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Abstract: The development of active packaging for food storage containers is possible through
impregnation of natural extracts by supercritical CO,-assisted impregnation processes. The chal-
lenge of scCO,-impregnation of natural extracts is to control the total loading and to ensure that
the composition of the loaded extract may preserve the properties of the crude extract. This study
aimed at investigating the scCO,-impregnation of clove extract (CE) in polycarbonate (PC) to develop
antibacterial packaging. A design of experiments was applied to evaluate the influences of tempera-
ture (35-60 °C) and pressure (10-30 MPa) on the clove loading (CL%) and on the composition of the
loaded extract. The CL% ranged from 6.8 to 18.5%, and the highest CL% was reached at 60 °C and
10 MPa. The composition of the impregnated extract was dependent on the impregnation conditions,
and it differed from the crude extract, being richer in eugenol (81.31-86.28% compared to 70.06 in
the crude extract). Differential scanning calorimetry showed a high plasticizing effect of CE on PC,
and high CL% led to the cracking of the PC surface. Due to the high loading of eugenol, which is
responsible for the antibacterial properties of the CE, the impregnated PC is promising for producing
antibacterial food containers.

Keywords: Eugenia caryophyllus; eugenol; multicompound systems; active packaging

1. Introduction

Natural extracts have appeared as potential antimicrobial and antioxidant agents
for use in food, cosmetic and pharmaceutical applications. They are especially attractive
because they are obtained from natural sources and are environmentally friendly [1-3]. For
instance, many natural extracts are already classified by the Food and Drug Administration
(FDA) as Generally Recognized as Safe (GRAS), including clove, oregano, peppermint,
thyme, basil, tea tree, and cinnamon essential oils [4], allowing their application for human
consumption in food. Recently, natural extracts have been loaded into polymeric matrices
to develop active food packaging [5-7], drug release systems [8,9], and repellent and
antioxidant fabrics [10,11]. By loading natural extracts into polymers, some shortcomings
related to their high volatility and hydrophobicity are overcome while their properties are
maintained [12,13].

Among the natural extracts, clove extract (CE) is known for its antibacterial, antifungal,
and insecticidal properties, similar to those of synthetic preservatives [14-18]. CE is mainly
obtained from flower buds, rich in eugenol, and contains eugenyl acetate, B-caryophyllene,
and a-humulene. CE, or its majoritarian component eugenol, has been impregnated
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in LLDPE films [19-21], polyamide fibers [22,23], pectin films [24], bacterial cellulose
membranes [25], and gelatin—chitosan films [26].

The most common techniques to load polymeric matrices with natural extracts are
casting [27-30], extrusion [31,32], and supercritical carbon dioxide (scCO,) impregna-
tion [33,34]. The advantage of using scCO; impregnation compared to the more conven-
tional processes is that it does not require high temperatures or organic solvents, which
could promote extract degradation or require a solvent removal step, respectively. In this
technique, supercritical CO, (above 31 °C and 7.4 MPa) solubilizes the natural extract
compounds, and then the solution of {CO, + compounds} diffuses into the polymeric
matrix. After a determined contact time, the CO, is easily removed by decreasing the
system’s pressure, whereas the extract remains impregnated into the matrix. The variables
of this process are pressure, temperature, depressurization rate, and time. Pressure and
temperature directly affect the solubility of the extract in scCO, and the diffusivity of
the solution {CO, + compounds} into the polymeric matrix. Depressurization rate and
temperature must be controlled to avoid compounds being dragged out with the CO, and
the foaming of the matrix. Finally, the supercritical impregnation is also a kinetic process;
thus, the time impacts the final loading. Moreover, the interaction between the matrix and
the compounds will also affect the partition of the compounds between the polymer and
the CO; phase [35-38].

Polycarbonates (PC) are a group of polymers with a carbonate group in their structure.
Overall, PCs are transparent, rigid, and have high impact strength, ductility, and impact
resistance, in addition to a high glass transition temperature (Tg above 140 °C) [39,40]. The
combination of these properties allows them to be applied as engineering thermoplastic
in many areas, including rigid food packaging, construction, and automotive [39,41-43].
PC has been impregnated with compounds using scCO; in order to develop antimicrobial
systems [44], for dyeing [45,46], and to make composites [47,48]. Herein, we aimed to
impregnate CE in PC to produce food containers with antibacterial properties.

