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Abstract 11 

 12 

A multifunctional and sustainable packaging was developed based on a potato starch matrix loaded 13 

with a cyanidin-rich freeze-dried onion extract (OE) anchored on a halloysite-layered double 14 

hydroxide filler. Due to a distinct colour change that varies according to the environmental pH, the 15 

extract acts as a visual sensor of food quality and is stabilised by the filler which, can be loaded with 16 

antibacterial agents, providing the active component of the film. In this work, the physical, 17 

mechanical and antimicrobial properties of films prepared with only extract or containing both extract 18 

and filler are examined and compared. In addition, the real-time sensing capability of the films was 19 

tested by monitoring their colour changes when applied in meat and milk storage.  20 

 21 

Keywords: Sustainable packaging, Onion extract, Halloysite, Layered double hydroxides, pH 22 

indicator 23 

1. Introduction 24 

 25 

For years, the main requisites of ideal food packaging have been summarised by the formula: 26 

protection, communication, convenience and containment [1]. Traditionally, communication means 27 

the presence of labels indicating the content, traceability or nutritional values of food. Nowadays, 28 

communication is not a mere description of contents anymore, but has taken on an active value. Active 29 

communication implies the transfer of information from the product to the consumer to have constant 30 

control over the conditions of the food and its deterioration. These are the premises for implementing 31 

intelligent packaging. Intelligent packaging solutions span from biosensors (i.e., antibodies) to 32 

optochemical sensing methods (e.g., pH dyes, time-temperatures indicators), microwave doneness 33 

indicators (MDI), radiofrequency identification devices (RFID), etc. [2]. Whereas RFID and MDIs 34 

are designed specifically for traceability and distribution purposes, real-time information on food 35 

freshness is commonly assigned to optochemical systems. Among them, pH-sensing indicators, 36 

responsive to the total volatile basic nitrogen content or ammonia, and thiobarbituric acid reactive 37 
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substances [3] have been successfully tested in monitoring the quality of seafood [4–6], meat, milk 38 

[7], and vegetables [8]. One of the hurdles of intelligent packaging consists in balancing the reliability 39 

of the detection system with the costs of such a solution. Another essential requirement is to ensure 40 

the absence of toxicity of the substances used as sensors and to avoid the contamination of the product 41 

with these compounds. For these reasons, natural dyes, like curcumin and anthocyanins, have 42 

attracted interest as viable substitutes for synthetic indicators like bromothymol blue, methyl red, [8] 43 

or polydiacetylene polymers [7]. 44 

Most films with pH-sensing properties lack in antibacterial functions, as they are essentially intended 45 

to convey information to customers and stakeholders for decision-making purposes. However, 46 

innovative solutions include packaging with even more advanced functionalities, designated as smart. 47 

Smart packaging combines interactive product-consumer communication with an active technology 48 

that offers a preservative action. Therefore, smart packaging is considered a ‘total packaging 49 

solution’[9]. 50 

Finally, further evolution of packaging is to combine smart functionality with sustainable solutions 51 

that could be a viable replacement for petroleum-based plastics. Thus, research has focused on 52 

introducing biodegradable polymers and recycling food waste. 53 

With the aim of meeting the needs of a sustainable and total packaging concept, we designed potato 54 

starch films containing a filler based on halloysite nanotubes (HNT) decorated with layered double 55 

hydroxides platelets (LDH) [10] having both the function of carrier for active molecules and support 56 

for a natural dye to be used as a pH indicator. The pH sensor immobilized on the filler consists of a 57 

cyanidin-rich extract obtained from red onion dry skins. The interactions established between the 58 

extract and the filler surface are relevant to stabilize the colour of the film upon exposure to different 59 

pHs. In this work, films containing the filler-extract mixture were characterized (i.e. by evaluating 60 

thermal, optical, mechanical behaviour, and antioxidant and antibacterial properties) and tested as 61 

sensors for freshness detection of different food items. Results were compared to those obtained from 62 

films prepared with the extract alone. The real-time sensing capability of this compound was found 63 

to be efficient in revealing the change in products that generate both acidic and basic environments 64 

during spoilage.  65 

2. Materials and Methods 66 

 67 

Synthesis of HNT@LDH: The synthesis and deposition of LDH crystals on HNT to obtain the 68 

HNT@LDH composite was carried out with a solvent-free technique [10,11] wherein the salts of the 69 

metals of LDH were milled with the HNT nanotubes and NaOH in pellets by means of a ball mill. 70 



