
1 
 

TITLE 1 

MICROWAVE HEATING MODELLING OF A GREEN SMOOTHIE. EFFECTS ON 2 

ITS BIOACTIVE COMPOUNDS CHANGES DURING STORAGE 3 

 4 

RUNNING TITLE 5 

Quality changes modelling of a purple smoothie during its shelf life 6 

 7 

AUTHORS' NAMES  8 

Noelia Castillejoa, Ginés Benito Martínez-Hernándeza,b, Antonio José Lozano-9 

Guerreroc, Juan Luis Pedreño-Molinac, Perla A. Gómezb, Encarna Aguayoa,b, Francisco 10 

Artésa,b, and Francisco Artés-Hernándeza,b* 11 

 12 

a Postharvest and Refrigeration Group, Department of Food Engineering, Universidad 13 

Politécnica de Cartagena, Paseo Alfonso XIII, 48, 30203, Cartagena, Murcia, Spain. 14 

b Institute of Plant Biotechnology, Universidad Politécnica de Cartagena, Campus 15 

Muralla del Mar s/n, 30202, Cartagena, Murcia, Spain. 16 

c Departamento de Tecnología de la Información y las Comunicaciones. Universidad 17 

Politécnica de Cartagena, Campus Muralla del Mar s/n, 30202, Cartagena, Murcia, 18 

Spain. 19 

 20 

* To whom correspondence should be addressed: Tel: +34-968-325509; Fax: +34-968-21 

325433. E-mail: fr.artes-hdez@upct.es Web site: www.upct.es/gpostref 22 

  23 

ABSTRACT 24 

BACKGROUND: The heating of a green smoothie during an innovative semi-25 
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continuous microwave treatment (MW; 9 kW for 15 s) was modelled. Thermal and 26 

dielectric properties of the samples were previously determined. Furthermore, the 27 

heating effect on the main chemopreventive compounds of the smoothie and during its 28 

subsequent storage up to 30 days at 5 or 15 ºC were studied. Such results were 29 

compared to conventional pasteurization (CP; 90 ºC for 45 s) while unheated fresh 30 

blended samples were used as control (CTRL).  31 

RESULTS: A procedure was developed to predict the temperature distribution in 32 

samples inside the MW oven with the help of numerical tools. MW-treated samples 33 

showed the highest sulforaphane formation after 20 days, regardless of the storage 34 

temperature, while its content was 2-fold reduced in CP samples. Storage of the 35 

smoothie at 5 ºC is crucial for maximizing the levels of the bioactive compound S-36 

methyl cysteine sulphoxide. 37 

CONCLUSION: The proposed MW treatment can be used by the food industry to 38 

obtain an excellent homogeneous heating of a green smoothie product, and probably 39 

similar products as well, retaining high levels of bioactive compounds during 40 

subsequent retail/domestic storage up to one month at 5 ºC. 41 

 42 

Keywords: thermal processing; dielectric properties; sulforaphane; glucosinolates; 43 

isothiocyanates; S-methyl cysteine sulphoxide. 44 

 45 

INTRODUCTION 46 

At present, worldwide consumption of fruit and vegetables is below the recommended 47 

daily intake.1 Accordingly, beverages, and more recently smoothies, represent an 48 

excellent and convenient alternative that can be used to promote the daily consumption 49 

of fruit and vegetables.2 One of the most-commonly used vegetables is broccoli, 50 
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although its bitterness should be managed in order to make the smoothie more palatable. 51 

The broccoli’s bitterness is mainly linked to glucosinolates/isothiocyanates,3 and such 52 

bitterness may be reduced with the sweet taste4 of fruit, i.e. grapes, in the smoothie 53 

preparation. Besides glucosinolates/isothiocyanates, broccoli is a rich source of other 54 

health-promoting compounds such as polyphenols, vitamin C, lutein, folates, etc.5, but 55 

thermal processes may highly reduce their contents.6, 7 Isothiocyanates are bioactive 56 

compounds that may be synthetized, among other compounds, after myrosinase 57 

hydrolysis of glucosinolates. Sulforaphane is an isothiocyanate which is formed in 58 

broccoli after the myrosinase conversion of the glucosinolate glucoraphanin. The 59 

potential anticarcinogenic and antiproliferative properties of sulforaphane have been 60 

reported together with other biological activities, such as anti-inflammatory and 61 

antibacterial properties.8 Another compound found in broccoli, S-methyl cysteine 62 

sulfoxide (SMCSO), is an amino acid derivate with potential anti-carcinogenic, anti-63 

diabetic and cardiovascular effects.9, 10 SMCSO is found in higher concentrations in 64 

