average index of JEN-treated flowers after 0, 3, 6, 9, and 12 days of storage was 0%, 38.37%, 43.48%, 50.37%, and 53.23%, respectively. At 9 and 12 days of storage, the JEN-treated flowers exhibited a significantly lower flower opening index than the control (Figure 4B). Thus, the essential oil considerably postponed flower opening.




3.4.2.3 Color retention

In all jasmine flowers, a creamy or yellowish petal color emerged on day 3. However, flowers treated with JEN demonstrated a substantially higher color retention index than the control from day 3 to day 12. After 3, 6, 9 and 12 days of storage, the index of untreated flowers decreased to 87.56%, 74.74%, 50.07%, and finally 39.62%, while the corresponding average index value of JEN-treated flowers was 89.93%, 81.95%, 70.57%, and 53.14%, respectively (Figure 4C). Browing of jasmine flowers was delayed by higher concentrations of JEN (1 and 2 mg/mL), whereas both the control and the lowest concentration of JEN showed early petal browning with more loss of visual quality (Figure 5).




Figure 5 | Anti-browning effect of J. officinale nanoemulsion (JEN) treatment on the browning of jasmine flowers during storage at 10 ± 2°C for 12 days.






3.4.2.4 Freshness index

In all jasmine flowers, petal freshness index initially decreased after 3 days of storage. On day 6, untreated flowers had a freshness index of 88.50%, while JEN-treated flowers showed higher values (>92%). On days 9 and 12, JEN treatment resulted in substantially higher freshness index values compared to untreated flowers (Figure 4D).




3.4.2.5 Activities of PAL, PPO, and POD enzymes

The activities of jasmine flower PAL, PPO, and POD enzymes in treated and untreated flowers over the course of storage are shown in Figure 6. The initial PAL activity was 1915.73 U/g/h, and values increased in all samples on day 3. Thereafter, PAL activity in the control changed only slightly, while in treated flowers it decreased rapidly. On days 9 and 12, the untreated samples showed significantly higher PAL activity than JEN-treated flowers. After 12 days of storage, the final PAL activity of jasmine flowers treated with 0.5, 1, and 2 mg/mL JEN was 1116.33, 1187.75, and 1183.7 U/g/h, respectively, whereas the activity in the control was 1947.4 U/g/h (Figure 6A).




Figure 6 | Activities of PAL (A), PPO (B), and POD (C) of jasmine flowers during storage as affect by postharvest (J) officinale nanoemulsion (JEN) dipping. Different letters indicate significant differences (p < 0.05) among treatments according to Tukey’s test for the given day.



The initial PPO activity in jasmine flowers was 39.24 U/g min. In control samples, this activity first increased, reached a peak, and then slightly decreased. In treated samples, PPO activity showed a continuous decrease relative to the control. After 12 days of storage, the PPO activity of flowers treated with 0.5, 1, and 2 mg/mL JEN was 90.60, 82.05 and 86.20 U/g/min, respectively, whereas that in the control was 129.86 U/g/min (Figure 6B).

POD activity was increased in all flowers on day 3, maintained for a period, and then decreased rapidly. On days 3, 6, and 9, POD activity in untreated samples was comparable to those treated with JEN. After 12 days of storage, JEN application was observed to significantly reduce POD activity (Figure 6C).




3.4.2.6 Observation by scanning electron microscopy

Scanning electron micrographs on day 6 revealed the jasmine petals to have epidermal cells of the tabular rugose type, with longitudinal striations on the adaxial surface. Petals of control flowers showed cell wall breaking and shrinkage in the adaxial epidermis cells and those treated with 0.5 mg/mL JEN initiated shrinkage in the adaxial epidermis. Conversely, jasmine flowers treated with 2 mg/mL JEN exhibited a smooth petal surface free of cell wall breakdown or shrinkage (Figure 7).




Figure 7 | Scanning electron micrographs of the adaxial epidermis of petal tissues of jasmine flowers treated with J. officinale nanoemulsion on day 6 of storage. Magnification 100×, scale bar = 100 μM; 500×, scale bar = 50 μM; 1500×, scale bar = 10 μM.









