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15 ABSTRACT

16 An antimicrobial active packaging based on controlled essential oils (EOs) vapour release 

17 was studied to extend the shelf life of fresh bell peppers bulk-packaged with this active 

18 box during storage at 8 ºC (90 % relative humidity (RH)). The active packaging consisted 

19 of a corrugated cardboard box coated with a water-based acrylic emulsion including a 

20 β−cyclodextrin (βCD) inclusion complex of a EO mix (carvacrol:oregano:cinnamon 

21 70:10:20 v:v:v). The EO mix was efficiently encapsulated within the βCD inclusion 

22 complex by 94 %. Green, red and yellow peppers packaged within the active box showed 

23 1−2 lower log units of enterobacteria than the control (without the active coating) 

24 packaging after 11−18 d at 8 ºC (90 % RH). Furthermore, green/red and yellow peppers 

25 showed lower (approximately 1 log unit) mould counts than control samples after 6 and 
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26 11 d, respectively. The decay incidence of samples was also highly controlled by the 

27 active packaging with percentages lower than 5 % after 18 d while control samples 

28 showed decay incidences of 10−15 %. The use of this active box did not negatively affect 

29 the physicochemical quality of peppers even showing red and green peppers of the active 

30 box better firmness than control samples after 18 d. The shelf life of peppers stored with 

31 the active box reached 18 d while samples stored with the control box were rejected. 

32 Conclusively, this active packaging allowed to extend the shelf life of green, red and 

33 yellow peppers for 18 d at 8 ºC and 90 % RH.

34

35 Keywords: Active coating; encapsulated essential oils; β−cyclodextrin; inclusion complex; 

36 quality.

37

38 1. INTRODUCTION

39 Bell pepper (Capsicum annuum L.) is an annual herbaceous vegetable crop from the 

40 Solanaceae family. Spain is the fifth largest producer of bell pepper in the world (3 % of 

41 the world production) with a national production of 1,293,700 t in 2018 (MAPA, 2018). 

42 The wide variety of colours, sizes and shapes, together with its characteristic flavour and 

43 high nutritional properties, have led to the growing consumer interest in this vegetable 

44 (Meir et al., 1995). The production of bell pepper is mainly (85 %) destined to the fresh 

45 market consumption and most of it is sold in bulk packaging (Reche-Mármol, 2010). 

46 Nevertheless, bell pepper is a vegetable highly susceptible to pathological deterioration, 

47 mainly by Alternaria alternata, Botrytis cinerea and other soft rots of fungal and bacterial 

48 origin (Tournas, 2005). In that sense, appropriate postharvest techniques are needed to 

49 control the pathological decay in bell pepper to extend its shelf life. The storage 

50 conditions recommended for bell pepper are 7.5−8 ºC and 90 % relative humidity (RH) 

51 while higher temperatures may increase water loss and shrivel of the product (Cantwell, 
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52 2014). Nevertheless, complementary techniques are needed to control the microbial 

53 growth of the product during storage, meeting at the same time the actual consumer 

54 interest in natural treatments free from additives.

55 Essential oils (EOs) are natural substances obtained from plant material (flowers, leaves, 

56 seeds, buds, twigs, bark, herbs, wood, fruits and roots), which show excellent in vitro 

57 antimicrobial properties. Carvacrol, the major component of oregano EO, and the 

58 oregano−cinnamon EO combination have shown excellent antimicrobial activities 

59 against a wide variety of microorganisms including moulds (Burt, 2004). Due to the 

60 hydrophobic nature of EOs, their use is highly limited in water−based treatments of fruit 

61 and vegetables. Therefore, the needed EO concentrations to achieve effective 

62 antimicrobial effects need to be highly increased when applied in in vivo conditions. 

63 Nevertheless, high EO concentrations lead to off−flavours typical from EOs being such 

64 products rejected by the consumer. The entrapment of EOs by nanoencapsulation has 

65 been widely studied in the last decades to increase the EO efficiency through a controlled 

66 EO release that limits the microbial growth of food products during storage (Marques et 

67 al., 2019). Cyclodextrins (CDs) are cyclic oligomers of α−D−glucopyranose. CDs have 

68 been intensively studied in food science for several purposes such as the controlled release 

69 of antimicrobials, protection of nutritional/health−promoting compounds, stabilization of 

70 flavours, elimination of undesired tastes and browning reactions, among other 

71 applications (Marques et al., 2019; Pothakamury and Barbosa-Cánovas, 1995; Seglie et 

72 al., 2012). The most important CDs at industrial level are α− and βCD, being the latter 

73 one highly extended due to its low cost. βCD molecule is made up of 7 D−glucose 

74 monomers linked by α (1,4) bonds, exhibiting the shape of a truncated hollow cone. βCD 

75 is approved as a food additive in Europe (E459), USA and Japan, being established an 

76 acceptable daily βCD intake of 5 mg kg−1 day−1 (Mortensen et al., 2016). The βCD 
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77 cavities are hydrophobic, whereas the external faces are hydrophilic. In that sense, the EO 

78 entrapment within an βCD inclusion complex lets to the increment of the EO stability by 

79 reduction of the EO volatility and preservation of their biological properties, while a 

80 controlled EO release is allowed (Ayala-Zavala et al., 2008; Marques et al., 2019).

81 Active antimicrobial packaging is an emerging technology that allows to extend the food 

82 shelf life through a controlled release of the encapsulated antimicrobial compounds 

83 (Khaneghah et al., 2018). Corrugated cardboard is widely used in the European Union as 

84 a packaging material for bulk packaging of fresh fruit and vegetables. Cardboard is 

85 frequently coated with waterproof lacquers to reinforce its mechanical properties since 

86 fruit and vegetables need to be stored at high RH to minimise the water loss during 

87 storage. In that sense, active cardboard boxes coated with lacquers including 

88 nanoencapsulated antimicrobial compounds may highly extend the shelf life of fresh fruit 

89 and vegetables.