Brassica vegetables (1–2% dry weight) than all glucosinolates combined (0.1–0.6 % dry 65 

weight; dw).10 However, there are no studies on the effects of high power/short time 66 

semi-industrial microwave treatments on the glucosinolates/isothiocyanates and 67 

SMCSO contents of Brassicas products. 68 

Heat is transferred in conventional heating methods to the product’s surface by 69 

conduction, convection or radiation, and to the inner part by thermal conduction. 70 

However, latter heating techniques are sometimes inefficient for food industries as 71 

related to processing time and energy consumption. On the other hand, when 72 

microwave (MW) heating is used, the energy is absorbed volumetrically, with the heat 73 

generated inside the product leading to faster heating. Accordingly, innovative high 74 

power/low time MW treatments may be applied to food products using continuous 75 
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industrial MW ovens. In that sense, such mild, but effective and efficient MW 76 

treatments are excellent alternatives to conventional heating systems, and can be used 77 

by the food industry to obtain high-quality products with reduced nutritional/bioactive 78 

losses during processing while ensuring the food safety of the final product. 79 

Nevertheless, homogeneous food heating with these high power/short time MW 80 

treatments must be ensured. Accordingly, the numerical methods used to predict and 81 

understand the high temperature increases during MW treatments of food products need 82 

to be studied. In addition, it is important to understand the dielectric behaviour of the 83 

product in order to determine both the energy propagation within the product and the 84 

transformation of the MW energy into heat inside the dielectric element. 85 

The main objectives of this study were to model the heating of a green smoothie during 86 

an innovative semi-continuous microwave treatment and to compare its effects, along 87 

with a conventional heat treatment and unheated samples, on the main bioactive 88 

compounds as well as during subsequent storage at 5 or 15ºC for up to 30 days. 89 

 90 

MATERIALS AND METHODS 91 

Plant material and smoothie preparation 92 

The vegetables and fruit proportions for the smoothie preparation were: 50.9% grapes, 93 

35.0% kalian-hybrid broccoli (Bimi®), 13.8% cucumber, 0.2% freshly ground (with a 94 

coffee grinder and sieved to 30 mesh) yellow mustard and 0.15% ginger. The smoothie 95 

composition was selected among several formulations according to sensory pre-96 

evaluations conducted by a sensory panel, focusing on the maximum quantity of 97 

broccoli. Fresh vegetables at their optimal maturity stage were purchased at a local 98 

supermarket in June. The raw material was sanitized with 75 mg L-1 NaClO for 2 min 99 

and then rinsed with cold tap water for 1 min. Cucumbers and ginger were previously 100 
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peeled. Then, the smoothie was prepared with all prepared vegetables in a food 101 

processor (Model Robot Cook®, Robot Coupe, Vincennes Cedex, France) and 102 

immediately kept cold (2 ºC) in an ice-water bath until subsequent thermal treatments. 103 

The nutritional composition of the smoothie was determined with the software DIAL 104 

1.011 and is presented in the Supplementary material 1. 105 

 106 

Thermal and dielectric properties of the smoothie 107 

The thermal conductivity (κ) of the smoothie was measured at several temperatures (20, 108 

40 and 75 ºC) with the modified transient plane source method with a thermal 109 

conductivity analyser (Model C-Therm TCi, Mathis Instruments Ltd., Danville, 110 

Canada). Heat capacity (cp) was determined using a differential scanning calorimeter 111 

(Model DSC 822e, Mettler-Toledo, Schwerzenbach, Switzerland), using an oscillating 112 

method with a sapphire standard (optimized method based on the steady state and 113 

sapphire methods previously described,12 consisting of successive isothermal 2-min-114 

steps followed by 2.5 ºC min-1 heating steps for 2 min up to 75 ºC. 115 

The dielectric constant (𝜀𝜀′) and dielectric loss factor (𝜀𝜀′′) were determined using a 116 

dielectric coaxial probe (Model DAK-12/3.5, SPEAG, Zurich, Switzerland) at different 117 

temperatures in the frequency range (0.01-3 GHz). A dielectrometer (Model Dielkitv, 118 

DIMAS, ITACA, Valencia, Spain) was used to verify the latter measurements. 119 

 120 

Conventional heat treatment 121 

Conventional pasteurization (CP) was applied using the same Mastia 122 

thermoresistometer device as previously described.13 The sterilized vessel of the 123 

thermoresistometer was filled with 400 mL of smoothie immediately after its 124 

preparation. The thermoresistometer was programmed to increase the initial smoothie 125 
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temperature with a heating rate of 30 ºC min-1 up to 90 ºC, then maintained for 45 s and 126 

cooled down to a final temperature of 40 ºC (cooling rate of 30 ºC min-1). The smoothie 127 

temperature was reduced below 10 °C within 5 s after the treatment by submerging the 128 

vessel in an ice-water bath, with continuous agitation programmed in the 129 

thermoresistometer. Subsequently, sterile polyvinyl chloride squeeze-pouches (9 cm×13 130 

cm; 118 mL; Infantino, San Diego, USA) were filled with approximately 80 g of heat-131 

treated smoothie in aseptic conditions through the thermoresistometer sampling port. 132 

