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Drying strategies in tea (Camellia sinensis L.) preparation marks footprint from individual to environmental health
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HIGHLIGHTS
· Study shows significant variations in chemical properties of oolong and green tea
· Freeze drying is a better option than microwave drying 
· Drying process is one of the major energy consuming processes during tea preparation
· Tea preparation processes should be modified to make them more carbon neutral and energy-efficient
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ABSTRACT
Tea (Camellia sinensis L.), an aromatic beverage with global reach needs sustainable interventions to improve its ameliorating medicinal properties. The health benefits relate to the biochemical properties of tea. The evidence from in vitro studies indicate the dependence of biochemical properties on the methods of tea processing and steps followed. We analyzed the variation in bio-chemical properties of oolong and green tea (Camellia sinensis) under two different drying methods, i.e., microwave and freeze drying. Oolong tea refers to a unique preparation process where leaves are first semi-fermented and then dried whereas green tea refers to freshly plucked leaves, directly dried without any fermentation. We compared the freeze-dried and microwave dried samples of both oolong and green tea and observed their performance in terms of rehydration ratio, chlorophyll content, TPC, TFC values and DPPH radical scavenging activity. Our results clearly indicate an improvement in pharmacological properties of tea with the strategic changes in drying process. Furthermore, we also report that despite the superior quality of tea under the freeze-drying method, the process consumes 57% higher energy than microwave drying. Our finding necessitates production technology to be more energy efficient and viable for both oolong and green tea.    
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Tea (Camellia sinensis L.) is the second most consumed nonalcoholic beverage, next to water (Van Der Wal & Sanne, 2008). However, the current tea production process consumes nearly 0.67kWh of energy to produce one kg of tea (Kumar et al., 2021). The more energy demand has associated carbon footprints. Therefore, the process needs to be analyzed in terms of cost to the environment. The method of tea preparation involves different processes like withering, fermentation, drying, and sorting. According to the extent of fermentation, tea is divided into several types, namely green tea (non-fermented), oolong tea (semi-fermented) and black tea (fully fermented) (Chaturvedula et al., 2011). Among these types, green tea is the most important and favored tea due to antioxidants/polyphenols associated with beneficial health aspects (Lee et al., 2008; Armoskaite et al., 2011). 
A typical tea shoot comprises an apical bud and two tender leaves containing about 10–30% polyphenolic compounds (Li et al., 2013). Polyphenols are naturally occurring secondary metabolites found in plants (El Gharras & Hasna, 2009). Tea has strong antioxidant properties due to these polyphenolic compounds (Gardner et al., 2007). The Major roles of antioxidants are to prevent detrimental oxidative damage caused to cells by the reactive oxygen species (ROS) (Winterbourn & Christine, 2008). However, they may also aid in the prevention of a wide range of diseases, including cardiovascular disease (Zaveri & Nurulain, 2006), cancers (Kris-Etherton et al., 2002), cerebral damage (Suzuki et al., 2004), diabetes (Vinson & Zhang, 2005). They are also reported to have an anti-carcinogenic effect (Cabrera et al., 2006).
Nevertheless, the acceptability of any preparation depends upon the quality of tea. Taste, astringency, aroma, and color are essential parameters that determine the quality of tea (Liang et al., 2003; Perumalla & Hettiarachchy, 2011). Additionally, these characteristics primarily depend upon the biochemical constituents of tea (Rossetti et al., 2009; Chaturvedula et al., 2011; Li et al., 2013). Polyphenolic constituents play important roles in determining the color of infused tea (Kumar et al., 2011). Characteristic aroma and taste can be attributed to several volatile and non-volatile compounds (Wang et al., 2010). Astringency of tea is primarily due to catechins (Rossetti et al., 2009). 