90 The objective of this work was to analyse the effect of an innovative active (antimicrobial) 

91 cardboard box coated with encapsulated EOs (carvacrol:oregano EO:cinnamon EO mix) 

92 (named EOs−βCD inclusion complex) on the microbial, physicochemical and sensory 

93 quality of fresh bell peppers (green, red and yellow) bulk−packaged with this packaging 

94 and stored at 8 ºC (90 % RH). Previously, the used EO mix for the EOs−βCD inclusion 

95 complex was selected based on their in vitro antimicrobial activities against common 

96 moulds in bell peppers and pathogens. Furthermore, the active cardboard box was also 

97 characterized (in vitro antimicrobial activity and physical/mechanical properties) and the 

98 EO residues from the active box in peppers were monitored during the product storage.

99

100 2. MATERIALS AND METHODS

101 2.1. Materials
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102 Carvacrol, oregano EO and cinnamon EO were obtained from Lluch Essence S.L. 

103 (Barcelona, Spain). βCD was obtained from Roquette (Lestrem, Francia). Waterproof 

104 lacquer (a water−based acrylic emulsion named UKAPHOB HR 530; 30 % solids) 

105 (authorised for food contact surfaces according to EC (2004)) was acquired from 

106 Schill+seilacher GMBH (Böblingen, Germany). Boxes (395×295×210 / 140 / 47 mm) of 

107 corrugated cardboard (made with Kraft paper) were manufactured by the company 

108 SAECO (Molina de Segura, Spain). All the material for the microbial analyses was 

109 acquired from Scharlau Chemie (Barcelona, Spain).

110 Purified isolates of the following moulds were kindly supplied by J.A. Martínez 

111 (Department of Agricultural Engineering, Universidad Politécnica de Cartagena, Spain): 

112 B. cinerea, A. alternata, Penicillium spp., Aspergillus niger and Fusarium spp. 

113 Furthermore, decayed bell peppers with visual mycelial growth were also taken from 

114 Fruca company (Balsapintada, Spain) to prepare a mould cocktail. For pathogens, 

115 Escherichia coli (CECT 7619), Listeria monocytogenes LM88, Salmonella enterica 

116 subsp. enterica (CECT 4300) (stored at -80 ºC in glycerine:water solution 1:3 

117 volume:volume (v:v)) were kindly supplied by A. Palop (Department of Agricultural 

118 Engineering, Universidad Politécnica de Cartagena, Spain).

119 Bell peppers (Capsicum annuum L.) (green, red and yellow) were grown in the Southeast 

120 of Spain by the company Fruca (Balsapintada, Spain). Peppers were grown under 

121 greenhouse conditions according to integrated pest management cultural practices. 

122 Peppers were hand−harvested in May 2018 and transported to Fruca installations where 

123 they were packaged under the different packaging treatments (control and active boxes) 

124 and stored in the cold rooms of this company at 8 ºC (90 % RH).

125

126 2.2. In vitro antimicrobial effect of EOs
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127 The antimicrobial activities of the EOs (carvacrol, oregano EO and cinnamon EO; either 

128 single or different EO mixes), EOs−βCD inclusion complexes (prepared using different 

129 EO mixes as described in the following section) and the active packaging (including the 

130 selected EOs−βCD inclusion complex as described in the following sections) were 

131 studied. The studied carvacrol:oregano EO:cinnamon EO mixes were: 80:20:0 (v:v:v) 

132 (EOs1 mix), 80:0:20 (EOs2 mix), 70:10:20 (EOs3 mix) and 60:20:20 (EOs4 mix). As 

133 observed, all these EO mixes included a high carvacrol proportion due to its excellent 

134 antimicrobial activity against the studied pathogens to ensure the food safety of the 

135 product (EC, 2007). EOs1 and EOs2 mixes were selected to study the oregano EO and 

136 cinnamon EO contribution to the antimicrobial activity of carvacrol. Meanwhile, EOs3 

137 and EOs4 mixes were selected to study the most appropriate oregano EO proportion to 

138 supplement the antimicrobial activity of carvacrol.

139 Mould and pathogen inocula were prepared as described in the following lines. For 

140 moulds, fragments (approximately 3 mm of diameter) of the mould isolates were diluted 

141 in Potato Dextrose broth and it was used as the mould inoculum. For pathogens, two 

142 subcultures of the frozen pathogen strains were made in nutrient broth at 37 ºC until the 

143 stationary phase was reached (after 24 h) at each subculture. The second subculture was 

144 selected as the pathogen inoculum. Microbial inocula were adjusted to 4−5 log colony 

145 forming units (CFU) mL−1 by 10−fold dilution series using buffered peptone water. Then, 

146 the adjusted inoculum was spread−plated (0.1 mL) on Petri dishes containing Plate Count 

147 Agar.

148 The antimicrobial activity of EO (single or mixes) were studied by the modified technique 

149 (‘disc diffusion by vapour contact’) of the disc diffusion method (Edwards-Jones et al., 

150 2004). Briefly, EOs were spotted at 300 mg m−2 onto 3.5−cm diameter filter paper discs. 

151 The EO concentration (300 mg m−2) was selected as the most effective to achieve high 
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152 antimicrobial activities according to our previous experiments with several EOs (data not 

153 shown). Control samples were performed using paper discs without EOs. The 

154 EOs−impregnated discs were fixed with sterile adhesive tape (Deltalab; Rubí, Spain) in 

155 the centre of the lid of the inoculated Petri dishes. The Petri dishes were then sealed using 

156 the sterile adhesive tape. The sealed Petri dishes were face−down incubated at 37 ºC/48 

157 h (pathogens) or 25 ºC/7 d (moulds).

158 The antimicrobial activity of the EOs−βCD inclusion complexes was also studied with 

159 the modified technique (‘disc diffusion by vapour contact’). In this case, the prepared 

160 EOs−βCD inclusion complex powder was manually extended in the centre (on a 2 cm 

161 diameter surface) of the lid of the inoculated Petri dishes. The Petri dishes were sealed 

162 and stored as described above. Control samples were performed applying only βCD 

163 powder (without EOs).

164 The antimicrobial activity of the active paperboard (Kraft paperboard) coated with the 

165 selected EOs−βCD inclusion complex (EOs3 as described in the Results and discussion 

166 section)) was also studied with the modified technique (‘disc diffusion by vapour 

167 contact’). Briefly, Kraft paperboard discs of 6.5 cm diameter were manually coated with 

168 the selected EOs−βCD inclusion complex at 4 mL m−2. The prepared paper discs were 

169 fixed to the lid of the inoculated Petri dishes with the sterile adhesive tape, sealed and 

170 incubated as described above. Control samples were performed using Kraft paperboard 

171 discs with diluted (according to section 2.3) lacquer (without the EOs−βCD inclusion 

172 complex).

