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Abstract: Searching for effective strategies to modify the release rate of essential oil derivatives
is one of the main challenges in designing prolonged-release antimicrobial food
packaging materials. Herein, supercritical fluid technology and cocrystallization
engineering were used to develop novel eugenol (EU) prolonged-release poly (lactic
acid) (PLA) nanocomposite foams. Eugenol-phenazine (EU-PHE) cocrystals, produced
by a solvent-free mechanochemical method, were incorporated by supercritical solvent
impregnation (SSI) inside PLA nanocomposite foams with different contents of
Cloisite30B® (C30B). The effect of the cocrystallization process and C30B content on
the EU release kinetics and its relation with their antimicrobial activity by direct contact
(anti-attachment) and release in broth culture were studied. The deposition of isolated
spherical-shaped micrometric EU-PHE cocrystal particles with 0.8 µm average
diameter inside the pores of PLA foams was evidenced by XRD, SEM, DSC, and TGA
analyses. The release mechanism of EU and its cocrystal was defined as a quasi-
Fickian diffusion process successfully described by Korsmeyer-Peppas model with
release rate constants up to 3.6-fold lower than the release rate constant of pure EU.
The impregnated foam samples completely inhibited the attachment of Listeria
monocytogenes and Salmonella Enteritidis and provided prolonged antimicrobial
activity in broth culture against both food-borne pathogens. This study suggests a new,
environmentally friendly method for designing sustained-release antimicrobial food
packaging materials.

Response to Reviewers: Response to the reviewers' comments
The authors thank Reviewer 2 and the Editor for constructive suggestions and
manuscript improvements. The mechanical tests were performed according to the
advice of Reviewer 2. The changes in the manuscript are colored red in the revised
version.
Comment of Reviewer 2: Please add mechanical property tests to illustrate its
feasibility as a packaging material. And the addition of C30B may enhance the
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mechanical properties.
Editor’s comment: I believe all issues are resolved with the exception of the mechanical
property experimental data, which I agree is necessary to include in order to validate
the use of the material for food packaging.  While I appreciate this work may take some
time, I have (as per your estimate) provided a 60-day response window for returning
the paper with this data included as well as appropriate discussion around that data in
the context of the practical application of your material.
Answer: We are grateful for the additional time given and appreciate the comments
about including the characterization of the mechanical properties of the PLA foams
developed in our study. Therefore, the updated version of the paper includes the
mechanical properties of the PLA foams according to ASTM D-882. These properties
comprise the tensile modulus, tensile strength, and elongation at break of the tested
samples. As the reviewer assumed, the addition of C30B at 5% enhanced the
mechanical properties of the foams. The same was shown for the cocrystal addition.
The feasibility of using the foams as a packaging material is included in the new
Section 2.5.5. (lines 700-703):
“PLAF control presented tensile strength (1.8 MPa) and elongation at break (31.9%)
values similar to those reported in the literature for expanded polystyrene [84], which
have encouraged the use of PLA foams at the industrial level for food packaging
purposes, including its use for the fabrication of cups and trays [85,86].”
The mechanical properties of foams were further improved by the C30B and cocrystal
addition, as shown in the newly added Table 4, and Fig. S10. The changes in the
manuscript are colored red and introduced in lines 287-293, 685-726, and 1083-1084.
Fig. S9 and Fig. S10 were added to the Supplementary material.
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Highlights 

 SSI process allowed the EU cocrystals' micronization and dispersion in PLA foams   

 The release rate constants were up to 3.6-fold lower for cocrystals than for EU  

 All impregnated PLA foams exhibited inhibition of bacterial attachment 

 Cocrystal-impregnated PLA foams showed the strongest antibacterial activity after 48h 

 C30B and cocrystal addition improves the mechanical properties of PLA foams 
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ABSTRACT  40 

Searching for effective strategies to modify the release rate of essential oil derivatives is one 41 

of the main challenges in designing prolonged-release antimicrobial food packaging 42 

materials. Herein, supercritical fluid technology and cocrystallization engineering were used 43 

to develop novel eugenol (EU) prolonged-release poly (lactic acid) (PLA) nanocomposite 44 

foams. Eugenol-phenazine (EU-PHE) cocrystals, produced by a solvent-free 45 

mechanochemical method, were incorporated by supercritical solvent impregnation (SSI) 46 

inside PLA nanocomposite foams with different contents of Cloisite30B® (C30B). The 47 

effect of the cocrystallization process and C30B content on the EU release kinetics and its 48 

relation with their antimicrobial activity by direct contact (anti-attachment) and release in 49 

broth culture were studied. The deposition of isolated spherical-shaped micrometric EU-PHE 50 

cocrystal particles with 0.8 µm average diameter inside the pores of PLA foams was 51 

evidenced by XRD, SEM, DSC, and TGA analyses. The release mechanism of EU and its 52 

cocrystal was defined as a quasi-Fickian diffusion process successfully described by the 53 

Korsmeyer-Peppas model with release rate constants up to 3.6-fold lower than the release 54 

rate constant of pure EU. The impregnated foam samples completely inhibited the attachment 55 

of Listeria monocytogenes and Salmonella Enteritidis and provided prolonged antimicrobial 56 

activity in broth culture against both food-borne pathogens. This study suggests a new, 57 

environmentally friendly method for designing sustained-release antimicrobial food 58 

packaging materials.  59 

Keywords: Antimicrobial packaging; eugenol-phenazine cocrystal; C30B; 60 

Cocrystallization; Supercritical fluid technology  61 

62 



1. Introduction  63 

The food industry is faced with the issue of prolonging the food shelf-life and providing 64 

safe food free of food-borne pathogens and spoilage microorganisms without the addition of 65 

synthetic preservatives. One of the most promising strategies to meet this demand is the 66 

design of new active packaging materials with incorporated natural bioactive molecules [1]. 67 

As a result, controlled release packaging has arisen as a new concept for releasing systems, 68 

emphasizing the depth of understanding the mechanism and kinetics of an active compound’s 69 

release from the polymer. Designing active packaging with proper release kinetics of the 70 

active substance is a prerequisite since these materials should release the active compound 71 

when needed when the food is packaged, and not before or after that [2,3].  72 

Essential oils and their constituents are the most commonly used agents for developing 73 

active packaging materials because of their safety status, widespread acceptance by 74 

consumers, and multipurpose use due to their multiple biological effects, including 75 

antimicrobial and antioxidant activities. However, essential oils are highly volatile 76 

compounds characterized by high vapor pressure. Consequently, they have very high release 77 

rates from polymer structures designed for food packaging, even when different strategies 78 

are used to modify the polymer mass transfer properties, such as incorporating nanoclays 79 

[4,5], cellulose nanocrystals [6,7], and cyclodextrins [8,9] into the polymer matrix, or 80 

designing multi-layer structures [10,11].  81 

A supercritical fluid (SCF) is a substance whose temperature and pressure exceed its 82 

critical values. In this state, the fluid is characterized by high diffusivities and low viscosities 83 

comparable to gases, while densities and solvating properties are similar to liquids [12]. In 84 



addition, the absence of surface tension in the supercritical phase allows for easy penetration 85 

of SCF into the depth of the solid matrix. Exploiting this advantageous combination of 86 

thermodynamic and transport properties of SCFs, supercritical fluid technology has emerged 87 

as a highly attractive alternative to conventional processing in food, pharmaceutical, textile, 88 

and wood industries, material engineering, and biomass treatment [13,14]. The most utilized 89 

SCF is supercritical carbon dioxide (scCO2) because of its favorable critical parameters (31 90 

°C and 7.38 MPa) that allow the processing of thermally labile substances, nontoxicity, 91 

inflammability, availability, and inert nature. Moreover, scCO2 usage allows for obtaining 92 

solvent-free materials by depressurizing the system and separating gaseous CO2 from the 93 

final product. Another vital advantage of scCO2 technology, especially for industrial 94 

applications, is the absence of effluent and solid waste generation. ScCO2 is extensively used 95 

as a solvent for an active substance for impregnation of solids. The process is termed 96 

supercritical solvent impregnation (SSI) and was proven to be an efficient alternative to 97 

incorporating active agents in polymers aimed at food packaging, pharmaceutical, and textile 98 

applications [15–18]. Besides SSI, one of the most important applications of scCO2 in 99 

polymer processing is its use as a blowing agent for foam production. Recently, scCO2 100 

foaming and impregnation were coupled to develop antibacterial polymeric foams for food 101 

packaging and tissue engineering applications [19–21].  102 

Cocrystallization can be an innovative approach to modify the physicochemical properties 103 

of an active substance aimed at active food packaging and its release. A cocrystal corresponds 104 

to a multicomponent crystalline material with different molecular entities stoichiometrically 105 

together within the same crystal lattice as a consequence of supramolecular interactions 106 

between the active agent and the coformer, resulting from the combination of noncovalent 107 



interactions, such as hydrogen bonds, π-π stacking or van der Waals forces [22,23]. In 108 

pharmaceutical research, cocrystallization has gained tremendous importance because of its 109 

ability to fine-tune the physicochemical properties of crystalline drugs without modifying 110 

their molecular structure. The sublimation rate of a solid depends on its vapor pressure, which 111 

corresponds to the escaping tendency of molecules from the solid phase. Recently, Hui Zu et 112 

al. studied the sublimation of thymol cocrystals, reporting that the sublimation rate of thymol-113 

4,4'-dipyridyl (Thy-DP) cocrystals was 26 folds lower than the one of thymol and 3.3 folds 114 

larger than the sublimation rate of DP [24]. Mazzeo et al. reported that cocrystallization 115 

significantly modified the release profile of essential oil derivatives such as thymol, eugenol, 116 

and carvacrol, depending on the coformer [25]. In another work, Bianchi et al. reported the 117 

sustained release of cocrystallized thymol, eugenol, and carvacrol from a chitosan coating 118 

deposited on low-density polyethylene (LDPE) [26]. In this work, packaging prototypes were 119 

prepared by the adhesion of cocrystals on LDPE using chitosan solution. To the best of our 120 

knowledge, the mentioned study is the only report on the design of cocrystal-based active 121 

food packaging materials. 122 

This study is the first report on a cocrystal behavior in scCO2 and its impregnation into a 123 

polymeric matrix aimed at designing novel food packaging material with a prolonged active 124 

component release due to the intramolecular interactions between the selected active 125 

substance and coformer. The questions to be answered relate to the stability and solubility of 126 

the cocrystal in scCO2 and SSI feasibility concerning the release kinetics and biological 127 

activity of the obtained materials. Phenazine (PHE, solid coformer) was considered in this 128 

study as a model coformer because it is prone to act as a strong hydrogen bond acceptor with 129 

wide use in designing cocrystals for pharmaceutical applications. Eugenol (EU, liquid), a 130 



highly volatile bioactive substance, was selected as a model essential oil derivative due to its 131 

GRAS status given by the Food and Drug Administration (FDA) [27], extensive use in food 132 

packaging due to its well-known bioactivity against bacteria and fungi [28–31], and chemical 133 

structure that allows it to be used as a hydrogen-bond donor [25,26]. Polylactic acid (PLA) 134 

foams with or without nanoclay C30B were produced by foaming in scCO2 and used as a 135 

substrate for EU-PHE cocrystal impregnation (SSI) in the next step. The impregnation of 136 

foams was also performed with pure EU for comparison reasons. As a biodegradable 137 

polymer, PLA has been extensively studied for packaging applications [19,32–34]. The 138 

monomer, LA, is recognized as a safe food preservative by the FDA, and its migration from 139 

PLA packing containers to food is also considered negligible. In addition, PLA has several 140 

beneficial properties that make it appropriate for use in contact with food, such as good 141 

oxygen and water barrier properties, resistance against oils and fats, resistance to UV 142 

radiation, transparency, and thermal processability [35]. Its favorable mechanical properties 143 

make PLA an appropriate replacement for polysulfone food packaging [36], which is one of 144 

the envisaged applications of the foams obtained in this study. C30B is a montmorillonite 145 

nanoclay with a high chemical affinity to PLA that can contribute to the intercalated 146 

nanocomposite structure. The nucleation and antibacterial properties of C30B were also 147 

reported, which is why it is frequently used in food packaging [37,38].  148 

Finally, the antibacterial properties of the obtained materials were investigated against 149 

Listeria monocytogenes and Salmonella Enteritidis. The vast presence of L. monocytogenes 150 

in nature, including the surface layers of the soil, organisms of birds, mammals, and fish, 151 

increases the possibility of contamination of most food products with this microorganism. It 152 

is generally found on leaves of green vegetables (spinach, onion, leek) and rind of 153 



watermelon and melon. It can be found in fish products, as well as in cheese and other dairy 154 

products [39]. Salmonella is a strictly pathogenic microorganism and is not as widespread as 155 

Listeria. Still, the possibility of contaminating almost any food product is always open. There 156 

have been recorded outbreaks of salmonellosis through peanut butter, tea, chocolate, chips, 157 

and peppers, in addition to eggs and meat, which traditionally represent the most common 158 

source of infection [40]. The capability of L. monocytogenes and S. Enteritidis to multiply 159 

between 40C to 450C and pH from 5.0 to 9.0 increases the risk of the contamination of the 160 

food products during the packing process or even in a retail network. Therefore, these two 161 

microorganisms were chosen for this study. 162 

 163 

2. Materials and chemicals   164 

2.1. Materials  165 

Poly (lactic acid) (PLA), 2003D, with a specific gravity of 1.24 and an MFR of 166 

g/10min (210 °C, 2.16 kg) was supplied by Natureworks® Co. (Minnetonka, MN, USA). 167 

Merck provided the 99.9% HPLC-grade ethanol and methanol used in the study (Darmstadt, 168 

Germany). Aldrich® Chemistry supplied the following chemicals: phenazine (PHE) (98%) 169 

and eugenol (EU) (99.5%). (St. Louis, MO, USA). Southern Clay Products (Texas, United 170 

States) supplied the Cloisite® 30B (C30B) (100 meq/100 g) commercial organo-modified 171 

montmorillonite. Linde (Santiago, Chile) supplied carbon dioxide (CO2). DMSO was 172 

purchased from Sigma-Aldrich (Darmstadt, Germany). 173 

 174 

 175 

 176 



2.2. Preparation of PLA nanocomposite films and synthesis of the EU-PHE cocrystal  177 

The following steps were taken to prepare the PLA foams. First, PLA powder and C30B 178 

nanoclay were vacuum-dried at 60 °C for 24 h. Then, PLA nanocomposite films were 179 

obtained using a LabTech LTE20 twin-screw extruder. Control PLA films (without the 180 

nanoclay), and PLA nanocomposites with varying amounts of C30B nanoclay (5 and 10% 181 

w/w) were extruded under a temperature range between 185 and 195 ºC with a screw speed 182 

of 42 rpm and a chill roll speed of 0.9 rpm. The nanocomposite films were kept in a desiccator 183 

until supercritical fluid processing. 184 

The eugenol-phenazine (EU-PHE) cocrystal was prepared using a method previously 185 

reported [25] consisting of manually grinding equimolar quantities of PHE and EU in an agar 186 

mortar for approximately 20 min, yielding a yellow powder. The cocrystal was kept at a 187 

temperature of -18 °C until the supercritical impregnation process. 188 

 189 

2.3. Polymer supercritical fluid processing: foaming of PLA films and foam impregnation 190 

with EU and EU-PHE cocrystal  191 

The apparatus for the supercritical foaming of extruded PLA films is shown in Fig.1. Pure 192 

PLA and nanocomposite sheets (1.5 cm x 4 cm, ~700 µm) were deposited inside a 100 mL 193 

high-pressure cell (Thar Instruments, USA). The cell was filled with previously liquified CO2 194 

by cooling in an Alpha RA 8 refrigerator unit (Lauda, Germany). A high-pressure pump 195 

Teledyne ISCO 260D (Teledyne, USA) was used to elevate the cell pressure. The 196 

temperature was maintained by an electric resistance heater wrapped around the cell. The 197 

foaming of all samples was performed at 120 °C and 25 MPa. The samples were maintained 198 



at these conditions for 20 minutes. The CO2 was then released within 2 s from the system. 199 

The resulting foams were kept in a desiccator until supercritical impregnation. 200 

The produced PLA foams with varying concentrations of C30B (0, 5, and 10 % w/w) were 201 

impregnated with EU and EU-PHE cocrystal by SSI in the same equipment used for the 202 

foaming (Fig. 1). EU (0.64 g) or EU-PHE cocrystal (1.35 g) was put in a glass container and 203 

placed at the bottom of the vessel. PLA nanocomposite foams (0.5 g) were deposited inside 204 

the high-pressure vessel above the active substance, and the system was loaded with liquid 205 

CO2. The ISCO 260D syringe pump and the electric heater were used to attain the desired 206 

conditions. The SSI conditions for EU, being the pressure of 15 MPa, temperature of 60 °C, 207 

depressurization rate of 0.5 MPa/min, and impregnation time of 2 h, were adopted from the 208 

literature as they were reported the best to incorporate EU into polyamide fibers [41,42]. The 209 

impregnation process of the EU-PHE cocrystal was carried out at 15 MPa and 60 °C for 4 h. 210 

The system was then left for natural cooling (from 60 to 25 °C for 2 h) to promote the 211 

precipitation and recrystallization of EU-PHE cocrystals inside the PLA nanocomposite 212 

foams [43,44]. After the cooling, the system was decompressed at a rate of 0.5 MPa/min. The 213 

impregnation yield (I) was determined gravimetrically using an analytical balance with an 214 

accuracy of ±0.0001 g and calculated as follows:               215 

                                                       𝐼 =
𝑚2−𝑚1

𝑚1
· 100 %                       (1) 216 

where 𝑚1 is the initial mass of foam and 𝑚2 is the foam mass after the impregnation [45]. 217 

 218 



 219 

Fig. 1. Outline of the experimental setup for the CO2-assited foaming and impregnation of 220 

the PLA nanocomposite foams. 221 

 222 

2.4. Solubility determination 223 

The solubility of pure substances EU and PHE and their cocrystal EU-PHE in scCO2 224 

under the conditions of interest (15 MPa and 60 °C) was performed by the previously 225 

published procedure [46] in a 25 mL high-pressure view cell (Eurotechnica GmbH, 226 

Bargteheide, Germany) equipped with two sapphire windows that allow for the process 227 

visualization and an electrical heating jacket. A glass vessel with around 0.4 g of substance 228 

(EU, PHE, or EU-PHE) was placed in the previously heated (60 °C) cell. A perforated cover 229 

was put on the top of the glass container to minimize the precipitation of the substance back 230 

to the vessel during the decompression. The vessel's surface (3 cm2) was considerably smaller 231 

than the surrounding surface of the cell for the same reason. The CO2 was introduced to the 232 

cell, and pressure was increased to 15 MPa by an air-driven gas booster (Eurotechnica 233 

GmbH). After 24 h, the system was decompressed at 0.5 MPa/min. The mass of the dissolved 234 



substance was determined gravimetrically using an analytical balance with an accuracy of 235 

±0.00001 g. The scCO2 density at 15 MPa and 60 °C used to calculate the solubility in (g 236 

substance)/(g scCO2) was 605.6927 kg/m3 [47]. 237 

 238 

2.5. Characterization of the PLA nanocomposite foams impregnated with EU and the EU-239 

PHE cocrystal  240 

2.5.1. Morphological analysis  241 

Scanning electron microscope (SEM) VEGAN3 TESCAN with an accelerating voltage of 242 

10 kV was used to examine the morphology of the neat and impregnated PLA foams with 243 

EU and the EU-PHE cocrystal. Cross-sections of foams were obtained by nitrogen fracture. 244 

The samples were coated with gold using a Sputtering System Hummer 6.2. Image-245 

processing Image J program was used to calculate the average values of the pore diameter 246 

and cell density of the foams, applying equations 2 and 3, respectively.  247 

                                                             𝑑𝑎𝑣 =
∑ 𝑑𝑖

600
𝑖=1

600
                                          (2) 248 

where 𝑑𝑎𝑣 indicates the average pore diameter, 𝑖 corresponds to the number of pores with the 249 

pore size 𝑑𝑖, and 600 is the number of pores considered for the evaluation. 250 

                                                            𝜌𝑐 = (
𝑛𝑀2

𝐴
)

(3/2)

            (3) 251 

where 𝜌𝑐 indicates the cell density, 𝑛 is the number of cells in the SEM image, 𝑀 is the 252 

magnification, and 𝐴 is the micrograph area. 253 

 254 



2.5.2. Thermal properties  255 

Differential scanning calorimetry (DSC) tests were performed using a Mettler-Toledo 256 

model STAR 822e (Schwerzenbach, Switzerland) apparatus with a cooling system (HAAKE 257 

EK 90/MT, Newington, USA). 4-6 mg of sample was subjected to a single heating from 0 to 258 

250 °C at a steady rate of 10 °C/min1 under a nitrogen atmosphere. The glass transition 259 

temperature (Tg), melting temperature (Tm), cold crystallization temperature (Tcc), melting 260 

enthalpy (∆Hm), and cold crystallization enthalpy (∆Hcc) of foams were the thermal 261 

parameters analyzed. Equation 4 was used to determine the crystallinity: 262 

                                     𝑋𝐶(%) = 100 · (
∆𝐻𝑚−∆𝐻𝑐𝑐

∆𝐻𝑚
0 ·(100−𝜔)

)         (4) 263 

where, ∆𝐻𝑚
0  is the specific melting enthalpy of crystalline PLA (93,6 J g-1) [19], and 𝜔 is the 264 

mass percentage of C30B. 265 

Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo Gas 266 

Controller GC20 Stare System TGA/DCS (Schwerzenbach, Switzerland). 7 mg of sample 267 

was placed in porcelain capsules, which were heated under a nitrogen atmosphere at a rate 268 

of 10 °C/min1 over a temperature range of 30 to 600 °C (flow rate 50 mL/min1). The 269 

parameters obtained were the temperature of degradation at 2.5% of weight loss (Tonset), and 270 

the temperature of maximum degradation (Td).      271 

 272 

  273 



2.5.3. X-ray diffraction  274 

The dispersion and exfoliation of C30B and EU-PHE cocrystal inside the structure of 275 

PLA nanocomposite foams were analyzed by using Bruker D8 Advance X-ray diffraction 276 

equipment (Marca, Ciudad, País). Scanning was performed over the sample surface. The 277 

patterns for profile fitting were obtained using CuKα radiation at the 2θ° scanning angle 278 

between 2 to 80 º, with a scanning step of 0.02 º, at a collection time of 10 s per step operating 279 

at 40 kV. 280 

2.5.4. Attenuated Total Reflectance Fourier transform infrared (ATR-FTIR) spectroscopy  281 

The chemical characterization of foams was performed using Bruker IFS 66V 282 

spectrometer in attenuated total reflection (ATR) mode. The 64 co-added interferograms at 283 

4 cm-1 resolution and a 4000 to 400 cm-1 wavenumber range yielded the FTIR spectra. OPUS 284 

Software Version 7 was used to analyze them. 285 

2.5.5. Mechanical Assays  286 

Following ASTM D-882, a Zwick Roell model BDOFB 0.5TH Tensile Tester was 287 

used to measure each material's tensile modulus, tensile strength, and elongation at break at 288 