The remaining air in the pouches was removed before closing them by pressing the 133 

pouches by hand. Samples were stored in darkness at 5 and 15 ºC simulating optimal 134 

and inappropriate temperature during domestic/retail storage of the smoothie product. 135 

Fresh-blended unheated samples were used as control (CTRL). Sampling was 136 

conducted on processing day (0) and up to 30 days with different sampling times 137 

depending on the treatment and storage temperature. Five replicates per treatment, 138 

storage temperature and sampling day were prepared. 139 

 140 

Microwave treatment 141 

The microwave (MW) treatment was conducted using an improved semi-industrial 142 

prototype continuous-flow microwave oven (Model SI MAQ0101, Sairem Iberica S.L., 143 

Barcelona, Spain). The unit consisted of 4 adjustable magnetrons (0.5-3.0 kW; 2450 144 

MHz), a polytetrafluoroethylene (PTFE) feed belt able to work on continuous or back-145 

and-forth movement mode (semi-continuous), an optimized heating chamber, new 146 

energy economizing filters, a computer interface and a fibre optic slip ring for online 147 

temperature measurements inside the microwave oven. As with the CP treatment, 148 

approximately 80 g of smoothie were filled (Infantino Squeeze station, Infantino, San 149 

Diego, USA) under aseptic conditions into a sterile squeeze-pouch immediately after 150 
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smoothie preparation. The MW treatment had been previously optimized in order to 151 

achieve a fast and homogenous heating of the filled smoothie pouches. Accordingly, the 152 

temperature of the filled smoothie pouches was continuously recorded under different 153 

conditions (power of every magnetron, treatment time and feed belt speed/movement 154 

mode) with a portable fibre optic thermometer (Model Neoptix NOMAD-Fiber NMD, 155 

Neoptix, Quebec, Canada) and with a thermographic camera (Fluke TI25, Fluke 156 

Corporation, Washington, USA). The selected MW treatment consisted of a semi-157 

continuous mode with back-and-forth movement of 2 m min-1 belt speed at 9 kW 158 

(3+2+2+2 kW) for 15 s. The reflected power from each magnetron was 360 W resulting 159 

in a final MW power of 7.56 kW (2.64+1.64+1.64+1.64 kW). Four smoothie pouches 160 

were always treated at the same time in every treatment batch. Treated smoothie 161 

pouches were immediately cooled down to 15 or 5 ºC in an ice-water bath. Storage and 162 

sampling conditions were conducted as described for CP treatment. 163 

 164 

Modelling of the electromagnetic field distribution inside the microwave oven  165 

A model of the industrial continuous flow MW oven was developed to simulate the 166 

electromagnetic field distribution inside the oven (Figure 1). The previously-determined 167 

thermal and dielectric properties were used for modelling. It included a PTFE transport 168 

belt, 4 smoothie samples and 4 MW waveguide ports with the WR-340 section to model 169 

the power feeding of the oven. The simulation was conducted with the CST Microwave 170 

Studio software (v. 2016; CST-Computer Simulation Technology, Darmstadt, 171 

Germany) that uses the Finite Integration Technique to solve the Maxwell equations.14 172 

Other numerical methods commonly used for this purposes are the Finite-Differences 173 

Time-Domain method15 and the Finite Element Method.16 Open boundaries were 174 

selected to simulate the openings and the absorbing ferrites at both sides of the belt. 175 
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Results were obtained for four regular samples measuring 75×15×105 mm3. Nine 176 

equally-spaced positions were selected to discretize the back-and-forth movement of the 177 

samples and to ensure the accuracy of the solution. The section of the electric field 178 

strength distribution was obtained with a model using approximately 20,000,000 cells 179 

solved within 24 h in an Intel Xeon CPU E5-2603 v3 1.36GHz with 48 Gb RAM and 12 180 

threads. 181 

 182 

Glucoraphanin content 183 

Glucoraphanin extraction and analysis were conducted based on Francisco et al.17 but 184 

with slight modifications. A 500 mg freeze-dried sample was homogenized (Ultra 185 