173 All in vitro treatments were performed in triplicate (3 Petri dishes) and microbial counts 

174 were expressed as log CFU mL−1. The microbial reductions were expressed as the log 

175 unit differences compared to the correspondent control.

176
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177 2.3. Preparation of EOs−βCD inclusion complex and characterization

178 The EO mix selected for the EOs−βCD inclusion complex was 

179 carvacrol:oregano:cinnamon 70:10:20 v:v:v (EOs3 mix) due to its high antimicrobial 

180 activity compared to other three EO mixes (EOs1,  EOs2 and EOs4 mix) (see Results and 

181 discussion section). The EOs3−βCD inclusion complex (hereinafter named as “EOs−βCD 

182 inclusion complex”) was prepared using the kneading method (Kamimura et al., 2014; 

183 Manolikar and Sawant, 2003). Briefly, 0.15 g of the EOs mix was mixed with 1.14 g of 

184 βCD in a 1:1 molar ratio in a mortar (including 3 mL of ethanol) and kneaded for 45 min. 

185 Then, the obtained EOs−βCD inclusion complex was kept for 48 h in a desiccator under 

186 vacuum at room temperature and then stored at -20 ºC until its use.

187 The entrapment efficiency (EE) of EOs in the EOs−βCD inclusion complex was 

188 determined by Differential Scanning Calorimetry (DSC) using a DSC device (model 

189 822E, Mettler−Toledo GmbH, Schwerzenbach, Switzerland). Briefly, samples (2 mg) of 

190 this inclusion complex were placed in aluminium pans (40 μL). Then, the specimens were 

191 heated, under a nitrogen atmosphere (flow rate of 50 mL min−1), from 30 to 400 ºC with 

192 a heating rate of 10 ºC min−1. EE was calculated based on an evaporation enthalpy fit of 

193 the inclusion complex as described in Eqs. 1 and 2:

194 (1)𝐸𝐸 =
ℎ𝑒𝐸𝑂𝑠

ℎ𝐸𝑂𝑠
× 100

195 (2)ℎ𝑒𝐸𝑂𝑆 =
ℎ𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ×  𝐸𝑂𝑠𝑐𝑜𝑚𝑝𝑙𝑒𝑥

100

196 where heEOS is the enthalpy of the entrapped EOs, hEOS is the enthalpy of the added EOs, 

197 hcomplex is the enthalpy of the EOs−βCD inclusion complex and EOscomplex is the 

198 percentage of added EOs in the EOs−βCD inclusion complex.

199 Thermogravimetric/Differential Thermal Analyses (TG/DTA) were conducted to analyse 

200 the thermal stability of the EOs−βCD inclusion complex. TG/DTA analyses were 

201 performed using a TG analyser (model TGA 50, Mettler−Toledo GmbH, Schwerzenbach, 

104



202 Switzerland) in a temperature range from 30 to 600 ºC, a heating rate of 5 ºC min−1 and 

203 under a nitrogen atmosphere with a flow rate of 50 mL min−1.

204 Fourier Transform Infrared spectroscopy (FTIR) analyses were performed with an FTIR 

205 spectrometer (Thermo Scientific Nicolet 5700, Berlin, Germany). Samples (2 mg) were 

206 mixed with 200 mg of KBr and this mixture was pressed to form tablets with a thickness 

207 of 1 mm. FTIR analyses were conducted in absorbance mode and wavenumbers between 

208 400 and 4,000 cm−1.

209 The microscopic morphology of active and control materials from boxes was studied 

210 using a scanning electron microscope (SEM) (Hitachi S−3500N SEM). Samples were 

211 previously coated with gold in a sputter coater (SC7640, Quorum Technologies, East 

212 Sussex, England) and then observed with the SEM at 15 kV.

213

214 2.4. Preparation of the active box and characterization

215 The EOs−βCD inclusion complex was previously dissolved in water−diluted lacquer 

216 (final solid concentration of 8.5 %). The lacquer dilution was made to compensate the 

217 addition of the EOs−βCD inclusion complex since lacquers with solids > 30 % may 

218 difficult their industrial application on the cardboard surface. The lacquer containing the 

219 EOs−βCD inclusion complex was applied on the cardboard by spraying at industrial scale 

220 in the company SAECO (Molina de Segura, Spain). Cardboard coating was made at 4 mL 

221 m−2 following the manufacturer recommendations to obtain a homogeneous coating on 

222 the paperboard surface while reaching adequate waterproof characteristics.

223 The following mechanical properties of boxes were analysed by the Packaging, Transport 

224 & Logistics Technological Institute (ITENE; Paterna, Spain): compression resistance 

225 (UNE 137001:03), vibration tests at fixed low frequency (PT−04−27), bottom bending 
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226 resistance (UNE 49706:02), edgewise crush resistance (UNE EN ISO 3037:13), puncture 

227 resistance (UNE ISO 3036:13) and static coefficient of friction (TAPPI T 816om:92).

228 The water absorptivity and water vapour permeability (WVP) of the paperboard from 

229 boxes were also measured in our laboratory. The water absorptivity was determined as 

230 previously described (Han et al., 1999; Taboada−Rodríguez et al., 2013). Briefly, 

231 paperboard samples were placed on WVP methylacrylate cups (46 mm internal diameter 

232 and 27 mm depth) containing distilled water (18 mL). Then, the cups were placed in a 

233 forced (speed 3 m s−1) convection chamber at 25 ºC and 50–60 % RH. Cup weights were 

234 registered every hour up to 8 h. The water vapour transmission rate (WVTR) was 

235 calculated by linear regression of the steady state portion of weight loss vs time curve. 

236 The WVP (g m m−2 s−1 Pa−1) was determined by multiplying the WVTR by the thickness 

237 (m) of the cardboard and then dividing by the water vapour partial pressure difference 

238 between the two sides of the cardboard (Gennadios et al., 1994).

239 Morphology of the box surface was also studied by SEM. Box samples for SEM analyses 

240 were previously coated with gold as described above, and then observed at 15 kV with 

241 the SEM.

242

243 2.5. Quality of fresh bell peppers bulk-packaged in the active box during storage

244 Packaging of fresh bell peppers and cold storage were made in the company Fruca 

245 (Balsapintada, Spain). Control (CTRL) (without the selected EOs−βCD coating) and 

246 active (with the selected EOs−βCD coating) boxes were used for bulk−packaging of 

247 green, red and yellow bell peppers. Such boxes were manually filled with 24 bell peppers. 