23 ± 2 °C. Analyses were performed on PLA foams (8 x 2.5 cm), previously conditioned in 289 

a desiccator at 25 ºC and 53% relative humidity (a saturated salt solution of magnesium 290 

nitrate) for 48 h, with a 1 kN load cell. Considering the size of the specimens obtained by 291 

foaming/supercritical impregnation, the initial grip separation was 15 mm, and the crosshead 292 

speed was 500 mm/min. For each sample, 10 measurements were performed.  293 

 294 



2.5.6. Study of the release kinetics of the EU-PHE cocrystal  295 

 EU and EU-PHE cocrystal migration tests from PLA nanocomposite foams were carried 296 

out using EtOH 10% v/v solution as an aqueous food simulant to evaluate their release 297 

kinetics and to describe the mass transfer. According to EU Regulations, migration tests were 298 

performed in duplicate and in accordance with the European Committee for 299 

Standardization’s recommendations [48]. 130 mL of food simulant and a sample of 0.5 g 300 

PLA nanocomposite foam impregnated with EU or EU-PHE cocrystal were placed in a glass 301 

tube. For at least 6 days, these tubes were maintained at 40 °C, and the amount of EU released 302 

was periodically quantified by UV spectroscopy at 298 nm. 303 

 Release assays were carried out up to the equilibrium point, i.e., when the EU content in 304 

the food simulant was maintained constant in at least two continuous succeeding 305 

measurements. The dimensionless distribution coefficient of EU between the PLA 306 

nanocomposite foams and food simulant (KP/FS), which is represented by the ratio of the EU 307 

concentrations at the interface between the polymer and food simulant, was used to 308 

characterize this thermodynamic equilibrium condition (Equation 5) 309 

                                                                𝐾𝑃/𝐹𝑆 =  
𝐶𝐸𝑈

𝑃

𝐶𝐸𝑈
𝐹𝑆                                                    (5) 310 

where 𝐶𝐸𝑈
𝑃  is the equilibrium EU concentration in the PLA nanocomposite foams and 𝐶𝐸𝑈

𝐹𝑆  311 

corresponds to EU concentration values in the food simulant. The EU release kinetics were 312 

modeled using the kinetic models of Higuchi and Korsmeyer-Peppas presented by equations 313 

6 and 7, respectively. 314 

                                                       
𝑀𝑡

𝑀∞
= 𝑘 ∙ 𝑡1/2                                                           (6) 315 

 316 



                                                           
𝑀𝑡

𝑀∞
= 𝑘 ∙ 𝑡𝑛                                                         (7) 317 

where Mt is the amount of EU released at any given time t, M∞ is the amount of EU released 318 

at the infinite time, k is the release rate constant, and n is the diffusional exponent, which 319 

indicates the type of release mechanism.  320 

  321 

2.5.7. Antimicrobial properties of PLA foams loaded with the EU-PHE cocrystal  322 

2.5.7.1. Investigated strains 323 

 Listeria (L.) monocytogenes, serotype 1/2a, isolated from frozen salmon, as well as 324 

Salmonella (S.) Enteritidis (S. enterica subspecies enterica serovar Enteritidis) isolated from 325 

chicken egg samples, as a typical foodborne pathogen, were used for the investigations. 326 

Bacterial strains were isolated in routine microbiological activities and kept at - 80 °C in a 327 

cryoprotective medium. In preliminary tests (results not published), a strong ability of both 328 

strains to produce biofilms was demonstrated. Just before testing, the cultures were refreshed 329 

in Tryptone soya broth (TSB, Oxoid, Basingstoke, UK) at 37 °C overnight, then spread on 330 

5% sheep blood agar and incubated for 24 h. 331 

 332 

2.5.7.2. Determination of MIC (minimal inhibitory concentration) values of EU, PHE and 333 

EU-PHE cocrystals 334 

The antibacterial activities of EU, PHE, and EU-PHE cocrystals were also analyzed 335 

through the dilution antimicrobial susceptibility test [49] with the modification that instead 336 

of antibiotics, EU, PHE, and EU-PHE cocrystals previously dissolved in dimethyl sulfoxide 337 

(DMSO) were used. Investigated concentrations ranged from 5% to 0.00244 %. Although 338 

completely dissolved in DMSO, PHE, and EU-PHE cocrystal in concentrations higher than 339 



5% formed a deposit after mixing with Cation Adjusted Mueller Hinton broth, the reference 340 

medium for broth microdilution. Thus, the highest possible investigated concentration was 341 

5%. The final bacterial inoculum density was approximately 5×105 CFU/mL. Microtiter 342 

plates were incubated for 18-24 h at 37 °C. The MIC was defined as the lowest concentration 343 

that inhibited the visible growth of bacteria. 344 

2.5.7.2. Anti-attachment (contact inhibition) activity of PLA nanocomposite foams 345 

The microbial assay has been applied to determine the inhibition of the bacterial 346 

adhesion to the polymer surface [50]. Strains were incubated in TSB with 1% (w/v) glucose 347 

for 24 h. Overnight cultures were diluted to approximately 1-2 x 108 CFU/mL. Polymeric 348 

samples with a surface of 1 cm2 were prepared and sterilized in an autoclave at 121 °C for 349 

15 min and subsequently immersed in 2 mL of diluted cultures and incubated for 24 and 48 350 

at 37 °C in static condition. After an incubation, PLA foam samples were collected and 351 

washed thoroughly with sterile Phosphate Buffered Saline (PBS). Subsequently, each piece 352 

of foam was transferred into tubes filled with 10 mL of PBS and subjected to ultrasonication 353 

at 37,000 Hz (Elmasonic S60, Elma Schmidbauer GmbH, Singen, Germany) for 5 min to 354 

detach the cells. Serial dilutions were done to a final dilution of 10-8. Each dilution was 355 

inoculated in three 10 μL aliquots on Tryptone soya agar, which were then incubated 24 h at 356 

37 °C. After that, colonies were counted. The number of obtained CFU/mL was calculated 357 

according to the formula from 7218 ISO standard [51]: 358 

                                    NCFU= (∑C)/ (V x [n1+(0.1 x n2)] x d)                                 (8) 359 

where ∑C is the total number of colonies from two successive dilutions, V is the volume of 360 

inoculum applied to each Petri dish (mL), n1 is the number of replicates from the first 361 



dilution, n2 is the number of replicates from the second dilution, and d is the dilution factor 362 

corresponding to the first dilution. 363 

The calculation of the number of attached bacteria per cm2 (NP) was done following the 364 

equation 9 [52]: 365 

                                                         NP= (NCFU x V)/P                                             (9)                      366 

where NCFU is the total number of detached bacteria (previously determined as CFU/mL), 367 

V is the volume of PBS where the ultrasonic detachment was done, and P is the total surface 368 

in mm2 of the PLA. The investigation was carried out in three independent experiments from 369 

which the average numerical values were derived and shown in the results. 370 

2.5.7.3. Assay of antimicrobial activity in broth cultures of active foams – determination of 371 

killing effect (KE) 372 

The killing effect of the polymer, as well as its durability in a liquid environment, 373 

depends on the active substance release rate. It was determined under static incubation 374 

following the previously described method [50]. Briefly, a test polymer with a surface area 375 

of 1 cm2 was added to 2 mL Mueller-Hinton broth with 1% glucose, suspension of the 376 

investigated strain adjusted to an OD550 of 0.125 (approximately 2 x 108 CFU/mL, Ao), and 377 

left to incubate for 24 h at 37 °C (Atest tube). Controls were culture without polymer (Acontrol), 378 

culture with pure non-impregnated PLA foam (PLAF) as a neutral control polymer 379 

(AcontrolPLAF), and blank was a sterile broth. The test was repeated daily by transferring the 380 

polymer to a freshly prepared culture broth as long as the OD values of the tested polymer 381 

were lower than those of the control (Acontrol ≥ Atest tube). When the two absorbances were 382 

similar (Acontrol ≤ Atest tube), the polymer sample could no longer inhibit bacterial growth. 383 



Results were presented as the percentage of bacterial growth in the presence of polymers 384 

compared to the bacterial growth in the presence of controls.  385 

2.5.7.5. Statistical analysis 386 

All data was analyzed using Statistical software version 13.0 (StatSoft Inc., Tulsa, 387 

OK, USA). The quantitative bacterial counts of L. monocytogenes and S. Enteritidis strains 388 

per centimeter square underwent a logarithmic transformation. To monitor the effect of the 389 

investigated PLA foams on the adhesion of microorganisms to surfaces, a logarithmic 390 

reduction was also calculated. 391 

 392 

  393 



3. Results and discussion 394 

 395 

3.1. PLA nanocomposite foam production and solubility determination 396 

PLA nanocomposite films with different concentrations of C30B (0, 5, and 10 % w/w) 397 

were successfully obtained by extrusion and subsequently foamed using scCO2 as a blowing 398 

agent. During the foaming process, the pressure, temperature, and soaking time were 399 

maintained at 25 MPa, 120 °C, and 20 min, respectively, based on previously reported 400 

processing conditions by Rojas et al. [19]. The presence of C30B at low concentration (5 % 401 

w/w) did not significantly change the expansion ratio (19.71 ± 3.84) and porosity (94.69 ± 402 

0.82 %) of the PLA-nanocomposite foam compared to the values of expansion ratio (12.63 403 

± 2.59) and porosity (91.91 ± 1.66 %) obtained for the control PLA foam (PLAF). This result 404 

is in accordance with the data reported by Rojas et al. [19]. It is well known that the porosity 405 

and expansion ratio of PLA foams obtained using scCO2 as a blowing agent depends on the 406 

conditions of pressure, temperature, and time, which govern the amount of sorbed scCO2 in 407 

the polymer structure, and on the number of nucleation sites inside the polymer for cell 408 

formation [53]. Particularly, the promotion of the crystallization of PLA has been used as an 409 

effective strategy to improve its foaming ability, i.e., improving the expansion ratio and the 410 

porosity of the resulting PLA foams. Namely, crystals reduce the cell nucleation energy 411 

barrier by providing numerous heterogeneous nucleation sites [54,55]. In this context, the 412 

similar expansion ratios and porosities of PLA foams without the clay and with 5 % w/w 413 

C30B were in agreement with the same crystallinity (part 3.4) and an exfoliated structure 414 

(part 3.2) of both samples. The exfoliation of C30B at 5 % w/w inside PLA has been 415 

previously reported [56–58]. 416 

 417 



Table 1. Pore diameters (d), cell density (ρc), and impregnation yield (I) of EU-PHE cocrystal  418 

Sample 

 

dmin 

(µm) 
dmax 

(µm) 

 

daver 

(µm) 

ρc 

(10-8 pores 

cm-3] 
I 

(% w/w) 

PLAF (control) 
4.22 42.71 22.70 ± 6.65 a 2.40 - 

 

PLAF-EU-PHE 3.69 50.85 15.97 ± 6.65d 3.31 8.62 ± 0.06c 

PLAF-5%C30B 4.22 41.21 20.90 ± 6.35 b 2.80 - 

PLAF-5%C30B/EU-PHE 3.83 33.14 15.55 ± 4.73 d 3.65 9.19 ± 0.12d 

PLAF-10%C30B 3.84 37.16 15.39 ± 3.84 c 4.58 - 

PLAF-10%C30B/EU-PHE 3.80 61.36 13.58 ± 3.80 e 14.06 9.25 ± 0.37d 

Different superscripts indicate statistically significant differences in the crystallinity of the samples. 419 
 420 

Fig. 2 shows the representative images of PLA nanocomposite foams with different 421 

C30B concentrations (0, 5, and 10 % w/w). The foams’ average pore diameters (daver) and 422 

cell density (ρc) values are presented in Table 1. As shown in Fig. 2, the incorporation of 423 

C30B did not change the closed cell morphology present in the control PLAF. Nevertheless, 424 

clay agglomerates were observed in the PLA nanocomposite foam with C30B at 10 % w/w 425 

since the nanoparticles were less dispersed inside the polymer (Fig. 2d). This phenomenon 426 

decreased the porosity (81.69%) and consequently, the expansion ratio (5.47) of the foam 427 

with the high C30B concentration compared to the pristine PLA foam. Particularly, nanoclay 428 

agglomerations could act as a physical barrier for the polymer expansion during the cell 429 

growth stage [19,59], which explained the formation of polymer foams with lower average 430 

pore diameter sizes (15.39 ± 3.84 µm) compared to the control PLAF (20.90 ± 6.35 µm) and 431 

the foam with 5 % w/w C30B (22.70 ± 6.65 µm). Consequently, the PLA nanocomposite 432 

foam with 10 % w/w C30B presented the highest cell density compared with the values 433 

obtained for the control PLAF and PLA nanocomposite foam with 5% w/w C30B (Table 1). 434 

 435 



 436 

Fig. 2. Optical microscope image of the EU-PHE cocrystal powder (a), SEM images 437 

and pore size distribution of PLA foams with 0, 5 and 10 % w/w of C30B (b, c, and d, 438 

respectively), and SEM images and pore size distribution of the PLA foams impregnated 439 

with EU-PHE cocrystals with 0, 5 and 10 % w/w of C30B (e, f, and g, respectively).  440 

 441 

The experiments in the view cell confirmed the stability of the EU-PHE cocrystal 442 

when exposed to scCO2 under the conditions of interest (15 MPa and 60 °C). No phase 443 

separation could be observed during the exposure or after the system decompression. The 444 

determined solubilities of EU, EU-PHE cocrystal, and PHE in scCO2 at 15 MPa and 60 °C 445 

were 0.0370±0.0005, 0.0123±0.0002, and 0.00109±0.00006 g/gscCO2, respectively. The 446 

results indicated that the EU solubility in scCO2 was considerably higher than that of PHE. 447 



The EU-PHE cocrystal solubility was approximately ten times higher than the solubility of 448 

pure PHE and three times lower compared to the EU. In the literature, data on EU solubility 449 

in scCO2 are usually derived from supercritical fluid extraction measurements for different 450 

scCO2 flow rates and particle sizes [60]. In contrast, the static solubility measurement data 451 

are scarce. Chen et al. determined the VLE data for the system scCO2-EU in a semi-flow type 452 

apparatus and reported the maximal EU molar fraction value of 0.96x10-2 (corresponding to 453 

0.035 g/gscCO2) at 328.15K & 125.1 bar [61], which is similar to our value. The only report 454 

on PHE solubility in scCO2 is the work of Van Alsten et al. [62]. The authors obtained a PHE 455 

molar fraction of 0.000225 (corresponding to 0.00092 g/gscCO2) at 14.58 MPa and 50 °C, 456 

which is comparable to our result. The determined EU-PHE cocrystal solubility (0.0123 457 

g/gscCO2) lies between the values of pure EU and PHE, and it is appropriate (high enough) to 458 

allow for an effective SSI.  459 

EU and EU-PHE cocrystals were successfully impregnated in PLA nanocomposite 460 

foams by SSI under the conditions of 15 MPa and 60 °C and with a decompression rate of 461 

0.5 MPa/min. To the best of our knowledge, there is no data on the impregnation of EU in 462 

PLA by SSI or another method. The obtained impregnation yield of EU was in the range 463 

between 20 to 22 % w/w and slightly increased (from 20 to 22%) with the C30B content. 464 

This might be due to the hydrophobic nature of EU and possible interactions with the 465 

nanoclay’s silicate layers. The same phenomenon has been used to explain the slight impact 466 

of C30B on the impregnation yield of cinnamaldehyde in PLA nanocomposite foams [19] 467 

and films [63] with C30B content up to 5 % w/w. The impregnation yield of EU for PLA 468 

foams obtained in this study is comparable to those reported for other essential oil derivatives. 469 

Under similar processing conditions, Torres et al. stated that a thymol loading in PLA films 470 

was 20.4% w/w [64].  471 



Recently reported EU-impregnated polymeric materials utilizing scCO2 include 472 

linear low-density polyethylene (LLDPE) with EU impregnation yield ranging between 1 473 

and 6 % w/w [65], polyamide fibers with impregnation yield between 8 and 15 % w/w [41], 474 

and polyamide dental floss with impregnation yield ranging between 4 and 16 % w/w [42]. 475 

It is clear from comparing these studies with our findings that PLA exhibits higher EU 476 

impregnation yields than the aforementioned polymers. It is well-known that the SSI of 477 

bioactive substances in polymers depends on the balance between the affinity of the bioactive 478 

substance towards the polymer and scCO2. Particularly, the high loading of active substances 479 

in PLA has been attributed to electrostatic interactions between functional groups of the 480 

bioactive substances and free carbonyl groups available in PLA chains. In the case of 481 

cinnamaldehyde, hydrogen bonds between the oxygen of the aldehyde belonging to the 482 

cinnamaldehyde and the PLA carbonyl group allow for incorporations of up to 13 % w/w 483 

[66]. According to reports, notable thymol incorporation in the polymeric matrix (up to 24 484 

% w/w) was caused by a secondary interaction between the phenolic group of thymol and 485 

the free PLA’s carbonyl groups [6]. In our study, the hydroxyl group of EU and its 486 

electrostatic interactions with carbonyl groups of PLA contributed to the high EU loadings. 487 

The obtained impregnation yields for the EU-PHE cocrystal were notably high, 488 

ranging from 8.62 to 9.25 % w/w (Table 1). The presence of C30B slightly increased the 489 

cocrystal loading, similar to the observed with EU. Fig. 2. presents the images of EU-PHE 490 

cocrystal and neat and impregnated PLA foams along with their pore size distribution.   The 491 

SEM images revealed a slight decrease in the average pore diameter of PLA nanocomposite 492 

foams due to the EU-PHE cocrystal incorporation (Fig. 2e, 2f, and 2g). This phenomenon 493 

has been previously observed for PLA nanocomposite foams impregnated with 494 

cinnamaldehyde [19] and starch foams impregnated with carvacrol [67,68]. The phenomenon 495 



was explained by the plasticizing properties of these essential oil derivatives. Fig. 2a shows 496 

EU-PHE cocrystals generated manually by grinding according to the procedure described in 497 

part 2.2.  The cocrystals appear as agglomerated granules of diameters up to 25 µm. However, 498 

EU-PHE cocrystals appeared inside the PLA nanocomposite foams as isolated spherical 499 

shape micrometric particles with an average diameter of around 0.8 µm (Fig. 2e, f, and g). 500 

Therefore, it can be concluded that the recrystallization of the EU-PHE complex from the 501 

supercritical phase occurred. SEM images with EU-PHE recrystallized particles and their 502 

dimensions are presented in Fig. S1 (Supplementary material). The micronization or 503 

nanonization of solid particles inside polymeric structures by means of the SSI process has 504 

been previously reported [43,44]. Ubellitogullary et al. reported the nanonization of 505 

phytosterol particles inside nanoporous starch aerogels by decreasing their solubility in 506 

scCO2 during the last stage of the SSI process. The authors attributed the formation of isolated 507 

nanoparticles to favored nucleation rather than crystal growth during the fast-cooling stage 508 

previous to the depressurization of the system [43].  509 

It is well-known that the solvation of solid particles in supercritical fluids involves 510 

the formation of clusters or aggregates of solvent molecules around the solute [69,70]. In this 511 

way, clusters of CO2 molecules probably surrounded the EU-PHE cocrystal particles without 512 

destabilizing the supramolecular interactions between their components (EU and PHE) 513 

during the first stage of the SSI (solvation stage), allowing their dispersion and transport in 514 

the supercritical phase towards the polymer in the second stage of the process (diffusion 515 

stage). Finally, the incorporation/recrystalization of the EU-PHE cocrystals inside the 516 

polymer foam occurred in the third stage by cooling and the subsequent depressurization of 517 

the system.  518 



It is well-known that scCO2 solvent power is an important factor governing the 519 

impregnation of bioactive substances in polymers [17,18]. In this way, the differences 520 

between the impregnation yield obtained for EU and the EU-PHE cocrystal could be 521 

associated with their different solubilities in scCO2. There is no data in the open literature 522 

about the solubility of cocrystallized derivative essential oils in supercritical fluids, and our 523 

study is the first report on cocrystal solubility in scCO2. The solubility values determined in 524 

this work support the obtained SSI results and the feasibility of the proposed process.  525 

 526 

3.2. X-ray diffraction  527 

The X-ray diffraction analysis of PLA nanocomposite foams was performed to 528 

identify if the nanoclay was exfoliated on the polymer matrix, that is, if C30B was uniformly 529 

distributed, allowing correct intercalation of PLA chains in nanoclay sheets. As Fig. 3a 530 

shows, XRD diffractograms of PLAF and PLAF-5%C30B did not evidence differences, 531 

confirming the exfoliation of C30B by PLA [56,71]. On the other hand, a significant 532 

difference was observed in the diffractogram of PLAF-10%C30B with the characteristic 533 

band of C30B at approximately 5º that confirmed the low exfoliation in the material when 534 

the clay was added at high concentration. This nanocomposite presented an agglomeration 535 

of C30B consistent with SEM images and the previously explained phenomena related to the 536 

porosity and the expansion coefficient. This effect has also been observed through TEM 537 

analysis in a previous work that evidenced the agglomeration of C30B in PLA polymeric 538 

structure when added at 10 % w/w [72]. 539 

 540 



 541 

Fig. 3. DRX diffractograms of: a) foamed PLA nanocomposites with 0, 5 and 10 % w/w 542 

C30B; b) foamed PLA nanocomposites with 0, 5 and 10 % w/w C30B impregnated with 543 

EU/PHE cocrystals.  544 

 545 

Fig. 3b presents the XRD diffractograms of foamed PLA nanocomposites 546 

impregnated with EU-PHE cocrystals. The diffractogram of EU-PHE confirmed the 547 

incorporation of the crystal structure in PLA, in agreement with the XRD previously reported 548 

by Mazzeo et al. [25]. The foamed PLA nanocomposites evidenced a shift in the main bands 549 

upon incorporating EU-PHE into the polymeric foams, which are present at 16º, 18.6º and 550 



28.75º respectively, indicating an intercalation of EU-PHE with the polymer matrix.  No 551 

cocrystal agglomeration was detected. New weak bands at 12.3, 22.1, and 27º also appeared 552 

upon impregnating the cocrystals, which were attributable to the 553 

incorporation/recrystallization of EU-PHE cocrystals in the polymeric matrix. 554 

 555 

3.3. FTIR analysis 556 

Fig. 4a shows the spectra of foamed PLA nanocomposites. The main characteristic 557 

peaks for PLA can be observed at 1750 and 1082 cm-1, corresponding to the symmetric and 558 

asymmetric stretching of the C=O group, respectively; the bands at 1180 and 1127 cm-1 are 559 

associated to the asymmetric and symmetric stretching of the C-O bond, respectively; the 560 

CH3 bending at 1454 cm-1 and the symmetric and asymmetric stretching of the C-H bond of 561 

CH2 are seen as peaks at 1381 and 1360 cm-1, respectively [19,73,74]. Finally, the amorphous 562 

and crystalline zones of PLA were observed at 870 and 754 cm-1, respectively [75]. The 563 

presence of C30B nanoclay was observed in the range of wavenumbers between 2800 and 564 