Catechins are the groups consisting of hydroxylated flavanols and their gallic acid esters, namely, catechin, epicatechin, gallocatechin, epicatechingallate, epigallocatechin and epigallocatechin gallate (Zaveri & Nurulain, 2006). However, in green tea, the inactivation of enzymes like polyphenol oxidases prevents the oxidation of catechins (Babu et al., 2008). In black and oolong tea, phenolase-catalyzed oxidation of catechins results in the formation of dimeric theaflavin and polymeric thearubigins during fermentation (Łuczaj & Skrzydlewska, 2005). Nevertheless, the release of these compounds depends on different processing parameters and methods (Chen et al., 2010). 
Multiple health benefits budding from associated differences in biochemical properties of green and oolong tea make this study a more apposite. Neuro-degenerative amelioration and antiproliferative properties in green tea have been shown in intra-cerebroventricular (I.C.V) colchicine induced memory impairment and hypolipidemic hepatoma treated rat models, respectively (Bagchi et al., 2020; Chacko et al., 2010). Furthermore, some studies report prevention of hepatoxicity through modulation of immune system and post-initiation antitumorigenic properties of green tea catechins (Park et al., 2003; Dorchies et al., 2003). Higher levels of polyphenols in green tea may lower the blood pressure, risk of coronary heart disease, blood glucose level and body weight (Chacko et al., 2010). Nevertheless, green tea (and to a lesser extent black and Oolong teas) has more pronounced health benefits for middle aged population due to age-mediated biochemical and behavioral modulation. However, the biochemical properties of tea types can be further modulated to a larger extent with the type of drying process involved in the tea preparation (Das and Ghosh, 2018). During microwave drying, leaves undergo a much higher temperature (Li et al., 2010) than freeze-drying process (Sagar & Kumar, 2010). So, there may be a chance of degradation of biochemical compounds during this drying process which may affect the quality of tea. 
In the present study, we have further explored the hypothesis that drying methods in tea processing have significant effect on associated biochemical properties of oolong and green tea. Furthermore, prepared green tea using microwave and freeze-drying processes have significant variations in some health relevant qualitative biochemical properties.  Also, we have determined the energy consumption of the two drying methods to determine the carbon footprint of the whole process.
MATERIAL AND METHODS
Plant material: Fresh tea leaves (two leaves and a bud) of Camellia sinensis L., grown in the tea garden, Department of Agricultural and Food Engineering, IIT Kharagpur were collected. The garden is located in the lateritic belt of the south-western region of West Bengal and is situated at 22ᵒ 19’ N latitude and 87ᵒ 19’ E longitude at an elevation of 44.0 m above MSL (mean sea level). The average precipitation ranges from 1300 to 1500 mm.
Sample preparation: The steps of tea processing for oolong tea include withering, rolling, semi-fermentation and drying, while in green tea withering and fermentation processes are not performed. During oolong tea preparation, the plucked leaves were withered for 14 hours followed by rolling and fermentation for 40 minutes under high humid conditions (92%). After semi-fermentation, the leaves were dried using the microwave at 720 watts for 10 minutes and freeze dryer for 24 hours. In green tea processing the freshly plucked leaves were fed in a microwave dryer at 720 watts and dried for 13 minutes, while during freeze-drying the leaves were allowed for pre-freezing at -20ᵒC for 6 hours, followed by drying at -40ᵒC for 16 hours. After the drying process, the moisture content of the prepared tea was determined by Halogen Moisture Meter. In either case, the moisture content was maintained in the range of 3-5% to mark the drying process's completion. 
Determination of Biochemical properties:
Rehydration Ratio: We soaked Five grams (5g) of dried tea in 150 ml of boiled water for 30 minutes and calculated the rehydration ratio as explained in Lin et al. (2010). 