248 The boxes including the product were then stored at 8 ºC (90 % RH) up to 18 d. Three 

249 replicates (three boxes) per packaging treatment (CTRL or active boxes) and pepper 

250 variety (green, red and yellow) were taken at each sampling time (1, 6, 11 and 18 d). A 
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251 total of 72 boxes were prepared. Microbial (and decay incidence), physicochemical, 

252 firmness and sensory quality analyses were performed each sampling time as described 

253 in the following subsections.

254

255 2.5.1. Microbial quality and decay incidence

256 Microbial loads of bell peppers were analysed as previously described (López-Gómez et 

257 al., 2019; Martínez-Hernández et al., 2017). Briefly, two peppers were mixed with 

258 buffered peptone water (1:2 weight:volume (w:v)) and then homogenised for 1 h at 120 

259 rpm in an orbital shaker at 4 ºC. Viable counts were based on duplicate counts by 10−fold 

260 serial dilutions in buffered peptone water. Then, aliquots (1 mL) of the microbial dilutions 

261 were pour−plated in Plate Count Agar and Violet Red Bile Glucose Agar for 

262 mesophiles/psychrophiles and enterobacteria, respectively. For moulds, microbial 

263 aliquots (0.1 mL) were spread-plated on Rose Bengale Agar. Mesophiles, psychrophiles, 

264 enterobacteria and moulds were incubated at 31 ºC/48 h, 4 ºC/7 d, 37 ºC/24 h and 25 ºC/7 

265 d, respectively. Results were expressed as log CFU g−1. Each of the three replicates was 

266 analysed in duplicate.

267

268 2.5.2. Physicochemical quality and firmness

269 The juice from bell peppers was obtained with a blender (model MX2050; Braun, 

270 Germany). The Soluble solids content (SSC) of the obtained juice was determined with a 

271 digital handheld refractometer (Atago N1; Tokyo, Kanto, Japan) at 20 ºC and it was 

272 expressed as %. The pH of the juice was measured with a pH−meter (Basic20, Crison; 

273 Alella, Cataluña, Spain). The titratable acidity (TA) of the diluted juice (5 mL of juice 

274 and 45 mL of distilled water) was determined with an automated titrator (model T50; 

275 Metter Toledo; Milan, Italy) with 0.1 N NaOH to pH 8.1 being expressed the TA results 
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276 as equivalents of citric acid in g kg−1. Each of the three replicates was analysed in 

277 duplicate.

278 The firmness of bell peppers was determined with a texturometer (model TA XT Plus; 

279 TA Instruments; Surrey, UK). First, pepper strips (1×3 cm) were cut (longitudinal 

280 direction) with a sharp knife from two opposite sides of each pepper sample. Then, the 

281 strips were allowed to equilibrate at room temperature for 30 min prior to the firmness 

282 measurements. The firmness of pepper strips was determined with a compression test 

283 using a 4.5−kg load cell and a 4−mm−diameter cylinder stainless probe. Each sample was 

284 compressed 8 mm at three equidistant (longitudinal axis) points of each strip using a test 

285 speed of 20 mm min−1. The peak force (N) necessary to achieve the target distance was 

286 recorded. The firmness was determined in two strips (3 equidistant points per each strip) 

287 per each pepper. Five peppers were analysed per each replicate (box).

288

289 2.5.3. Sensory quality

290 Sensory analyses were performed according to international standards (ASTM, 1986). 

291 Tests were conducted in a standard room (ISO, 2007) equipped with ten individual taste 

292 booths. Pepper strips (10×3 cm) were served at room temperature in transparent glass 

293 plates coded with three random digit numbers. Still mineral water was used as a palate 

294 cleanser. The panel consisted of twelve assessors (six women/six men, aged 22–68 years) 

295 who were trained in discriminative quality attributes. Colour, flavour, texture and overall 

296 quality were assessed using a 9−point hedonic scale of acceptability (9: excellent; 5: fair, 

297 limit of usability (LU); 1: extremely bad).

298

299 2.6. EO residues in fresh bell peppers bulk-packaged in the active box
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300 EO residues in peppers were analysed during storage. Carvacrol residues were analysed 

301 since carvacrol was the major EO component of the used EO mix. Briefly, pepper strips 

302 (13 g) were mixed with 20 mL of hexane, vortex for 1 min and then homogenised for 1 h 

303 at 120 rpm in an orbital shaker at 4 ºC. The homogenised mixture was filtrated (0.22−µm 

304 syringe filters) and analysed with a gas chromatograph coupled to a mass spectrometer 

305 (GC−MS model 6890 (Agilent Technologies; Palo Alto (USA)). Carvacrol separation 

306 was achieved on a 30 m×0.25 mm×0.25 µm capillary column (CP8982 VF17ms; Agilent 

307 Technologies). The carrier gas was helium with a constant flow of 2.8 mL min−1 and 

308 pressure of 264.8 kPa. The injection was performed in splitless mode. The oven 

309 temperature was held at 50 ºC for 1 min after injection, then programmed to reach 235 ºC 

310 after 10 min and held at 235 ºC until 29.5 min. MS was set in electronic impact mode (70 

311 eV) with a mass range of 40–400 amu. Source and MS quad temperatures were 230 and 

312 150 ºC, respectively. Carvacrol peak was identified by its mass spectra compared to data 

313 from the NIST05a.L database (National Institute for Standards and Technology). 

314 Carvacrol was quantified with a carvacrol standard (Sigma, USA) and expressed in fresh 

315 weight basis as mg kg-1. Three peppers were analysed per each replicate (box) every 

316 sampling time.

317

318 2.7. Statistical analyses

319 Differences between treatments were tested at a 0.05 level of probability with the R studio 

320 software. The effects of variety, treatments and storage time were tested with a three-way 

321 (variety, treatment and storage time) analysis of variance, followed by a multiple 

322 comparison test (Tukey HSD) to identify the differences between factors. Results are 

323 reported as mean values ± standard error.

324
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325 3. RESULTS AND DISCUSSION

326 3.1. In vitro antimicrobial effect of EOs and the EOs−βCD inclusion complex

327 The antimicrobial activities of carvacrol, oregano EO and cinnamon EO were studied 

328 against several pathogens and moulds commonly found in bell peppers (López-Gálvez et 

329 al., 1997). Carvacrol was more effective than oregano EO and cinnamon EO against the 

330 studied pathogens achieving reductions of 0.8, 0.9 and 1.1 for E. coli, Salmonella spp. 