Turrax® model 18T, IKA-Werke GmbH & Co. KG, Germany) for 10 s in 10 mL 70% 186 

methanol under an ice-water bath to avoid enzymatic activation. Immediately, samples 187 

were heated at 70 ºC for 30 min in a water bath under continuous agitation to inactivate 188 

myrosinase. Then, the samples were centrifuged (13,000×g, 15 min, 4 ºC). The 189 

supernatants were collected and filtered through 0.22 µm PTFE syringe filters. 190 

Twenty microliter samples were analysed using an Ultra High-Performance liquid 191 

chromatography (UHPLC) instrument (Shimadzu, Kyoto, Japan) equipped with a DGU-192 

20A degasser, LC-30AD quaternary pump, SIL-30AC autosampler, CTO-10AS column 193 

heater and SPDM-20A photodiode array detector. The UHPLC system was controlled 194 

with LabSolutions software (Shimadzu, v. 5.42 SP5). Chromatographic analyses were 195 

carried out with a Kinetex C18 column (100 mm×4.6 mm, 2.6 µm particle size; 196 

Phenomenex, Macclesfield, UK) with a KrudKatcher Ultra HPLC guard column 197 

(Phenomenex, Macclesfield, UK). The column temperature was maintained at 37 ºC. 198 

The mobile phase was a mixture of (A) formic acid 0.1 % and (B) methanol. The flow 199 

rate was 1.5 mL min−1 in an increasing linear gradient starting from 5 % B to 15 % B at 200 
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6.6 min, 35 % B at 7.92 min, 35 % B from 7.92-12.32 min, 46 % B at 14.08 min, 50 % 201 

B at 16.28 min and 5 % B at 20.68 min. Then, column equilibration was conducted at 5 202 

% B for 2.2 min. Chromatograms were recorded using a wavelength of 227 nm and 203 

glucoraphanin was identified and quantified with a commercial standard using a 204 

calibration curve prepared with at least six data points. The results were expressed as 205 

mg kg−1 dw. Each of the five replicates was analysed in duplicate. 206 

 207 

Endogenous sulforaphane content 208 

The endogenous sulforaphane content was analysed according to previous methods.18,19 209 

Briefly, 0.25 g of freeze-dried sample were suspended in 5 mL of acidic water (HCl; pH 210 

6.0) at 45 ºC for 2.5 h in a shaking water bath. After glucoraphanin conversion to 211 

sulforaphane, 20 mL of dichloromethane was added to the mixture followed by 212 

sonication for 1 min. Anhydrous sodium sulphate (6.5 g) was added, filtered through 213 

filter paper (Whatman No. 41) and the eluent was collected. The filtered solid residue 214 

was washed twice with 3 mL of dichloromethane and the three eluted portions were 215 

collected together. A solid phase extraction with activated (3 mL of dichloromethane) 216 

Strata SI-1 silica gel 3-mL disposable columns was performed. Briefly, the previous 217 

extract was passed through the cartridge, washing the cartridge with 3 mL of 218 

ethylacetate (which was then discarded) and eluting the sulforaphane with 3 mL of 219 

methanol. The methanol extract was evaporated to dryness in a vacuum oven at 45 ºC 220 

for 2 h. Subsequently, the residue was re-dissolved with 2 mL of acetonitrile. Then, the 221 

purified sulforaphane extract was evaporated to dryness with a vacuum oven set at 45 222 

ºC for 2 h. Finally, the residue was dissolved in 2 mL of acetonitrile, sonicated for 30 s 223 

and filtered through a 0.45 μm PTFE membrane filter. 224 
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Sulforaphane was analysed using a C18 (250 mm×4.6 mm, 5 μm) Gemini NX column 225 

(Phenomenex, Torrance CA, USA) as the stationary phase. UPLC analyses were carried 226 

out with 30/70 acetonitrile/water isocratic elution and a flow rate of 1 mL min-1. 227 

Chromatograms were recorded using a wavelength of 202 nm and sulforaphane was 228 

identified and quantified with a commercial standard using a calibration curve prepared 229 

with at least six data points. Results were expressed as µmoles g-1 dw. Each of the five 230 

replicates was analysed in duplicate. 231 

 232 

S-methyl cysteine sulphoxide (SMCSO) content 233 

SMCSO content was determined as previously described18 with slight modifications. 234 

Briefly, 2 g frozen smoothie were steeped overnight (4 ºC in darkness) in 30 mL 235 

acidified (10 mM HCl) cold 90 % methanol and subsequently homogenized (Ultra 236 

Turrax®) for 10 s. Then, the sample was incubated at 70 °C for 10 min using a vortex 237 

mixer every 2-3 min. After centrifugation (3,400×g, 4 ºC for 15 min) the methanolic 238 

fraction was aliquoted into a separate tube. The remaining homogenate was further 239 

extracted using 2×30 mL of boiling (70 ºC) acidified (10 mM HCl) 90% methanol with 240 