where Ma = Tea weight after soaking in grams and Mb= Tea weight before soaking 
Chlorophyll content: We measured the chlorophyll content of different preparations following the spectrophotometric method of Devmalkar et al. (2014) with some modifications. We took 100mg of tea sample and soaked it in 80% acetone for 10 minutes. The solution was filtered by whatman no.1 filter paper and absorbance were measured at 663nm and 645nm. The chlorophyll content is determined using the following formula:

Total polyphenol content: We determined the total polyphenol content (TPC) by Folin–Ciocalteu’s reagent (FCR) method (Pinelo et al., 2004). We soaked the samples (400mg) in 20ml of 50% ethanol for 24 hours. The sample was then filtered with Whatman no.1 filter paper. The extracted sample (500µl) was mixed with 25ml of Folin-Ciocalteu solution and 7.5% sodium carbonate and heated at 45ᵒ C for 15 minutes. After that, OD values were taken at 765nm against 80% ethanol as blank. The result was expressed in gallic acid equivalent. The calibration equation for gallic acid is presented in Table 1.
Table 1 goes here
Total flavonoid content (TFC): TFC was measured spectrophotometrically (Roshanak et al., 2015). Tea extract was prepared following the same procedure as TPC and a 500 µl aliquot was mixed with 2ml distilled water, followed by the addition of a NaNO2 solution (5%, 0.15ml). The mixture was left for 6 minutes. AlCl3 (10%, 0.15 ml) was added to the mixture followed by NaOH solution (4%, 2ml). Distilled water was added to make the final volume of 5ml. The mixture was left for 15 minutes and OD value was taken at 510nm. The calibration equation for quercetin is provided in Table 1.
2, 2-diphenyl 1, 1-picrylhydrazyl (DPPH) radical scavenging activity: The ability of tea extracts to scavenge free radical was assessed using the DPPH method described by Stankovic et al. (2012). The stock solution was prepared in 50% ethanol to get different phenolic concentrations. 100 µl of solutions were mixed with 5ml DPPH solution and kept in the dark at room temperature for 30 minutes. After that, OD was measured at 517nm. The Calibration equation used in the process is presented in Table 1.
We have calculated the Radical scavenging activity according to the formula of Yen & Duh (1994).
                                         