331 and L. monocytogenes, respectively (Table 1). Cinnamon EO and oregano EO showed 

332 low antimicrobial activities against such pathogens. Attending to moulds, carvacrol also 

333 achieved high microbial inactivations (>3 log units) against A. alternata and Penicillium 

334 spp. Oregano EO was the only studied EO effective against A. niger showing a reduction 

335 of 1.8 log units. The increment of the antimicrobial activity of EOs when combining a 

336 major EO component (e.g. carvacrol) with its respective whole EO (i.e. oregano EO) has 

337 been widely reported (Burt, 2004). It has been hypothesized that the minor EOs 

338 components are critical for the antimicrobial activity of the whole EOs through a possible 

339 synergistic effect or potentiating influence. Interestingly, cinnamon EO was effective 

340 against B. cinerea and Fusarium spp. reaching a high mould inactivation (>3 log units). 

341 Our previous studies have also shown that cinnamon EO has a high antimicrobial effect 

342 against specific saprophyte moulds of citrus fruit, which are resistant to other EOs such 

343 as carvacrol and oregano EO (unpublished data). Consequently, EO mixes may have a 

344 broad antimicrobial effect against several microorganisms. In that sense, four EO mixes 

345 (EOs1, EOs2, EOs3 and EOs4) including a high carvacrol proportion were studied against 

346 a cocktail prepared with saprophyte moulds isolated from bell peppers.

347 The antimicrobial activities of the four EO mixes against the mould cocktail are shown 

348 in Figure 1. Furthermore, the antimicrobial activities of these EOs mixes entrapped in the 

349 βCD inclusion complex (pure inclusion complex and once it was applied on the active 
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350 packaging material) were also studied against this mould cocktail (Figure 1). As observed, 

351 cinnamon EO presence in the EO mixes was necessary to achieve significant microbial 

352 reductions since EOs1 discs did not achieve significant (p>0.05) reductions compared to 

353 control samples (Figure 1). Although EOs2, EOs3 and EOs4 discs showed similar 

354 (p>0.05) reductions among them, a different behaviour was observed when they were 

355 applied within the βCD inclusion complexes (either pure complex or once applied on the 

356 active packaging material). Particularly, EOs3 showed the highest microbial reductions 

357 when it was applied either as the pure complex or on the active packaging material. In 

358 that sense, the slow EOs3 release from the βCD inclusion complex achieved the best 

359 control of studied saprophyte moulds of peppers being this inclusion complex selected 

360 for the in vivo experiments.

361

362 3.2. Characterization of the EOs−βCD inclusion complex

363 The selected EOs−βCD inclusion complex showed an EE of 94.4 % according to Eqs. 1 

364 and 2. Such high EO entrapment within the βCD may be owed to the low molecular 

365 weight of EOs (Asbahani et al., 2015). The obtained EE of the inclusion complex is in 

366 agreement with previous data (up to EE of 99.8 %) using also the kneading method to 

367 entrap EOs within βCD (Marreto et al., 2008). The latter authors attributed this high EE 

368 to the absence of heating steps and long complexation times, typical from other 

369 encapsulation methods like the slurry procedure, which may lead to an important EO 

370 evaporation.

371 The TG/DTA analyses of the EOs−βCD inclusion complex shows data regarding EO 

372 entrapment and thermal stability of the inclusion complex when compared to the pure 

373 βCD (Supplementary material 1). An initial water/EO loss from 100 to 180 ºC was 

374 observed for both pure βCD and the EOs−βCD inclusion complex. βCD decomposition 
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375 started to occur at 275 ºC as previously reported (Marreto et al., 2008). The EO 

376 entrapment within the βCD inclusion complex is corroborated by the acute mass loss 

377 observed between 180 and 270 ºC, which is attributed to the EO release (Marreto et al., 

378 2008).

379 The EO entrapment within the βCD inclusion complex was further confirmed by DSC 

380 thermograms (Supplementary material 2). The pure EOs3 mix showed an endothermic 

381 phase starting at 237−240 ºC reaching a peak at 248.3 ºC, which corresponded to the EO 

382 boiling point (Asbahani et al., 2015). The observed exothermic peaks from 300 to 340 ºC 

383 were possibly owed to melting and thermal decomposition of the βCD itself as previously 

384 found (Kamimura et al., 2014; Seo et al., 2010). The low negative enthalpy values (140.6 

385 and 291.2 J g−1 for the EOs−βCD inclusion complex and EOs3, respectively) are typical 

386 from low energy interactions like those occurred within the EOs−βCD inclusion complex: 

387 1) hydrophobic interactions (resulted from the displacement of water molecules from the 

388 βCD cavity), 2) increment of van der Walls interactions between the molecules, and 3) 

389 formation of hydrogen bonds, among others (Marreto et al., 2008; Mourtzinos et al., 

390 2007).

391 The interactions between host and guest molecules occurred in the EOs−βCD inclusion 

392 complex were further studied by FTIR analyses (Supplementary material 3). The pure 

393 EOs3 showed characteristic FTIR peaks of its components (Supplementary material 3): 

394 carvacrol, oregano EO and cinnamon EO. The typical FTIR absorptions from carvacrol 

395 and oregano EO were found at 3,367 (−OH stretch), 2,826−2,959 (C−H stretch), 1,591 

396 (alkene C=C), and 1,400 cm−1 (aromatic C=C). Furthermore, observed 1,510 and 1,605 

397 cm−1 peaks are characteristic from the cinnamon EO, which correspond to the stretching 

398 absorption of benzene ring and the stretching of C=O of the aldehyde group (Munhuweyi 

399 et al., 2018). Stretching vibration peaks for the aromatic hydroxyl groups were identified 
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400 at 1,250 cm−1. Out of plane stretching peaks due to aromatic C–H bonds were observed 

401 in the 900−650 cm−1 range. The aromatic CC stretching was also elucidated at 800 cm−1. 