10 min incubation at 70 ºC with a vortex. The combined methanolic extracts were 241 

concentrated to 2-3 mL under reduced pressure (40 °C) and adjusted to 5 mL by 242 

addition of 20 mM borate buffer (pH 9.2). The extract was stored at -20 ºC until 243 

derivatisation. Dansyl derivatives were prepared by mixing 100 μL of the sample 244 

extract with 250 μL 10mM dansyl chloride (prepared in acetonitrile) and 0.65 mL of 20 245 

mM borate buffer (pH 9.2). The mixture was briefly shaken, allowed to stand at room 246 

temperature for 30 min, centrifuged at 16,200×g for 10 min and analysed by UHPLC. 247 

Dansyl derivatives were analysed using a C18 (250 mm × 4.6 mm, 5 μm) Gemini NX 248 

column (Phenomenex, Torrance CA, USA). The mobile phase was a mixture of (A) 50 249 
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mM pH 5 ammonium acetate buffer and (B) methanol. The flow rate was 0.9 mL min−1, 250 

using a linear gradient.  It increased from 30 % B to 40% over 35 min, to 75 % B over 251 

60 min, and then maintained for 5 min at 75 % B before finally re-equilibrating to 30 % 252 

B for 5 min. The chromatograms were recorded using a wavelength of 250 nm and 253 

SMCSO was quantified with a commercial standard using a calibration curve prepared 254 

with at least 6 data points. The results were expressed as μmol kg−1 fresh weight (fw). 255 

Each of the five replicates was analysed in duplicate. 256 

 257 

Statistical Analysis 258 

The experiment had a two-factor (treatment×storage time) design subjected to analysis 259 

of variance (ANOVA) using Statgraphics Plus software (vs. 5.1, Statpoint Technologies 260 

Inc., Warrenton, USA). Statistical significance was assessed at p=0.05, and Tukey’s 261 

multiple range test was used to separate the means. 262 

 263 

RESULTS AND DISCUSSION 264 

Modelling of the electromagnetic field distribution inside the microwave oven  265 

The heating characteristics of a product is dependent on several thermal properties such 266 

κ, cp and ρ. The smoothie showed κ, cp and ρ values of 0.5354 W m-1 ºC, 2580 J kg-1 ºC 267 

and 1,040.3 kg m-3 at 20 ºC, respectively (Table 1). The dielectric properties of a 268 

product to be treated by microwaves need to be measured, as these properties determine 269 

both the energy propagation within the product and the transformation of the MW 270 

energy into heat inside the dielectric element. MW heating is based on the higher or 271 

lower capacity of the dielectric element to polarize its charges through its volume 272 

against an external electric field. The polar molecules cannot follow the fast changes of 273 
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the electric field, sot that the energy is dissipated as heat. The complex relative 274 

permittivity can be obtained as described in Eq. (1): 275 

 𝜀𝜀∗ = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′      (1) 276 

 277 

The dielectric constant (𝜀𝜀′) and the loss factor (𝜀𝜀′′) were determined in the smoothie at 278 

different temperatures in the frequency range 0.01-3 GHz (Figures 2A and 2B, 279 

respectively). The frequency range 0.01-3GHz includes the radiofrequency and MW 280 

frequencies employed for heating purposes. At the working frequency (2450 MHz) 𝜀𝜀′ 281 

decreased with an increase in temperature of up to 60 ºC where it stabilised and 𝜀𝜀′′ 282 

decreased with an increase of temperature with a behaviour similar to the one found in 283 

vegetable purees.21,22 This phenomenon can be attributed to the predominance of the 284 

dispersion resulting from the dipole rotation of water molecules at 2,450 MHz, and at 285 

high temperatures, fewer hydrogen bonds are formed, causing a decrease in 𝜀𝜀′′ .19,20 286 

Those dielectric property measurements were verified with a dielectrometer, obtaining 287 

similar results at specific frequencies near 2 GHz. As observed in Figures 2A and 2B, 288 

both results were in agreement and in the same order of magnitude. 289 

A mean value for the permittivity at 2.45 GHz (𝜀𝜀∗ = 62.4 − 𝑗𝑗12.99) was used to obtain 290 

the electric field data for the smoothie in the simulation model. Due to the high 291 

simulation times, it was not possible to vary neither the permittivity nor the thermal 292 

parameters with the increasing temperatures. Since the parameters did not vary in 293 

excess, as shown in Figures 2A and 2B, these estimates should not affect the validity of 294 

the results.  295 

The electric field of a sample that is in motion or under the influence of a moving stirrer 296 

is usually approached obtaining the desired results of the discretized positions of the 297 
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moving sample/stirrer.19 The total averaged electric field when discretizing the 298 

movement can be obtained20-22 with Eq. (2): 299 

�𝐸𝐸�⃗ 𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦, 𝑧𝑧)� = �∑ �𝐸𝐸�⃗ 𝑖𝑖(𝑥𝑥,𝑦𝑦,𝑧𝑧)�
2𝑁𝑁