The bioactivity of a natural extract may be attributed to a specific compound or
group of compounds. In some cases, the activity of natural extracts is based on the
synergy between their several compounds [49-51]. Furthermore, their complex composition
allows natural extracts to act in multiple sites [52,53]. Therefore, the challenge of scCO,
impregnation of natural extracts is not limited to controlling the total loading. It is also
essential to ensure that the loaded extract’s composition may preserve the crude extract’s
bioactivity. This can be ensured by impregnating the compound or the group of compounds
responsible for the desired bioactivity. Thus, it is crucial to evaluate the influence of the
operational conditions on the composition of the impregnated extract, in addition to the
total loading. According to the literature, only a few studies focused on quantifying
the relative amounts of the impregnated compounds and explaining why these differ in
composition from the crude extract [8,11,54]. Since CE is composed of only four compounds,
it can be used as a model to understand the influences of operational conditions on the
extract composition.

Thus, the present study aimed to impregnate CE into PC using scCO,, to develop
food containers with antibacterial properties, and to rationalize the effects of temperature
(35-60 °C) and pressure (10-30 MPa) on the clove loading (CL%) and on the composition of
the loaded extract. For this, a face-centered design was applied to determine the optimized
pressure and temperature for CL%, and to evaluate the effects on the relative amounts of the
four compounds of CE (i.e., eugenol, eugenyl acetate, f-caryophyllene, and a-humulene).
The differences in proportions of the compounds in the crude extract and in the impregnated
one were explained by taking into account the Hansen-type solubility parameters and the
polymer—compounds interactions. The impact of the impregnation on the morphological
and thermal properties was also studied.
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2. Materials and Methods
2.1. Materials

Pellets of bisphenol-A polycarbonate (LEXAN HPIR grade for healthcare products)
were supplied by SABIC Innovative Plastics (Sao Paulo, Brazil). Carbon dioxide (purity
99.985%) was purchased from Oxilumen (Sao Paulo, Brazil). Silicone oil (Synth, 350 cps)
was used for thermostated baths. Ethyl acetate (purity 100%) was obtained from Synth
(Sao Paulo, Brazil) and used as received. Deuterated chloroform (CDCI3, 99.8%) containing
0.05% v/v tetramethylsilane (TMS) as the internal reference was purchased from Cambridge
Isotope Laboratories and used in the NMR analysis. Helium (99.9% purity) for gas chro-
matography analyses was purchased from White Martins (Campinas, Brazil). The analytic
standards of eugenol, eugenyl acetate, f-caryophyllene, and a-humulene were bought from
Sigma-Aldrich (Barueri, Brazil).

2.2. Supercritical CO, Extraction

The clove (Eugenia caryophyllus) extract was obtained from grounded raw material
via supercritical fluid extraction (SFE) using carbon dioxide as the solvent. The extraction
equipment utilized in this study was a pilot-scale SFE (Thar Technologies, Pittsburgh, PA,
USA). The extraction was performed using a 5 L extractor. The solvent flow rate was
50 gCO, /min. The extraction process conditions were 15 MPa and 40 °C. The temperature
and pressure conditions were optimized according to Prado and Meireles [55] and Prado
et al. [56]. The structures of the four main compounds of clove extract obtained by SFE are
presented in Figure 1.

0 = 0 Z
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Figure 1. Structures of the four main compounds of clove extract (obtained by scCO5): (a) eugenol,
(b) eugenyl acetate, (c) B-caryophyllene, and (d) a-humulene.