402 The FTIR spectra of the EOs−βCD inclusion complex showed peaks shifts and intensity 

403 changes comparing to the FTIR spectra of pure EOs3. The characteristic peaks of βCD 

404 were identified at 3,300 (−OH stretch), 2,925 (vibration of C−H stretch), 1,643 (bending 

405 of H–O–H), 1,157 (vibrations of the asymmetric stretch of the C–O–C) and 1,023 cm−1 

406 (symmetric stretching link C–O–C) (Wang et al., 2014) when studying the pure βCD 

407 (Supplementary material 3). Nevertheless, the FTIR spectra of the EOs−βCD inclusion 

408 complex showed minimal differences compared with the βCD spectra. The latter 

409 differences between spectra of pure EOs3, βCD and the EOs−βCD inclusion complex 

410 have been also reported (Marques et al., 2019).

411 The morphology of free (pure) βCD and the EOs−βCD inclusion complex was studied by 

412 SEM (Supplementary material 4). The morphology of βCD was not substantially changed 

413 after the EO inclusion as observed in the SEM captions. Small particles on crystal surfaces 

414 were also observed due to agglomeration processes of other particles as it has been 

415 described (Songkro et al., 2012).

416

417 3.3. Characterization of the active box

418 The mechanical and hydrophobic properties of the CTRL and the active box including 

419 the EOs−βCD inclusion complex are shown as Supplementary material 5. The active box 

420 showed lower bottom bending and edgewise crush resistances than the CTRL box due to 

421 the lacquer application. Nevertheless, such resistance reductions would not compromise 

422 the needed box resistance for fruit and vegetable packaging. On the other side, the active 

423 box showed higher static coefficients of friction compared to the CTRL box, which is 

424 beneficial from the production and logistic view since friction must be adequate. As 
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425 expected, the active box presented lower water absorptivity and vapour permeabilities 

426 than the CTRL box due to the waterproof properties of the used lacquer. SEM captions 

427 of boxes (Supplementary material 6) showed that the lacquer application did not alter the 

428 morphology or fibre crosslinking of the packaging material. Furthermore, a homogeneous 

429 particle distribution of the EOs−βCD inclusion complex was observed on the active box 

430 surface.

431

432 3.4. Microbial quality and decay incidence of fresh bell peppers bulk−packaged with 

433 the active box

434 The antimicrobial benefits of the controlled EO release from the EOs−βCD inclusion 

435 complex were observed during the storage of bell peppers packaged with this active box 

436 (Table 2). The pepper variety factor showed statistical interactions with the packaging 

437 treatment factor on mesophilic, psychrophilic and mould loads (Table 2). In that sense, 

438 green and red peppers packaged within the active box showed higher log reductions 

439 (compared to the CTRL box) than yellow peppers. This pepper variety effect on the 

440 antimicrobial properties of the active box may be owed to the contents of specific 

441 phytochemicals from red and green peppers with high antimicrobial properties like 

442 ascorbic acid, carotenoids, etc. (Simonne et al., 1997). The highest bacteriostatic effects 

443 were observed on red peppers at day 6 being reduced as the storage time increased. 

444 Particularly, the triple factor interaction (pepper variety × packaging treatment × storage 

445 time) was significant (p<0.05) for psychrophiles showing red peppers from the active box 

446 2.2, 1.3 and 0.8 lower log units than CTRL after 6, 11 and 18 d, respectively (Table 2). 

447 Furthermore, the maximum bacteriostatic activity of the active box with green peppers at 

448 days 6−11 (up to 1.4, 3.1 and 1.3 lower log units than CTRL for mesophiles, 

449 psychrophiles and enterobacteria, respectively) was decreased to reductions of 1, 1.2 and 
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450 2 log units at day 18, respectively. At day 11, the highest bacteriostatic effect was 

451 observed for yellow peppers packaged within the active box with 0.9 and 0.5 lower 

452 mesophilic and psychrophilic log units compared to the CTRL box. Attending to moulds, 

453 green and red peppers packaged in the active box showed 1 and 0.6 lower log units, 

454 respectively, compared to the CTRL box at day 6. Contrary, the antimicrobial effect of 

455 the active box on mould loads of yellow peppers was only observed after 18 d with 1 log 

456 unit lower compared to CTRL samples. The reduction of such bacteriostatic effect for 

457 some microbial groups at the end of storage may be owed to several reasons: 1) reduction 

458 of EO content from the inclusion complex (as a result of the controlled release), 2) a 

459 possible increasing resistance of the survival bacteria to the studied EO, and 3) nutrient 

460 leakage from damaged plant tissues (due to product senescence during storage), which 

461 enhances microbial growth masking the bacteriostatic benefits from the active packaging.

462 The decay incidence of samples during storage is shown in Figure 2. As observed, bell 

463 peppers stored within the active box showed a lower decay incidence during storage 

464 compared to CTRL samples. The decay incidence of samples packaged in the active box 

465 was lower than 5 % after 18 d while such incidence raised to 10−15 % in CTRL samples. 

466 Due to the observed decay control with the active box, samples were further observed up 

467 to 21 d at 8 ºC (data not shown). Decay incidence of samples packaged in the active box 

468 was still highly controlled after 21 d with incidences of 2−6 % while such incidence raised 

469 to 16−19 % for CTRL samples.

470 Conclusively, the controlled EO release from the βCD inclusion complex led to a 

471 bacteriostatic effect clearly observed during storage of bell peppers using the active box. 

472 The decay incidence was highly controlled using this active packaging as observed. Fruit 

473 and vegetables are usually submitted to temperatures higher than 8 ºC during retail 

474 periods (distribution centres, freight, transportation, supermarkets, etc.). At such storage 
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475 temperatures, higher than the recommended ones, EO release from the inclusion complex 

476 may be higher. The latter behaviour has been explained since molecular Brownian motion 

477 is accelerated with a rise of temperature that improves the speed of EO releasing from the 

478 inclusion complex (Ren et al., 2018). In that sense, the EO release from the active 

479 packaging may be increased under abusive storage temperatures leading to a better 

480 control of the microbial growth, which is enhanced at such adverse storage temperatures 

481 for fruit and vegetables. In that sense, further studies are needed to test the antimicrobial 

482 activity of this active packaging at different storage temperatures.