𝑖𝑖=1
𝑁𝑁

                                                 (2) 300 

where, 𝐸𝐸�⃗ 𝑖𝑖  is the electric field on the sample under study for the i-th position of the 301 

movement, N represents the number of positions and is directly related to the 302 

discretization step. In our case N=9. 303 

A section of the electric field strength distribution obtained using Eq. (2) at the height of 304 

the surface of the sample is shown in Figures 3 A-C when the powers 2.64 kW, 1.64 305 

kW, 1.64 kW and 1.64 kW were applied to the four ports (magnetrons). Latter figures 306 

represent three different positions (initial, 3A; middle, 3B; and final, 3C) of the 9 307 

positions employed to discretize the back-and-forth movement. As observed, the 308 

multimode distribution shows several maxima and minima inside the cavity. The field 309 

levels inside the sample were much lower than outside due to the energy reflected at the 310 

air-smoothie interface. The latter finding explains the high levels of power needed to 311 

reach the temperature of 80 ºC in a short period of time. However, the uniformity of the 312 

field inside the sample was much higher than the uniformity in the rest of the cavity due 313 

to the high values of 𝜀𝜀′′ and to the attenuation of the electric field inside the sample.  314 

The solution obtained from the electromagnetic problem was used to obtain the 315 

dissipated power 𝑃𝑃𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧) (Eq. 3) and this term was included in the heat equation as the 316 

source used to generate the temperature increase.14 317 

𝑃𝑃𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝜋𝜋𝜋𝜋𝜀𝜀0𝜀𝜀′′ �𝐸𝐸��⃗ 𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦, 𝑧𝑧)�
2
      (3) 318 

where 𝜀𝜀𝑜𝑜is the vacuum permittivity (8.8512×10-12 F/m), �𝐸𝐸�⃗ 𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥, 𝑦𝑦, 𝑧𝑧)�  (V m-1) is the 319 

averaged electric field strength obtained from a linear average of the absorbed power 320 
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(Eq. 3) and directly related to the temperature increase,  f (Hz) is the frequency and 321 

tan 𝛿𝛿 is the loss tangent of the smoothie samples. tan 𝛿𝛿 can be obtained with Eq. (4): 322 

tan 𝛿𝛿 = 𝜀𝜀′′

𝜀𝜀′
             (4) 323 

Once the averaged field strength was determined, the temperature distribution within the 324 

time was obtained from the heat Eq. (5): 325 

𝜌𝜌𝑐𝑐𝑝𝑝
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

= ∇ ∙ (𝑘𝑘∇𝑇𝑇) + 𝑃𝑃𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧)   (5) 326 

where T (ºC) is the temperature. Equation (5) was solved using finite differences with 327 

Matlab (Mathworks, Natick MA, USA) using an initial sample and ambient 328 

temperatures of 10 and 23 ºC, respectively. Figure 4 shows the results for the 329 

temperature after 15 s on the samples surfaces using the previously reported powers. As 330 

can be observed in the thermography of Figure 5, the experimental temperature 331 

distribution shows a similar profile tending to overheat the edges of the sample in the 332 

equivalent experiment using the microwave oven. However, the edge overheating 333 

observed in the thermography was not so important as that obtained from the model due 334 

to the cooling of samples, which occurred within the few seconds after taking the 335 

thermography next to the MW device. Conclusively, the proposed procedure has been 336 

successfully applied to predict the power levels and the conditions of the oven to 337 

provide the expected temperature increase in the smoothies. This could have been 338 

experimentally done, but many trials, samples and time would have been needed. 339 

 340 

Glucoraphanin and sulforaphane contents 341 

Initial glucoraphanin content of untreated smoothies was 4.5 µmol g-1 dw (Table 2). 342 

Since the green smoothie was 35 % kalian-hybrid broccoli, glucoraphanin levels were 343 

within previously-reported ranges for kalian-hybrid broccoli.23 As previously described, 344 
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glucosinolates themselves are not bioactive until they are transformed by plant 345 

myrosinase into isothiocyanates. Low glucoraphanin conversion into sulforaphane has 346 

been reported in broccoli florets homogenized in water, with non-bioactive compound 347 

sulforaphane nitrile being the predominant product due to ephithiospecifier protein 348 