The empirical formula of LDH, determined with ICP-OES measurements, is: 71 

[Mg0.60Al0.40(OH)2](NO3)0.40·0.2H2O. 72 

Intercalation of salicylate in HNT@LDH: 750 mg of HNT@LDH were dispersed in a 0.1 M solution 73 

of sodium salicylate. The volume of salicylate was calculated so that the mmolNO3
-/ mmolSal ratio was 74 

stoichiometric. The sample was stirred for 1h, then washed once with deionised water and twice with 75 

acetone and dried at 60°C. 76 

Preparation of starch film containing onion extract (OE): a 5% (w/v) potato starch solution was 77 

heated up to 90°C to dissolve the starch. Glycerol (20% w/w) was used as a plasticizer. The mixture 78 

was cooled down and added to a 0.1% (w/v) dispersion of OE in distilled water. The composite was 79 

transferred to a Teflon plate and dried at 40°C for 24 h. A red film was obtained referred to as MOE. 80 

A reference film, constituted by plain starch and glycerol, was prepared as described above and named 81 

M0. 82 

Preparation of starch film containing OE and HNT@LDH: the same procedure described for 83 

preparing MOE was used for the obtainment of composite films containing the filler and OE (FOE) 84 

and the filler loaded with salicylate and OE (SOE). OE was anchored to the filler alone or to the filler 85 

loaded with salicylate by grinding HNT@LDH and OE in a 10:1 (w/w) ratio using a mortar and a 86 

pestle. The 1% (w/v) dispersions containing FOE and SOE, respectively, were added to the potato 87 

starch solution and mixed until fully homogenized. Both composite films, named MFOE and MSOE, 88 

respectively, were green. 89 

pH detection ability of films: the colour of the extract is expected to change from red to green going 90 

from neutral to basic conditions. MOE is originally red and was used without further manipulation. 91 

MFOE and MSOE are instead green (MFOE/G and MSOE/G, respectively) and were maintained in 92 

a desiccator in the presence of acidic fumes for 15 minutes to turn them into red films (MFOE/R and 93 

MSOE/R).  94 

On the other hand, the films are expected to shift from green to pink by moving from neutral to acidic 95 

conditions. Thus, to detect pH changes from neutral to acidic conditions, MOE was maintained in a 96 

desiccator in the presence of ammonia fumes to obtain a green film as a starting material (MOE/G) 97 

while MFOE and MSOE were used as-prepared. 98 

X-ray powder diffraction: X-ray powder diffraction (XRPD) patterns were collected with the Cu-Kα 99 

radiation on a Bruker D8 Advance diffractometer and PW3050 goniometer, equipped with a Lynxeye 100 

detector. The long fine focus (LFF) ceramic tube was operated at 40 kV and 40 mA.  101 

ATR Measurements: Infrared spectra of the samples were collected using a Fourier transform (FT-102 

IR) Alpha instrument from Bruker Optics and its ATR (Attenuated Total Reflection) module 103 



equipped with a diamond crystal. The spectra were collected in triplicate in the 4000-400 cm-1 spectral 104 

range with 30 scans and an average resolution of 2 cm-1. The samples were analyzed as prepared.  105 

Raman Measurements: Raman measurements were carried out by means of a MonoVista CRS+ 106 

Raman spectrometer connected to an Olympus Inverted IX73 microscope equipped with a 50X long 107 

focal length objective. The materials were analyzed using red laser radiation at 785 nm as excitatory 108 

sources. The spectra were recorded with the maximum laser power allowed by the instrument, i.e. 109 

13.600 mW, 20s of acquisition and 30 accumulations, using the 300 line/mm diffraction grating and 110 

setting the slit aperture at 70 μm. The measurements were repeated three times for each sample. 111 

Thermogravimetric analysis: Thermogravimetric analysis (TGA) were performed with a Mettler TC-112 

10 thermobalance. Measurements were collected from 25 to 700°C, at a heating rate of 10°C/min in 113 

an air atmosphere.  114 

Transparency measurements: Light barrier properties were assessed by an UV–vis measurements 115 

using a UV-2401 PC Shimadzu (Japan) spectrophotometer. Film samples of 0.8 cm × 4 cm were cut 116 

and the light transmission was measured in the 200– 800 nm ranges. The transmission value was 117 

recorded at λ=600 nm and measures were repeated in triplicate. The transparency of the films was 118 

calculated using the following equation: 119 

𝑇𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑐𝑦 𝑣𝑎𝑙𝑢𝑒 (𝑇𝑟) =
−𝑙𝑜𝑔(𝑇600)

𝑥⁄  120 

Where T600 corresponds to the Transmittance value at 600 nm, and x is the film thickness (mm). The 121 

higher the transparency index value, the lower is the transparency of the film [12]. 122 