483

484 3.5. Physicochemical and sensory quality of fresh bell peppers bulk−packaged with 

485 the active box

486 The pepper variety factor showed a significant effect on the studied physiochemical 

487 parameters (Table 3). As expected, red peppers showed initial SSC and TA higher than 

488 green and yellow peppers due to sugar and organic acid biosynthesis during pepper 

489 ripening. Sugar biosynthesis during ripening in yellow peppers is lower than red peppers 

490 as previously reported (Tsegay et al., 2013), and hereby observed (Table 3). The organic 

491 acid biosynthesis during colour turning of pepper ripening was also observed from the 

492 higher pH of red and yellow peppers compared to green pepper. TA and SSC of red and 

493 yellow peppers increased during storage. Organic acid biosynthesis using sugars as the 

494 energy pool is expected during senescence processes of fruit and vegetables. 

495 Nevertheless, the observed SSC increment during storage may be explained by the 

496 product dehydration (visually not observed) and increase of the activity of hydrolytic 

497 enzymes. The firmness of samples decreased during storage due to cell wall softening 

498 caused by softening enzymes like pectin methylesterase as it has been reported (Goulao 

499 et al., 2010; Rao et al., 2011). In general, packaging of peppers with the active box did 
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500 not induce high SSC (changes < 0.5 SSC units) and TA differences (changes < 0.05 TA 

501 units) comparing to CTRL samples at day 18. Although yellow peppers stored in the 

502 active box showed 1 SSC unit lower than CTRL samples at day 18, no flavour differences 

503 between these packaging treatments were appreciated by the panel test (Figure 3).

504 The overall quality of CTRL red and green peppers was below the limit of usability after 

505 18 d being limited the shelf life of these samples to 11 d at 8 ºC (Figure 3). Nevertheless, 

506 samples stored within the active box showed overall quality scores over the limit of 

507 usability ranging from 7 to 8 after 18 d. Particularly, CTRL green peppers showed the 

508 lowest colour score of 3.7 at day 18 while red peppers, regardless of packaging treatment, 

509 showed the highest colour scores. Red and green peppers stored within the active box 

510 preserved the product firmness (Table 3, Figure 3) better than CTRL samples after 18 d. 

511 This higher product firmness using the active box may be explained by the lower 

512 metabolism of cell wall carbohydrates occurred during fungal infection of the product as 

513 previously reported (Conway, 1987; Serrano et al., 2005). Nevertheless, no high firmness 

514 differences between packaging treatments were observed in yellow peppers after 18 d 

515 (Table 3, Figure 3). The latter finding may be explained by the lower initial firmness of 

516 this pepper variety (Table 3) leading to less appreciable firmness changes during storage.

517 In that sense, the use of the active box would not negatively affect the physicochemical 

518 quality and firmness of samples, showing even better sensory scores that may ensure the 

519 consumer acceptance of packaged peppers for 18 d at 8 ºC. Nevertheless, peppers 

520 packaged with CTRL boxes showed a shelf life of 11 d at 8 ºC.

521

522 3.6. EOs residues in fresh bell peppers bulk−packaged with the active box

523 Carvacrol (the major EOs component of the used EO mix) residues in peppers stored 

524 within the active box were below 1 mg L-1 during all storage period (data not shown). 
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525 Such low EO concentrations were not appreciated in the sensory analyses. To the best of 

526 our knowledge, there are no concerns related to oral toxicity by carvacrol in humans. 

527 Nevertheless, EOs rich in carvacrol should be used with caution with anticoagulant drugs 

528 or other bleeding disorders due to the antiplatelet aggregation activity of carvacrol 

529 (Tisserand and Young, 2014). On the other hand, a rabbit oral lethal dose of 100 mg kg−1 

530 was reported for carvacrol (Opdyke, 1979). Nevertheless, carvacrol content of a pepper 

531 portion of 200 g is far from a theoretical extrapolated lethal dose (from rabbit oral lethal 

532 dose) of 8 g of carvacrol for a human adult of 80 kg. In that sense, the carvacrol migrations 

533 from the active box to the product would not be detected by consumers and would not 

534 represent a health hazard.

535

536 4. CONCLUSIONS

537 Active packaging is an emerging technology that may extend the shelf life of food, and 

538 fruit and vegetables in particular, through a controlled release of antimicrobial 

539 compounds. β−cyclodextrins can be used to encapsulate essential oils with a high 

540 entrapment efficiency forming inclusion complexes to be incorporated in the active 

541 paperboard box coating. The controlled release of essential oils allowed to extend the 

542 shelf life of bell peppers for 18 d at 8 ºC. The active box did not negatively affect the 

543 physicochemical quality of peppers while firmness and sensory quality were better 

544 maintained compared to non-active packaging. Low essential oil concentrations were 

545 found in the samples after 18 d being not detected by the sensory analyses. Storage 

546 temperatures higher than the recommended ones may lead to a higher release of essential 

547 oils from the inclusion complex allowing a higher control of the product microbial growth 

548 at such inappropriate storage temperatures. Nevertheless, the latter hypothesis needs to 

549 be corroborated in further studies at different temperatures.
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704 FIGURE AND TABLE CAPTIONS

705

706 Table 1. In vitro microbial reductions (log units) of moulds and pathogens with pure EOs 

707 (n=3±SD).

708

709 Table 2. Microbial loads (log CFU g−1) of fresh bell peppers (green, red and yellow) bulk-

710 packaged with different packaging treatments (AP: active packaging box coated with the 

711 EOs−βCD inclusion complex; CTRL: active packaging box without the EOs−βCD 

712 inclusion complex) stored at 8 ºC (n=3±SD).

713

714 Table 3. Physicochemical quality (soluble solid content (%), SSC; pH and titratable 

715 acidity (mg kg-1), TA) (n=3±SD) and firmness (N) (n=5±SD) of fresh bell peppers (green, 

716 red and yellow) bulk-packaged with different packaging treatments (AP: active packaging 

717 box coated with the EOs−βCD inclusion complex; CTRL: active packaging box without 

718 the EOs−βCD inclusion complex) stored at 8 ºC.

719

720 Figure 1. In vitro microbial reductions (log units) against a mould cocktail by disc 

721 diffusion (vapour contact variant) using different pure EOs mixes or included in the 

722 EOs−βCD inclusion complex (pure complex or active material sprayed with the 

723 corresponding EOs−βCD complex) (n=3±SD). Different letters denote significant 

724 differences (p<0.05) among treatments. ns: not significant reductions (p>0.05) compared 

725 to control.

726

727 Figure 2. Decay incidence (%) of fresh bell peppers (green, red and yellow) bulk-

728 packaged with different packaging treatments (AP: active packaging box coated with the 
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729 EOs−βCD inclusion complex (bars with points); CTRL: active packaging box without 

730 the EOs−βCD inclusion complex (empty bars)) stored at 8 ºC. *denotes significant 

731 differences (p<0.05) between AP and CTRL packaging treatments for the same sampling 

732 day.