2.3. Characterization of PC Chemical Structure by 'H NMR

Approximately 50 mg of PC was dissolved in 0.6 mL of CDCl3, and the spectrum
was recorded in a Varian VNMRS 500 MHz at 27 °C, using 30,000 transients. 'H NMR
(CDCl3-d') d (ppm): 1.68 (s, -C-(CH3),, 6H), 7.17 (d, -CH-CH-C-O-, 4H), 7.25 (d, -CH-CH-
C-C(CHj3);-, 4H), corresponding to poly(bisphenol A carbonate) with high purity [57]. The
'H NMR spectrum is presented in Supplementary Materials. The chemical structure of
poly(bisphenol A carbonate) is represented in Figure 2.

o)

Figure 2. Structure of poly(bisphenol A carbonate).

2.4. Preparation of PC Films

PC pellets were used as received. The polymeric films used in the impregnation
process were obtained by hot pressing on a hydraulic press with heating (model SL-11,
Solab). For this process, the pressure was increased from 0 ton to 6 ton in 10 min, and the
temperature was kept constant at 280 °C. Teflon sheets were used for contact between the
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press and the samples. The thickness of the films was 0.4 mm. The films were cut into
squares of approximately 1 cm?, corresponding to approximately 50 mg per sample.

2.5. 5cCO, Impregnation Method

The scCO, impregnations were carried out in a batch process, and the scheme of the
experimental set-up is presented in Figure 3. Approximately 1 mL of clove extract was
placed at the bottom of a 10 mL stainless steel high-pressure cell. The amount permitted
the saturation of the CO, phase. A stirrer bar was also added to the cell to ensure the
homogeneity of the CO, phase. Finally, for all batches, around 300 mg of polymer was
placed above the compound(s) in a single glass container to physically separate the films
from the natural extract. All these films were carefully placed so they did not touch each
other. The high-pressure cell was closed and immersed in a thermostated water bath. Then,
a high-pressure pump (pneumatic pump) introduced CO,. Once the desired pressure was
achieved, the magnetic stirring was turned on (100 rpm), and the temperature and pressure
were kept constant for the impregnation time, which was set to 3 h after preliminary tests.
After the impregnation time, the high-pressure cell was dipped in dry ice (—78 °C) to freeze
the scCO, and avoid the extract’s removal during depressurization. Once system pressure
decreased to values between 0.7 and 1 MPa due to the temperature decrease and dry-ice
formation, the cell was opened to carry on the depressurization (2 s).

Pneumatic CO, Pump

Natural
‘extract

Figure 3. Scheme of the experimental set-up.

2.6. Design of Experiment

The design of experiments methodology was used to evaluate the influences of pres-
sure (10-30 MPa) and temperature (35-60 °C) on scCO, impregnation of CE in PC. There-
fore, for two factors (pressure and temperature), the experimental design consisted of
factorial assays (22 = 4 assays at levels of —1 and +1), including four axial points (at levels
of —1 and +1) and three replicates at the central points (at level 0). Thus, a face-centered
design (FCD) was developed using 11 tests (Table 1). The maximum and minimum levels
of pressure and temperature were defined according to data published in the literature for
scCO, impregnation to enhance loading and to avoid the extract thermodegradation [36,37].
The impregnation time (3 h) was defined after preliminary tests (Supplementary material).
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Table 1. Supercritical impregnation experiments and their clove extract loading (CL%) in PC.

Pressure Temperature scCO, Densit o
Assay (MPa) 1 (OPC) 1 (kg/m®) y CL (%)

1 10 (—-1) 35(-1) 712.8 15.8
2 30 (+1) 35(—1) 929.1 9.5
3 10 (-1) 60 (+1) 289.9 18.5
4 30 (+1) 60 (+1) 829.7 94
5 10 (—1) 47.5 (0) 432.7 18.0
6 30 (+1) 47.5 (0) 880.4 6.8
7 20 (0) 35(-1) 865.7 9.4
8 20 (0) 60 (+1) 723.7 13.9
9 20 (0) 47.5 (0) 798.6 11.2
10 20 (0) 47.5 (0) 798.6 9.8
11 20 (0) 47.5 (0) 798.6 10.2

! Coded values in parentheses.

The experimental design allowed the study of a wide range of scCO, densities (289.9
t0 929.1 kg/m?). All assays were performed in triplicate and in random order. Data were
analyzed using the Protimiza Experimental Design software, with a significance level of 5%.
Initially, the effects of pressure and temperature were calculated, and the results were used
to determine the regression coefficients (8o, B1, B11, B2, B22, and B12) of the coded model
(Equation (1)).