3050 cm-1. The bands at 2920 and 2850 cm-1 are associated with the asymmetric and 565 

symmetric vibrations of the C-H group of the methylene group of C30B, respectively [76].  566 

FTIR spectra of PLA foams impregnated with EU are presented in Fig. S2 567 

(Supplementary material). Comparing the spectra of neat and EU-impregnated foams, new 568 

bands were observed in the impregnated samples, confirming the presence of EU. The new 569 

peak at 1511 cm-1 is attributed to the stretching of the EU; two new bands at 818 and 793 cm-570 

1 are associated with the vibration of the tetra-substituted aromatic ring. The characteristic 571 

bands for PLA were detected, and there was no shift in wavenumbers. However, compared 572 

to neat foams, a decrease in the absorbance for the characteristic frequencies of the functional 573 



groups C=O and C-O was observed, evidencing an interaction of the hydrogen bond type 574 

between these groups and the incorporated EU. 575 

 576 

 577 
Fig. 4. ATR-FTIR spectra of a) foamed PLA nanocomposites; b) active foamed PLA 578 

nanocomposites impregnated with EU-PHE cocrystals. 579 

 580 

Fig. 4b shows FTIR spectra of PLA foams impregnated with EU-PHE cocrystals. The 581 

PLA characteristic bands were detected, with no shift in wavenumbers.  A decrease in the 582 

absorbance of the C=O and C-O functional groups was evidenced, showing hydrogen bond 583 

interactions between the EU-PHE cocrystals and the PLA polymeric structure [77]. On the 584 

other hand, the main peaks of EU-PHE were identified at 1514 cm-1, corresponding to the 585 

vibration of the aromatic ring, and at 821 cm-1, associated with the vibration of the tetra-586 

substituted aromatic ring. 587 

 588 



3.4. Thermal properties of the impregnated PLA nanocomposite foams  589 

3.4.1. Differential scanning calorimetry  590 

Table 2 shows the thermal properties of pure substances and nanocomposite foams 591 

obtained by the DSC analysis. DSC thermograms for EU-PHE cocrystal and PHE, and 592 

representative thermograms for the PLA nanocomposite foams, are shown in Fig. S3 and 593 

Fig. S4 (Supplementary material), respectively. The effective formation of the EU-PHE 594 

cocrystal by grinding was evidenced by the appearance of a single melting peak around 52 595 

ºC, revealing that it had a different crystalline structure than that of PHE, which presented a 596 

single melting transition at 175 ºC (Table 2 and Fig. S3). 597 

The control PLAF presented a thermal transition at 69 °C associated with the 598 

polymer's glass transition temperature. Tg was not detected in PLA foams with EU, EU-PHE 599 

cocrystal, and clay, which had higher crystallinity values than the control PLAF. In addition, 600 

cold crystallization at 111 °C was registered in PLAF and the active-free PLA nanocomposite 601 

foams due to rearrangement of the amorphous regions during the DSC heating, as was 602 

reported for pristine PLA foams [78].  603 

  604 



Table 2.  605 

Thermal properties of the individual substances and PLA nanocomposite foams. 606 
 607 

Sample 
Tcc 

(ºC) 

ΔHcc 

(J g-1) 

Tm1 

(ºC) 

Tm2 

(ºC) 

Tm3 

(ºC) 

ΔHm1 

(J g-1) 

ΔHm2-3 

(J g-1) 

𝑿𝒄 

(%) 

PLAF (control) 111 3.8 - 149 - - 34.6 33 ± 1a 

PLAF - EU - - - 104 135 - 33.4 36 ± 2b,c 

PLAF - EU-PHE - - 33 125 142 0.34 44.2 48 ± 1f 

PLAF - 5% C30B 118 5.8 - 150 - - 32.0 34 ± 1a,b 

PLAF - 5% C30B/EU - - - 106 134 - 33.5 38 ± 1c 

PLAF - 5% C30B/EU-PHE - - 33 126 142 0.25 36.2 41 ± 1d 

PLAF - 10% C30B 118 2.1 - 148 157 - 31.0 34 ± 2a,b 

PLAF - 10% C30B/EU - - - 107 134 - 27.6 33 ± 1a 

PLAF - 10% C30B/EU-PHE - - 33 130 143 0.84 37.2 44 ± 1e 

EU-PHE - - 52 - - - 125.1 - 

PHE - - - 175 - - 179.9 - 

ANOVA analysis was carried out to find significant differences in the crystallinity values of the 608 
samples. Different superscripts indicate statistically significant differences. 609 

 610 

The thermograms of PLAF and PLA nanocomposite foams show an endothermic 611 

transition at approximately 150 °C, associated with the melting of PLA (Fig. S4, 612 

Supplementary material). Similar Tm values have been reported for PLA foams obtained by 613 

foaming with scCO2 at 147 °C [79] and 150 °C [78]. However, in EU-impregnated PLA foam 614 

thermograms (~21 % w/w EU), a broad endothermic transition is observed with two distinct 615 

peaks, indicating the melting of two crystalline structures with different degrees of ordering, 616 

α’ structures less ordered and polymeric structures thermodynamically more stable that 617 

melted around 104 °C and 135 °C, respectively (Fig. S4 and Table 2). Similar was observed 618 

for PLA foams with different porosities and PLA foams with clay/cinnamaldehyde by Bocz 619 

et al. [78] and Rojas et al. [19], respectively. Thermograms of PLAF and its nanocomposite 620 

foams impregnated with EU-PHE cocrystal (~9 % w/w of EU-PHE cocrystal) showed a 621 

broad melting, which indicated the formation of two crystal structures with different 622 

ordering. Tm was shifted to higher temperature values despite the lower proportion of 623 

impregnated EU-PHE (compared to EU), reaching values up to 130 °C (Tm1) and 143 °C 624 



(Tm2) for the PLAF-10%C30B/EU-PHE sample. This is consistent with a more crystalline 625 

(41-48%) and stable foam due to EU-PHE cocrystal impregnation compared to those 626 

impregnated with EU (33-38%). However, both values were above the crystallinity of the 627 

PLAF (33%) (Table 2). A crystallinity of 35% was reported for PLA pellets and PLA foams 628 

formed by extrusion with 10 % w/w rice husks [80].  629 

The lower melting temperatures (Tm2 and Tm3) of the PLA foams impregnated with 630 

EU or EU-PHE cocrystal with respect to those of their corresponding PLA foam controls are 631 

explained by a plasticizing effect of the active component. Besides, the melting temperatures 632 

of the foams with EU and EU-PHE cocrystal presented differences attributed to the different 633 

interactions of the incorporated components with the polymer. For PLAF with EU, hydrogen 634 

bond interaction could be established between the hydroxyl group and oxygen of EU and the 635 

carbonyl and terminal chains hydroxyl groups of the PLA, obtaining a crystalline structure 636 

that was destabilized and melted at lower temperatures than EU-PHE cocrystal-impregnated 637 

foams. This result suggested that more stable hydrogen bonding interactions between the 638 

pyrazine nitrogen groups and the terminal hydroxyl groups of PLA chains would also be 639 

formed. Hydrogen-bonding interactions have been reported in thymol-impregnated 640 

polyamide membranes using scCO2 [81]. In addition, in the case of PLA nanocomposite 641 

foams, interactions could be formed between the hydroxyl groups of the clay and the organic 642 

modifier with EU or EU-PHE molecules. Therefore, a tendency for higher Tm values was 643 

observed (Table 2). Regarding these observations, Bianchi et al. recently analyzed the 644 

inhibition of Escherichia coli, Salmonella Typhimurium, and Staphylococcus aureus using 645 

different cocrystals based on carvacrol, thymol, and cinnamaldehyde as essential oils and 646 

hexamethylenetetramine and 4-hydroxybenzoic acid as coformers incorporated into the 647 

surface of low-density polyethylene (LDPE) films using a chitosan solution. The authors 648 



concluded that the most determining factor for the active compound's stability and time-649 

sustained release is the hydrogen bond's strength between the polymeric matrix and the 650 

coformer of the cocrystal [26]. Importantly, PLA foam impregnated with EU-PHE cocrystals 651 

showed a low-intensity transition between 30 °C and 50 °C attributed to the melting of the 652 

cocrystals, confirming their incorporation into PLAF (Table 2 and Fig. S4).  653 

 654 

3.4.2. Thermogravimetric analysis 655 

The results of thermogravimetric analysis are presented in Table 3 and Figs. S5-S8 656 

(Supplementary material). PLAF initiated to decompose at 344 °C and had a Td at 362 °C, 657 

similar to that reported in the literature [19,74]. Meanwhile, foams impregnated with EU or 658 

EU-PHE presented two degradation stages at Td1 and Td2. The first stage was associated with 659 

the degradation of the impregnated compound (EU or EU-PHE), whose Td1 values were close 660 

to that of the individual substances, which confirmed the incorporation of EU and EU-PHE 661 

cocrystal in the foams. The second stage was related to PLA degradation (Table 3 and Figs. 662 

S6 and S7).  663 

The Tonset and Td of the PLA foam impregnated with EU-PHE cocrystal, without and 664 

with clay, were between the temperature values of the control PLAF and the values obtained 665 

for the PLA foam impregnated with EU (Figs. S5-S8 and Table 3). This is in agreement with 666 

the higher thermal stability found for the cocrystal compared to the EU but lower with respect 667 

to that of the PHE, in terms of the onset decomposition and the maximum degradation rate 668 

temperatures (Table 3). 669 

Furthermore, it was observed that the nanoclay and EU tended to diminish Tonset of 670 

the PLA foams, attributed to the lower thermal stability of the organic modifier of the clay 671 

and the EU compared to PLA [82,83]. However, the incorporation of EU-PHE cocrystal 672 



counteracted this effect and increased the thermal stability of the active foams, which were 673 

more crystalline. However, Td was not significantly modified, similar to the report of Rojas 674 

et al., who found that the addition of C30B did not affect the Td of PLA nanocomposites with 675 

cinnamaldehyde [19]. 676 

 677 

Table 3 678 
TGA analysis of the individual substances and the impregnated PLA nanocomposite foams.  679 
 680 

Sample Tonset (ºC) Td1 (ºC) Td2 (ºC) 

PLAF (control) 344 ± 1.0a 362 ± 0.5a.b - 

PLAF - EU 156 ± 1.0f 186 ± 1.0f 362 ± 1.0a,b 

PLAF - EU-PHE 165 ± 1.0e 200 ± 1.0c,d 362 ± 1.0a,b 

PLAF - 5% C30B 341 ± 1.0b 360 ± 0.5a - 

PLAF - 5% C30B/EU 148 ± 1.0g 186 ± 1.0e,f 357 ± 1.0c 

PLAF - 5% C30B/EU-PHE 170 ± 1.0d 202 ± 1.0c 363 ± 1.0b 

PLAF - 10% C30B 340 ± 1.0b 362 ± 2.0b - 

PLAF - 10% C30B/EU 156 ± 0.1f 188 ± 0.5e 362 ± 0.5a,b 

PLAF - 10% C30B/EU-PHE 172 ± 0.5c 199 ± 0.5d 361 ± 0.5a 

EU-PH 172 ± 1.0c 236 ± 1.0 - 

PHE 200 ± 1.0 256 ± 1.0 - 

EU 103 ± 1.0 186 ± 2.0 - 

Different superscripts indicated statistically significant differences in the properties among the foams 681 
determined by ANOVA analysis. 682 
 683 

 684 

3.5. Mechanical assays  685 

The effect of C30B and EU-PHE cocrystal addition on the mechanical properties of 686 

PLAF was analyzed following the method described in part 2.5.5. The 10% C30B PLA foam 687 

samples were omitted for this analysis because the C30B agglomerated inside the polymer 688 

(part 3.2), negatively affecting the materials' physical properties (part 3.1). Therefore, neat 689 

PLAF and PLAF with 5% C30B foams (8 x 2.5 cm) were prepared and impregnated with EU 690 

and EU-PHE (Fig. S9, Supplementary material). In the next step, foams impregnated with 691 



EU were excluded from the assays because they hadn’t preserved their shape after the 692 

impregnation (Fig. S9). This phenomenon is due to the extensive plasticizing effect of EU 693 

on the polymeric matrix. On the contrary, EU-PHE-impregnated PLA foams maintained their 694 

shape and size (Fig. S9).  695 

Results of tensile modulus, tensile strength, and elongation at break for the non-696 

impregnated foams (PLAF and PLAF - 5% C30B) and the EU-PHE cocrystal impregnated 697 

foams (PLAF - EU-PHE and PLAF - 5% C30B/EU-PHE) are shown in Table 4. Uniaxial 698 

Stress-strain curves for the materials prepared in this study are shown in Fig. S10 699 

(Supplementary material). PLAF control presented tensile strength (1.8 MPa) and elongation 700 

at break (31.9%) values similar to those reported in the literature for expanded polystyrene 701 

[84], which have encouraged the use of PLA foams at the industrial level for food packaging 702 

purposes, including its use for the fabrication of cups and trays [85,86]. The presence of 703 

C30B or the incorporation of EU-PHE did not significantly alter tensile modulus or tensile 704 

strength. Nevertheless, C30B addition at 5% slightly increased the elongation at break of the 705 

material from 31.9% (PLAF) to 48.2% (PLAF-5%C30B), which could be related to the full 706 

exfoliation of C30B (part 3.2) which probably improved the polymeric matrix cohesion by 707 

the electrostatic interactions established between C30B and the polymer chains, consequently 708 

improving ductility. This behavior has been previously reported for montmorillonite clays 709 

fully exfoliated in a polymeric matrix. Chen et al. reported an increase in the elongation at 710 

break from 71.8% to 118% for poly(L-lactide)/poly(butylene succinate) blends using Cloisite 711 

25A. The authors attributed the increase in ductility of the films to the electrostatic 712 

interactions between C25A and the polymer chains promoted by C25A exfoliation [87]. 713 

Elongation at break was increased by EU-PHE cocrystal addition from 31.9% (PLAF control) 714 



to 90.3% (PLAF-EU-PHE) due to its plasticizing effect on the polymeric matrix, which 715 

increased the material's ductility. This effect has been reported previously for PLA films 716 

impregnated with essential oil derivatives such as thymol [64] and cinnamaldehyde [66]. 717 

Consequently, the nanocomposite impregnated with the EU-PHE cocrystal (PLAF-718 

5%C30B/EU-PHE) presented the highest elongation at break value (141%) due to the 719 

concomitant effect of C30B presence and higher EU-PHE cocrystal incorporation (9.19 % 720 

w/w) than in PLAF/EU-PHE (8.62 % w/w).  721 

 722 
Table 4 723 
Tensile properties parameters of the materials. 724 
 725 

Material Sample 

Tensile 

modulus 

[MPa] 

Tensile 

Strength  

[MPa] 

Elongation at break 

[%] 

PLAF (control) 
14.0 ± 5.3a 1.8 ± 0.7a 31.9 ± 7.8a 

 

PLAF - 5% C30B 
17.5 ± 9.3a 2.3 ± 0.9a 48.2 ± 18.8a 

 

PLAF - EU-PHE 
18.3 ± 10.4a 3.0 ± 1.0a 90.3 ± 32.9b 

 

PLAF - 5% C30B/EU-PHE 
18.4 ± 8.9a 4.9 ± 1.2b 141.0 ± 25.0c 

 

Different superscripts indicate statistically significant differences. 726 

 727 

3.6. The release kinetics  728 

The release of EU in its pure and cocrystallized forms from PLAF with different 729 

C30B contents was studied through specific migration assays using EtOH 10% as an aqueous 730 

food simulant. The partition coefficient of EU (KP/FS), a thermodynamic parameter that 731 

represents the ratio between the concentration of the bioactive substance in the polymer (P) 732 

and the food simulant (FS), was used to express the equilibrium condition. The mathematical 733 

modeling employing Korsmeyer-Peppas and Higuchi kinetic models was used to identify the 734 



release mechanism of pure EU and cocrystallized EU from the PLA nanocomposite foams. 735 

Table 5 shows the values of the regression coefficient (R2) obtained from the Higuchi and 736 

Korsmeyer-Peppas models. Likewise, the diffusional exponent “n” for the Korsmeyer-737 

Peppas model and the release rate constant “k” were determined. The parameter “n” indicates 738 

the type of active substance release mechanism: n < 0.5 for a quasi-Fickian diffusion, n = 0.5  739 

for a Fickian diffusion, and n > 0.5 for an anomalous transport [88,89].  740 

 741 
Table 5.   742 
Partition coefficient (KP/FS), regression coefficient (R2), diffusional exponent (n), and release 743 
rate constant (k) of Higuchi and Korsmeyer-Peppas kinetic models. 744 
 745 

 746 

The highest R2 values obtained using the Korsmeyer-Peppas model evidenced its 747 

better performance compared to the Higuchi model to fit the experimental release data of EU 748 

and EU-PHE cocrystal from the PLA nanocomposite foams. Therefore, the “k” and “n” 749 

values determined using the Korsmeyer-Peppas model were used to study the release 750 

mechanisms of EU and EU-PHE from PLA foams. Table 5 shows that the different PLA 751 

Kinetic Release Models Higuchi Korsmeyer-Peppas 

Sample KP/FS R2 n k R2 n k 

PLAF-EU 947 0.421 0.5 0.075 0.961  0.055 0.223 

PLAF- 5%C30B/EU 1248 0.299  0.5 0.049 0.944  0.033 0.200 

PLAF-10%C30B/EU 1017 0.762  0.5 0.073 0.974  0.046 0.188 

PLAF-EU-PHE 48 0.990  0.5 0.038 0.994  0.396 0.061 

PLAF-5%C30B/EU-PHE 98 0.868  0.5 0.030 0.927  0.293 0.076 

PLAF-10%C30B/EU-PHE 131 0.929  0.5 0.042 0.970  0.315 0.085 



foams impregnated with EU and EU-PHE showed “n” values lower than 0.5, evidencing that 752 

both EU and EU-PHE showed a quasi-Fickian diffusion release mechanism in these 753 

materials. Previous studies on active polymeric foams have also reported a quasi-Fickian 754 

diffusion mechanism for different substances. For instance, “n” values between 0.14 and 0.31 755 

revealed that the release of chloramphenicol from polymeric blended foams based on 756 

chitosan followed a quasi-Fickian diffusion-driven sustained release [90]. Likewise, the 757 

release of cinnamaldehyde from PLA nanocomposite foams towards EtOH 50% also 758 

followed a quasi-Fickian diffusion process since the “n” value was near 0.20 [19]. Spent 759 

coffee phenolic compounds also followed a quasi-Fickian diffusion release mechanism from 760 

starch foam composites in water and EtOH 10 and 50% as food simulants, with “n” values 761 

between 0.18 and 0.49 [91].  762 

Most research on designing antimicrobial food packaging materials has been done 763 

considering the use of essential oils or some of their derivatives. The main challenge 764 

identified so far is decreasing the release rate of these highly volatile compounds from 765 

polymeric structures through different strategies [92]. Interestingly, the release kinetics of 766 

eugenol from food packaging materials has been scarcely studied [93–95]. Fig. 5 shows the 767 

experimental EU release data from the different PLA foams. Fig. 5a indicates EU exhibited 768 

a fast release, reaching the equilibrium condition independent of the C30B content after 2 h. 769 

A similar fast-release behavior was reported for cinnamaldehyde from PLA nanocomposite 770 

foams with different concentrations of C30B using EtOH 50% as food simulant [19]. Fitting 771 

the experimental release data using the Korsmeyer-Peppas model showed that the release rate 772 

constant (k) for EU in PLAF was 0.223. A similar release rate constant for EU (0.17) was 773 

reported for poly (hydroxybutyrate-co-hydroxyvalerate) films and EtOH 10% as a food 774 



simulant, evidencing a fast release of EU independent of the polymeric structure used to 775 

design the active material [94]. On the contrary, the EU release curves for the PLA foams 776 

impregnated with the EU-PHE cocrystal (Fig. 5b) exhibited a more prolonged EU release 777 

than those impregnated with pure EU. In particular, the time (120 h) necessary to reach the 778 

equilibrium condition for the release of cocrystallized EU from PLAF was 60-fold higher 779 

than the value for pure EU (2 h). This result confirmed that the EU cocrystallization promoted 780 

a prolonged EU release since the diffusion through the porous matrix was carried out in 781 

association with a crystalline solid state instead of the liquid state (case of pure EU). In 782 

another study, Celebioglu et al. reported a 10-fold decrease in the time necessary to reach the 783 

equilibrium condition in water for EU released from pullulan nanofibers due to its 784 

encapsulation in cyclodextrins (CDs) [93]. Particularly, the encapsulation of essential oil 785 

derivatives in CDs has been one of the most effective reported strategies to prolong their 786 

release [96–98]. Therefore, the comparison of the results obtained in this study with the 787 

literature data indicates the advantage of cocrystallization engineering over conventional 788 

methods to develop antimicrobial polymeric materials with more prolonged release 789 

properties.  New questions also arose about modifying release kinetic for a specific 790 

application regarding the coformer choice, which would influence intermolecular interaction 791 

between the coformer and active substance.  792 

The sustained release of the EU-PHE cocrystal was also observed in the PLA 793 

nanocomposite foams but with less intensity than in PLAF. Nevertheless, the time required 794 

to reach the equilibrium condition for the release of the EU-PHE cocrystal decreased with 795 

C30B content (Fig. 5b). Fitting the experimental release data using the Korsmeyer-Peppas 796 

model allowed us to determine that the release rate constants of EU-PHE in PLAF-5%C30B 797 



(0.076) and PLAF-10%C30B (0.085) were 1.25 and 1.39-fold higher than the value obtained 798 

for EU-PHE cocrystal in PLAF, respectively. The negative impact of the addition of C30B 799 

at 10% on the sustained release of the EU-PHE cocrystals could be associated with the 800 

agglomeration of C30B (part 3.2) and the generation of a nanocomposite foam with low 801 

porosity and expansion ratio which promoted a shorter release path in comparison with the 802 

other materials.  803 

 804 
 805 

Fig. 5. Release curves of EU from a) EU-impregnated foams and b) EU-PHE cocrystal-806 

impregnated foams towards EtOH 10% at 40 °C. 807 



The sustained release of the EU-PHE cocrystal was also observed in the PLA 808 

nanocomposite foams but with less intensity than in PLAF. Nevertheless, the time required 809 

to reach the equilibrium condition for the release of the EU-PHE cocrystal significantly 810 

decreased with C30B content (Fig. 5b). Fitting the experimental release data using the 811 

Korsmeyer-Peppas model allowed us to determine that the release rate constants of EU-PHE 812 

in PLAF-5%C30B (0.076) and PLAF-10%C30B (0.085) were 1.25 and 1.39-fold higher than 813 

the value obtained for EU-PHE cocrystal in PLAF, respectively. The negative impact of the 814 

addition of C30B at 10% on the sustained release of the EU-PHE cocrystals could be 815 

associated with the agglomeration of C30B (part 3.2) and the generation of a nanocomposite 816 

foam with low porosity and expansion ratio, which promoted a shorter release path in 817 

comparison with the other materials.  818 

Table 5 also summarizes the distribution coefficients (KP/FS) that characterize the 819 

equilibrium condition for the release of EU and EU-PHE from the different PLA 820 

nanocomposite foams. Among the polymeric foam samples impregnated with pure EU, 821 