Water contact angle: Contact angle measurements (WCA) were carried out using a high-resolution 123 

camera. Droplets of distilled water were dispensed on a 1 × 1 cm2 test sample at room temperature. 124 

The contact angle was determined using Drop Analysis software. Five contact angle measurements 125 

were recorded at different points for each sample, and the average contact angle was determined. 126 

Mechanical properties: Elastic moduli of the samples were obtained by means of a dynamometric 127 

apparatus INSTRON 4301. Experiments were conducted at room temperature at a deformation rate 128 

of 0.5 mm/min on 3 samples per film.  129 

Antimicrobial activity of the OE and MFOE film: The bacterial pathogens tested in this work 130 

(Escherichia coli DSM 30083, Listeria monocytogenes DSM 20600 and Salmonella bongori DSM 131 

13772) were obtained from the German Collection of Microorganisms and Cell Cultures GmbH 132 

DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) and have been cultivated 133 

following manufacturing instructions. After revitalization, the freeze-dried pathogens cultures were 134 

stored at -80°C in Brain Heart Infusion (BHI) broth (Oxoid, Basingstoke, UK) plus 20% of glycerol. 135 



When needed, the pathogens cultures were thawed and subcultured twice in BHI broth at 37 °C for 136 

18 h to reach the early stationary phase (~9 log CFU/mL). 137 

Stock solutions of OE (with a concentration of 25 mg/mL) were prepared in distilled sterile water. 138 

The minimal inhibition concentration of OE was determined according to M07-A9 standard (Clinical 139 

and Laboratory Standards Institute, 2015). Stock solution was two-fold diluted in water into a series 140 

of final concentrations ranging from 12.5 and 0.012 mg/mL. Overnight pathogens cultures were then 141 

used to prepare microbial inocula for the test in 2x cation adjusted Muller Hinton broth (Oxoid, 142 

Basingstoke, England). Aliquots of 100 μL of diluted inocula at desired cells concentration were 143 

added to each well in the 96-well micro-dilution plate previously containing 100 μL of desired OE 144 

dilutions. Plates were then incubated at 37°C for 24 h. After incubation, MICs (mg/mL) values were 145 

determined as the lowest OE concentration that inhibited visible growth of the tested microorganism, 146 

which was indicated by absence of turbidity.  147 

The antimicrobial activity of MFOE (6 mm of diameters) was also tested by the disc diffusion test. A 148 

disc of 30 µg of chloramphenicol (CPD, Thermo Scientific™, Oxoid™ Basingstoke, UK) and a paper 149 

disc (Whatman® Antibiotic Assay Discs, Darmstadt, Germany) were used as positive and negative 150 

control respectively. One hundred microliters of different pathogens cultures, obtained as above 151 

described, were spread on the surface of a petri dish contain 25 mL of BHI agar. The plates were left 152 

to dry for 1h and then two MFOE and a CPD disc were laid in the surface plates and then incubated 153 

for 24 h at 37°C. After incubation the diameter of inhibition was measured by means of a caliber. 154 

DPPH radical scavenging assays: The antioxidant properties of the extract were investigated by 155 

performing radical scavenging assays in the presence of the free radical 2,2-diphenyl-1-156 

picrylhydrazyl (DPPH). The efficiency of the scavenging action was determined by measuring the 157 

decrease in absorbance of DPPH solutions (λ=517 nm) containing different concentrations of 158 

antioxidant and compared to the initial absorbance from control assay. The parameter selected to 159 

quantify the radical scavenger activity is the concentration of substance required to reduce the DPPH 160 

absorbance by half (EC50). The value of EC50 was calculated for both OE and FOE.  161 

To obtain EC50 of powdered OE, a 100 ppm solution of OE was prepared by dissolving 5 mg of OE 162 

in 50 mL of water. Aliquots of the solution containing 0.007-0.05 mg/mL of OE were mixed with a 163 

10-4 M solution of DPPH in methanol. The mixtures were kept in the dark at room temperature for 30 164 

min and then the absorbance values were measured. Methanol was used as a blank. The EC50 165 

determined for OE is 0.007 mg/mL. 166 

EC50 estimation of powdered FOE was performed by weighting amounts of FOE containing 0.07-0.5 167 

mg of OE (OE content in FOE= 9% w/w). The samples were mixed with a 10-4 M DPPH solution in 168 

methanol and maintained in the dark, under constant stirring, for 30 min. Before measuring the 169 



absorbance values, the solutions were filtered to remove the residues of the filler. EC50 of FOE is 170 

0.009 mg/mL. 171 

The antioxidant activity of MOE, MFOE and MSOE was monitored as a function of time. Disks of 172 