CL% = Bo + B1x1 + B11x3 + Baxa + B3 + P12 X122 1)

Equation (1) is a quadratic polynomial equation that relates the total clove extract
loading (CL%) to the coded values (Table 1) of pressure (x1) and temperature (x;). Analysis
of variance (ANOVA) was used to verify the fitting quality of the model. Response surfaces
(three-dimensional (3D) plots) and their respective contour plots were obtained based
on the validated models and were later used to define the optimal conditions for scCO,
impregnation.

2.7. Clove Extract Loading

The clove extract loading (CL%) was defined as the mass of CE impregnated in the
polymeric matrix per mass of polymer and was measured gravimetrically using a balance
(precision 10~ g, model AY-220, Marte, Shimadzu) and calculated using Equation (2).

Mafter impregnation — Mbefore impregnation

CL% = x 100 @)

Mpefore impregnation

where M f1er impregnation 1S the mass of the film after the impregnation and e fore impregnation
is the mass of the film before the impregnation.

For each operational condition, the impregnation was performed by placing at least
three PC films in the high-pressure cell. The results presented are the average loadings of
all the samples. The samples were weighed 48 h after impregnation to ensure that the CO,
was removed from the polymer. The impregnated samples were stored at —20 °C until
further analysis.

In order to confirm that the measured mass corresponded to the compounds im-
pregnated in the polymer bulk, some samples were weighted, and their surfaces were
cleaned with tissue paper soaked with ethanol and weighted again. No mass variation was
observed, confirming that all the extract was impregnated in the polymer bulk and not
deposited on the polymer surface.
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2.8. Composition of the Impregnated Extract

The loading of each of the four majoritarian compounds of CE was obtained by
extracting the impregnated extract from the polymeric films and quantifying it using gas
chromatography (GC). For the extraction, one film was immersed in 5 mL of ethyl acetate
in a closed flask. This flask was sonicated in an ultrasound bath (Unique, model 750 A,
25 kHz) for 1 h every day for one week, at room temperature. Preliminary tests confirmed
that this procedure permitted the complete extraction of the impregnated extract. All
compounds are soluble in ethyl acetate.

The crude CE composition and the composition of the impregnated extract (i.e., recov-
ered from the impregnated films by extraction) were determined using a gas chromatograph
with a flame ionization detector. A chromatograph GC-FID (Shimadzu, CG17A, Kyoto,
Japan) equipped with a capillary column of fused silica DB-5 (J&W Scientific, 30 m X
0.25 mm x 0.25 um, Folsom, CA, USA) was used. For each sample, 1 pL of the ethyl
acetate/extract solution was injected into the chromatograph using a split ratio of 1:20.
Helium was used as carrier gas and flowed at 1.1 mL/min. The injector and the detector
temperatures were 220 and 240 °C, respectively. The column was heated from 60 °C to
246 °C at 3 °C/min. Eugenol (C1oHO-CAS 97-53-0), eugenyl acetate (C1,H12O3-CAS
93-28-7), B-caryophyllene (C15Hp4—CAS 87-44-5), and a-humulene (C15H4—CAS 116-04-1)
were identified by comparing the retention indices with chemical standards (25.440, 28.266,
29.710, and 32.656 min, respectively). Their quantification was performed using external
standard calibration curves, so the mass mgc x of each compound was determined. For
the quantification of compounds, calibration curves for all compounds were analyzed in
the range 0.04-1.0 mg/mL. The proportion of each compound present in the impregnated
extract (Px%) was calculated using Equation (3).

(Py%) = —1GEX o 100 3)

Mimpregnation

where X represents the compound, mgc x is the mass of the impregnated compound
obtained by GC, and #;ypregnation is the mass of the impregnated extract. The reported
value for the proportion of each compound is the average of two samples prepared in two
different impregnation batches. The central point of the DoE was performed in triplicate

The crude extract was analyzed right after its extraction from clove buds and again
when the impregnations were performed. No composition variation was observed over
time when storing the crude extract at 8 °C and in the dark.