PLAF showed the lowest KP/FS value, evidencing the highest percent released of EU to the 822 

food simulant at the equilibrium condition (Fig. 5a). The KP/FS value increased with the 823 

concentration of C30B. This fact could be related to the interaction between the free hydroxyl 824 

groups of C30B and the EU hydroxyl groups that increased the affinity of EU towards the 825 

polymeric phase, decreasing its release to the simulant. The same phenomenon was also 826 

observed for the release of thymol from LDPE extruded films with C30B at 5 % w/w [4] and 827 

LLDPE extruded films loaded with C20A [99]. In these studies, the high retention of thymol 828 

in the polymer was associated to interactions between the nanoclays and the active 829 

compounds. In our study, the lowest EU release was obtained from PLA nanocomposite foam 830 



with C30B at 5 % w/w. In this case, the exfoliation of the nanoclays in the foam favored the 831 

retention of EU in the foams. Instead, the poor dispersion of the nanoclay sheets in the PLA 832 

nanocomposite foam with C30B at 10 % w/w promoted the easier release of the active 833 

compound to the food simulant, evidenced by lower KP/FS values than for the PLA 834 

nanocomposite foam with C30B at 5 % w/w. 835 

Table 5 shows that the highest percentages of released EU were obtained from PLA 836 

foams impregnated with the EU-PHE cocrystal. Particularly, KP/FS values for the release of 837 

EU from PLAF impregnated with the EU-PHE were 20-fold lower than the value obtained 838 

for the PLAF impregnated with pure EU. This fact is related to the lower initial EU content 839 

(4.14 % w/w) in the samples impregnated with EU-PHE cocrystal compared to the initial EU 840 

content (20 % w/w) in the PLAF impregnated with pure EU. As was obtained for the EU-841 

impregnated samples, the KP/FS for EU increased by the C30B presence due to the interactions 842 

developed between C30B and the EU-PHE cocrystal.   843 

 844 

3.7. Microbiological studies 845 

 846 

The obtained MIC value of EU for L. monocytogenes and S. Enteritidis was 1.25%. 847 

The obtained MIC values of PHE and the EU-PHE cocrystal were >5%. 848 

The log CFU/cm2 reduction values of the anti-attachment assay on L. monocytogenes 849 

compared to the PLAF control are shown in Fig. 6. L. monocytogenes growth expressed as 850 

CFU/cm2 is displayed in Table S1 (Supplementary material). Total attachment inhibition of 851 

L. monocytogenes occurred after 24 h on PLA-5%C30B/EU-PHE, PLAF-5%C30B/EU, 852 

PLAF-10%C30B/EU, PLAF-EU/PHE, and PLAF-EU with zero attached cells (Fig. 6a).  853 



 854 

Fig. 6. Inhibition of adhesion of L. monocytogenes on PLAF nanocomposite foams after a) 855 
24 h and b) 48 h of incubation in TSB with 1 % glucose. Legend: The results were expressed 856 
as log CFU/cm2 of attached cells. 857 

 858 

The tested strain, after 24 h, successfully attached to the PLAF control surface with a 859 

total number of 9.65±0.13 log CFU/cm2, and to the PLA nanocomposite foams surfaces 860 

(PLAF-5%C30B and PLAF-10%C30B) in a number of 6.79±0.12 log CFU/cm2 and 861 

6.50±0.30 log CFU/cm2, respectively. Regardless of the successful attachment to PLAF-862 

5%C30B and PLAF-10%C30B, the significant logarithmic reduction between 2.87 – 3.0 log 863 

CFU/cm2 (p<0,05) in the number of attached Listeria is noticeable in comparison with the 864 



control PLAF (Table S1). The antibacterial activity of C30B against L. monocytogenes has 865 

been reported previously for LDPE/C30B films [100] and polyethylene)/thermoplastic 866 

starch/C30B films [101], and it has been attributed to the action of the quaternary ammonium 867 

cations in the C30B silicate layers. In our study, the detected number of attached L. 868 

monocytogenes of 6.78±0.07 log CFU/cm2 to PLAF-10%C30B-EU-PHE was similar to log 869 

CFU values detected on non-impregnated nanocomposites, PLAF-5%C30B and PLAF-870 

10%C30B (Fig. 6a), which indicated that during the first 24 h of incubation, the EU-PHE 871 

cocrystal was still not available to exert an additional antibacterial activity against L. 872 

monocytogenes. This result could be explained in terms of the higher retention capacity of 873 

the EU cocrystal as the C30B content increases, as evidenced by the release assays using a 874 

food simulant.          875 

A prolonged incubation period of 48 h provided a complete adhesion inhibition of L. 876 

monocytogenes on the surface of all tested PLAF samples, except the control PLAF and 877 

PLAF-10% C30B, where the strain attached in the number of 8.14±0.07 log CFU/cm2 and 878 

5.53±0.16 log CFU/cm2, respectively (Fig. 6b). Particularly, the weaker anti-attachment 879 

activity of PLAF-10%C30B, compared with the activity of PLAF-5%C30B, could be 880 

associated with the thermal degradation of its quaternary ammonium modifiers during the 881 

extrusion process [100]. This degradation phenomenon was evidenced by XRD only for the 882 

PLA nanocomposite foam sample with C30B at 10% and not for the nanocomposite foam 883 

with C30B at 5%.  884 

  885 



The log CFU/cm2 reduction values obtained in the anti-attachment assay of S. 886 

Enteritidis compared to the PLAF control are shown in Figure 7. S. Enteritidis growth 887 

expressed as CFU/cm2 is shown in Table S2.  888 

 889 

 890 

Fig. 7. Inhibition of adhesion of S. Enteritidis on PLAF nanocomposite foams after a) 24 h 891 
and b) 48 h of incubation in TSB with 1% glucose. Legend: The results are expressed as log 892 
CFU/cm2 of attached cells. 893 
  894 



After 24 h of incubation, total adhesion inhibition of S. Enteritidis occurred on PLAF-895 

5%C30B/EU, PLAF-10%C30B/EU, PLAF-EU-PHE, and PLAF-EU, (>9,0 log CFU 896 

reduction compared to PLAF control, p<0.05) (Table 2S). S. Enteritidis showed stronger 897 

resistance to contact inhibition compared to L. monocytogenes and after 24 hours it 898 

successfully attached to the PLAF control and to the PLA nanocomposite foams impregnated 899 

with the EU-PHE cocrystal (PLAF-5%C30B/EU-PHE and PLAF-10%30B/EU-PHE) in a 900 

total number of 9.96 ±0.10 log CFU/cm2, 6.39±0.15 log CFU/cm2, 6.52±0.10 log CFU/cm2, 901 

respectively (Fig. 7a). These results could be related, to the higher MIC values of the EU-902 

PHE cocrystal compared with the pure EU. Also, C30B retains the cocrystal in the PLAF 903 

structure better than PLAF without C30B. This was evidenced from the release assays using 904 

a food simulant (part 3.6) through the 3-fold increase for the cocrystal distribution coefficient 905 

due to the presence of 10%C30B compared with the cocrystal distribution coefficient for the 906 

PLAF without C30B. As expected, S. Enteritidis successfully attached to PLAF-5%C30B 907 

and PLAF-10%C30B, in a total number of 6.39±0.18 log CFU/cm2, 7.46±0.11 log CFU/cm2, 908 

respectively. Despite the successful attachment, both nanocomposite PLA foams 909 

significantly reduced the total number of attached cells compared to the PLAF control (log 910 

CFU/cm2 reduction 2.49 -3.45, p<0.05) (Table 2S).  911 

After 48 hours of incubation, all impregnated PLAF films exhibited a complete 912 

adhesion inhibition effect on S. Enteritidis, with zero cells detected on the surface of the 913 

films, which is a 100% reduction compared to the PLAF control (p<0.05) (Fig. 7b). These 914 

results show that C30B did not reduce the antimicrobial potential of the EU-PHE cocrystal 915 

but slowed down its manifestation. PLAF with C30B alone (without impregnated EU or EU-916 

PHE cocrystal) also exhibited antimicrobial activity against S. Enteritidis due to the release 917 

of quaternary ammonium cations from C30B silicate layers.  918 



Regarding the determination of killing effect (KE), bacterial growth control (A control), 919 

and culture with PLAF non-impregnated polymer (A control PLAF) had very similar OD values 920 

(statistically and microbiologically, the differences were insignificant), which was expected 921 

for PLAF to be microbiologically inert. Therefore, due to the easier and clearer presentation 922 

of the results, in Table 6 and Table 7, results are presented as % of the growth of Listeria 923 

and Salmonella, respectively, in the broth with impregnated foams compared to their growth 924 

with the control PLAF which was taken as a 100% growth.  925 

Table 6 926 
Killing effect [KE%] during 96 h incubation of Listeria monocytogenes.  927 

Sample 
KE [%] 

After 24h After 48h After 72h After 96h 

PLAF - 5% C30B/EU-PHE 99.24 ± 0.06 48.71 ± 0.30 103.70 ± 0.45 95.34 ± 0.46 

PLAF - 10% C30B/EU-PHE 98.88 ± 0.06 65.44 ± 1.23 81.91. ± 0.31 80.31 ± 0.01 

PLAF - 5% C30B/EU 95.42 ± 0.05 108.73 ± 0.53 78.85 ± 0.28 95.91 ± 0.35 

PLAF - 10% C30B/EU 95.79 ± 0.11 64.71 ± 0.36 87.45 ± 0.49 78.28 ± 0.04 

PLAF - 5% C30B 99.97 ± 0.06 83.90 ± 0.07 102.74 ± 0.49 111.81 ± 0.01 

PLAF - 10% C30B 99.34 ± 0.15 109.39 ± 0.01 100.09 ± 0.27 71.84 ± 0.05 

PLAF - EU-PHE 99.41 ± 0.10 85.40 ± 0.44 96.83 ± 0.30 69.31 ± 0.21 

PLAF - EU 95.82 ± 0.05 95.48 ± 0.53 93.42 ± 0.18 50.12 ± 0.03 

PLAF 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 

Legend: Percentage of bacterial growth in the presence of impregnated PLAF films compared 928 
to the PLAF control, which was taken as 100% growth. 929 

 930 

The broth killing effect results, which were directly proportional to the release of the 931 

active substances into the environment, indicated that the release of the antimicrobial 932 

substances from all the foams needed to be triggered by the previous soaking of the PLA 933 

foams in a liquid medium for approximately 24 h. This result is very relevant for antibacterial 934 

food packaging because the antibacterial substances need to be released to the food only 935 

when it is necessary, i.e., once the food is packaged and not before, by means of a trigger 936 



mechanism for the release of the antimicrobial substances, such as the water vapor emitted 937 

from some foods, such as fruits and vegetables, to the package headspace [92,102,103]. 938 

After 48 h of contact, all active PLA foams, except PLAF-10%C30B and PLAF-939 

5%C30B-EU, showed antibacterial activity against L. monocytogenes, reducing the growth 940 

between 4.52% and 51.29%. Particularly, PLAF impregnated with EU manifested only 941 

4.52% growth reduction of L. monocytogenes, which could be related to the low solubility of 942 

EU in an aqueous medium. The growth reduction of L. monocytogenes slightly increased to 943 

6.58% after 72 h and 49.88% after 96 h 944 

A significantly higher growth reduction of L. monocytogenes was obtained for the 945 

PLAF impregnated with the EU-PHE cocrystal (14.6%) after 48 h. This result is very 946 

interesting, considering that phenazine (the other component of the cocrystal) itself didn’t 947 

exert strong antibacterial activity against L. monocytogenes. Moreover, the initial amount of 948 

EU-PHE cocrystal in PLAF-EU-PHE (8.62% w/w) was lower than the initial content of EU 949 

in PLAF-EU (21% w/w), which implied a lower active compound concentration gradient for 950 

the release of the cocrystal compared with EU. Considering both facts, the notable increase 951 

in the capacity of EU to inhibit the growth of L. monocytogenes could be related to the 952 

synergistic antibacterial activity between EU and PHE in the broth culture and to the 953 

improvement of the EU solubility in the aqueous medium due to its cocrystallization. 954 

Different solutes have been found to become more soluble in aqueous media thanks to their 955 

cocrystallization [89,104,105].  956 

Probably the highest solubility of EU in its cocrystallized form allowed the PLAF-957 

EU-PHE sample to reach the maximal growth reduction of L. monocytogenes (30.69%) after 958 

96 h, not so far from the growth reduction reached by PLAF-EU (49.88%), even considering 959 

the notable differences in the initial amount of EU between PLAF-EU (21% w/w) and PLAF-960 



EU-PHE (4.14 % w/w). This is a relevant result because the design of antibacterial food 961 

packaging materials should consider the use of minimal amounts of essential oil derivatives 962 

to exert the desired antibacterial effect on food with minimal impact on the physical 963 

properties of the plastic films [106,107]  and the organoleptic properties and food quality 964 

[88,108]. 965 

Interestingly, after 48 h, both nanocomposite PLAF samples impregnated with the 966 

EU-PHE cocrystal, PLAF-5%C30B-EU-PHE, and PLAF-10%C30B-EU-PHE, showed 967 

stronger L. monocytogenes growth reduction values (51.29% and 34.56%, respectively) 968 

comparing to the sum of the individual growth reduction rates obtained for PLAF-5%C30B 969 

(16.1%), PLAF-10%C30B (0%) and PLAF-EU-PHE (14.6%), indicating that C30B and EU-970 

PHE had synergistic antibacterial activity against L. monocytogenes. Particularly, the lower 971 

inhibition growth of PLAF-10%C30B-EU-PHE compared with the activity of PLAF-972 

5%C30B-EU-PHE, which agrees with the attachment inhibition assay results for  L. 973 

monocytogenes obtained using both samples, could be associated with the decrease of the 974 

C30B antibacterial activity due to partial thermal degradation of its quaternary ammonium 975 

modifiers during the extrusion process and to the lower amount of EU-PHE cocrystal released 976 

from the PLAF sample with the highest C30B content after 48 h. Considering that both 977 

nanocomposite foams presented a similar initial amount of EU-PHE cocrystal, the lower 978 

release of the cocrystal from PLAF-10%C30B could be related to the increase in the cocrystal 979 

retention capacity of PLAF as C30B content increased, which even allowed the PLAF-980 

10%C30B-EU-PHE sample to supply cocrystal to the broth culture after 96 h in a controlled 981 

manner to exert an approximately 20% growth reduction of  L. monocytogenes. Meanwhile, 982 

PLAF-5%C30B-EU-PHE loses completely its antibacterial properties against L. 983 

monocytogenes between 48 h and 72 h due to its lower EU-PHE cocrystal retention capacity. 984 



The high EU-PHE retention capacity for the nanocomposite PLAF with the highest C30B 985 

content was evidenced from the release assays using a food simulant (part 3.5) through the 986 

1.34-fold increase in the cocrystal distribution coefficient by the increase in C30B content 987 

from 5% to 10%.  988 

 989 

Table 7 990 
Killing effect [KE%] during 96h incubation of Salmonella Enteritidis. 991 

Samples 
KE [%] 

After 24h After 48h After 72h After 96h 

PLAF - 5% C30B/EU-PHE 97.98 ± 0.13 68.91 ± 1.52 94.11 ± 0.80 94.80 ± 0.02 

PLAF - 10% C30B/EU-PHE 92.07 ± 0.04 84.40 ± 2.14 96.27 ± 0.31 90.49 ± 0.04 

PLAF - 5% C30B/EU 59.52 ± 0.08 49.41 ± 1.30 83.99 ± 0.28 90.13 ± 0.06 

PLAF - 10% C30B/EU 67.95 ± 0.06 54.56 ± 1.18 56.76 ± 0.41 68.87 ± 0.17 

PLAF - 5% C30B 99.42 ± 0.08 38.36 ± 0.92 100.66 ± 0.76 99.16 ± 0.42 

PLAF - 10% C30B 101.58 ± 0.14 62.71 ± 1.45 102.07 ± 0.47 101.04 ± 0.04 

PLAF - EU-PHE 91.02 ± 0.08 20.59 ± 0.46 92.49 ± 0.52 94.89 ± 0.00 

PLAF - EU 77.35 ± 0.05 19.45 ± 0.46 82.67 ± 0.51 88.04 ± 0.04 

PLAF 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 

Legend: Percentage of bacterial growth in the presence of experimental, impregnated 992 
PLAF films compared to the PLAF control, which was taken as 100% growth. 993 

 994 
 995 
Table 7 shows that the samples impregnated with EU were more effective than EU-996 

PHE cocrystal-impregnated samples to inhibit the growth of S. Enteritidis. In the first 24 h. 997 

PLAF-5%C30B/EU. PLAF-10%C30B/EU and PLAF-EU showed a relatively strong killing 998 

effect, reducing the growth of S. Enteritidis by approximately 40%, 30%, and 25%, 999 

respectively. Meanwhile. in the first 24 h. the nanocomposite PLAF samples (PLAF-1000 

5%C30B and PLAF-10%C30B) did not reduce the growth of S. Enteritidis.  1001 

All polymers strongly reduced the growth of Salmonella after 48h, of which PLAF-1002 

EU and PLAF-EU-PHE were particularly strong, reducing growth by 80%, while PLAF-1003 

5%C30B. PLAF-5%C30B/EU and PLAF-10%C30B/EU were also relatively strong with a 1004 



reduction in growth of approximately 45-60%. Particularly, the weaker growth inhibition of 1005 

Salmonella using PLAF with C30B could be the effect of increasing the retaining EU and 1006 

EU-PHE capacity with the simultaneous increase in C30B content, which reduced the release 1007 

of both substances into the broth culture. This was also evidenced by the release assays using 1008 

a food simulant (part 3.6). Unlike in antibacterial assays against L. monocytogenes, where 1009 

several foams showed the strongest killing effect after 96 h, only PLAF-10%C30B/EU 1010 

retained the killing effect against Salmonella Enteritidis in the 96th hour (with approximately 1011 

30% growth reduction) due to more prolonged release of EU from this sample. 1012 

3.8. Relevance of the obtained results and future prospective 1013 

3.8.1. Relevance for the food industry 1014 

Unlike most infectious diseases that have been eradicated or suppressed significantly 1015 

in the last few decades, salmonellosis and listeriosis are continuously present in all countries, 1016 

regardless of the region's geographical, cultural, and climate characteristics [109,110]. In 1017 

recent decades, parallel to the development of molecular research methods, there is more and 1018 

more evidence that certain L. monocytogenes strains and Salmonella serovars can persist for 1019 

months and even years in food production facilities. Equipment and all kinds of surfaces 1020 

made of plastic, stainless steel, wood, glass, and gum may be a substrate for successful 1021 

surface adherence of S. Enteritidis and L. monocytogenes and for the development of biofilms 1022 

that become a source of repeated contamination of final food products [111]. According to 1023 

data from the European Food Safety Authority (EFSA), in 2019, there were 87,923 cases of 1024 

salmonellosis recorded in the territory of European countries, the source of which was food 1025 

[112]. The incidence of listeriosis is significantly lower and amounted to 0.46 and 0.24 cases 1026 

per 100,000 population in 2015 in the European Union and the United States, respectively 1027 



[111]. Despite the reduced incidence during the last decade, cases of salmonellosis and 1028 

listeriosis are still relatively frequent, leading to a certain number of deaths and high 1029 

economic costs for hospitalized affected consumers [113].  There is also the perspective of 1030 

the significant economic losses of the food industry, which, after the outbreaks of 1031 

salmonellosis or listeriosis, is obliged to withdraw from the sale and destroy all contaminated 1032 

products or to stop production completely.  1033 

Based on the obtained results, in theory, materials developed in this study that showed 1034 

the strongest antimicrobial activity and significantly reduced the total number of Salmonella 1035 

and Listeria (such as PLAF-EU-PHE, which reduced the total number of Salmonella by 1036 

approximately 80%) would significantly reduce the incidence of salmonellosis and listeriosis 1037 

if applied on the industrial level. Besides the envisaged application to substitute PS trays, we 1038 

should not rule out the possible use of obtained materials for packaging food for animals, 1039 

especially for intensively breeding animals on farms. The animal food can also be 1040 

contaminated with Salmonella and lead to outbreaks of diseases in farms with substantial 1041 

economic consequences. We should not forget that the initial number of microorganisms in 1042 

our study was very high, 108 CFU/mL. In comparison, the number of Salmonella and Listeria 1043 

in contaminated food can be significantly lower (103 CFU/mL, 102 CFU/mL, or even 1044 

smaller). Therefore, the actual effect of the in situ PLAF material in which the contaminated 1045 

food is packed could be increased to 100%. 1046 

From the microbiological point of view, a new question arose. Is it possible to design 1047 

an active food packaging aimed at protection from a target bacterial strain? We reported 1048 

obviously different (individual) degrees of sensitivity of Salmonella and Listeria to the same 1049 

material designed in this study. Therefore, a new hypothesis was developed that designing 1050 



specialized active packaging with the maximal antimicrobial activity against Listeria or 1051 

Salmonella was possible.  1052 

3.8.2. Relevance for the pharmaceutical industry 1053 

The crystallization to obtain the smallest possible crystals of active pharmaceutical 1054 

ingredients (API) with improved bioavailability is very important for the pharmaceutical 1055 

industry. Consequently, micronization techniques have been developed applying scCO2 as a 1056 

green solvent or antisolvent [114]. As mentioned in the introduction, cocrystallization has 1057 

gained tremendous importance in the pharmaceutical industry because of its ability to fine-1058 

tune the physicochemical properties of crystalline drugs without modifying their molecular 1059 

structure [115]. There are reports and efforts to establish API cocrystallization from the 1060 

scCO2 phase [116,117]. The proposed process (CSS - cocrystallization from supercritical 1061 

solution) is based on the dissolution of pure API and conformer in scCO2 and their posterior 1062 

cocrystallization from the supercritical phase during the cooling and decompression. 1063 

However, the main limitation of this process is the necessity of similar solubilities of the API 1064 

and conformer in scCO2 [117]. In this study, we demonstrated a possibility to overcome this 1065 

limitation. We produced micronized EU-PHE cocrystals (average diameter of 0.8 µm) in an 1066 

environmentally friendly manner without organic solvents, though EU and PHE have 1067 

significantly different solubilities in scCO2 (0.037 and 0.00109 g/gscCO2, respectively). We 1068 

introduced the re-cocrystallization (or cocrystal recrystallization) based on the dissolution of 1069 

previously formed large cocrystals in scCO2 (average diameter of 25 µm) with the subsequent 1070 

micronization from the supercritical phase. The prerequisites for this process are cocrystal 1071 

stability (e.g., no liquid EU separation from the cocrystal when exposed to scCO2) and good 1072 

solubility in scCO2. To our knowledge, this study is the first report on re-cocrystallization 1073 



from the scCO2. Therefore, the obtained results are relevant for the pharmaceutical industry 1074 

as well. 1075 

4. Conclusions  1076 

The EU-PHE cocrystal was produced by a simple mechanical method. The cocrystal 1077 

was stable in scCO2 under the conditions of interest, with the solubility in scCO2 1078 

approximately ten times larger than the cofomer’s solubility (PHE). Nanocomposite PLA 1079 

films with 0, 5, and 10 % w/w of nanoclay were produced by extrusion. In the next step, the 1080 

films were foamed by scCO2. The foams were successfully impregnated with EU 1081 

(impregnation yields from 20 to 22 % w/w) and EU-PHE cocrystal (impregnation yields from 1082 