0.6 cm diameter (28.3 mm2) containing 0.02 mg of extract each were mixed with 100 µL of water 173 

and 2.9 mL of DPPH 10-4 M in methanol. The disks were maintained in the dark and constantly 174 

stirred. The decrease in absorbance was measured at given interval times and monitored for a total of 175 

four days. 176 

3. Results and discussions 177 

 178 

Before discussing the film characterizations, it seems useful, for reader convenience, to recall the 179 

main components of OE and their properties. According to HPLC measurements reported in a 180 

previous article [13], glycosylated quercetin (or isoquercetin, IQR) and cyanidin 3-O-(malonyl) 181 

glucoside (CMG), whose structures are reported in Figure 1(a), represents the major components of 182 

OE.  183 

CMG gives to the extract a reddish colour that remains stable until a pH variation occurs. As the pH 184 

raises a shift from red (pH:3-7) to purple (pH:7-8) to green (pH>8) is evidenced in agreement with 185 

the conversion of the structure from flavylium cation to neutral and then to anionic quinonoid base, 186 

respectively. The main changes in structure derive form the progressive deprotonation of OH groups 187 

in either C5-7 or C3’-4’ positions.  188 

A colour shift from red to green is produced also by mincing OE with HNT@LDH. This colour 189 

variation can be attributed to the presence of carbonate ions on the surface of LDH which interact 190 

with cyanidin causing the deprotonation of the OH groups thus producing the quinonoid base form. 191 

Thus, FOE appears as a green powder. The presence of HNT@LDH has some influence on the 192 

stability of the form assumed by CMG. 193 

MOE are originally red and turn green after being exposed to basic fumes; however, the as-obtained 194 

anionic quinonoid base form is not permanent: indeed, within 15 minutes cyanidin gets re-protonated 195 

by reaction with atmospheric CO2 and the films resume a red hue. On the contrary, films prepared 196 

with FOE or SOE (MFOE and MSOE, respectively) are originally green and can be converted to red 197 

by exposition to acidic vapours. The protonated form is stable and the colour remains red unless the 198 

films come in contact with a basic environment.  199 

The increased stability of CMG is related to the establishment of LDH-OE surface interactions: once 200 

the quinonoid base is formed, the catechol group of CMG is supposedly positioned facing the LDH 201 

surface as shown in Figure 1(c). This interaction is not affected by exposure to air, as in the case of 202 



MOE, and can only be broken in the presence of acidic fumes. As a consequence, films containing 203 

FOE or SOE are more reliable as sensors than those prepared with OE alone. 204 

A schematic illustration of the colour shift of MOE, MFOE and MSOE upon exposure to different 205 

environments is shown in Figure 1(d). 206 

 207 

Figure 1. a) Structures of isoquercetin (IQR) and cyanidin 3-O(malonyl)glucoside (CMG); b) CMG 208 

forms at different pH values; c) representation of HNT@LDH filler and of the supposed LDH-209 

cyanidin interaction; d) schematic representation of the colour change of MOE, MFOE and MSOE 210 

films as prepared and after exposure to acidic or basic fumes (R and G stand for red and green 211 

respectively and are used to distinguish the colour taken by the film upon exposure to acidic or basic 212 

environment). 213 

Spectroscopic, physical, and mechanical characterizations of the films were performed by comparing 214 

the plain starch film, M0, with the properties of those prepared with extract only (MOE), extract-filler 215 

composite (MFOE), and salicylate-intercalated filler (MSOE), respectively. 216 



The XRD patterns of the four films are shown in Figure 2(a). Diffraction peaks positioned at 2θ= 217 

5.6°, 11°, 17°, 22° and 23° appear in all of them. These reflections are characteristic of the B-type 218 

crystallinity typically displayed by tubers [14]. Starch crystallinity is commonly reduced after the 219 

plasticization process, as glycerol interacts with the polymer molecules by disrupting the 220 

intermolecular hydrogen bonds. In this case though, the clear presence of the B-type pattern denotes 221 

that a semi-crystalline structure has been maintained. This is possible due to the realignment and re-222 

association of the amylose and amylopectin chains occurring after fusion and gelatinization during 223 

the retro gradation process [14]. 224 

The incorporation of the filler is not accompanied by significant changes in the diffraction patterns. 225 