(ESP) activity.24 However, higher sulforaphane formation (after complete endogenous 349 

glucoraphanin hydrolysis) was observed in CTRL smoothies with a 350 

sulforaphane:glucoraphanin ratio of 1:5 on processing day (Table 2) as compared to 351 

conversion rates observed in other broccoli cultivars.25 Isothiocyanate formation has 352 

been reported to be inhibited by Fe ions at pH 4.5-5.5 (the pH of the smoothie and fresh 353 

broccoli is approximately found within this pH range).29,30 Kalian-hybrid broccoli has 354 

70 % lower Fe content as compared to common broccoli cv. Parthenon.26 Accordingly, 355 

the greater sulforaphane formation in the smoothie compared to other broccoli cultivars 356 

may be due to the lower Fe content. Great differences of sulforaphane:glucoraphanin 357 

rates among seven broccoli cultivars have been reported.25 Consequently, the higher 358 

sulforaphane formation in the smoothie could also be explained by a higher myrosinase 359 

and/or lower ESP activities in the kalian-hybrid broccoli. 360 

Glucoraphanin content was not significantly (p<0.05) changed after the CP treatment, 361 

while MW reduced glucoraphanin content by 25 %. However, microwave treatments of 362 

5 min/900 W and 2.5 min/1000 W (domestic microwave) induced higher glucoraphanin 363 

degradation of 46 and 63 % in fresh-cut broccoli cv. Youxiu and kalian-hybrid, 364 

respectivel.18,32 Accordingly, the innovative short time/high power MW treatment 365 

achieved lower glucoraphanin degradation compared to domestic microwave 366 

treatments. Nevertheless, a slightly higher sulforaphane formation was observed after 367 

MW with a sulforaphane:glucoraphanin ratio of 1:6. The latter results of high 368 

sulforaphane formation may be due to the lower MW treatment time as compared to CP. 369 
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Glucoraphanin content was reduced during storage at 5 ºC with CTRL samples showing 370 

the highest decrease of 44 % after 7 days. Similar reductions of glucoraphanin content 371 

were previously reported in fresh-cut broccoli cv. Marathon after 7 days at 1 ºC.27 372 

However, an increasing trend in glucoraphanin content was observed in all samples 373 

after 20 days at 5 ºC. Glucoraphanin levels have been reported to increase under an 374 

ethylene-enriched atmosphere.28 Fresh-cut kalian-hybrid broccoli has been shown to 375 

emit ethylene at a rate of 3.0-8.3 nmol kg-1 s-1.29 Accordingly, the ethylene 376 

accumulation within the closed recipients containing the smoothie could trigger the 377 

observed glucoraphanin biosynthesis. MW samples showed glucoraphanin increments 378 

of 18 and 38 % after 7 and 20 days at 15 and 5 ºC, respectively. The latter finding was 379 

in accordance with the significant sulforaphane increments of 134 and 230 % observed 380 

in MW samples after 7 and 20 days at 15 and 5 ºC, respectively. The delayed 381 

sulforaphane peak formation from 7 to 20 days at the lower temperature was in 382 

accordance with the reduced sulforaphane formation at 4 ºC as compared to 14 ºC like 383 

previously reported.30 Sulforaphane content of heated samples decreased by 80 % in the 384 

last 10 days of storage at 5 ºC while CTRL remained unchanged. Heat treatments led to 385 

plant cell disruption as observed in kalian-hybrid broccoli after different cooking 386 

methods.7 Accordingly, greater availability of substrates for isothiocyanate-degrading 387 

reactions may have occurred in heat-treated samples, leading to the observed 388 

sulforaphane degradation of CP and MW samples after 10 days. However, latter 389 

degrading reactions may be increased at higher storage temperatures since sulforaphane 390 

contents of CTRL samples stored at 15 ºC decreased by 70 % after 7 days. The latter 391 

finding may be explained since sulforaphane, contrary to their relatively inert precursor 392 

glucoraphanin, is a highly reactive compound that is very unstable in aqueous solutions, 393 

with its degradation rates increased as the storage temperature increases.30, 31 394 
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Conclusively, MW treated samples showed the highest sulforaphane content after 20 395 

days, without significant differences among storage temperatures, while the content of 396 

this bioactive compound was reduced 2-fold in CP samples after the same storage time. 397 

Although recommended smoothie consumption could be up to 20 days, heat-treated 398 

samples still allowed sulforaphane formation of 0.2-0.3 µmol g-1 dw after 30 days of 399 

storage. 400 

 401 

S-methyl cysteine sulphoxide content 402 

The untreated smoothie showed an initial SMCSO content of 110.2 µmoles kg-1 fw 403 

which increased by approximately 100 % after CP treatment (Table 2). The higher 404 

SMCSO in CP-treated samples could be due to a better extraction with this longer 405 

treatment. Generally, the SMCSO contents of samples increased throughout storage. 406 