8.62 to 9.25 % w/w) via SSI. The presence of C30B and cocrystal improved the mechanical 1083 

properties of PLA foams. The SEM, DCS, TGA, and XRD analyses confirmed the EU-PHE 1084 

cocrystal re-crystallization within the PLA foams. Consequently, the foams impregnated with 1085 

PHE-EU cocrystal had significantly slower release kinetics of the active compound than EU-1086 

impregnated ones. The impregnated foams completely inhibited the attachment of Listeria 1087 

monocytogenes and Salmonella Enteritidis strains. PLAF-EU-PHE sample reduced the total 1088 

number of Salmonella in broth by approximately 80% after 48 h. PLAF - 5% C30B/EU-PHE 1089 

and PLAF-10% C30B/EU-PHE foams showed the strongest reduction of Listeria 1090 

monocytogenes in 48 h. The release and microbiological assays showed that PLAF-1091 

C30B/EU-PHE polymeric foams had prolonged EU release and extended bioactivity.  1092 

This study proposes a green approach to designing antimicrobial food packaging 1093 

materials based on the coupling of the concepts of supercritical fluid technology and 1094 

cocrystallization engineering. The successful EU-PHE cocrystal micronization by scCO2 is 1095 

of interest to materials engineering and pharmaceutical technology. 1096 
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ABSTRACT  40 

Searching for effective strategies to modify the release rate of essential oil derivatives is one 41 

of the main challenges in designing prolonged-release antimicrobial food packaging 42 

materials. Herein, supercritical fluid technology and cocrystallization engineering were used 43 

to develop novel eugenol (EU) prolonged-release poly (lactic acid) (PLA) nanocomposite 44 

foams. Eugenol-phenazine (EU-PHE) cocrystals, produced by a solvent-free 45 

mechanochemical method, were incorporated by supercritical solvent impregnation (SSI) 46 

inside PLA nanocomposite foams with different contents of Cloisite30B® (C30B). The 47 

effect of the cocrystallization process and C30B content on the EU release kinetics and its 48 

relation with their antimicrobial activity by direct contact (anti-attachment) and release in 49 

broth culture were studied. The deposition of isolated spherical-shaped micrometric EU-PHE 50 

cocrystal particles with 0.8 µm average diameter inside the pores of PLA foams was 51 

evidenced by XRD, SEM, DSC, and TGA analyses. The release mechanism of EU and its 52 

cocrystal was defined as a quasi-Fickian diffusion process successfully described by the 53 

Korsmeyer-Peppas model with release rate constants up to 3.6-fold lower than the release 54 

rate constant of pure EU. The impregnated foam samples completely inhibited the attachment 55 

of Listeria monocytogenes and Salmonella Enteritidis and provided prolonged antimicrobial 56 

activity in broth culture against both food-borne pathogens. This study suggests a new, 57 

environmentally friendly method for designing sustained-release antimicrobial food 58 

packaging materials.  59 

Keywords: Antimicrobial packaging; eugenol-phenazine cocrystal; C30B; 60 

Cocrystallization; Supercritical fluid technology  61 

62 



1. Introduction  63 

The food industry is faced with the issue of prolonging the food shelf-life and providing 64 

safe food free of food-borne pathogens and spoilage microorganisms without the addition of 65 

synthetic preservatives. One of the most promising strategies to meet this demand is the 66 

design of new active packaging materials with incorporated natural bioactive molecules [1]. 67 

As a result, controlled release packaging has arisen as a new concept for releasing systems, 68 

emphasizing the depth of understanding the mechanism and kinetics of an active compound’s 69 

release from the polymer. Designing active packaging with proper release kinetics of the 70 

active substance is a prerequisite since these materials should release the active compound 71 

when needed when the food is packaged, and not before or after that [2,3].  72 

Essential oils and their constituents are the most commonly used agents for developing 73 

active packaging materials because of their safety status, widespread acceptance by 74 

consumers, and multipurpose use due to their multiple biological effects, including 75 

antimicrobial and antioxidant activities. However, essential oils are highly volatile 76 

compounds characterized by high vapor pressure. Consequently, they have very high release 77 

rates from polymer structures designed for food packaging, even when different strategies 78 

are used to modify the polymer mass transfer properties, such as incorporating nanoclays 79 

[4,5], cellulose nanocrystals [6,7], and cyclodextrins [8,9] into the polymer matrix, or 80 

designing multi-layer structures [10,11].  81 

A supercritical fluid (SCF) is a substance whose temperature and pressure exceed its 82 

critical values. In this state, the fluid is characterized by high diffusivities and low viscosities 83 

comparable to gases, while densities and solvating properties are similar to liquids [12]. In 84 



addition, the absence of surface tension in the supercritical phase allows for easy penetration 85 

of SCF into the depth of the solid matrix. Exploiting this advantageous combination of 86 

thermodynamic and transport properties of SCFs, supercritical fluid technology has emerged 87 

as a highly attractive alternative to conventional processing in food, pharmaceutical, textile, 88 

and wood industries, material engineering, and biomass treatment [13,14]. The most utilized 89 

SCF is supercritical carbon dioxide (scCO2) because of its favorable critical parameters (31 90 

°C and 7.38 MPa) that allow the processing of thermally labile substances, nontoxicity, 91 

inflammability, availability, and inert nature. Moreover, scCO2 usage allows for obtaining 92 

solvent-free materials by depressurizing the system and separating gaseous CO2 from the 93 

final product. Another vital advantage of scCO2 technology, especially for industrial 94 

applications, is the absence of effluent and solid waste generation. ScCO2 is extensively used 95 

as a solvent for an active substance for impregnation of solids. The process is termed 96 

supercritical solvent impregnation (SSI) and was proven to be an efficient alternative to 97 

incorporating active agents in polymers aimed at food packaging, pharmaceutical, and textile 98 

applications [15–18]. Besides SSI, one of the most important applications of scCO2 in 99 

polymer processing is its use as a blowing agent for foam production. Recently, scCO2 100 

foaming and impregnation were coupled to develop antibacterial polymeric foams for food 101 

packaging and tissue engineering applications [19–21].  102 

Cocrystallization can be an innovative approach to modify the physicochemical properties 103 

of an active substance aimed at active food packaging and its release. A cocrystal corresponds 104 

to a multicomponent crystalline material with different molecular entities stoichiometrically 105 

together within the same crystal lattice as a consequence of supramolecular interactions 106 

between the active agent and the coformer, resulting from the combination of noncovalent 107 



interactions, such as hydrogen bonds, π-π stacking or van der Waals forces [22,23]. In 108 

pharmaceutical research, cocrystallization has gained tremendous importance because of its 109 

ability to fine-tune the physicochemical properties of crystalline drugs without modifying 110 

their molecular structure. The sublimation rate of a solid depends on its vapor pressure, which 111 

corresponds to the escaping tendency of molecules from the solid phase. Recently, Hui Zu et 112 

al. studied the sublimation of thymol cocrystals, reporting that the sublimation rate of thymol-113 

4,4'-dipyridyl (Thy-DP) cocrystals was 26 folds lower than the one of thymol and 3.3 folds 114 

larger than the sublimation rate of DP [24]. Mazzeo et al. reported that cocrystallization 115 

significantly modified the release profile of essential oil derivatives such as thymol, eugenol, 116 

and carvacrol, depending on the coformer [25]. In another work, Bianchi et al. reported the 117 

sustained release of cocrystallized thymol, eugenol, and carvacrol from a chitosan coating 118 

deposited on low-density polyethylene (LDPE) [26]. In this work, packaging prototypes were 119 

prepared by the adhesion of cocrystals on LDPE using chitosan solution. To the best of our 120 

knowledge, the mentioned study is the only report on the design of cocrystal-based active 121 

food packaging materials. 122 

This study is the first report on a cocrystal behavior in scCO2 and its impregnation into a 123 

polymeric matrix aimed at designing novel food packaging material with a prolonged active 124 

component release due to the intramolecular interactions between the selected active 125 

substance and coformer. The questions to be answered relate to the stability and solubility of 126 

the cocrystal in scCO2 and SSI feasibility concerning the release kinetics and biological 127 

activity of the obtained materials. Phenazine (PHE, solid coformer) was considered in this 128 

study as a model coformer because it is prone to act as a strong hydrogen bond acceptor with 129 

wide use in designing cocrystals for pharmaceutical applications. Eugenol (EU, liquid), a 130 



highly volatile bioactive substance, was selected as a model essential oil derivative due to its 131 

GRAS status given by the Food and Drug Administration (FDA) [27], extensive use in food 132 

packaging due to its well-known bioactivity against bacteria and fungi [28–31], and chemical 133 

structure that allows it to be used as a hydrogen-bond donor [25,26]. Polylactic acid (PLA) 134 

foams with or without nanoclay C30B were produced by foaming in scCO2 and used as a 135 

substrate for EU-PHE cocrystal impregnation (SSI) in the next step. The impregnation of 136 

foams was also performed with pure EU for comparison reasons. As a biodegradable 137 

polymer, PLA has been extensively studied for packaging applications [19,32–34]. The 138 

monomer, LA, is recognized as a safe food preservative by the FDA, and its migration from 139 

PLA packing containers to food is also considered negligible. In addition, PLA has several 140 

beneficial properties that make it appropriate for use in contact with food, such as good 141 

oxygen and water barrier properties, resistance against oils and fats, resistance to UV 142 

radiation, transparency, and thermal processability [35]. Its favorable mechanical properties 143 

make PLA an appropriate replacement for polysulfone food packaging [36], which is one of 144 

the envisaged applications of the foams obtained in this study. C30B is a montmorillonite 145 

nanoclay with a high chemical affinity to PLA that can contribute to the intercalated 146 

nanocomposite structure. The nucleation and antibacterial properties of C30B were also 147 

reported, which is why it is frequently used in food packaging [37,38].  148 

Finally, the antibacterial properties of the obtained materials were investigated against 149 

Listeria monocytogenes and Salmonella Enteritidis. The vast presence of L. monocytogenes 150 

in nature, including the surface layers of the soil, organisms of birds, mammals, and fish, 151 

increases the possibility of contamination of most food products with this microorganism. It 152 

is generally found on leaves of green vegetables (spinach, onion, leek) and rind of 153 



watermelon and melon. It can be found in fish products, as well as in cheese and other dairy 154 

products [39]. Salmonella is a strictly pathogenic microorganism and is not as widespread as 155 

Listeria. Still, the possibility of contaminating almost any food product is always open. There 156 

have been recorded outbreaks of salmonellosis through peanut butter, tea, chocolate, chips, 157 

and peppers, in addition to eggs and meat, which traditionally represent the most common 158 

source of infection [40]. The capability of L. monocytogenes and S. Enteritidis to multiply 159 

between 40C to 450C and pH from 5.0 to 9.0 increases the risk of the contamination of the 160 

food products during the packing process or even in a retail network. Therefore, these two 161 

microorganisms were chosen for this study. 162 

 163 

2. Materials and chemicals   164 

2.1. Materials  165 

Poly (lactic acid) (PLA), 2003D, with a specific gravity of 1.24 and an MFR of 166 

g/10min (210 °C, 2.16 kg) was supplied by Natureworks® Co. (Minnetonka, MN, USA). 167 

Merck provided the 99.9% HPLC-grade ethanol and methanol used in the study (Darmstadt, 168 

Germany). Aldrich® Chemistry supplied the following chemicals: phenazine (PHE) (98%) 169 

and eugenol (EU) (99.5%). (St. Louis, MO, USA). Southern Clay Products (Texas, United 170 

States) supplied the Cloisite® 30B (C30B) (100 meq/100 g) commercial organo-modified 171 

montmorillonite. Linde (Santiago, Chile) supplied carbon dioxide (CO2). DMSO was 172 

purchased from Sigma-Aldrich (Darmstadt, Germany). 173 

 174 

 175 

 176 



2.2. Preparation of PLA nanocomposite films and synthesis of the EU-PHE cocrystal  177 

The following steps were taken to prepare the PLA foams. First, PLA powder and C30B 178 

nanoclay were vacuum-dried at 60 °C for 24 h. Then, PLA nanocomposite films were 179 

obtained using a LabTech LTE20 twin-screw extruder. Control PLA films (without the 180 

nanoclay), and PLA nanocomposites with varying amounts of C30B nanoclay (5 and 10% 181 

w/w) were extruded under a temperature range between 185 and 195 ºC with a screw speed 182 

of 42 rpm and a chill roll speed of 0.9 rpm. The nanocomposite films were kept in a desiccator 183 

until supercritical fluid processing. 184 

The eugenol-phenazine (EU-PHE) cocrystal was prepared using a method previously 185 

reported [25] consisting of manually grinding equimolar quantities of PHE and EU in an agar 186 

mortar for approximately 20 min, yielding a yellow powder. The cocrystal was kept at a 187 

temperature of -18 °C until the supercritical impregnation process. 188 

 189 

2.3. Polymer supercritical fluid processing: foaming of PLA films and foam impregnation 190 

with EU and EU-PHE cocrystal  191 

The apparatus for the supercritical foaming of extruded PLA films is shown in Fig.1. Pure 192 

PLA and nanocomposite sheets (1.5 cm x 4 cm, ~700 µm) were deposited inside a 100 mL 193 

high-pressure cell (Thar Instruments, USA). The cell was filled with previously liquified CO2 194 

by cooling in an Alpha RA 8 refrigerator unit (Lauda, Germany). A high-pressure pump 195 

Teledyne ISCO 260D (Teledyne, USA) was used to elevate the cell pressure. The 196 

temperature was maintained by an electric resistance heater wrapped around the cell. The 197 

foaming of all samples was performed at 120 °C and 25 MPa. The samples were maintained 198 



at these conditions for 20 minutes. The CO2 was then released within 2 s from the system. 199 

The resulting foams were kept in a desiccator until supercritical impregnation. 200 

The produced PLA foams with varying concentrations of C30B (0, 5, and 10 % w/w) were 201 

impregnated with EU and EU-PHE cocrystal by SSI in the same equipment used for the 202 

foaming (Fig. 1). EU (0.64 g) or EU-PHE cocrystal (1.35 g) was put in a glass container and 203 

placed at the bottom of the vessel. PLA nanocomposite foams (0.5 g) were deposited inside 204 

the high-pressure vessel above the active substance, and the system was loaded with liquid 205 

CO2. The ISCO 260D syringe pump and the electric heater were used to attain the desired 206 

conditions. The SSI conditions for EU, being the pressure of 15 MPa, temperature of 60 °C, 207 

depressurization rate of 0.5 MPa/min, and impregnation time of 2 h, were adopted from the 208 

literature as they were reported the best to incorporate EU into polyamide fibers [41,42]. The 209 

impregnation process of the EU-PHE cocrystal was carried out at 15 MPa and 60 °C for 4 h. 210 

The system was then left for natural cooling (from 60 to 25 °C for 2 h) to promote the 211 

precipitation and recrystallization of EU-PHE cocrystals inside the PLA nanocomposite 212 

foams [43,44]. After the cooling, the system was decompressed at a rate of 0.5 MPa/min. The 213 

impregnation yield (I) was determined gravimetrically using an analytical balance with an 214 

accuracy of ±0.0001 g and calculated as follows:               215 

                                                       𝐼 =
𝑚2−𝑚1

𝑚1
· 100 %                       (1) 216 

where 𝑚1 is the initial mass of foam and 𝑚2 is the foam mass after the impregnation [45]. 217 

 218 



 219 

Fig. 1. Outline of the experimental setup for the CO2-assited foaming and impregnation of 220 

the PLA nanocomposite foams. 221 

 222 

2.4. Solubility determination 223 

The solubility of pure substances EU and PHE and their cocrystal EU-PHE in scCO2 224 

under the conditions of interest (15 MPa and 60 °C) was performed by the previously 225 

published procedure [46] in a 25 mL high-pressure view cell (Eurotechnica GmbH, 226 

Bargteheide, Germany) equipped with two sapphire windows that allow for the process 227 

visualization and an electrical heating jacket. A glass vessel with around 0.4 g of substance 228 

(EU, PHE, or EU-PHE) was placed in the previously heated (60 °C) cell. A perforated cover 229 

was put on the top of the glass container to minimize the precipitation of the substance back 230 

to the vessel during the decompression. The vessel's surface (3 cm2) was considerably smaller 231 

than the surrounding surface of the cell for the same reason. The CO2 was introduced to the 232 

cell, and pressure was increased to 15 MPa by an air-driven gas booster (Eurotechnica 233 

GmbH). After 24 h, the system was decompressed at 0.5 MPa/min. The mass of the dissolved 234 



substance was determined gravimetrically using an analytical balance with an accuracy of 235 

±0.00001 g. The scCO2 density at 15 MPa and 60 °C used to calculate the solubility in (g 236 

substance)/(g scCO2) was 605.6927 kg/m3 [47]. 237 

 238 

2.5. Characterization of the PLA nanocomposite foams impregnated with EU and the EU-239 

PHE cocrystal  240 

2.5.1. Morphological analysis  241 

Scanning electron microscope (SEM) VEGAN3 TESCAN with an accelerating voltage of 242 

10 kV was used to examine the morphology of the neat and impregnated PLA foams with 243 

EU and the EU-PHE cocrystal. Cross-sections of foams were obtained by nitrogen fracture. 244 

The samples were coated with gold using a Sputtering System Hummer 6.2. Image-245 

processing Image J program was used to calculate the average values of the pore diameter 246 

and cell density of the foams, applying equations 2 and 3, respectively.  247 

                                                             𝑑𝑎𝑣 =
∑ 𝑑𝑖

600
𝑖=1

600
                                          (2) 248 

where 𝑑𝑎𝑣 indicates the average pore diameter, 𝑖 corresponds to the number of pores with the 249 

pore size 𝑑𝑖, and 600 is the number of pores considered for the evaluation. 250 

                                                            𝜌𝑐 = (
𝑛𝑀2

𝐴
)

(3/2)

            (3) 251 

where 𝜌𝑐 indicates the cell density, 𝑛 is the number of cells in the SEM image, 𝑀 is the 252 

magnification, and 𝐴 is the micrograph area. 253 

 254 



2.5.2. Thermal properties  255 

Differential scanning calorimetry (DSC) tests were performed using a Mettler-Toledo 256 

model STAR 822e (Schwerzenbach, Switzerland) apparatus with a cooling system (HAAKE 257 

EK 90/MT, Newington, USA). 4-6 mg of sample was subjected to a single heating from 0 to 258 

250 °C at a steady rate of 10 °C/min1 under a nitrogen atmosphere. The glass transition 259 

temperature (Tg), melting temperature (Tm), cold crystallization temperature (Tcc), melting 260 

enthalpy (∆Hm), and cold crystallization enthalpy (∆Hcc) of foams were the thermal 261 

parameters analyzed. Equation 4 was used to determine the crystallinity: 262 

                                     𝑋𝐶(%) = 100 · (
∆𝐻𝑚−∆𝐻𝑐𝑐

∆𝐻𝑚
0 ·(100−𝜔)

)         (4) 263 

where, ∆𝐻𝑚
0  is the specific melting enthalpy of crystalline PLA (93,6 J g-1) [19], and 𝜔 is the 264 

mass percentage of C30B. 265 

Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo Gas 266 

Controller GC20 Stare System TGA/DCS (Schwerzenbach, Switzerland). 7 mg of sample 267 

was placed in porcelain capsules, which were heated under a nitrogen atmosphere at a rate 268 

of 10 °C/min1 over a temperature range of 30 to 600 °C (flow rate 50 mL/min1). The 269 

parameters obtained were the temperature of degradation at 2.5% of weight loss (Tonset), and 270 

the temperature of maximum degradation (Td).      271 

 272 

  273 



2.5.3. X-ray diffraction  274 

The dispersion and exfoliation of C30B and EU-PHE cocrystal inside the structure of 275 

PLA nanocomposite foams were analyzed by using Bruker D8 Advance X-ray diffraction 276 

equipment (Marca, Ciudad, País). Scanning was performed over the sample surface. The 277 

patterns for profile fitting were obtained using CuKα radiation at the 2θ° scanning angle 278 

between 2 to 80 º, with a scanning step of 0.02 º, at a collection time of 10 s per step operating 279 

at 40 kV. 280 

2.5.4. Attenuated Total Reflectance Fourier transform infrared (ATR-FTIR) spectroscopy  281 

The chemical characterization of foams was performed using Bruker IFS 66V 282 

spectrometer in attenuated total reflection (ATR) mode. The 64 co-added interferograms at 283 

4 cm-1 resolution and a 4000 to 400 cm-1 wavenumber range yielded the FTIR spectra. OPUS 284 

Software Version 7 was used to analyze them. 285 

2.5.5. Mechanical Assays  286 

Following ASTM D-882, a Zwick Roell model BDOFB 0.5TH Tensile Tester was 287 

used to measure each material's tensile modulus, tensile strength, and elongation at break at 288 

23 ± 2 °C. Analyses were performed on PLA foams (8 x 2.5 cm), previously conditioned in 289 

a desiccator at 25 ºC and 53% relative humidity (a saturated salt solution of magnesium 290 

nitrate) for 48 h, with a 1 kN load cell. Considering the size of the specimens obtained by 291 

foaming/supercritical impregnation, the initial grip separation was 15 mm, and the crosshead 292 

speed was 500 mm/min. For each sample, 10 measurements were performed.  293 

 294 



2.5.6. Study of the release kinetics of the EU-PHE cocrystal  295 

 EU and EU-PHE cocrystal migration tests from PLA nanocomposite foams were carried 296 

out using EtOH 10% v/v solution as an aqueous food simulant to evaluate their release 297 

kinetics and to describe the mass transfer. According to EU Regulations, migration tests were 298 

performed in duplicate and in accordance with the European Committee for 299 

Standardization’s recommendations [48]. 130 mL of food simulant and a sample of 0.5 g 300 

PLA nanocomposite foam impregnated with EU or EU-PHE cocrystal were placed in a glass 301 

tube. For at least 6 days, these tubes were maintained at 40 °C, and the amount of EU released 302 

was periodically quantified by UV spectroscopy at 298 nm. 303 

 Release assays were carried out up to the equilibrium point, i.e., when the EU content in 304 

the food simulant was maintained constant in at least two continuous succeeding 305 

measurements. The dimensionless distribution coefficient of EU between the PLA 306 

nanocomposite foams and food simulant (KP/FS), which is represented by the ratio of the EU 307 

concentrations at the interface between the polymer and food simulant, was used to 308 

characterize this thermodynamic equilibrium condition (Equation 5) 309 

                                                                𝐾𝑃/𝐹𝑆 =  
𝐶𝐸𝑈

𝑃

𝐶𝐸𝑈
𝐹𝑆                                                    (5) 310 

where 𝐶𝐸𝑈
𝑃  is the equilibrium EU concentration in the PLA nanocomposite foams and 𝐶𝐸𝑈