The absence of noticeable filler reflections suggests their homogeneous distribution within the 226 

polymer.  227 

The films were further characterized using ATR and Raman spectroscopy. Figures 2 (b-d) show a 228 

comparison of the ATR and Raman spectra of the plain starch film with those of the MOE and MFOE 229 

composites (MSOE data are not shown because the spectra are coincident with those of MOE). As 230 

with the XRD patterns, the starch signals are dominant and no specific band can be attributed to the 231 

presence of the extract or filler. Specifically, the ATR profile of starch is distinguished by the presence 232 

of C-H and C-O deformations at 400-900 and 1200-1500 cm-1, C-O-C antisymmetric stretching 233 

vibration at ca. 1160 cm-1, C-H stretching modes at 2900 cm-1 and O-H vibrations at 3500 cm-1. In 234 

the Raman spectra, the band at 485 cm-1 corresponds to the vibrational modes of the pyranose ring 235 

which is a marker for the amount of amylose and amylopectin in starch. The 800-1200 cm-1 region is 236 

characteristic of C-C, C-O and C-O-C deformation, and the strong band at ca. 940 cm-1 is typical of 237 

α-1,4 glycosidic linkage mode. COH and CH bending modes are observed in the region between 238 

1370-1460 while and at 2900-2980 cm-1 CH stretching bands are evident [15,16]. IR absorption and 239 

Raman scattering have largely been used to follow the retrogradation process of starch, being their 240 

signals very sensitive to the structure of the polymer [16–18]. It has been reported that the structural 241 

differences of both starch materials can be detected in the C–H stretching region between 2700 and 242 

3100 cm−1 [19]. Our data show that the four samples have very similar spectra and only a slight red-243 

shift of CH stretching bands in the 2800-3000 cm-1 region was observed in MFOE, MSOE and MOE 244 

with respect to M0. This suggests that the presence of the filler and of OE does not drastically alter 245 

the structure of the film, but a weak increase of ordered structures probably takes place as already 246 

evidenced by XRD patterns. 247 

 248 
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Figure 2. a) XRD patterns of the potato starch based films M0, MOE, MFOE and MSOE. b) ATR 251 

spectra of M0, MOE and MFOE. c-d) Raman spectra of M0, MOE and MFOE. 252 

 253 

The degree of filler distribution within the polymer was best observed by collecting SEM images of 254 

MFOE. The cross-sectional image of the sample (Figure 3 (a)) reveals a granular surface due to the 255 

homogeneous presence of the filler in the polymer matrix, interrupted by some agglomerates, as 256 

shown in the magnification of Figure 3 (b). The homogeneity of the filler distribution is confirmed 257 

by the elemental mapping of Si and Mg carried out on the portion of the sample shown in Figure 3(c). 258 

These elements, which trace the presence of HNT and LDH (Figure 3(d)) respectively, are uniformly 259 

spread throughout the sample, also revealing that LDH is not separated from HNT. 260 



 261 

Figure 3. a) SEM image of MFOE, the inset reports a magnification of the sample; b) magnification 262 

of the agglomerate in the red square of (a) showing the HNT@LDH filler; c) Secondary electron 263 

image of the mapped area of the sample; d) elemental distribution of Si (HNT) and Mg (LDH). 264 

Physical properties of the films 265 

 266 

Physical characterization was performed by evaluating the thermal, optical and mechanical behaviour 267 

of the samples.  268 

Thermogravimetric analysis: Weight loss and derivative thermogravimetric curves are illustrated in 269 

Figure 4. The TGA curve of M0 is divided into three steps: the first mass loss (below 100°C) is related 270 

to the evaporation of water; the second, from 150 to 300°C, corresponds to the starch degradation 271 

(i.e. inter/intramolecular dehydration and high-temperature pyrolysis) and to the elimination of the 272 

plasticizer; finally, above 300°C, the pyrolysis and degradation of the intermediate products occur 273 

[20]. 274 

The TGA profiles of MFOE and MSOE show the contribution of the decomposition of HNT, LDH 275 

and OE which mainly affect the degradation temperature of starch. This influence is better depicted 276 

in the DTG curves: the degradation temperature shifts from 282°C in M0 to about 300°C in MOE, 277 

while in MFOE and MSOE is set to 295 and 291°C, respectively, indicating that all the composites 278 

display enhanced thermal resistance. Factors influencing the thermal behaviour are the degree of clay 279 

dispersion, the number of exposed hydroxyl groups and the reorganization of the starch chains [21]. 280 

Inorganic fillers in general are known to improve the thermal properties of polymers by producing a 281 

barrier that slows down the heat transfer and this is the case with MFOE and MSOE. Conversely, the 282 

presence of OE, which is usually is associated to lower thermal stability, produces a shift to the 283 



highest value, reflecting a good cyanidin-starch interaction and a reduction of the exposed OH groups 284 

[22].  285 

 286 

Figure 4. TGA (a) and DTG (b) curves of M0, MOE, MFOE and MSOE. Heating rate of 10°C/min 287 

in an air atmosphere. 288 

 289 

Optical Transparency  290 

Visually, the four films are very different in colour: M0 is white and opaque, MOE is pink, while 291 