2.9. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy

The impregnation of the CE was evaluated by comparing the FTIR spectra of the neat
PC, the clove extract, and impregnated PC (sample impregnated with CL = 18.5% prepared
at 60 °C and 10 MPa). For Fourier-transform infrared spectroscopy (FTIR), a Spectrum
Two FTIR spectrometer from PerkinElmer was used in ATR mode (diamond crystal doped
with zinc selenide ATR accessory). The analyses were performed at room temperature with
resolution of 1 cm~!, in 16 scans from 700 to 4000 cm~!. The surfaces of the impregnated
PC samples were first cleaned with ethanol to avoid the interference of any compounds
deposited on their surfaces. The sample was stored for two hours to allow the ethanol to
evaporate before the measurement.

2.10. Thermal Analysis

Differential scanning calorimetry (DSC) analyses were performed to evaluate the
impact of CO, treatment and of the impregnation process on the thermal properties and
crystallinity of the PC. The instrument Q200 from TA Instruments was used. The neat
PC, scCO,-treated PC, and impregnated PC films were analyzed. The scCO;-treated PC
and impregnated PC were prepared at 60 °C and 10 MPa, but the scCO,-treated PC was
prepared in the absence of extract. Small film pieces with 7 to 8.5 mg were sealed in an
aluminum pan, and the thermograms of the first heating cycle were obtained by heating
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the pans from 25 to 240 °C at a heating rate of 10 °C-min~!. The second heating cycle was
also obtained by cooling the samples to —80 °C at a rate of 20 °C-min~! and heated again
to 240 °C at a rate of 10 °C-min~'. The crystallinity of the samples was obtained using
Equation (4).

x 100 4)

where AHy (J-g~1) is the experimental fusion enthalpy, AH. (J-g~!) is the experimental
crystallization enthalpy, W is the polymer mass fraction, and AH;qqy is the fusion enthalpy

of 100% crystalline polymer, 109.6 J-g ! for the PC [58].

2.11. Scanning Electron Microscopy

The films morphology of neat PC, scCO,-treated PC, and impregnated PC films were
evaluated by SEM using a JEOL JSM 6010LA microscope. The cross-section of the samples
were analyzed after cryogenic fracture. The samples were sputtered with a 15 nm layer
of gold.

3. Results and Discussion
3.1. Influences of the Impregnation Conditions on the Clove Extract Loading

The clove extract loading (CL%) obtained for each experimental condition in PC is
reported in Table 1 and Figure 4. High loadings were obtained: CL% ranged from 6.8%
(30 MPa and 47.5 °C) to 18.5% (10 MPa and 60 °C), and the standard deviation was 0.7%
(calculated with the central-point test). These results indicate that the impregnation yield
depends on the pressure and temperature used in the impregnation of CE in PC.

25
B 0 MPa
[ 20 mPa
[ ]somPa
20
S
5015
£
!
[s8]
S
A
) -
o 10
2
)
54
04

35 47.5
Temperature (°C)

Figure 4. Influences of pressure (10-30 MPa) and temperature (35-60 °C) on the clove extract loading
(CL%) in PC. Standard deviation of 0.7%.

3.1.1. Effects of Pressure

In isothermal conditions, scCO, pressure had a negative effect on CL% (Figure 4);
i.e., an increase in pressure resulted in a decrease in the extract loading. These negative
effects can be explained by the increased density of scCO, with pressure. Regarding the
polymer/CO; system, Tang et al. [59] and Zhao et al. [60] reported an increase in the CO,
sorption in PC with an increase in pressure at a constant temperature of between 40 and
80 °C [60,61], which should favor the impregnation. They found that the CO, sorption
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rises from 7.6 to 12.98 wt% by increasing the pressure from 10 to 30 MPa at 60 °C [61].
On the other hand, an increase in pressure tends to increase the solubility of CE [62,63],
along with the solubility of its individual compounds, in scCO, [64,65]. The values are
reported in Supporting Information—Table S1. A high solubility means high affinity of
the solutes for CO,. This can lead to the partitioning of the solutes for the CO; phase, to
the detriment of the polymer phase, which is deleterious to its impregnation [11,36,37].
Thus, CE-CO; interactions were probably favored over the CE-PC interactions at higher
pressures, negatively affecting the CL% in PC.