4 Discussion

This work highlighted an innovative postharvest treatment using a plant essential oil to delay the appearance of brown pigment on jasmine petals. In the present study, J. officinale essential oil demonstrated the strongest suppression of POD activity in jasmine flowers (Table 1), and hence was selected for in vivo application to jasmine flowers along with assessment of its chemical composition and antioxidant properties. Benzyl alcohol and benzyl acetate were found to be the most abundant compounds (Table 2). The chemical composition of J. officinale essential oil has previously been reported by many authors. Jirovetz et al. (2007) similarly identified benzyl acetate (23.7%) and benzyl benzoate (20.7%) as the major constituents. Meanwhile, Muttiah et al. (2019) reported 3,7,11,15-tetramethyl-2-hexadecen-1-ol (12.31%) and benzyl acetate (11.50%) as the major constituents. The high concentration of aromatic compounds, particularly benzyl alcohol, linalool, and their derivatives, suggests this essential oil to possess floral-flowery as well as fruity odor, and to have the strong floral and sweet aromatic characteristics typical of jasmine scents (Upadhyay and Holbrook, 2004; Issa et al., 2020).

Incorporation of essential oils into aqueous matrices is somewhat constrained by their poor solubility in water (Yammine et al., 2024). Nanoemulsions, characterized by a droplet radius less than 100 nm, have been demonstrated to improve the bioavailability, bioaccessibility, and solubility of hydrophobic substances, owing to their increased specific surface area (Doost et al., 2019). Accordingly, JEN was formed as an aqueous solution containing 3 g of J. officinale essential oil and 1 g of a mixture of Tween 80 (surfactant) and Span 85 (co-surfactant) in a weight ratio of 1:4, all combined under magnetic stirring. This spontaneous or self-emulsification method (a low-energy emulsification technique) successfully produced a nanoemulsion with droplet sizes in the nano-range (Table 3). Nanoemulsion production by this method relies on the viscosity, interfacial tension, and polarity of the oil phase along with the selection of both an appropriate solvent and an appropriate emulsifier. When the surfactant alone is not sufficient to decrease surface tension, the necessary reduction can be achieved by pairing it with a co-surfactant (Mushtaq et al., 2023). There are several reports of spontaneous emulsification generating nanoemulsions (Lima et al., 2021; Tan et al., 2023). When characterizing an emulsion, the PDI reflects the width of the particle size distribution; a perfectly uniform sample would have a PDI of 0.0 (Kale and Deore, 2016). For JEN, the recorded PDI value was 0.191, and the particle size distribution had a narrower range than in the produced microemulsions (Table 3). A PDI value of less than 0.2 indicates relative homogeneity of a nanoemulsion (Shakeel et al., 2007).

During storage at 10 ± 3 °CC for 12 days, all flowers demonstrating increasing fresh weight loss as storage time increased, indicating that JEN did not prevent fresh weight loss (Figure 4A). Jasmin flowers naturally have a typical climacteric respiratory rise (Isac et al., 2016) that leads to intense respiratory activity and water loss. Likewise, some browning occurred in all flower samples. The PAL activity showed an initial increase, peaked, and then decreased (Figure 6A), and was related to the browning as increased PAL activity facilitates de novo biosynthesis of phenolic compounds, a process also documented in cut and peeled vegetables and fruit (Song et al., 2019; Xiao et al., 2022). Control flowers exhibited substantial increases of PAL and PPO activity, which led to higher phenol accumulation. Phenols are subsequently oxidized by PPO, which leads to browning (Singh et al., 2018). This petal discoloration during storage was alleviated by treatment with JEN, as evidenced by the comparatively delayed decreases in color retention score (Figure 4) and the maintenance of low levels of PAL and PPO activities (Figure 6). This phenomenon suggests that the essential oil successfully delayed accumulation of phenolic compounds and limited their conversion to brown pigment by PPO. All JEN-treated samples exhibited lower POD activities than controls at the end of storage (Figure 6C). POD is a crucial oxyradical detoxification enzyme that operates on multiple substrates and catalyzes several reactions, variously resulting in browning, discoloration, off-flavors, and nutritional degradation (Alikhani-Koupaei et al., 2014). The lower activity of POD in flowers treated with JEN therefore resulted in alleviated deterioration.