733

734 Figure 3. Sensory scores of fresh bell peppers (green, red and yellow) bulk packaged 

735 with different packaging treatments (AP: active packaging box coated with the EOs−βCD 

736 inclusion complex; CTRL: active packaging box without the EOs−βCD inclusion 

737 complex) stored for 11 (A) and 18 d (B) at 8 ºC (n=3).

738
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739 SUPPLEMENTARY MATERIAL

740

741 Supplementary material 1. Thermogravimetric/Differential Thermal Analysis 

742 (TG/DTA) of βCD (A) and EOs−βCD inclusion complex (B).

743

744 Supplementary material 2. Differential scanning calorimetry (DSC) thermogram of 

745 EOs (red line) and EOs−βCD inclusion complex (black line).

746

747 Supplementary material 3. Fourier transform infrared (FTIR) spectra for pure EOs mix 

748 (a), β−cyclodextrin (b), and EOs−βCD inclusion complex (c).

749

750 Supplementary material 4. Scanning electron micrographs (SEM) of (a) free βCD and 

751 (b) EOs−βCD inclusion complex.

752

753 Supplementary material 5. Mechanical and hydrophobic properties of active (coated 

754 with the EOs−βCD inclusion complex) and control boxes (without the EOs−βCD 

755 inclusion complex).

756

757 Supplementary material 6. SEM captions of non−sprayed paperboard box (left), control 

758 paperboard box (centre) (coated with lacquer without the EOs−βCD inclusion complex) 

759 and active paperboard box (right) (coated with lacquer with the EOs−βCD inclusion 

760 complex).

761
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1 Table 1.

2

Carvacrol Oregano EO Cinnamon EO
Pathogens

Escherichia coli 0.78±0.15 0.31±0.06 0.37±0.01

Listeria monocytogenes 1.06±0.28 ns 0.66±0.36

Salmonella spp. 0.86±0.09 ns ns

Moulds

Botrytis cinerea ns 1.41±0.05 +

Alternaria alternata + ns +

Penicillium spp. + ns +

Aspergillus niger ns 1.79±0.68 ns

Fusarium spp. ns ns +
3 ns: not significant reductions (p>0.05) compared to control; + reductions higher than 3 log units.
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Table 3.

Pepper
variety Packaging Storage 

days SSC pH TA Firmness

Green CTRL 1 5.0±0.1 6.21±0.01 1.2±0.1 27.1±0.1
6 5.0±0.2 5.49±0.09 1.2±0.1 27.2±0.1
11 4.8±0.4 5.27±0.05 1.0±0.1 27.2±1.9
18 4.8±0.4 5.66±0.03 1.3±0.3 19.5±0.9

AP 1 5.0±0.1 6.21±0.01 1.2±0.1 27.1±0.1
6 4.5±0.1 5.67±0.11 0.9±0.1 27.8±1.6
11 3.8±0.4 5.76±0.06 1.9±0.3 26.0±3.0
18 5.3±0.4 4.89±0.05 0.9±0.1 22.7±0.8

Red CTRL 1 6.0±0.2 5.25±0.10 2.6±0.2 19.3±2.1
6 6.5±0.1 5.04±0.05 2.2±0.1 16.6±2.0
11 6.8±0.3 4.33±0.16 3.0±0.1 17.0±0.9
18 7.0±0.2 5.14±0.01 2.3±0.2 15.3±0.8

AP 1 6.0±0.2 5.25±0.10 2.6±0.2 19.3±2.1
6 6.3±0.4 5.05±0.04 2.2±0.1 22.3±2.4
11 6.0±0.2 4.90±0.01 3.0±0.1 20.0±0.8
18 7.3±0.4 4.64±0.10 2.7±0.2 19.1±0.6

Yellow CTRL 1 5.2±0.1 5.04±0.06 2.0±0.1 15.9±2.0
6 6.8±0.3 5.03±0.01 2.0±0.1 16.7±1.1
11 7.1±0.2 4.52±0.18 2.5±0.1 16.7±0.1
18 6.0±0.4 4.89±0.08 2.4±0.3 14.3±1.0

AP 1 5.2±0.1 5.04±0.06 2.0±0.1 15.9±2.0
6 6.8±0.4 5.04±0.01 2.3±0.1 17.3±1.0
11 7.0±0.1 4.89±0.01 3.0±0.2 13.4±1.1
18 5.0±0.4 4.74±0.31 1.9±0.2 12.6±1.5

Variety (A) (0.22)‡ (0.10)‡ (0.1)‡ (1.4)‡
Packaging treatment (B) (0.15)‡ ns (0.1)† (0.5)‡
Storage time (C) (0.23)‡ (0.10)‡ (0.2)‡ (1.4)‡
A×B ns ns ns (1.4)†
A×C (0.46)‡ (0.20)‡ (0.3)‡ (2.9)‡
B×C (0.18)* (0.14)‡ (0.2)‡ ns
A×B×C (0.65)‡ (0.21)† (0.4)‡ ns

ns: not significant (p>0.05); *, †, ‡ significance for P ≤ 0.05, 0.01, and 0.001, respectively.
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1 Supplementary material 5.

2

Control box Active box
Compression resistance1 383.2±39.6 (8.3±1.1) 350.8±34.9 (9.3±0.7)

Vibration at fixed low frequency2 Apt Apt

Bottom bending resistance3 4.7±0.2 3.5±0.3*

Edgewise crush resistance4 9.0±1.0 6.5±0.7*

Puncture resistance5 10.2±0.5 10.1±0.4

Static coefficient of friction6 0.42±0.04/0.28±0.05 0.54±0.04*/0.39±0.07*

Moisture content6 6.72±0.10 6.95±0.09*
Water absorptivity7 109.2±7.1 97.4±4.3*

Water vapor permeability8 1.002×10-9 1.395×10-10

3 1 expressed in kgf and deformation (between parentheses) in mm; 2 overload of 40 kg; 3 camber in mm; 4 in 
4 kN m-1; 5 in J; 6 static coefficient/kinetic coefficient; 7 in g m-2; 8 in g m m-2 s-1 Pa-1. * denotes significant 
5 (P<0.05) differences of active box compared to control box. 

6
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