Varona et al. [66] reported similar results for the supercritical impregnation of lavandin
essential oil in starch modified with n-octenyl succinate (OSA). They investigated the effect
of pressure in the range of 10-12 MPa and observed that the amount of essential oil
impregnated per unit mass of OSA-starch decreased with increasing pressure. In another
study, Belizon et al. [36] investigated the effect of pressure in the range of 10-20 MPa and
observed that the most favorable conditions for impregnating mango polyphenols into
a multilayer polyethylene terephthalate (PET)/polypropylene (PP) food-grade film were
obtained at 10 MPa.

3.1.2. Effects of Temperature

ScCO,; temperature globally positively affected CL% in PC (Figure 4). Temperature
impacts the extract solubility in scCO; and the CO; sorption of PC. The influence of
temperature on the solubility of a solute in scCO, depends on the pressure. Below the so-
called crossover pressure, the solubility of the solute decreases with increasing temperature
due to the decrease in CO, density. However, above the crossover pressure, the solubility
increases due to the increase in the vapor pressure of the solute that overcoming the effect
of the CO, density diminution. The crossover pressure of CE can be estimated from the
results of Wei et al. [63] at the intersection of the three isotherms, which is between 9 and
12 MPa [63] (Figure 5).

0.3 L L L 1 1 L L L L 1 L L L L 1 L L L 1 1
——32°C

0.29

0.28

0.27

0.26

0.25

Solubility (gextract/gco2)

0.24

0.23

2+
5 10 15 20 25 30

Pressure (MPa)
Figure 5. Solubility of clove extract in scCO, [63].

The general influence of the temperature on the CO, sorption in PC is related to the
CO; density [60,61] and to the plasticizing effect of CO, on PC [61,67]. CO; can increase
PC chain mobility, which is favorable for CO, sorption, but it has also been reported to
enhance PC crystallization and thus be detrimental to CO, sorption [67]. Crystallization
of PC after scCO, treatment was observed in the literature [67-69]. However, in the range
of temperatures investigated, no crystallization was expected [45,67] which was further
confirmed by DSC curves (Section 3.5). Concerning CO, density, it tends to decrease
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with increasing temperature in isobaric conditions. Tang et al. [59] reported that at a CO,
density lower than 700 kg/m?, a decrease in CO, sorption with an increase in temperature
occurred. The contrary was observed at densities greater than 700 kg/m? due to increased
chain mobility, which permitted accommodating more CO, molecules [61]. Zhao et al. [60]
reported a similar trend with a change in the effect of temperature observed at 11.2 MPa.
Below 11.2 MPa, the CO; sorption in PC ranged from 3.85 to 5.87 m/m% at 80 and 40 °C,
respectively. Between 11.2 and 18 MPa, the CO, sorption increased to a small extent up
to 6.56 m/m% at 40 °C, whereas it rose to 7.83 wt% at 60 °C [60]. The authors suggested
that the PC glass transition temperature (Tg) must have been reached at 11.2 MPa. Above
this point, the increase in CO, sorption favored chain mobility and CO, sorption, whereas
below this point the decrease in CO; density was adverse to CO, diffusivity in PC, and
consequently, CO, sorption. Note that the absorbed CO; has a strong plasticizing effect on
PC, since the Tg drops from ~ 140 °C to a temperature between 40 and 60 °C in situ [61,70].

Thus, the positive effect of temperature on CL% is dominated by different phenomena
depending on the temperature. At 10 MPa, the pressure is close to the crossover pressure of
CE (Figure 5), and the CO, density varies between 712.8 and 289.9 kg/m? at 35 and 60 °C.
Thus, the increase in temperature leads to a decrease in both the extract solubility in CO,
and, to a small extent, the CO, sorption in PC. The decrease in extract solubility in CO,
must increase the affinity of the extract for the polymer phase and favor the impregnation,
dominating the negative effect of CO, sorption.