𝐹𝑆  311 

corresponds to EU concentration values in the food simulant. The EU release kinetics were 312 

modeled using the kinetic models of Higuchi and Korsmeyer-Peppas presented by equations 313 

6 and 7, respectively. 314 

                                                       
𝑀𝑡

𝑀∞
= 𝑘 ∙ 𝑡1/2                                                           (6) 315 

 316 



                                                           
𝑀𝑡

𝑀∞
= 𝑘 ∙ 𝑡𝑛                                                         (7) 317 

where Mt is the amount of EU released at any given time t, M∞ is the amount of EU released 318 

at the infinite time, k is the release rate constant, and n is the diffusional exponent, which 319 

indicates the type of release mechanism.  320 

  321 

2.5.7. Antimicrobial properties of PLA foams loaded with the EU-PHE cocrystal  322 

2.5.7.1. Investigated strains 323 

 Listeria (L.) monocytogenes, serotype 1/2a, isolated from frozen salmon, as well as 324 

Salmonella (S.) Enteritidis (S. enterica subspecies enterica serovar Enteritidis) isolated from 325 

chicken egg samples, as a typical foodborne pathogen, were used for the investigations. 326 

Bacterial strains were isolated in routine microbiological activities and kept at - 80 °C in a 327 

cryoprotective medium. In preliminary tests (results not published), a strong ability of both 328 

strains to produce biofilms was demonstrated. Just before testing, the cultures were refreshed 329 

in Tryptone soya broth (TSB, Oxoid, Basingstoke, UK) at 37 °C overnight, then spread on 330 

5% sheep blood agar and incubated for 24 h. 331 

 332 

2.5.7.2. Determination of MIC (minimal inhibitory concentration) values of EU, PHE and 333 

EU-PHE cocrystals 334 

The antibacterial activities of EU, PHE, and EU-PHE cocrystals were also analyzed 335 

through the dilution antimicrobial susceptibility test [49] with the modification that instead 336 

of antibiotics, EU, PHE, and EU-PHE cocrystals previously dissolved in dimethyl sulfoxide 337 

(DMSO) were used. Investigated concentrations ranged from 5% to 0.00244 %. Although 338 

completely dissolved in DMSO, PHE, and EU-PHE cocrystal in concentrations higher than 339 



5% formed a deposit after mixing with Cation Adjusted Mueller Hinton broth, the reference 340 

medium for broth microdilution. Thus, the highest possible investigated concentration was 341 

5%. The final bacterial inoculum density was approximately 5×105 CFU/mL. Microtiter 342 

plates were incubated for 18-24 h at 37 °C. The MIC was defined as the lowest concentration 343 

that inhibited the visible growth of bacteria. 344 

2.5.7.2. Anti-attachment (contact inhibition) activity of PLA nanocomposite foams 345 

The microbial assay has been applied to determine the inhibition of the bacterial 346 

adhesion to the polymer surface [50]. Strains were incubated in TSB with 1% (w/v) glucose 347 

for 24 h. Overnight cultures were diluted to approximately 1-2 x 108 CFU/mL. Polymeric 348 

samples with a surface of 1 cm2 were prepared and sterilized in an autoclave at 121 °C for 349 

15 min and subsequently immersed in 2 mL of diluted cultures and incubated for 24 and 48 350 

at 37 °C in static condition. After an incubation, PLA foam samples were collected and 351 

washed thoroughly with sterile Phosphate Buffered Saline (PBS). Subsequently, each piece 352 

of foam was transferred into tubes filled with 10 mL of PBS and subjected to ultrasonication 353 

at 37,000 Hz (Elmasonic S60, Elma Schmidbauer GmbH, Singen, Germany) for 5 min to 354 

detach the cells. Serial dilutions were done to a final dilution of 10-8. Each dilution was 355 

inoculated in three 10 μL aliquots on Tryptone soya agar, which were then incubated 24 h at 356 

37 °C. After that, colonies were counted. The number of obtained CFU/mL was calculated 357 

according to the formula from 7218 ISO standard [51]: 358 

                                    NCFU= (∑C)/ (V x [n1+(0.1 x n2)] x d)                                 (8) 359 

where ∑C is the total number of colonies from two successive dilutions, V is the volume of 360 

inoculum applied to each Petri dish (mL), n1 is the number of replicates from the first 361 



dilution, n2 is the number of replicates from the second dilution, and d is the dilution factor 362 

corresponding to the first dilution. 363 

The calculation of the number of attached bacteria per cm2 (NP) was done following the 364 

equation 9 [52]: 365 

                                                         NP= (NCFU x V)/P                                             (9)                      366 

where NCFU is the total number of detached bacteria (previously determined as CFU/mL), 367 

V is the volume of PBS where the ultrasonic detachment was done, and P is the total surface 368 

in mm2 of the PLA. The investigation was carried out in three independent experiments from 369 

which the average numerical values were derived and shown in the results. 370 

2.5.7.3. Assay of antimicrobial activity in broth cultures of active foams – determination of 371 

killing effect (KE) 372 

The killing effect of the polymer, as well as its durability in a liquid environment, 373 

depends on the active substance release rate. It was determined under static incubation 374 

following the previously described method [50]. Briefly, a test polymer with a surface area 375 

of 1 cm2 was added to 2 mL Mueller-Hinton broth with 1% glucose, suspension of the 376 

investigated strain adjusted to an OD550 of 0.125 (approximately 2 x 108 CFU/mL, Ao), and 377 

left to incubate for 24 h at 37 °C (Atest tube). Controls were culture without polymer (Acontrol), 378 

culture with pure non-impregnated PLA foam (PLAF) as a neutral control polymer 379 

(AcontrolPLAF), and blank was a sterile broth. The test was repeated daily by transferring the 380 

polymer to a freshly prepared culture broth as long as the OD values of the tested polymer 381 

were lower than those of the control (Acontrol ≥ Atest tube). When the two absorbances were 382 

similar (Acontrol ≤ Atest tube), the polymer sample could no longer inhibit bacterial growth. 383 



Results were presented as the percentage of bacterial growth in the presence of polymers 384 

compared to the bacterial growth in the presence of controls.  385 

2.5.7.5. Statistical analysis 386 

All data was analyzed using Statistical software version 13.0 (StatSoft Inc., Tulsa, 387 

OK, USA). The quantitative bacterial counts of L. monocytogenes and S. Enteritidis strains 388 

per centimeter square underwent a logarithmic transformation. To monitor the effect of the 389 

investigated PLA foams on the adhesion of microorganisms to surfaces, a logarithmic 390 

reduction was also calculated. 391 

 392 

  393 



3. Results and discussion 394 

 395 

3.1. PLA nanocomposite foam production and solubility determination 396 

PLA nanocomposite films with different concentrations of C30B (0, 5, and 10 % w/w) 397 

were successfully obtained by extrusion and subsequently foamed using scCO2 as a blowing 398 

agent. During the foaming process, the pressure, temperature, and soaking time were 399 

maintained at 25 MPa, 120 °C, and 20 min, respectively, based on previously reported 400 

processing conditions by Rojas et al. [19]. The presence of C30B at low concentration (5 % 401 

w/w) did not significantly change the expansion ratio (19.71 ± 3.84) and porosity (94.69 ± 402 

0.82 %) of the PLA-nanocomposite foam compared to the values of expansion ratio (12.63 403 

± 2.59) and porosity (91.91 ± 1.66 %) obtained for the control PLA foam (PLAF). This result 404 

is in accordance with the data reported by Rojas et al. [19]. It is well known that the porosity 405 

and expansion ratio of PLA foams obtained using scCO2 as a blowing agent depends on the 406 

conditions of pressure, temperature, and time, which govern the amount of sorbed scCO2 in 407 

the polymer structure, and on the number of nucleation sites inside the polymer for cell 408 

formation [53]. Particularly, the promotion of the crystallization of PLA has been used as an 409 

effective strategy to improve its foaming ability, i.e., improving the expansion ratio and the 410 

porosity of the resulting PLA foams. Namely, crystals reduce the cell nucleation energy 411 

barrier by providing numerous heterogeneous nucleation sites [54,55]. In this context, the 412 

similar expansion ratios and porosities of PLA foams without the clay and with 5 % w/w 413 

C30B were in agreement with the same crystallinity (part 3.4) and an exfoliated structure 414 

(part 3.2) of both samples. The exfoliation of C30B at 5 % w/w inside PLA has been 415 

previously reported [56–58]. 416 

 417 



Table 1. Pore diameters (d), cell density (ρc), and impregnation yield (I) of EU-PHE cocrystal  418 

Sample 

 

dmin 

(µm) 
dmax 

(µm) 

 

daver 

(µm) 

ρc 

(10-8 pores 

cm-3] 
I 

(% w/w) 

PLAF (control) 
4.22 42.71 22.70 ± 6.65 a 2.40 - 

 

PLAF-EU-PHE 3.69 50.85 15.97 ± 6.65d 3.31 8.62 ± 0.06c 

PLAF-5%C30B 4.22 41.21 20.90 ± 6.35 b 2.80 - 

PLAF-5%C30B/EU-PHE 3.83 33.14 15.55 ± 4.73 d 3.65 9.19 ± 0.12d 

PLAF-10%C30B 3.84 37.16 15.39 ± 3.84 c 4.58 - 

PLAF-10%C30B/EU-PHE 3.80 61.36 13.58 ± 3.80 e 14.06 9.25 ± 0.37d 

Different superscripts indicate statistically significant differences in the crystallinity of the samples. 419 
 420 

Fig. 2 shows the representative images of PLA nanocomposite foams with different 421 

C30B concentrations (0, 5, and 10 % w/w). The foams’ average pore diameters (daver) and 422 

cell density (ρc) values are presented in Table 1. As shown in Fig. 2, the incorporation of 423 

C30B did not change the closed cell morphology present in the control PLAF. Nevertheless, 424 

clay agglomerates were observed in the PLA nanocomposite foam with C30B at 10 % w/w 425 

since the nanoparticles were less dispersed inside the polymer (Fig. 2d). This phenomenon 426 

decreased the porosity (81.69%) and consequently, the expansion ratio (5.47) of the foam 427 

with the high C30B concentration compared to the pristine PLA foam. Particularly, nanoclay 428 

agglomerations could act as a physical barrier for the polymer expansion during the cell 429 

growth stage [19,59], which explained the formation of polymer foams with lower average 430 

pore diameter sizes (15.39 ± 3.84 µm) compared to the control PLAF (20.90 ± 6.35 µm) and 431 

the foam with 5 % w/w C30B (22.70 ± 6.65 µm). Consequently, the PLA nanocomposite 432 

foam with 10 % w/w C30B presented the highest cell density compared with the values 433 

obtained for the control PLAF and PLA nanocomposite foam with 5% w/w C30B (Table 1). 434 

 435 



 436 

Fig. 2. Optical microscope image of the EU-PHE cocrystal powder (a), SEM images 437 

and pore size distribution of PLA foams with 0, 5 and 10 % w/w of C30B (b, c, and d, 438 

respectively), and SEM images and pore size distribution of the PLA foams impregnated 439 

with EU-PHE cocrystals with 0, 5 and 10 % w/w of C30B (e, f, and g, respectively).  440 

 441 

The experiments in the view cell confirmed the stability of the EU-PHE cocrystal 442 

when exposed to scCO2 under the conditions of interest (15 MPa and 60 °C). No phase 443 

separation could be observed during the exposure or after the system decompression. The 444 

determined solubilities of EU, EU-PHE cocrystal, and PHE in scCO2 at 15 MPa and 60 °C 445 

were 0.0370±0.0005, 0.0123±0.0002, and 0.00109±0.00006 g/gscCO2, respectively. The 446 

results indicated that the EU solubility in scCO2 was considerably higher than that of PHE. 447 



The EU-PHE cocrystal solubility was approximately ten times higher than the solubility of 448 

pure PHE and three times lower compared to the EU. In the literature, data on EU solubility 449 

in scCO2 are usually derived from supercritical fluid extraction measurements for different 450 

scCO2 flow rates and particle sizes [60]. In contrast, the static solubility measurement data 451 

are scarce. Chen et al. determined the VLE data for the system scCO2-EU in a semi-flow type 452 

apparatus and reported the maximal EU molar fraction value of 0.96x10-2 (corresponding to 453 

0.035 g/gscCO2) at 328.15K & 125.1 bar [61], which is similar to our value. The only report 454 

on PHE solubility in scCO2 is the work of Van Alsten et al. [62]. The authors obtained a PHE 455 

molar fraction of 0.000225 (corresponding to 0.00092 g/gscCO2) at 14.58 MPa and 50 °C, 456 

which is comparable to our result. The determined EU-PHE cocrystal solubility (0.0123 457 

g/gscCO2) lies between the values of pure EU and PHE, and it is appropriate (high enough) to 458 

allow for an effective SSI.  459 

EU and EU-PHE cocrystals were successfully impregnated in PLA nanocomposite 460 

foams by SSI under the conditions of 15 MPa and 60 °C and with a decompression rate of 461 

0.5 MPa/min. To the best of our knowledge, there is no data on the impregnation of EU in 462 

PLA by SSI or another method. The obtained impregnation yield of EU was in the range 463 

between 20 to 22 % w/w and slightly increased (from 20 to 22%) with the C30B content. 464 

This might be due to the hydrophobic nature of EU and possible interactions with the 465 

nanoclay’s silicate layers. The same phenomenon has been used to explain the slight impact 466 

of C30B on the impregnation yield of cinnamaldehyde in PLA nanocomposite foams [19] 467 

and films [63] with C30B content up to 5 % w/w. The impregnation yield of EU for PLA 468 

foams obtained in this study is comparable to those reported for other essential oil derivatives. 469 

Under similar processing conditions, Torres et al. stated that a thymol loading in PLA films 470 

was 20.4% w/w [64].  471 



Recently reported EU-impregnated polymeric materials utilizing scCO2 include 472 

linear low-density polyethylene (LLDPE) with EU impregnation yield ranging between 1 473 

and 6 % w/w [65], polyamide fibers with impregnation yield between 8 and 15 % w/w [41], 474 

and polyamide dental floss with impregnation yield ranging between 4 and 16 % w/w [42]. 475 

It is clear from comparing these studies with our findings that PLA exhibits higher EU 476 

impregnation yields than the aforementioned polymers. It is well-known that the SSI of 477 

bioactive substances in polymers depends on the balance between the affinity of the bioactive 478 

substance towards the polymer and scCO2. Particularly, the high loading of active substances 479 

in PLA has been attributed to electrostatic interactions between functional groups of the 480 

bioactive substances and free carbonyl groups available in PLA chains. In the case of 481 

cinnamaldehyde, hydrogen bonds between the oxygen of the aldehyde belonging to the 482 

cinnamaldehyde and the PLA carbonyl group allow for incorporations of up to 13 % w/w 483 

[66]. According to reports, notable thymol incorporation in the polymeric matrix (up to 24 484 

% w/w) was caused by a secondary interaction between the phenolic group of thymol and 485 

the free PLA’s carbonyl groups [6]. In our study, the hydroxyl group of EU and its 486 

electrostatic interactions with carbonyl groups of PLA contributed to the high EU loadings. 487 

The obtained impregnation yields for the EU-PHE cocrystal were notably high, 488 

ranging from 8.62 to 9.25 % w/w (Table 1). The presence of C30B slightly increased the 489 

cocrystal loading, similar to the observed with EU. Fig. 2. presents the images of EU-PHE 490 

cocrystal and neat and impregnated PLA foams along with their pore size distribution.   The 491 

SEM images revealed a slight decrease in the average pore diameter of PLA nanocomposite 492 

foams due to the EU-PHE cocrystal incorporation (Fig. 2e, 2f, and 2g). This phenomenon 493 

has been previously observed for PLA nanocomposite foams impregnated with 494 

cinnamaldehyde [19] and starch foams impregnated with carvacrol [67,68]. The phenomenon 495 



was explained by the plasticizing properties of these essential oil derivatives. Fig. 2a shows 496 

EU-PHE cocrystals generated manually by grinding according to the procedure described in 497 

part 2.2.  The cocrystals appear as agglomerated granules of diameters up to 25 µm. However, 498 

EU-PHE cocrystals appeared inside the PLA nanocomposite foams as isolated spherical 499 

shape micrometric particles with an average diameter of around 0.8 µm (Fig. 2e, f, and g). 500 

Therefore, it can be concluded that the recrystallization of the EU-PHE complex from the 501 

supercritical phase occurred. SEM images with EU-PHE recrystallized particles and their 502 

dimensions are presented in Fig. S1 (Supplementary material). The micronization or 503 

nanonization of solid particles inside polymeric structures by means of the SSI process has 504 

been previously reported [43,44]. Ubellitogullary et al. reported the nanonization of 505 

phytosterol particles inside nanoporous starch aerogels by decreasing their solubility in 506 

scCO2 during the last stage of the SSI process. The authors attributed the formation of isolated 507 

nanoparticles to favored nucleation rather than crystal growth during the fast-cooling stage 508 

previous to the depressurization of the system [43].  509 

It is well-known that the solvation of solid particles in supercritical fluids involves 510 

the formation of clusters or aggregates of solvent molecules around the solute [69,70]. In this 511 

way, clusters of CO2 molecules probably surrounded the EU-PHE cocrystal particles without 512 

destabilizing the supramolecular interactions between their components (EU and PHE) 513 

during the first stage of the SSI (solvation stage), allowing their dispersion and transport in 514 

the supercritical phase towards the polymer in the second stage of the process (diffusion 515 

stage). Finally, the incorporation/recrystalization of the EU-PHE cocrystals inside the 516 

polymer foam occurred in the third stage by cooling and the subsequent depressurization of 517 

the system.  518 



It is well-known that scCO2 solvent power is an important factor governing the 519 

impregnation of bioactive substances in polymers [17,18]. In this way, the differences 520 

between the impregnation yield obtained for EU and the EU-PHE cocrystal could be 521 

associated with their different solubilities in scCO2. There is no data in the open literature 522 

about the solubility of cocrystallized derivative essential oils in supercritical fluids, and our 523 

study is the first report on cocrystal solubility in scCO2. The solubility values determined in 524 

this work support the obtained SSI results and the feasibility of the proposed process.  525 

 526 

3.2. X-ray diffraction  527 

The X-ray diffraction analysis of PLA nanocomposite foams was performed to 528 

identify if the nanoclay was exfoliated on the polymer matrix, that is, if C30B was uniformly 529 

distributed, allowing correct intercalation of PLA chains in nanoclay sheets. As Fig. 3a 530 

shows, XRD diffractograms of PLAF and PLAF-5%C30B did not evidence differences, 531 

confirming the exfoliation of C30B by PLA [56,71]. On the other hand, a significant 532 

difference was observed in the diffractogram of PLAF-10%C30B with the characteristic 533 

band of C30B at approximately 5º that confirmed the low exfoliation in the material when 534 

the clay was added at high concentration. This nanocomposite presented an agglomeration 535 

of C30B consistent with SEM images and the previously explained phenomena related to the 536 

porosity and the expansion coefficient. This effect has also been observed through TEM 537 

analysis in a previous work that evidenced the agglomeration of C30B in PLA polymeric 538 

structure when added at 10 % w/w [72]. 539 

 540 



 541 

Fig. 3. DRX diffractograms of: a) foamed PLA nanocomposites with 0, 5 and 10 % w/w 542 

C30B; b) foamed PLA nanocomposites with 0, 5 and 10 % w/w C30B impregnated with 543 

EU/PHE cocrystals.  544 

 545 

Fig. 3b presents the XRD diffractograms of foamed PLA nanocomposites 546 

impregnated with EU-PHE cocrystals. The diffractogram of EU-PHE confirmed the 547 

incorporation of the crystal structure in PLA, in agreement with the XRD previously reported 548 

by Mazzeo et al. [25]. The foamed PLA nanocomposites evidenced a shift in the main bands 549 

upon incorporating EU-PHE into the polymeric foams, which are present at 16º, 18.6º and 550 



28.75º respectively, indicating an intercalation of EU-PHE with the polymer matrix.  No 551 

cocrystal agglomeration was detected. New weak bands at 12.3, 22.1, and 27º also appeared 552 

upon impregnating the cocrystals, which were attributable to the 553 

incorporation/recrystallization of EU-PHE cocrystals in the polymeric matrix. 554 

 555 

3.3. FTIR analysis 556 

Fig. 4a shows the spectra of foamed PLA nanocomposites. The main characteristic 557 

peaks for PLA can be observed at 1750 and 1082 cm-1, corresponding to the symmetric and 558 

asymmetric stretching of the C=O group, respectively; the bands at 1180 and 1127 cm-1 are 559 

associated to the asymmetric and symmetric stretching of the C-O bond, respectively; the 560 

CH3 bending at 1454 cm-1 and the symmetric and asymmetric stretching of the C-H bond of 561 

CH2 are seen as peaks at 1381 and 1360 cm-1, respectively [19,73,74]. Finally, the amorphous 562 

and crystalline zones of PLA were observed at 870 and 754 cm-1, respectively [75]. The 563 

presence of C30B nanoclay was observed in the range of wavenumbers between 2800 and 564 

3050 cm-1. The bands at 2920 and 2850 cm-1 are associated with the asymmetric and 565 

symmetric vibrations of the C-H group of the methylene group of C30B, respectively [76].  566 

FTIR spectra of PLA foams impregnated with EU are presented in Fig. S2 567 

(Supplementary material). Comparing the spectra of neat and EU-impregnated foams, new 568 

bands were observed in the impregnated samples, confirming the presence of EU. The new 569 

peak at 1511 cm-1 is attributed to the stretching of the EU; two new bands at 818 and 793 cm-570 

1 are associated with the vibration of the tetra-substituted aromatic ring. The characteristic 571 

bands for PLA were detected, and there was no shift in wavenumbers. However, compared 572 

to neat foams, a decrease in the absorbance for the characteristic frequencies of the functional 573 



groups C=O and C-O was observed, evidencing an interaction of the hydrogen bond type 574 

between these groups and the incorporated EU. 575 

 576 

 577 
Fig. 4. ATR-FTIR spectra of a) foamed PLA nanocomposites; b) active foamed PLA 578 

nanocomposites impregnated with EU-PHE cocrystals. 579 

 580 

Fig. 4b shows FTIR spectra of PLA foams impregnated with EU-PHE cocrystals. The 581 

PLA characteristic bands were detected, with no shift in wavenumbers.  A decrease in the 582 

absorbance of the C=O and C-O functional groups was evidenced, showing hydrogen bond 583 

interactions between the EU-PHE cocrystals and the PLA polymeric structure [77]. On the 584 

other hand, the main peaks of EU-PHE were identified at 1514 cm-1, corresponding to the 585 

vibration of the aromatic ring, and at 821 cm-1, associated with the vibration of the tetra-586 

substituted aromatic ring. 587 

 588 



3.4. Thermal properties of the impregnated PLA nanocomposite foams  589 

3.4.1. Differential scanning calorimetry  590 

Table 2 shows the thermal properties of pure substances and nanocomposite foams 591 

obtained by the DSC analysis. DSC thermograms for EU-PHE cocrystal and PHE, and 592 

representative thermograms for the PLA nanocomposite foams, are shown in Fig. S3 and 593 