CTRL samples achieved higher SMCSO increments throughout storage compared to 407 

heat-treated samples. Accordingly, a SMCSO increase of 160 % was observed in CTRL 408 

samples after 30 days at 5 ºC while CP and MW samples achieved SMCSO increments 409 

of 50 and 70 %, respectively, after the same time period. When samples were stored at 410 

15 ºC, SMCSO increments were observed early, with increases of 160 % for CTRL 411 

after 7 days and 54 and 120 % for CP and MW, respectively, after 20 days. SMCSO 412 

biosynthesis has not been elucidated well yet, although cysteine and serine could be the 413 

two possible amino acid substrates as recently reviewed.10 Serine is one of the major 414 

amino acids present in broccoli and its concentration has been reported to increase 415 

during storage probably due to an increase of proteinase activity even at low storage 416 

temperature.32 Accordingly, the SMCSO increments could be due to the increased 417 

serine contents through the action of proteinases. The activity of the latter enzyme may 418 

be greater at higher storage temperatures leading to the observed earlier SMCSO 419 
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increments in samples stored at 15 ºC. The lower SMCSO increments in heat-treated 420 

samples could be due to the partial heat-inactivation of the proteinase enzyme. Among 421 

heat treatments, the longer treatment time of CP could induce higher proteinase 422 

inactivation rates as compared to MW, leading to the lower SMCSO increments in CP 423 

samples compared to MW throughout storage. 424 

 425 

CONCLUSIONS 426 

This results show that specific modelling of a heating profile according to the product to 427 

be treated is highly important, as shown by the use of an innovative semi-continuous 428 

microwave pasteurization treatment with a high power/low treatment time applied to a 429 

broccoli-based green smoothie. The thermal conductivity, heat capacity, density and 430 

relative complex permittivity of the green smoothie were shown at different treatment 431 

temperatures. The electromagnetic-thermal coupled problem was successfully solved 432 

using numerical methods to predict and to understand the high temperature increase in 433 

the samples. Temperature measurements during the heating process and thermographic 434 

images verified the procedure. The determination of the needed power levels, number 435 

and distribution of samples, time duration and the entire set-up of the MW oven were 436 

crucial for the research work, as it avoided previous time- and sample-consuming trials. 437 

Attending to the evolution of the studied health-promoting properties throughout the 438 

storage of the smoothies, the MW treatment led to better sulforaphane biosynthesis as 439 

compared to the conventional pasteurization treatment (CP) with increments of 440 

sulforaphane content of 230 % after 30 days at 5 ºC, and 130 % after 7 days at 15 ºC. S-441 

methyl cysteine sulphoxide (SMCSO) increased with storage time at both temperatures.  442 

The MW-treated samples showed higher SMCSO increments as compared to samples 443 

treated with CP. Accordingly, this MW treatment could be used by the food industry to 444 
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obtain a green smoothie with a good quality profile and high levels of health-promoting 445 

compounds that are more stable during subsequent retail/domestic storage up to one 446 

month at 5 ºC. 447 
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TABLE AND FIGURE CAPTIONS 545 

 546 

Table 1. Heat capacity (cp) and thermal conductivity (κ) of a green smoothie at different 547 

temperatures (n=5±SD). Different letter denotes significant differences (p<0.05) among 548 

different temperatures. 549 

 550 

Table 2. Glucoraphanin, sulforaphane and S-methyl cysteine sulphoxide (SMCSO) of 551 

an untreated green smoothie (CTRL) or thermally treated (conventional pasteurization, 552 

CP; and semi-continuous microwave treatment, MW) and stored at 5 or 15 ºC up to 30 553 

days (n=5±SD). Different capital letter denotes significant differences (p<0.05) among 554 

different treatments for the same sampling time. Different lowercase letter denotes 555 

significant differences (p<0.05) among different sampling times for the same treatment. 556 

 557 

Figure 1. Semi-industrial continuous-flow microwave oven. 558 

 559 

Figure 2. Dielectric constant (𝜀𝜀′ ; A) and dielectric loss factor (𝜀𝜀′′ ; B) of a green 560 

smoothie at 0.01-3GHz. 561 

 562 

Figure 3. Electric field strength distribution on the surface of the samples at the initial 563 

(A), intermediate (B) and final position (C). 564 

 565 

Figure 4. Temperature distribution on the surface of the samples obtained through 566 

simulations. 567 

 568 
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Figure 5. Thermography with temperature distribution on the surface of the samples 569 

obtained experimentally. 570 
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SUPPLEMENTARY MATERIAL 594 

 595 

Supplementary material 1. Nutritional composition of the green smoothie. 596 