where, Ab = absorption of blank sample (t=0), Aa = absorption of tested extract solution (t=T)
Energy calculation: Total energy consumed during each treatment was calculated by adding the amount of energy consumed in different operations such as withering, drying etc. Because the fermentation and rolling of all the samples were done in a natural environment, no energy was consumed during fermentation and rolling (human resource is not taken into consideration). Therefore, energy consumed in withering and drying was added to obtain the total energy consumption for all the treatments.
Carbon footprint: In our calculations for carbon footprint for various drying methods used in the preparation of green and oolong tea, we convert kWh to kg of carbon released based on Greenhouse conversion factors (GHG report, U.K., 2018). The factor includes carbon emissions generated by power stations, including greenhouse gasses such as methane and nitrous oxide, which are converted to their carbon dioxide equivalents so that the value is reported in kg CO2 eq. per kWh. 
Statistical Analysis: All data were analysed statistically following standard analysis of variance techniques, i.e., CRD with 4 replications described by Gomez and Gomez (1984). Treatment difference was tested at a 5% significance level by F test. The critical difference was calculated wherever “F” was significant. The correlation was performed using Microsoft Excel.
RESULTS AND DISCUSSION
Rehydration ratio: Test for rehydration ratio demonstrates the ability of dried materials to absorb water (Khaskheli et al., 2014). The rehydration capability of a dried food material is primarily a parameter of cellular damage (Bilbao-Sáinzet et al., 2005). Drying methods significantly impact the rehydration ratio (Lin et. al, 2010). Our study indicates that freeze-dried samples show a higher rehydration ratio than leaves dried in a microwave dryer (Fig.1).
Fig.1 goes here 
During drying high temperature leads to water loss from cells, leading to irreversible cell damage in various ways that include loss of cellular integrity, causing gradual loosening of the hydrophilic property of cells (Giraldo et al., 2006). However, during freeze-drying, the least amount of cellular damage and the porous product is produced because of the low drying temperature (-40°C) (Marques et al., 2009). The microwave drying process employs an internal heating system with less shrinkage of cells, a more porous structure and less cellular damage (Lin et al., 2010), but the higher temperature during drying might cause a lower rehydration ratio.   
Chlorophyll Content: It has been suggested by many authors that chlorophylls act as an important factor in determining tea soup color (Xu & Chen, 2002; Zhen & Yong-Su, 2003; Ostadalova et al., 2015). In tea leaves, the amount of chlorophyll a is much higher than chlorophyll b (Zhen & Yong-Su, 2003). During processing and stoarage maximum degradation of chlorophyll occurs (Xu et al., 2002). Drying temperature and duration of drying are the major factors (Roshanak et al., 2016) that determines the magnitude of chlorophyll degradation. The highest amount of chlorophyll content was obtained in freeze-dried (green tea: 4.79 mg/g; oolong tea: 2.81mg/g) samples in both oolong and green tea followed by microwave dried products in both tea types (Fig.1). The results are in agreement with the result found by Negi et al. (2000). During drying, magnesium in chlorophyll is replaced by hydrogen atoms forming pheophytin which occur in presence of organic acids like oxalic acid (Arslan & Ozcan 2010).  
Polyphenol and Total flavonoid content: Flavonoids are a large family of secondary plant metabolites comprising about 4000 components such as anthocyanine, flavanol, flavones (Harborne, 2013). They are mostly found as O-glycosides with sugar bound at C-3 position. The idea of the test was to evaluate the changes in total polyphenol and flavonoid content in both oolong and green tea made by microwave and freeze-drying processes. The result shows higher total polyphenol (oolong tea: 73.75, Green tea: 83.39) and flavonoid content (oolong tea: 16.20, Green tea: 33.28) in the freeze-dried sample in both tea types (Fig.2). The probable reason for lower TPC and TFC values in microwave drying might be higher processing temperature due to the dielectric heating principle of microwave dryers (Khraisheh et al., 1997).
Fig.2 goes here
Furthermore, according to the microwave working principle, the waves are absorbed by water molecules that intensify the heating of the target molecule (Li et al., 2011). During freeze-drying, ice crystals are produced within the leaves that rupture plant cell structure and cause better access to extraction solvent (Asami et al., 2003; Chan et al., 2009). Low temperature also prevents the action of destructive enzymes that might lower cellular polyphenol content (Chan et al., 2009). Previous reports suggest that Polyphenol oxidase degrades some amount of TPC before the enzyme becomes completely inactivated (Ahmed et al., 2014; Lim and Murtijaya, 2007).
DPPH radical scavenging activity: Hydroxyl groups present on the aromatic rings of phenolic compounds contribute to the scavenging activity via hydrogen or electron transfer (Villano et al., 2007). In C. sinensis these phenolic compounds are present in the form of catechins and a few other forms that play a major role in scavenging free radicals (Frei et al., 2003). The samples showed a dose dependent scavenging activity. The graph was plotted using extract concentration against scavenging ability and specific concentration of the sample for 50% inhibition (IC50) was calculated (Fig.3). 
Fig.3 goes here