Fig. S4 (Supplementary material), respectively. The effective formation of the EU-PHE 594 

cocrystal by grinding was evidenced by the appearance of a single melting peak around 52 595 

ºC, revealing that it had a different crystalline structure than that of PHE, which presented a 596 

single melting transition at 175 ºC (Table 2 and Fig. S3). 597 

The control PLAF presented a thermal transition at 69 °C associated with the 598 

polymer's glass transition temperature. Tg was not detected in PLA foams with EU, EU-PHE 599 

cocrystal, and clay, which had higher crystallinity values than the control PLAF. In addition, 600 

cold crystallization at 111 °C was registered in PLAF and the active-free PLA nanocomposite 601 

foams due to rearrangement of the amorphous regions during the DSC heating, as was 602 

reported for pristine PLA foams [78].  603 

  604 



Table 2.  605 

Thermal properties of the individual substances and PLA nanocomposite foams. 606 
 607 

Sample 
Tcc 

(ºC) 

ΔHcc 

(J g-1) 

Tm1 

(ºC) 

Tm2 

(ºC) 

Tm3 

(ºC) 

ΔHm1 

(J g-1) 

ΔHm2-3 

(J g-1) 

𝑿𝒄 

(%) 

PLAF (control) 111 3.8 - 149 - - 34.6 33 ± 1a 

PLAF - EU - - - 104 135 - 33.4 36 ± 2b,c 

PLAF - EU-PHE - - 33 125 142 0.34 44.2 48 ± 1f 

PLAF - 5% C30B 118 5.8 - 150 - - 32.0 34 ± 1a,b 

PLAF - 5% C30B/EU - - - 106 134 - 33.5 38 ± 1c 

PLAF - 5% C30B/EU-PHE - - 33 126 142 0.25 36.2 41 ± 1d 

PLAF - 10% C30B 118 2.1 - 148 157 - 31.0 34 ± 2a,b 

PLAF - 10% C30B/EU - - - 107 134 - 27.6 33 ± 1a 

PLAF - 10% C30B/EU-PHE - - 33 130 143 0.84 37.2 44 ± 1e 

EU-PHE - - 52 - - - 125.1 - 

PHE - - - 175 - - 179.9 - 

ANOVA analysis was carried out to find significant differences in the crystallinity values of the 608 
samples. Different superscripts indicate statistically significant differences. 609 

 610 

The thermograms of PLAF and PLA nanocomposite foams show an endothermic 611 

transition at approximately 150 °C, associated with the melting of PLA (Fig. S4, 612 

Supplementary material). Similar Tm values have been reported for PLA foams obtained by 613 

foaming with scCO2 at 147 °C [79] and 150 °C [78]. However, in EU-impregnated PLA foam 614 

thermograms (~21 % w/w EU), a broad endothermic transition is observed with two distinct 615 

peaks, indicating the melting of two crystalline structures with different degrees of ordering, 616 

α’ structures less ordered and polymeric structures thermodynamically more stable that 617 

melted around 104 °C and 135 °C, respectively (Fig. S4 and Table 2). Similar was observed 618 

for PLA foams with different porosities and PLA foams with clay/cinnamaldehyde by Bocz 619 

et al. [78] and Rojas et al. [19], respectively. Thermograms of PLAF and its nanocomposite 620 

foams impregnated with EU-PHE cocrystal (~9 % w/w of EU-PHE cocrystal) showed a 621 

broad melting, which indicated the formation of two crystal structures with different 622 

ordering. Tm was shifted to higher temperature values despite the lower proportion of 623 

impregnated EU-PHE (compared to EU), reaching values up to 130 °C (Tm1) and 143 °C 624 



(Tm2) for the PLAF-10%C30B/EU-PHE sample. This is consistent with a more crystalline 625 

(41-48%) and stable foam due to EU-PHE cocrystal impregnation compared to those 626 

impregnated with EU (33-38%). However, both values were above the crystallinity of the 627 

PLAF (33%) (Table 2). A crystallinity of 35% was reported for PLA pellets and PLA foams 628 

formed by extrusion with 10 % w/w rice husks [80].  629 

The lower melting temperatures (Tm2 and Tm3) of the PLA foams impregnated with 630 

EU or EU-PHE cocrystal with respect to those of their corresponding PLA foam controls are 631 

explained by a plasticizing effect of the active component. Besides, the melting temperatures 632 

of the foams with EU and EU-PHE cocrystal presented differences attributed to the different 633 

interactions of the incorporated components with the polymer. For PLAF with EU, hydrogen 634 

bond interaction could be established between the hydroxyl group and oxygen of EU and the 635 

carbonyl and terminal chains hydroxyl groups of the PLA, obtaining a crystalline structure 636 

that was destabilized and melted at lower temperatures than EU-PHE cocrystal-impregnated 637 

foams. This result suggested that more stable hydrogen bonding interactions between the 638 

pyrazine nitrogen groups and the terminal hydroxyl groups of PLA chains would also be 639 

formed. Hydrogen-bonding interactions have been reported in thymol-impregnated 640 

polyamide membranes using scCO2 [81]. In addition, in the case of PLA nanocomposite 641 

foams, interactions could be formed between the hydroxyl groups of the clay and the organic 642 

modifier with EU or EU-PHE molecules. Therefore, a tendency for higher Tm values was 643 

observed (Table 2). Regarding these observations, Bianchi et al. recently analyzed the 644 

inhibition of Escherichia coli, Salmonella Typhimurium, and Staphylococcus aureus using 645 

different cocrystals based on carvacrol, thymol, and cinnamaldehyde as essential oils and 646 

hexamethylenetetramine and 4-hydroxybenzoic acid as coformers incorporated into the 647 

surface of low-density polyethylene (LDPE) films using a chitosan solution. The authors 648 



concluded that the most determining factor for the active compound's stability and time-649 

sustained release is the hydrogen bond's strength between the polymeric matrix and the 650 

coformer of the cocrystal [26]. Importantly, PLA foam impregnated with EU-PHE cocrystals 651 

showed a low-intensity transition between 30 °C and 50 °C attributed to the melting of the 652 

cocrystals, confirming their incorporation into PLAF (Table 2 and Fig. S4).  653 

 654 

3.4.2. Thermogravimetric analysis 655 

The results of thermogravimetric analysis are presented in Table 3 and Figs. S5-S8 656 

(Supplementary material). PLAF initiated to decompose at 344 °C and had a Td at 362 °C, 657 

similar to that reported in the literature [19,74]. Meanwhile, foams impregnated with EU or 658 

EU-PHE presented two degradation stages at Td1 and Td2. The first stage was associated with 659 

the degradation of the impregnated compound (EU or EU-PHE), whose Td1 values were close 660 

to that of the individual substances, which confirmed the incorporation of EU and EU-PHE 661 

cocrystal in the foams. The second stage was related to PLA degradation (Table 3 and Figs. 662 

S6 and S7).  663 

The Tonset and Td of the PLA foam impregnated with EU-PHE cocrystal, without and 664 

with clay, were between the temperature values of the control PLAF and the values obtained 665 

for the PLA foam impregnated with EU (Figs. S5-S8 and Table 3). This is in agreement with 666 

the higher thermal stability found for the cocrystal compared to the EU but lower with respect 667 

to that of the PHE, in terms of the onset decomposition and the maximum degradation rate 668 

temperatures (Table 3). 669 

Furthermore, it was observed that the nanoclay and EU tended to diminish Tonset of 670 

the PLA foams, attributed to the lower thermal stability of the organic modifier of the clay 671 

and the EU compared to PLA [82,83]. However, the incorporation of EU-PHE cocrystal 672 



counteracted this effect and increased the thermal stability of the active foams, which were 673 

more crystalline. However, Td was not significantly modified, similar to the report of Rojas 674 

et al., who found that the addition of C30B did not affect the Td of PLA nanocomposites with 675 

cinnamaldehyde [19]. 676 

 677 

Table 3 678 
TGA analysis of the individual substances and the impregnated PLA nanocomposite foams.  679 
 680 

Sample Tonset (ºC) Td1 (ºC) Td2 (ºC) 

PLAF (control) 344 ± 1.0a 362 ± 0.5a.b - 

PLAF - EU 156 ± 1.0f 186 ± 1.0f 362 ± 1.0a,b 

PLAF - EU-PHE 165 ± 1.0e 200 ± 1.0c,d 362 ± 1.0a,b 

PLAF - 5% C30B 341 ± 1.0b 360 ± 0.5a - 

PLAF - 5% C30B/EU 148 ± 1.0g 186 ± 1.0e,f 357 ± 1.0c 

PLAF - 5% C30B/EU-PHE 170 ± 1.0d 202 ± 1.0c 363 ± 1.0b 

PLAF - 10% C30B 340 ± 1.0b 362 ± 2.0b - 

PLAF - 10% C30B/EU 156 ± 0.1f 188 ± 0.5e 362 ± 0.5a,b 

PLAF - 10% C30B/EU-PHE 172 ± 0.5c 199 ± 0.5d 361 ± 0.5a 

EU-PH 172 ± 1.0c 236 ± 1.0 - 

PHE 200 ± 1.0 256 ± 1.0 - 

EU 103 ± 1.0 186 ± 2.0 - 

Different superscripts indicated statistically significant differences in the properties among the foams 681 
determined by ANOVA analysis. 682 
 683 

 684 

3.5. Mechanical assays  685 

The effect of C30B and EU-PHE cocrystal addition on the mechanical properties of 686 

PLAF was analyzed following the method described in part 2.5.5. The 10% C30B PLA foam 687 

samples were omitted for this analysis because the C30B agglomerated inside the polymer 688 

(part 3.2), negatively affecting the materials' physical properties (part 3.1). Therefore, neat 689 

PLAF and PLAF with 5% C30B foams (8 x 2.5 cm) were prepared and impregnated with EU 690 

and EU-PHE (Fig. S9, Supplementary material). In the next step, foams impregnated with 691 



EU were excluded from the assays because they hadn’t preserved their shape after the 692 

impregnation (Fig. S9). This phenomenon is due to the extensive plasticizing effect of EU 693 

on the polymeric matrix. On the contrary, EU-PHE-impregnated PLA foams maintained their 694 

shape and size (Fig. S9).  695 

Results of tensile modulus, tensile strength, and elongation at break for the non-696 

impregnated foams (PLAF and PLAF - 5% C30B) and the EU-PHE cocrystal impregnated 697 

foams (PLAF - EU-PHE and PLAF - 5% C30B/EU-PHE) are shown in Table 4. Uniaxial 698 

Stress-strain curves for the materials prepared in this study are shown in Fig. S10 699 

(Supplementary material). PLAF control presented tensile strength (1.8 MPa) and elongation 700 

at break (31.9%) values similar to those reported in the literature for expanded polystyrene 701 

[84], which have encouraged the use of PLA foams at the industrial level for food packaging 702 

purposes, including its use for the fabrication of cups and trays [85,86]. The presence of 703 

C30B or the incorporation of EU-PHE did not significantly alter tensile modulus or tensile 704 

strength. Nevertheless, C30B addition at 5% slightly increased the elongation at break of the 705 

material from 31.9% (PLAF) to 48.2% (PLAF-5%C30B), which could be related to the full 706 

exfoliation of C30B (part 3.2) which probably improved the polymeric matrix cohesion by 707 

the electrostatic interactions established between C30B and the polymer chains, consequently 708 

improving ductility. This behavior has been previously reported for montmorillonite clays 709 

fully exfoliated in a polymeric matrix. Chen et al. reported an increase in the elongation at 710 

break from 71.8% to 118% for poly(L-lactide)/poly(butylene succinate) blends using Cloisite 711 

25A. The authors attributed the increase in ductility of the films to the electrostatic 712 

interactions between C25A and the polymer chains promoted by C25A exfoliation [87]. 713 

Elongation at break was increased by EU-PHE cocrystal addition from 31.9% (PLAF control) 714 



to 90.3% (PLAF-EU-PHE) due to its plasticizing effect on the polymeric matrix, which 715 

increased the material's ductility. This effect has been reported previously for PLA films 716 

impregnated with essential oil derivatives such as thymol [64] and cinnamaldehyde [66]. 717 

Consequently, the nanocomposite impregnated with the EU-PHE cocrystal (PLAF-718 

5%C30B/EU-PHE) presented the highest elongation at break value (141%) due to the 719 

concomitant effect of C30B presence and higher EU-PHE cocrystal incorporation (9.19 % 720 

w/w) than in PLAF/EU-PHE (8.62 % w/w).  721 

 722 
Table 4 723 
Tensile properties parameters of the materials. 724 
 725 

Material Sample 

Tensile 

modulus 

[MPa] 

Tensile 

Strength  

[MPa] 

Elongation at break 

[%] 

PLAF (control) 
14.0 ± 5.3a 1.8 ± 0.7a 31.9 ± 7.8a 

 

PLAF - 5% C30B 
17.5 ± 9.3a 2.3 ± 0.9a 48.2 ± 18.8a 

 

PLAF - EU-PHE 
18.3 ± 10.4a 3.0 ± 1.0a 90.3 ± 32.9b 

 

PLAF - 5% C30B/EU-PHE 
18.4 ± 8.9a 4.9 ± 1.2b 141.0 ± 25.0c 

 

Different superscripts indicate statistically significant differences. 726 

 727 

3.6. The release kinetics  728 

The release of EU in its pure and cocrystallized forms from PLAF with different 729 

C30B contents was studied through specific migration assays using EtOH 10% as an aqueous 730 

food simulant. The partition coefficient of EU (KP/FS), a thermodynamic parameter that 731 

represents the ratio between the concentration of the bioactive substance in the polymer (P) 732 

and the food simulant (FS), was used to express the equilibrium condition. The mathematical 733 

modeling employing Korsmeyer-Peppas and Higuchi kinetic models was used to identify the 734 



release mechanism of pure EU and cocrystallized EU from the PLA nanocomposite foams. 735 

Table 5 shows the values of the regression coefficient (R2) obtained from the Higuchi and 736 

Korsmeyer-Peppas models. Likewise, the diffusional exponent “n” for the Korsmeyer-737 

Peppas model and the release rate constant “k” were determined. The parameter “n” indicates 738 

the type of active substance release mechanism: n < 0.5 for a quasi-Fickian diffusion, n = 0.5  739 

for a Fickian diffusion, and n > 0.5 for an anomalous transport [88,89].  740 

 741 
Table 5.   742 
Partition coefficient (KP/FS), regression coefficient (R2), diffusional exponent (n), and release 743 
rate constant (k) of Higuchi and Korsmeyer-Peppas kinetic models. 744 
 745 

 746 

The highest R2 values obtained using the Korsmeyer-Peppas model evidenced its 747 

better performance compared to the Higuchi model to fit the experimental release data of EU 748 

and EU-PHE cocrystal from the PLA nanocomposite foams. Therefore, the “k” and “n” 749 

values determined using the Korsmeyer-Peppas model were used to study the release 750 

mechanisms of EU and EU-PHE from PLA foams. Table 5 shows that the different PLA 751 

Kinetic Release Models Higuchi Korsmeyer-Peppas 

Sample KP/FS R2 n k R2 n k 

PLAF-EU 947 0.421 0.5 0.075 0.961  0.055 0.223 

PLAF- 5%C30B/EU 1248 0.299  0.5 0.049 0.944  0.033 0.200 

PLAF-10%C30B/EU 1017 0.762  0.5 0.073 0.974  0.046 0.188 

PLAF-EU-PHE 48 0.990  0.5 0.038 0.994  0.396 0.061 

PLAF-5%C30B/EU-PHE 98 0.868  0.5 0.030 0.927  0.293 0.076 

PLAF-10%C30B/EU-PHE 131 0.929  0.5 0.042 0.970  0.315 0.085 



foams impregnated with EU and EU-PHE showed “n” values lower than 0.5, evidencing that 752 

both EU and EU-PHE showed a quasi-Fickian diffusion release mechanism in these 753 

materials. Previous studies on active polymeric foams have also reported a quasi-Fickian 754 

diffusion mechanism for different substances. For instance, “n” values between 0.14 and 0.31 755 

revealed that the release of chloramphenicol from polymeric blended foams based on 756 

chitosan followed a quasi-Fickian diffusion-driven sustained release [90]. Likewise, the 757 

release of cinnamaldehyde from PLA nanocomposite foams towards EtOH 50% also 758 

followed a quasi-Fickian diffusion process since the “n” value was near 0.20 [19]. Spent 759 

coffee phenolic compounds also followed a quasi-Fickian diffusion release mechanism from 760 

starch foam composites in water and EtOH 10 and 50% as food simulants, with “n” values 761 

between 0.18 and 0.49 [91].  762 

Most research on designing antimicrobial food packaging materials has been done 763 

considering the use of essential oils or some of their derivatives. The main challenge 764 

identified so far is decreasing the release rate of these highly volatile compounds from 765 

polymeric structures through different strategies [92]. Interestingly, the release kinetics of 766 

eugenol from food packaging materials has been scarcely studied [93–95]. Fig. 5 shows the 767 

experimental EU release data from the different PLA foams. Fig. 5a indicates EU exhibited 768 

a fast release, reaching the equilibrium condition independent of the C30B content after 2 h. 769 

A similar fast-release behavior was reported for cinnamaldehyde from PLA nanocomposite 770 

foams with different concentrations of C30B using EtOH 50% as food simulant [19]. Fitting 771 

the experimental release data using the Korsmeyer-Peppas model showed that the release rate 772 

constant (k) for EU in PLAF was 0.223. A similar release rate constant for EU (0.17) was 773 

reported for poly (hydroxybutyrate-co-hydroxyvalerate) films and EtOH 10% as a food 774 



simulant, evidencing a fast release of EU independent of the polymeric structure used to 775 

design the active material [94]. On the contrary, the EU release curves for the PLA foams 776 

impregnated with the EU-PHE cocrystal (Fig. 5b) exhibited a more prolonged EU release 777 

than those impregnated with pure EU. In particular, the time (120 h) necessary to reach the 778 

equilibrium condition for the release of cocrystallized EU from PLAF was 60-fold higher 779 

than the value for pure EU (2 h). This result confirmed that the EU cocrystallization promoted 780 

a prolonged EU release since the diffusion through the porous matrix was carried out in 781 

association with a crystalline solid state instead of the liquid state (case of pure EU). In 782 

another study, Celebioglu et al. reported a 10-fold decrease in the time necessary to reach the 783 

equilibrium condition in water for EU released from pullulan nanofibers due to its 784 

encapsulation in cyclodextrins (CDs) [93]. Particularly, the encapsulation of essential oil 785 

derivatives in CDs has been one of the most effective reported strategies to prolong their 786 

release [96–98]. Therefore, the comparison of the results obtained in this study with the 787 

literature data indicates the advantage of cocrystallization engineering over conventional 788 

methods to develop antimicrobial polymeric materials with more prolonged release 789 

properties.  New questions also arose about modifying release kinetic for a specific 790 

application regarding the coformer choice, which would influence intermolecular interaction 791 

between the coformer and active substance.  792 

The sustained release of the EU-PHE cocrystal was also observed in the PLA 793 

nanocomposite foams but with less intensity than in PLAF. Nevertheless, the time required 794 

to reach the equilibrium condition for the release of the EU-PHE cocrystal decreased with 795 

C30B content (Fig. 5b). Fitting the experimental release data using the Korsmeyer-Peppas 796 

model allowed us to determine that the release rate constants of EU-PHE in PLAF-5%C30B 797 



(0.076) and PLAF-10%C30B (0.085) were 1.25 and 1.39-fold higher than the value obtained 798 

for EU-PHE cocrystal in PLAF, respectively. The negative impact of the addition of C30B 799 

at 10% on the sustained release of the EU-PHE cocrystals could be associated with the 800 

agglomeration of C30B (part 3.2) and the generation of a nanocomposite foam with low 801 

porosity and expansion ratio which promoted a shorter release path in comparison with the 802 

other materials.  803 

 804 
 805 

Fig. 5. Release curves of EU from a) EU-impregnated foams and b) EU-PHE cocrystal-806 

impregnated foams towards EtOH 10% at 40 °C. 807 



The sustained release of the EU-PHE cocrystal was also observed in the PLA 808 

nanocomposite foams but with less intensity than in PLAF. Nevertheless, the time required 809 

to reach the equilibrium condition for the release of the EU-PHE cocrystal significantly 810 

decreased with C30B content (Fig. 5b). Fitting the experimental release data using the 811 

Korsmeyer-Peppas model allowed us to determine that the release rate constants of EU-PHE 812 

in PLAF-5%C30B (0.076) and PLAF-10%C30B (0.085) were 1.25 and 1.39-fold higher than 813 

the value obtained for EU-PHE cocrystal in PLAF, respectively. The negative impact of the 814 

addition of C30B at 10% on the sustained release of the EU-PHE cocrystals could be 815 

associated with the agglomeration of C30B (part 3.2) and the generation of a nanocomposite 816 

foam with low porosity and expansion ratio, which promoted a shorter release path in 817 

comparison with the other materials.  818 

Table 5 also summarizes the distribution coefficients (KP/FS) that characterize the 819 

equilibrium condition for the release of EU and EU-PHE from the different PLA 820 

nanocomposite foams. Among the polymeric foam samples impregnated with pure EU, 821 

PLAF showed the lowest KP/FS value, evidencing the highest percent released of EU to the 822 

food simulant at the equilibrium condition (Fig. 5a). The KP/FS value increased with the 823 

concentration of C30B. This fact could be related to the interaction between the free hydroxyl 824 

groups of C30B and the EU hydroxyl groups that increased the affinity of EU towards the 825 

polymeric phase, decreasing its release to the simulant. The same phenomenon was also 826 

observed for the release of thymol from LDPE extruded films with C30B at 5 % w/w [4] and 827 

LLDPE extruded films loaded with C20A [99]. In these studies, the high retention of thymol 828 

in the polymer was associated to interactions between the nanoclays and the active 829 

compounds. In our study, the lowest EU release was obtained from PLA nanocomposite foam 830 



with C30B at 5 % w/w. In this case, the exfoliation of the nanoclays in the foam favored the 831 

retention of EU in the foams. Instead, the poor dispersion of the nanoclay sheets in the PLA 832 

nanocomposite foam with C30B at 10 % w/w promoted the easier release of the active 833 

compound to the food simulant, evidenced by lower KP/FS values than for the PLA 834 

nanocomposite foam with C30B at 5 % w/w. 835 

Table 5 shows that the highest percentages of released EU were obtained from PLA 836 

foams impregnated with the EU-PHE cocrystal. Particularly, KP/FS values for the release of 837 

EU from PLAF impregnated with the EU-PHE were 20-fold lower than the value obtained 838 

for the PLAF impregnated with pure EU. This fact is related to the lower initial EU content 839 