At 20 and 30 MPa, the temperature tends to increase the extract solubility (above the
crossover pressure) and the CO, sorption in PC due to high chain mobility. Furthermore,
an increase in temperature may have caused an increase in the free volume of the matrix
(i.e., swelling), thereby enhancing the extract loading while reducing the resistance to solute
diffusion in PC. Thus, as a result of all these combined factors, the temperature positively
affected CL% [35-38,71,72].

Medeiros et al. [19] investigated the impregnation of CE in linear low-density polyethy-
lene, an apolar polymer, in the temperature range of 25-45 °C and at 15 and 25 MPa. The
higher impregnation yield was obtained at 45 °C (the effect of pressure was insignificant),
leading to a CL% of 4.02% [19].

3.1.3. Optimum Conditions for the Clove Extract Loading

Based on the experimental data (Table 1) and with the aid of the Protimiza Experi-
mental Design software, a mathematical model (Equation (5)) was obtained that relates the
extract loading (CL%) to the coded values of pressure (x1) and temperature (xp).

CL% = 10.47 — 4.43x; + 1.82x% + 1.18x; + 1.07x3 — 0.70x7 x5 (5)

To assess the quality of the model’s fit (Equation (5)), Table 2 presents the ANOVA
data. The model can be considered valid, wherein the coefficient of determination (R?)
is 0.9433 (the model represents 94.33% of the experimental data), that is, close to unity.
Moreover, Fregression/ residuals =~ Ftab and Frack of fit/pure error < Fip- Thus, when adjusting to
the experimental data, the model can be used for predictive purposes, thereby satisfying
the requirements for the construction of the response surface and contour plot (Figure 6).

As observed in Figure 6, the model confirmed that increasing the pressure from the
lowest (10 MPa) to the highest (30 MPa) level induced a decrease in CL%. The negative
effect of pressure outweighed the effect of temperature. As shown in Figure 6b, the maximal
CL% (>18%) can be achieved within the following optimal ranges: pressures of 10-12 MPa
and temperatures of 55-60 °C. Furthermore, the optimal values (> 18%) in Table 1 are a
pressure of 10 MPa and a temperature of 60 °C.
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Table 2. Analysis of variance (ANOVA) of the predictive model for the clove extract loading in PC.

Variation Sum of Degrees of Mean

Source Squares Freedom Square F? Fuap * p-Value
Regression 143.2 5 28.6 16.6 5.05 0.00392
Residuals 8.6 5 1.7
Lack of fit 7.6 3 2.5 49 19.16 0.17552
Pure error 1.0 2 0.5
Total 151.8 10
R23 94.33%

1 F distribution (calculated); 2 F distribution (tabulated); ? coefficient of determination.

60

CL, PC (Y1, %)
Temperature (Xz,
IS
&

T T T T T
10 12 14 16 18 20 22 24 26 28 30
Pressure (Xi, MPa)

(b)

Figure 6. (a) Response surface and (b) contour plot for extract loading (CL%) of clove extract in PC

as functions of pressure and temperature.

3.2. Influences of the Impregnation Conditions on the Composition of the Loaded Extract

GC analysis confirmed that the crude CE from Eugenia caryophyllus is composed of four
main compounds: eugenol, eugenyl acetate, f-caryophyllene, and a-humulene (Table 3).
Eugenol is the majoritarian compound (70.1%), followed by eugenyl acetate (17.06%).
Both compounds are phenylpropanoids and have a tri-substituted phenyl group. Eugenyl
acetate is derived from eugenol, having an acetate ester instead of the hydroxyl group
in eugenol. B-caryophyllene (10.67%) and a-humulene (2.20%) are two sesquiterpenes;
they are bicyclic and monocyclic, respectively. a-Humulene is a ring-opened isomer of
B-caryophyllene. Both are commonly found as a mixture in various extracts.

The extraction of the compounds from impregnated PC was performed in ethyl acetate
for one week; we submitted the solution to ultrasound for 1 h per day. Preliminary tests
proved that this procedure was efficient in guaranteeing the complete extraction and that
no compounds were detected in a second extraction in a fresh solvent. This confirms the
efficiency of the protocol tested with other systems [54,73].