MFOE and MSOE are characterized by two different shades of green. The order of optical 292 

transparency is: MFOE<MOE<M0<MSOE (Table 1). Compared to M0, MOE has a similar Tr index 293 

(Tr= 7 and 8, respectively), indicating that OE is evenly dispersed throughout the matrix. On the 294 

contrary, the presence of the filler changes the optical properties significantly; in MFOE the Tr value 295 

raises up to 14, and in MSOE is lowered to 3. An increment in opacity is generally expected when 296 

clay is added to polymers and this applies to MFOE. The extent of the Tr variation depends on the 297 

dimension, degree of dispersion and concentration of the nanoparticles, as well as on the compatibility 298 

of the filler with the polymer [23]. The values of transparency indices calculated for MSOE and 299 

MFOE for the same filler concentration and particle size are very different from each other. It is 300 

therefore possible to conclude that what mainly distinguishes the transparency value in the two 301 

samples is the presence of salicylate that generates a better dispersion of the crystals in the matrix 302 

resulting in a lower Tr index which is extremely important for a better product-consumer 303 

communication. 304 

Water contact angle (WCA) 305 

 Water contact angle was measured for MOE, MFOE and MSOE and compared to control M0. This 306 

measure is important to evaluate the degree of hydrophilicity of the film. The pure starch film is the 307 

most hydrophilic one (WCA= 41°) due to the natural presence of numerous OH groups in the polymer 308 



chain (Table 1). Conversely, in MOE the contact angle increases, reaching 52°. This trend can be 309 

explained considering the composition of onion skin which contains a certain fraction of non-soluble 310 

fibres among which lignin [24] may be the main responsible component for the reduction in 311 

wettability. The hydrophobic nature of the films is even more pronounced in MFOE and MSOE, 312 

which display a contact angle of 60° and 62°, respectively, thereby evidencing that the presence of 313 

the filler enhances water repellency even more. The increment of hydrophobicity may be related to 314 

the building of interfacial interactions between the filler and the starch OH groups. These interactions 315 

partially hinder the rearrangements of the starch chains making them less susceptible to water contact. 316 

This behaviour is most evident for MSOE wherein the surface molecules of salicylate expose the 317 

phenyl moieties towards the polymer modifying the wettability towards a higher contact angle.  318 

Mechanical properties 319 

 320 

The parameters influencing the mechanical behaviour of the film are related to intrinsic characteristic 321 

of starch (e.g. molecular weight and amylose fraction) as well as to the specific properties of the film 322 

preparation (e.g. film thickness, filler content and crystallinity) [25]. Tensile tests performed on films 323 

revealed Young’s modulus results in the 17- 41 MPa range (Table 1). The highest value (41 MPa) 324 

was obtained for M0, while the addition of the extract and the filler incredibly reduced the stiffness. 325 

From these results it can be deduced that, in MOE sample, OE interferes with the intramolecular 326 

linkages of polymer chains and leads to a decrease of the modulus [26]. The loss of cohesion can also 327 

be attributed to the presence of occasionally bigger particles in the powdered OE which create points 328 

of discontinuity within the film [27]. A little inhomogeneity in the composition of OE is to be 329 

expected as the product is not purified but derives directly from discarded onion skins.  330 

An even lower value is reached in MFOE (17MPa); the filler seems to further weaken the 331 

intermolecular starch bonds. This behaviour may result from the stronger OE-filler interactions which 332 

induce the deprotonation of cyanidin and reduce the number of hydrogens in OE suitable for creating 333 

a network of H-bonds with the hydroxyl groups of starch [28]. An improvement is given by the 334 

presence of salicylate that is mainly involved in linkages with LDH surface, making the filler less 335 

amenable for the direct interaction with starch and favouring the polymer-polymer bondage. 336 

Table 1. Optical transparency, water contact angle and elastic moduli values of the starch-based films. 337 

Sample Optical Transparency  Water Contact angle (°) Elastic Modulus (MPa) 

M0 7±0.6 41±2.1 41 ± 2.1 

MOE 8±0.6 52±1.8 25 ± 2.2 

MFOE 14±1.2 60±2.6 17 ± 1.2 

MSOE 3±0.2 62±2.0 24 ± 1.8 



 338 

Antibacterial activity of OE 339 

 340 

Onion (Allium cepa L.) is one of the oldest and important crops from olden time. In addition to 341 

possessing many health benefits [29,30], several studies confirmed that onion skins contain high 342 

amount of quercetin and other quercetin derivatives which have been assessed as antifungal and 343 

antibacterial agents [31–34]. Hence, these natural compounds have attracted food industry as 344 

antimicrobial agents for improving food shelf life [35]. 345 

The OE analyzed in this work, showed good inhibitory activity against Staphylococcus aureus DSM 346 