Freeze dried samples showed higher radical scavenging activity in both oolong and green tea. This could be due to high total polyphenol content in freeze-dried samples owing to low-temperature treatment (Zheng et al., 2001). On the other hand, microwave drying employs higher temperature for drying than freeze drying (Larrauri et al., 1997). Some antioxidant degrading enzyme activity is also favored at high temperature (Lim and Murtijaya, 2007). It is well known that phenolics play a major role in protecting the plant from stress related damage. Reports suggest there is a correlation between phenolic compounds and antioxidant capacity (Rice et al., 1996; Frei, Balz, and Jane V. Higdon., 2003; Paśko, Paweł, et al., 2009). Our results also show a strong positive correlation between TPC, TFC and TPC, DPPH activity with Pearson's r equals to 0.90, 0.91, respectively. However, DPPH radical scavenging activity was not significantly (p<0.05) correlated with TFC observed in both oolong and green tea.
Energy Consumption and Carbon footprints: We present the variation in moisture content, energy consumption and carbon footprint for different types of tea preparation in Fig.4. the initial moisture content of fresh leaves was 78% and the final moisture content was reduced to 4%. Therefore, approximately 74% moisture was removed in both tea types. It is observed that the freeze-drying technique consumed 25.6 and 20.4 MJ/kg of thermal energy for oolong and green tea, respectively. Microwave drying consumes 13.96 and 8.76 MJ/kg for oolong and green tea, respectively. This indicates that energy consumption by microwave drying is approximately 57% less than freeze-drying leading to less production cost for production of the same amount of tea.
Fig.4 goes here
Carbon footprint calculation indicates that the freeze-drying process has more impacts on the environment than micro-wave drying methods. The 30% higher emissions in freeze-dried green tea than micro-wave dried green tea demands regulating the operations and making the process more energy efficient. Nevertheless, 60% higher emissions in preparation of micro-wave dried oolong tea compared to a similar type of green tea guides our preference considering the impacts on the ecosystem. 
CONCLUSIONS
This study opens a new vista to the merits and demerits of freeze-drying and microwave drying during tea processing which will be preferred as per requirement. Irrespective of the type of tea (green tea or oolong tea) freeze-drying proved to be better in retaining the phytochemical properties than microwave drying. The health-promoting effects of green tea can be better preserved with microwave drying. The higher perseverance of catechins with freeze-drying of tea can potentiate them better as anti-tumorigenic agents and immune modulators in immune-dysfunction. Furthermore, more preserved polyphenols and flavonoid content in green tea with freeze drying can improve its effectiveness in treating diarrhea, typhoid, and H. pylori infection. Although, our study has shown improved biochemical constituents of tea types with modified drying process, it can be beneficial up to certain doses only. We agree with the findings of earlier studies that higher doses of tea constituents may cause some unknown adverse health effects. Therefore, a rigorous evaluation of such improvements in biochemical properties of tea on animal models are required. Nevertheless, our study shows for the first time that the freeze-drying process consumes 57% more energy than microwave drying. This might lead to a higher cost to the environment in the freeze-drying process despite better quality tea. However, our study paves the way to selectively improve certain beneficial and medicinal properties of tea through modulation in drying process.
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Fig.1: Variation in rehydration ratio and chlorophyll content in different tea preparations like green tea-freeze dried (GFD), green tea-microwave dried (GMD), Oolong tea–freeze-dried (OFD) and Oolong tea-microwave dried (OMD). Error bars represent the standard error of means across the treatments. LSD is the least significant difference (p<0.05).
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Fig.2: Variation in total polyphenol content and total flavonoid content in different tea preparations like green tea-freeze dried (GFD), green tea-microwave dried (GMD), Oolong tea–freeze-dried (OFD) and Oolong tea-microwave dried (OMD). Error bars represent the standard error of means across the treatments. LSD is the least significant difference (p<0.05).
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Fig.3: Variation in DPPH radical scavenging activity in different tea preparations like green tea-freeze dried (GFD), green tea-microwave dried (GMD), Oolong tea–freeze-dried (OFD) and Oolong tea-microwave dried (OMD). SE(m) represents the standard error of means across the treatments. LSD is the least significant difference (p<0.05).
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Fig.4: Variation in moisture content, energy consumption and carbon footprint of different tea preparations like green tea-freeze dried (GFD), green tea-microwave dried (GMD), Oolong tea–freeze-dried (OFD) and Oolong tea-microwave dried (OMD). 










Tables
Table1: Calibration equations for polyphenol content, flavonoid content, and DPPH activity 
	Treatment
	Calibration equation*
	R2

	Polyphenol Content
	
	0.978

	Flavonoid Content
	
	0.985

	DPPH radical scavenging activity
	
	73.75


*Equation represents the calibration curves where x: absorbance and Y: concentration (μg/ml)
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