(4.14 % w/w) in the samples impregnated with EU-PHE cocrystal compared to the initial EU 840 

content (20 % w/w) in the PLAF impregnated with pure EU. As was obtained for the EU-841 

impregnated samples, the KP/FS for EU increased by the C30B presence due to the interactions 842 

developed between C30B and the EU-PHE cocrystal.   843 

 844 

3.7. Microbiological studies 845 

 846 

The obtained MIC value of EU for L. monocytogenes and S. Enteritidis was 1.25%. 847 

The obtained MIC values of PHE and the EU-PHE cocrystal were >5%. 848 

The log CFU/cm2 reduction values of the anti-attachment assay on L. monocytogenes 849 

compared to the PLAF control are shown in Fig. 6. L. monocytogenes growth expressed as 850 

CFU/cm2 is displayed in Table S1 (Supplementary material). Total attachment inhibition of 851 

L. monocytogenes occurred after 24 h on PLA-5%C30B/EU-PHE, PLAF-5%C30B/EU, 852 

PLAF-10%C30B/EU, PLAF-EU/PHE, and PLAF-EU with zero attached cells (Fig. 6a).  853 



 854 

Fig. 6. Inhibition of adhesion of L. monocytogenes on PLAF nanocomposite foams after a) 855 
24 h and b) 48 h of incubation in TSB with 1 % glucose. Legend: The results were expressed 856 
as log CFU/cm2 of attached cells. 857 

 858 

The tested strain, after 24 h, successfully attached to the PLAF control surface with a 859 

total number of 9.65±0.13 log CFU/cm2, and to the PLA nanocomposite foams surfaces 860 

(PLAF-5%C30B and PLAF-10%C30B) in a number of 6.79±0.12 log CFU/cm2 and 861 

6.50±0.30 log CFU/cm2, respectively. Regardless of the successful attachment to PLAF-862 

5%C30B and PLAF-10%C30B, the significant logarithmic reduction between 2.87 – 3.0 log 863 

CFU/cm2 (p<0,05) in the number of attached Listeria is noticeable in comparison with the 864 



control PLAF (Table S1). The antibacterial activity of C30B against L. monocytogenes has 865 

been reported previously for LDPE/C30B films [100] and polyethylene)/thermoplastic 866 

starch/C30B films [101], and it has been attributed to the action of the quaternary ammonium 867 

cations in the C30B silicate layers. In our study, the detected number of attached L. 868 

monocytogenes of 6.78±0.07 log CFU/cm2 to PLAF-10%C30B-EU-PHE was similar to log 869 

CFU values detected on non-impregnated nanocomposites, PLAF-5%C30B and PLAF-870 

10%C30B (Fig. 6a), which indicated that during the first 24 h of incubation, the EU-PHE 871 

cocrystal was still not available to exert an additional antibacterial activity against L. 872 

monocytogenes. This result could be explained in terms of the higher retention capacity of 873 

the EU cocrystal as the C30B content increases, as evidenced by the release assays using a 874 

food simulant.          875 

A prolonged incubation period of 48 h provided a complete adhesion inhibition of L. 876 

monocytogenes on the surface of all tested PLAF samples, except the control PLAF and 877 

PLAF-10% C30B, where the strain attached in the number of 8.14±0.07 log CFU/cm2 and 878 

5.53±0.16 log CFU/cm2, respectively (Fig. 6b). Particularly, the weaker anti-attachment 879 

activity of PLAF-10%C30B, compared with the activity of PLAF-5%C30B, could be 880 

associated with the thermal degradation of its quaternary ammonium modifiers during the 881 

extrusion process [100]. This degradation phenomenon was evidenced by XRD only for the 882 

PLA nanocomposite foam sample with C30B at 10% and not for the nanocomposite foam 883 

with C30B at 5%.  884 

  885 



The log CFU/cm2 reduction values obtained in the anti-attachment assay of S. 886 

Enteritidis compared to the PLAF control are shown in Figure 7. S. Enteritidis growth 887 

expressed as CFU/cm2 is shown in Table S2.  888 

 889 

 890 

Fig. 7. Inhibition of adhesion of S. Enteritidis on PLAF nanocomposite foams after a) 24 h 891 
and b) 48 h of incubation in TSB with 1% glucose. Legend: The results are expressed as log 892 
CFU/cm2 of attached cells. 893 
  894 



After 24 h of incubation, total adhesion inhibition of S. Enteritidis occurred on PLAF-895 

5%C30B/EU, PLAF-10%C30B/EU, PLAF-EU-PHE, and PLAF-EU, (>9,0 log CFU 896 

reduction compared to PLAF control, p<0.05) (Table 2S). S. Enteritidis showed stronger 897 

resistance to contact inhibition compared to L. monocytogenes and after 24 hours it 898 

successfully attached to the PLAF control and to the PLA nanocomposite foams impregnated 899 

with the EU-PHE cocrystal (PLAF-5%C30B/EU-PHE and PLAF-10%30B/EU-PHE) in a 900 

total number of 9.96 ±0.10 log CFU/cm2, 6.39±0.15 log CFU/cm2, 6.52±0.10 log CFU/cm2, 901 

respectively (Fig. 7a). These results could be related, to the higher MIC values of the EU-902 

PHE cocrystal compared with the pure EU. Also, C30B retains the cocrystal in the PLAF 903 

structure better than PLAF without C30B. This was evidenced from the release assays using 904 

a food simulant (part 3.6) through the 3-fold increase for the cocrystal distribution coefficient 905 

due to the presence of 10%C30B compared with the cocrystal distribution coefficient for the 906 

PLAF without C30B. As expected, S. Enteritidis successfully attached to PLAF-5%C30B 907 

and PLAF-10%C30B, in a total number of 6.39±0.18 log CFU/cm2, 7.46±0.11 log CFU/cm2, 908 

respectively. Despite the successful attachment, both nanocomposite PLA foams 909 

significantly reduced the total number of attached cells compared to the PLAF control (log 910 

CFU/cm2 reduction 2.49 -3.45, p<0.05) (Table 2S).  911 

After 48 hours of incubation, all impregnated PLAF films exhibited a complete 912 

adhesion inhibition effect on S. Enteritidis, with zero cells detected on the surface of the 913 

films, which is a 100% reduction compared to the PLAF control (p<0.05) (Fig. 7b). These 914 

results show that C30B did not reduce the antimicrobial potential of the EU-PHE cocrystal 915 

but slowed down its manifestation. PLAF with C30B alone (without impregnated EU or EU-916 

PHE cocrystal) also exhibited antimicrobial activity against S. Enteritidis due to the release 917 

of quaternary ammonium cations from C30B silicate layers.  918 



Regarding the determination of killing effect (KE), bacterial growth control (A control), 919 

and culture with PLAF non-impregnated polymer (A control PLAF) had very similar OD values 920 

(statistically and microbiologically, the differences were insignificant), which was expected 921 

for PLAF to be microbiologically inert. Therefore, due to the easier and clearer presentation 922 

of the results, in Table 6 and Table 7, results are presented as % of the growth of Listeria 923 

and Salmonella, respectively, in the broth with impregnated foams compared to their growth 924 

with the control PLAF which was taken as a 100% growth.  925 

Table 6 926 
Killing effect [KE%] during 96 h incubation of Listeria monocytogenes.  927 

Sample 
KE [%] 

After 24h After 48h After 72h After 96h 

PLAF - 5% C30B/EU-PHE 99.24 ± 0.06 48.71 ± 0.30 103.70 ± 0.45 95.34 ± 0.46 

PLAF - 10% C30B/EU-PHE 98.88 ± 0.06 65.44 ± 1.23 81.91. ± 0.31 80.31 ± 0.01 

PLAF - 5% C30B/EU 95.42 ± 0.05 108.73 ± 0.53 78.85 ± 0.28 95.91 ± 0.35 

PLAF - 10% C30B/EU 95.79 ± 0.11 64.71 ± 0.36 87.45 ± 0.49 78.28 ± 0.04 

PLAF - 5% C30B 99.97 ± 0.06 83.90 ± 0.07 102.74 ± 0.49 111.81 ± 0.01 

PLAF - 10% C30B 99.34 ± 0.15 109.39 ± 0.01 100.09 ± 0.27 71.84 ± 0.05 

PLAF - EU-PHE 99.41 ± 0.10 85.40 ± 0.44 96.83 ± 0.30 69.31 ± 0.21 

PLAF - EU 95.82 ± 0.05 95.48 ± 0.53 93.42 ± 0.18 50.12 ± 0.03 

PLAF 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 

Legend: Percentage of bacterial growth in the presence of impregnated PLAF films compared 928 
to the PLAF control, which was taken as 100% growth. 929 

 930 

The broth killing effect results, which were directly proportional to the release of the 931 

active substances into the environment, indicated that the release of the antimicrobial 932 

substances from all the foams needed to be triggered by the previous soaking of the PLA 933 

foams in a liquid medium for approximately 24 h. This result is very relevant for antibacterial 934 

food packaging because the antibacterial substances need to be released to the food only 935 

when it is necessary, i.e., once the food is packaged and not before, by means of a trigger 936 



mechanism for the release of the antimicrobial substances, such as the water vapor emitted 937 

from some foods, such as fruits and vegetables, to the package headspace [92,102,103]. 938 

After 48 h of contact, all active PLA foams, except PLAF-10%C30B and PLAF-939 

5%C30B-EU, showed antibacterial activity against L. monocytogenes, reducing the growth 940 

between 4.52% and 51.29%. Particularly, PLAF impregnated with EU manifested only 941 

4.52% growth reduction of L. monocytogenes, which could be related to the low solubility of 942 

EU in an aqueous medium. The growth reduction of L. monocytogenes slightly increased to 943 

6.58% after 72 h and 49.88% after 96 h 944 

A significantly higher growth reduction of L. monocytogenes was obtained for the 945 

PLAF impregnated with the EU-PHE cocrystal (14.6%) after 48 h. This result is very 946 

interesting, considering that phenazine (the other component of the cocrystal) itself didn’t 947 

exert strong antibacterial activity against L. monocytogenes. Moreover, the initial amount of 948 

EU-PHE cocrystal in PLAF-EU-PHE (8.62% w/w) was lower than the initial content of EU 949 

in PLAF-EU (21% w/w), which implied a lower active compound concentration gradient for 950 

the release of the cocrystal compared with EU. Considering both facts, the notable increase 951 

in the capacity of EU to inhibit the growth of L. monocytogenes could be related to the 952 

synergistic antibacterial activity between EU and PHE in the broth culture and to the 953 

improvement of the EU solubility in the aqueous medium due to its cocrystallization. 954 

Different solutes have been found to become more soluble in aqueous media thanks to their 955 

cocrystallization [89,104,105].  956 

Probably the highest solubility of EU in its cocrystallized form allowed the PLAF-957 

EU-PHE sample to reach the maximal growth reduction of L. monocytogenes (30.69%) after 958 

96 h, not so far from the growth reduction reached by PLAF-EU (49.88%), even considering 959 

the notable differences in the initial amount of EU between PLAF-EU (21% w/w) and PLAF-960 



EU-PHE (4.14 % w/w). This is a relevant result because the design of antibacterial food 961 

packaging materials should consider the use of minimal amounts of essential oil derivatives 962 

to exert the desired antibacterial effect on food with minimal impact on the physical 963 

properties of the plastic films [106,107]  and the organoleptic properties and food quality 964 

[88,108]. 965 

Interestingly, after 48 h, both nanocomposite PLAF samples impregnated with the 966 

EU-PHE cocrystal, PLAF-5%C30B-EU-PHE, and PLAF-10%C30B-EU-PHE, showed 967 

stronger L. monocytogenes growth reduction values (51.29% and 34.56%, respectively) 968 

comparing to the sum of the individual growth reduction rates obtained for PLAF-5%C30B 969 

(16.1%), PLAF-10%C30B (0%) and PLAF-EU-PHE (14.6%), indicating that C30B and EU-970 

PHE had synergistic antibacterial activity against L. monocytogenes. Particularly, the lower 971 

inhibition growth of PLAF-10%C30B-EU-PHE compared with the activity of PLAF-972 

5%C30B-EU-PHE, which agrees with the attachment inhibition assay results for  L. 973 

monocytogenes obtained using both samples, could be associated with the decrease of the 974 

C30B antibacterial activity due to partial thermal degradation of its quaternary ammonium 975 

modifiers during the extrusion process and to the lower amount of EU-PHE cocrystal released 976 

from the PLAF sample with the highest C30B content after 48 h. Considering that both 977 

nanocomposite foams presented a similar initial amount of EU-PHE cocrystal, the lower 978 

release of the cocrystal from PLAF-10%C30B could be related to the increase in the cocrystal 979 

retention capacity of PLAF as C30B content increased, which even allowed the PLAF-980 

10%C30B-EU-PHE sample to supply cocrystal to the broth culture after 96 h in a controlled 981 

manner to exert an approximately 20% growth reduction of  L. monocytogenes. Meanwhile, 982 

PLAF-5%C30B-EU-PHE loses completely its antibacterial properties against L. 983 

monocytogenes between 48 h and 72 h due to its lower EU-PHE cocrystal retention capacity. 984 



The high EU-PHE retention capacity for the nanocomposite PLAF with the highest C30B 985 

content was evidenced from the release assays using a food simulant (part 3.5) through the 986 

1.34-fold increase in the cocrystal distribution coefficient by the increase in C30B content 987 

from 5% to 10%.  988 

 989 

Table 7 990 
Killing effect [KE%] during 96h incubation of Salmonella Enteritidis. 991 

Samples 
KE [%] 

After 24h After 48h After 72h After 96h 

PLAF - 5% C30B/EU-PHE 97.98 ± 0.13 68.91 ± 1.52 94.11 ± 0.80 94.80 ± 0.02 

PLAF - 10% C30B/EU-PHE 92.07 ± 0.04 84.40 ± 2.14 96.27 ± 0.31 90.49 ± 0.04 

PLAF - 5% C30B/EU 59.52 ± 0.08 49.41 ± 1.30 83.99 ± 0.28 90.13 ± 0.06 

PLAF - 10% C30B/EU 67.95 ± 0.06 54.56 ± 1.18 56.76 ± 0.41 68.87 ± 0.17 

PLAF - 5% C30B 99.42 ± 0.08 38.36 ± 0.92 100.66 ± 0.76 99.16 ± 0.42 

PLAF - 10% C30B 101.58 ± 0.14 62.71 ± 1.45 102.07 ± 0.47 101.04 ± 0.04 

PLAF - EU-PHE 91.02 ± 0.08 20.59 ± 0.46 92.49 ± 0.52 94.89 ± 0.00 

PLAF - EU 77.35 ± 0.05 19.45 ± 0.46 82.67 ± 0.51 88.04 ± 0.04 

PLAF 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 

Legend: Percentage of bacterial growth in the presence of experimental, impregnated 992 
PLAF films compared to the PLAF control, which was taken as 100% growth. 993 

 994 
 995 
Table 7 shows that the samples impregnated with EU were more effective than EU-996 

PHE cocrystal-impregnated samples to inhibit the growth of S. Enteritidis. In the first 24 h. 997 

PLAF-5%C30B/EU. PLAF-10%C30B/EU and PLAF-EU showed a relatively strong killing 998 

effect, reducing the growth of S. Enteritidis by approximately 40%, 30%, and 25%, 999 

respectively. Meanwhile. in the first 24 h. the nanocomposite PLAF samples (PLAF-1000 

5%C30B and PLAF-10%C30B) did not reduce the growth of S. Enteritidis.  1001 

All polymers strongly reduced the growth of Salmonella after 48h, of which PLAF-1002 

EU and PLAF-EU-PHE were particularly strong, reducing growth by 80%, while PLAF-1003 

5%C30B. PLAF-5%C30B/EU and PLAF-10%C30B/EU were also relatively strong with a 1004 



reduction in growth of approximately 45-60%. Particularly, the weaker growth inhibition of 1005 

Salmonella using PLAF with C30B could be the effect of increasing the retaining EU and 1006 

EU-PHE capacity with the simultaneous increase in C30B content, which reduced the release 1007 

of both substances into the broth culture. This was also evidenced by the release assays using 1008 

a food simulant (part 3.6). Unlike in antibacterial assays against L. monocytogenes, where 1009 

several foams showed the strongest killing effect after 96 h, only PLAF-10%C30B/EU 1010 

retained the killing effect against Salmonella Enteritidis in the 96th hour (with approximately 1011 

30% growth reduction) due to more prolonged release of EU from this sample. 1012 

3.8. Relevance of the obtained results and future prospective 1013 

3.8.1. Relevance for the food industry 1014 

Unlike most infectious diseases that have been eradicated or suppressed significantly 1015 

in the last few decades, salmonellosis and listeriosis are continuously present in all countries, 1016 

regardless of the region's geographical, cultural, and climate characteristics [109,110]. In 1017 

recent decades, parallel to the development of molecular research methods, there is more and 1018 

more evidence that certain L. monocytogenes strains and Salmonella serovars can persist for 1019 

months and even years in food production facilities. Equipment and all kinds of surfaces 1020 

made of plastic, stainless steel, wood, glass, and gum may be a substrate for successful 1021 

surface adherence of S. Enteritidis and L. monocytogenes and for the development of biofilms 1022 

that become a source of repeated contamination of final food products [111]. According to 1023 

data from the European Food Safety Authority (EFSA), in 2019, there were 87,923 cases of 1024 

salmonellosis recorded in the territory of European countries, the source of which was food 1025 

[112]. The incidence of listeriosis is significantly lower and amounted to 0.46 and 0.24 cases 1026 

per 100,000 population in 2015 in the European Union and the United States, respectively 1027 



[111]. Despite the reduced incidence during the last decade, cases of salmonellosis and 1028 

listeriosis are still relatively frequent, leading to a certain number of deaths and high 1029 

economic costs for hospitalized affected consumers [113].  There is also the perspective of 1030 

the significant economic losses of the food industry, which, after the outbreaks of 1031 

salmonellosis or listeriosis, is obliged to withdraw from the sale and destroy all contaminated 1032 

products or to stop production completely.  1033 

Based on the obtained results, in theory, materials developed in this study that showed 1034 

the strongest antimicrobial activity and significantly reduced the total number of Salmonella 1035 

and Listeria (such as PLAF-EU-PHE, which reduced the total number of Salmonella by 1036 

approximately 80%) would significantly reduce the incidence of salmonellosis and listeriosis 1037 

if applied on the industrial level. Besides the envisaged application to substitute PS trays, we 1038 

should not rule out the possible use of obtained materials for packaging food for animals, 1039 

especially for intensively breeding animals on farms. The animal food can also be 1040 

contaminated with Salmonella and lead to outbreaks of diseases in farms with substantial 1041 

economic consequences. We should not forget that the initial number of microorganisms in 1042 

our study was very high, 108 CFU/mL. In comparison, the number of Salmonella and Listeria 1043 

in contaminated food can be significantly lower (103 CFU/mL, 102 CFU/mL, or even 1044 

smaller). Therefore, the actual effect of the in situ PLAF material in which the contaminated 1045 

food is packed could be increased to 100%. 1046 

From the microbiological point of view, a new question arose. Is it possible to design 1047 

an active food packaging aimed at protection from a target bacterial strain? We reported 1048 

obviously different (individual) degrees of sensitivity of Salmonella and Listeria to the same 1049 

material designed in this study. Therefore, a new hypothesis was developed that designing 1050 



specialized active packaging with the maximal antimicrobial activity against Listeria or 1051 

Salmonella was possible.  1052 

3.8.2. Relevance for the pharmaceutical industry 1053 

The crystallization to obtain the smallest possible crystals of active pharmaceutical 1054 

ingredients (API) with improved bioavailability is very important for the pharmaceutical 1055 

industry. Consequently, micronization techniques have been developed applying scCO2 as a 1056 

green solvent or antisolvent [114]. As mentioned in the introduction, cocrystallization has 1057 

gained tremendous importance in the pharmaceutical industry because of its ability to fine-1058 

tune the physicochemical properties of crystalline drugs without modifying their molecular 1059 

structure [115]. There are reports and efforts to establish API cocrystallization from the 1060 

scCO2 phase [116,117]. The proposed process (CSS - cocrystallization from supercritical 1061 

solution) is based on the dissolution of pure API and conformer in scCO2 and their posterior 1062 

cocrystallization from the supercritical phase during the cooling and decompression. 1063 

However, the main limitation of this process is the necessity of similar solubilities of the API 1064 

and conformer in scCO2 [117]. In this study, we demonstrated a possibility to overcome this 1065 

limitation. We produced micronized EU-PHE cocrystals (average diameter of 0.8 µm) in an 1066 

environmentally friendly manner without organic solvents, though EU and PHE have 1067 

significantly different solubilities in scCO2 (0.037 and 0.00109 g/gscCO2, respectively). We 1068 

introduced the re-cocrystallization (or cocrystal recrystallization) based on the dissolution of 1069 

previously formed large cocrystals in scCO2 (average diameter of 25 µm) with the subsequent 1070 

micronization from the supercritical phase. The prerequisites for this process are cocrystal 1071 

stability (e.g., no liquid EU separation from the cocrystal when exposed to scCO2) and good 1072 

solubility in scCO2. To our knowledge, this study is the first report on re-cocrystallization 1073 



from the scCO2. Therefore, the obtained results are relevant for the pharmaceutical industry 1074 

as well. 1075 

4. Conclusions  1076 

The EU-PHE cocrystal was produced by a simple mechanical method. The cocrystal 1077 

was stable in scCO2 under the conditions of interest, with the solubility in scCO2 1078 

approximately ten times larger than the cofomer’s solubility (PHE). Nanocomposite PLA 1079 

films with 0, 5, and 10 % w/w of nanoclay were produced by extrusion. In the next step, the 1080 

films were foamed by scCO2. The foams were successfully impregnated with EU 1081 

(impregnation yields from 20 to 22 % w/w) and EU-PHE cocrystal (impregnation yields from 1082 

8.62 to 9.25 % w/w) via SSI. The presence of C30B and cocrystal improved the mechanical 1083 

properties of PLA foams. The SEM, DCS, TGA, and XRD analyses confirmed the EU-PHE 1084 

cocrystal re-crystallization within the PLA foams. Consequently, the foams impregnated with 1085 

PHE-EU cocrystal had significantly slower release kinetics of the active compound than EU-1086 

impregnated ones. The impregnated foams completely inhibited the attachment of Listeria 1087 

monocytogenes and Salmonella Enteritidis strains. PLAF-EU-PHE sample reduced the total 1088 

number of Salmonella in broth by approximately 80% after 48 h. PLAF - 5% C30B/EU-PHE 1089 

and PLAF-10% C30B/EU-PHE foams showed the strongest reduction of Listeria 1090 

monocytogenes in 48 h. The release and microbiological assays showed that PLAF-1091 

C30B/EU-PHE polymeric foams had prolonged EU release and extended bioactivity.  1092 

This study proposes a green approach to designing antimicrobial food packaging 1093 

materials based on the coupling of the concepts of supercritical fluid technology and 1094 

cocrystallization engineering. The successful EU-PHE cocrystal micronization by scCO2 is 1095 

of interest to materials engineering and pharmaceutical technology. 1096 
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