20231 with a MIC of 0.78 mg/mL in agreement with previous results obtained by Pagano et al. [13] 347 

and Sagar et al. [30] with bacteria belonging to the same species. OE also showed a strong inhibitory 348 

activity against Listeria monocytogenes DSM 20600 with a MIC of 0.39 mg/mL, that is lower than 349 

MIC value found for Listeria innocua also obtained by Pagano et al. [13] but higher than that obtained 350 

by Somrani et al. [36] It is known that the antimicrobial activity of natural compounds are species 351 

and strains dependent [37,38]. OE did not showed inhibitory activity against gram negative bacteria 352 

tested in this work, i.e. Salmonella bongori DSM 13772 and Escherichia coli DSM 30083. This result 353 

is partially in contrast with the results obtained by Sagar et al. [39], who found an antimicrobial 354 

activity of onion extracts against gram- bacteria, although the activity was dependent on the onion 355 

variety. Finally, MFOE showed an inhibitory activity only against S. aureus DSM 20231 (with a 356 

mean diameter of inhibition of 8.2 mm, including the diameter of the disc). No inhibition halos were 357 

observed against the other bacterial species tested. The differences in the antimicrobial activity of the 358 

extract compared to that of the MFOE could be due to the fact that of the filler itself retains the extract 359 

in the medium. It can be concluded that onion extracts, due to the presence of antimicrobial 360 

components can be considered good natural preservatives for the food sector as they could reduce the 361 

use of chemical products and be of interest to consumers. 362 

Antioxidant activity of OE 363 

 364 

Almost all molecules in the flavonoid class exhibit antioxidant activities. The mechanism of 365 

scavenging reaction involves the donation of a hydrogen atom to a radical. The donation is favoured 366 

by the presence of functionalities and conjugations that stabilize the flavonoid radical after the 367 

hydrogen loss [40].  368 

The structural elements with the most favourable scavenging properties are a) the two vicinal hydroxy 369 

groups on C3’ and C4’ (catechol moiety) of ring B, b) C3 and C5 hydroxyl functionalities in ring C and 370 



A, respectively, and c) the presence of the C2-C3 double bond conjugated with the C4-oxo moiety 371 

[41].  372 

Quercetin is endowed by this structural pattern. An ideal reaction of a fully protonated quercetin 373 

molecule with a radical can be described as follows: one hydrogen is first transferred from the 374 

catechol moiety to the radical and a stable flavonoid phenoxyl radical is formed. Then, the phenoxyl 375 

radical can react with another radical to give a quinone structure [42].   376 

Glycosylation is known to reduce this activity. In our case, quercetin and cyanidin are both 377 

glycosylated, thus we expect a lower scavenging potential from OE. Other differences concern the 378 

activity of the pure extract compared to that of the extract mixed with the filler as in FOE.  379 

In this case the number of hydrogens available for the antioxidant reaction may be reduced since 380 

cyanidin takes the form of an anhydrobase and supposedly interacts with the LDH surface either 381 

through the catechol moiety or the oxygen in C5/7 position (Figure 1(c)). The first hypothesis should 382 

result in a lower antioxidant activity, as would be lacking the role played by the catechol hydrogens. 383 

This implies that the scavenging activity has to be compensated by the hydroxyl positioned in C5 and 384 

C7 of ring A [43]. 385 

To verify these hypotheses, the antioxidant activity of the OE and FOE was evaluated by DPPH 386 

assays. The EC50 values calculated for OE and FOE were 0.007 mg/mL and 0.009 mg/mL, 387 

respectively. The immobilization of OE on the filler causes, as expected, only a slight decrease of the 388 

antioxidant activity. Therefore, was of interest to verify the effect of the polymeric matrix on the 389 

antioxidant properties of OE in MOE, MFOE, MSOE.  390 

Once the samples are incorporated in the polymer, diffusion factors influence the release of CGM 391 

and affect the antioxidant activity of the extract. As a consequence, the scavenging capability in the 392 

films was evaluated as a function of time and a comparison was made between the film containing 393 

only OE (MOE), the one with filler and OE (MFOE), and a film with filler, salicylate and OE 394 