In the in vitro study, POD in jasmine flowers was inhibited by treatment with flower essential oils, particularly the J. officinale essential oil. Bioactive compounds that are present in essential oils act to reduce the activity of peroxidases, including POD. Ponce et al. (2004) similarly claimed that the antioxidant properties of essential oils can lead to peroxidase activity reduction in leafy vegetables. The in vivo study in this work additionally demonstrated that treatment with JEN suppressed the activity of PAL, PPO, and POD. In addition to the oil’s reducing properties, it presumably contains chemical constituents that act as competitive inhibitors of the three enzymes. Chen et al. (2017) observed eugenol to have inhibitory effects on PAL, PPO, and POD activity in lettuce, with the inhibition kinetics indicating it to be a competitive inhibitor of these enzymes. J. officinale essential oil is reported to scavenge DPPH• radicals through an electron or hydrogen donation mechanism (Gulcin and Alwasel, 2023), and to reduce ferric ions based on electron transfer rather than hydrogen atom transfer (Prior et al., 2005), which probably contribute to its anti-browning activity (Sae-leaw and Benjakul, 2019). PPO is a dicopper-containing oxidase that harbors Cu2+ in its active site. The browning process is the result of this Cu2+ interacting with the substrate and oxygen (Sae-Leaw and Benjakul, 2019). J. officinale essential oil has demonstrated metal chelating capacity (Table 2), which allows for the sequestration of copper atoms that would otherwise occupy the PPO active site, thereby impeding PPO catalytic activity; this action is similar to that of natural antioxidants such as quercetin (Wong et al., 2021). Quercetin has been reported to be effective in controlling browning and maintaining the quality of fresh-cut potatoes (Kasnak, 2022). Among the JEN treatments tested in this study, 2 mg/mL JEN resulted in both the highest freshness index and the least bud opening. This effect may result from the abovementioned antioxidant responses, potentially linked to a delayed senescence that reduces ethylene biosynthesis. Most essential oils function as ethylene antagonists, apparently disrupting ethylene synthesis (Sisler et al., 2006). The SEM observation in this study on day 6 revealed the adaxial epidermal cells of petals in control and low-JEN-treated jasmine flowers to be shrunken and collapsed, with intercellular spaces apparent (Figure 7). These anatomical changes indicate that flowers in both treatments experienced senescence (O’ Donoghue, 2006). Meanwhile, petals from flowers treated with higher concentrations of JEN exhibited delayed cell wall collapse, which is beneficial for maintaining cell compartmentation and avoiding the enzyme-substrate interactions that result in petal browning (Lim and Wong, 2018). The results indicated that JEN served as an effective delivery vehicle for bioactive chemicals, facilitating bioactive compounds with targeted delivery and better action. The browning inhibition of jasmine flowers with J. officinale essential oil and its constituents was achieved by reducing PPO, POD, and PAL activities, or by directly or indirectly sequestering harmful free radicals.




5 Conclusion

This work highlights an innovative protocol to prevent tissue browning using flower essential oil. The in vitro study determined the essential oil of J. officinale to have the most inhibitory effect on POD activity, highlighting it as a candidate alternative anti-browning agent for the preservation of jasmine flowers in vivo. GC-MS analysis indicated the J. officinale essential oil to be dominated by benzyl alcohol (20.68%) and benzyl acetate (19.87%). A rapid, easy and reproducible method has been developed for the preparation of J. officinale essential oil in nanoemulsion with oil droplet size of 70.2 ± 0.39 nm using a spontaneous emulsification. Due to its small-size droplets, nanoemulsion can function as a delivery vehicle with a targeted mechanism of action. The subsequent in vivo study showed treatment with 1 and 2 mg/mL JEN to be effective in controlling browning and maintaining the quality of jasmine flowers, achieving a minimum flower opening index, high freshness score, and high color retention index after 12 days of storage. This mechanism for this change due to the essential oil demonstrated DPPH radical scavenging, iron chelating, and reducing capabilities, indicating that it may function as an antioxidant, reducing agent, chelating agent, or combination thereof to inhibit enzymatic browning. In addition, essential oil significantly reduced PAL and PPO activity, preventing accumulation of the phenolic compounds that are substrates of PPO. Likewise, POD activity was reduced with oil treatment. With respect to SEM observation, jasmine flower epidermis cells showed treatment with JEN to delay cell wall collapse and preserve cell compartmentation, indicating postponement of the browning process.
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