(MSOE).  395 

Figure 5 shows the percentage of residual DPPH plotted against the time. MOE exhibits the higher 396 

antiradical activity: 25% of the DPPH is scavenged in the first two hours and 40% in one day. After 397 

this rapid effect, the trend becomes slower and the activity decreases until the EC50 is reached in about 398 

three days. The faster reaction of MOE could be promoted by two factors: the first one is that the 399 

extract which is not combined with the filler is in a neutral anhydrobase form and has more hydrogens 400 

available for the scavenging of the DPPH radical; secondly, the extract does not get trapped in the 401 

polymeric network, instead, it migrates and is released from the film. For instance, when MOE is 402 

dipped in water, the water turns a pinkish hue. In MFOE, the interactions of the filler with CGM are 403 

stronger since OE, in addition to interacting with the surface of LDH, is also partially intercalated in 404 



it, and has less chance of reacting with the radical, thus the trend of DPPH bleaching proceeds slowly. 405 

EC50 is not reached even after three days. With a linear progression, it can be calculated that 50% of 406 

DPPH inhibition is only achieved in five days. MSOE falls in the middle: the interlayer space of LDH 407 

is occupied by salicylate anions and the extract is mainly on the surface and more easily released. 408 

 409 

 410 

Figure 5. Kinetic behaviour of the radical scavenging action of MOE (pink squares), MFOE (green 411 

squares) and MSOE (orange squares). 412 

 413 

Application of the films  414 

 415 

The pH detection ability of cyanidin in MOE and MFOE was tested on perishable food items such as 416 

meat and milk. During decomposition, spoiled meat produces volatile amines that change the pH of 417 

the storage container to an alkaline environment. MOE was applied as prepared, instead MFOE was 418 

first placed in a desiccator saturated with HNO3 fumes to protonate the cyanidin and obtain a red 419 

membrane (MFOE/R). Beakers filled with meat pieces were sealed with the films and stored in a 420 

refrigerator at 4°C. The colour of the membranes was checked repeatedly over the next 7 days. In the 421 

case of MOE, no change in colour was visible, even after 7 days (pictures not reported). This confirms 422 

what was previously observed with MOE/G: although the amines interact with cyanidin, ambient CO2 423 

and humidity reverse the reaction. As a consequence, the starch-based film containing only OE is not 424 

a proper indicator for food freshness.  425 

On the other hand, in MFOE/R (Figure 6), the first changes are visible after three days: a green stain 426 

appears and spreads progressively along the entire package until, within 5 days, it becomes all green. 427 

As can be seen from the images in Figure 6, the speed of the reaction also depends on the thickness 428 

of the film: in thin films, the colour change spreads more quickly throughout the membrane.  429 



Due to the stabilizing effect of the filler on the flavylium cation or the anhydrobase form of cyanidin, 430 

it is also possible to detect of acidic pH with the same MFOE film. To detect a change in pH from 431 

neutral to acidic, as prepared disks of MFOE, green coloured (MFOE/G), were applied to the inner 432 

caps of vials containing milk. Disks of MOE, previously exposed to ammonia vapor to obtain a green 433 

film (MOE/G), were also used for comparison. The vials were sealed and kept at room temperature.  434 

After 3 hours the caps were removed and the colour was checked. MOE/G had already turned pink, 435 

even though the pH of milk was still 6.8. In contrast, in MFOE/G, the colour conversion was only 436 

visible after 7 days, when the pH had reached 5.5. The same experiment was repeated with a vial 437 

half-filled with milk to simulate the real milk consumption conditions and verify whether the sensor 438 

ability to check the pH depended on the headspace of the container. No significant differences were 439 

noticed with respect to the vial completely filled with milk. 440 

 441 

 442 

Figure 6. Images of the colour changes of MFOE film applied over beaker containing meat to monitor 443 

the freshness of meat over time (left). The difference between the two films is only in thickness: 80 444 

and 110 μm respectively; cups with MOE and MFOE disks that sealed vials filled with milk (right). 445 

4. Conclusions 446 

 447 

Starch-based films prepared with the filler-OE compound meet the requirements for a smart 448 

packaging with the added value of sustainability. As well as reducing the potential harmful effects of 449 

synthetic dyes, the use of discarded onion skins as a visual indicator of food freshness is a fine 450 

example of recycling and promoting the circular economy. In addition, the solvent-free synthesis of 451 

the filler and the use of starch as a matrix make an important contribution to the overall goal of 452 

achieving an environmentally friendly film. The extract also has other advantages such as a powerful 453 



antioxidant and a discreet antimicrobial effect which make the film an active material. Due to the 454 

presence of the filler, the active function of OE can be enhanced by the possibility of loading HNT 455 

and LDH with other antimicrobials with the intention of increasing food shelf life and avoiding waste. 456 

Finally, the cyanidin stabilisation promoted by filler-OE interactions was found to be crucial in 457 

increasing the reliability of the sensor, and the colour change response in both acid and basic 458 

environments make it a highly versatile packaging. 459 
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