Table 3 shows the compositions of the extracts impregnated into PC in the different
conditions and the crude CE. These results indicate that the composition of the extract
impregnated in PC depends on the impregnation conditions. First, eugenol content sig-
nificantly increased from 70.06 to values ranging between 81.31 and 86.28%, whereas the
eugenyl acetate decreased from 17.06 to 11.22-13.86%, depending on the conditions. The
proportions of the two sesquiterpenes were lower in the loaded extract than in the crude
one. The content of B-caryophyllene dropped from 10.67 to 2.07-4.83%, whereas the content
of a-humulene decreased from 2.20 to values below 0.51. These results suggest the selec-
tivity of the impregnation process. Cejudo Bastante et al. [54] also reported the selective
character of the process, as only four of the eleven compounds of the red grape pomace
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extract were impregnated in jute fibers [74]. Catechin and p-coumaric acid, which are two
low-molecular weight phenolic compounds, were the compounds impregnated in higher
proportions, even though they were not the main compounds of the extract. On the other
hand, anthocyanins present in high quantity in the extract were not impregnated. In a
previous study, Cejudo Bastante et al. [54] observed that the proportions of compounds
in the impregnation of olive leaf extract polyphenols in PET/PP films varied with the
pressure (10-40 MPa) and time (5 min to 22 h). Oleuropein was the majoritarian compound
in the impregnated films, representing 58 to 71% of the total polyphenols, depending
on the impregnation pressure. The authors also highlighted that the proportions of the
compounds varied with time. They explained that each compound had a different affinity
for CO; and for the polymer, and different molecular weights (the higher the molecular
weight, the lower the diffusion coefficient in the matrix).

Table 3. Compositions of the extracts impregnated into PC and the crude clove extract, shown as
percentage weight for each compound.

Assay Pressure Temperature Eugenol Eugenyl Acetate = S-Caryophyllene a-Humulene
(MPa) o (%) (%) (%) (%)
1 10 (1) 35(-1) 84.62 £ 0.29 12.57 £ 0.13 2.33 £0.14 0.48 £ 0.03
2 30 (+1) 35(-1) 85.25 £ 0.65 11.95 £+ 0.69 2.32 £0.05 0.48 +0.01
3 10 (—1) 60 (+1) 81.31+0.73 13.86 £ 0.79 4.83 +0.05 0.00 £ 0.00
4 30 (+1) 60 (+1) 8543 £1.28 12.02 +1.39 213 £0.13 0.43 £0.02
5 10 (-1) 47.5(0) 84.16 £ 0.68 12.53 £ 0.35 3.31+0.33 0.00 & 0.00
6 30 (+1) 47.5(0) 85.52 4+ 0.44 11.55 £ 0.32 2.43 4+ 0.09 0.50 & 0.04
7 20 (0) 35(-1) 85.52 £0.03 11.67 + 0.00 2.33 £0.02 0.49 £0.01
8 20 (0) 60 (+1) 85.39 & 0.05 11.64 £ 0.06 2.16 £0.01 0.51 £0.01
9 20 (0) 47.5(0) 86.28 11.22 2.07 0.43
10 20 (0) 47.5 (0) 85.80 11.59 2.19 0.43
11 20 (0) 47.5(0) 85.96 11.23 2.34 0.47
Clove extract 70.06 17.06 10.67 2.20

1 Coded values in parentheses.

The coded models and the results of the analysis of variance (ANOVA) are presented
in Table 4. In this study, coded statistical models (the quadratic polynomial equation) were
used to predict the compositions of the extracts impregnated into PC (eugenol, eugenyl
acetate, f-caryophyllene, a-humulene) as a function of the pressure and temperature. The
adjustment quality of these models was evaluated using the ANOVA results, and the
experimental data were analyzed in the Protimiza Experimental Design software at a fixed
significance level of 0.05.

Table 4. Coded models and results of analysis of variance (ANOVA).

Regression/ Lack of Fit/
Model 2 Residual Pure Error R2
Fcal,l b Ftab,l ¢ Fcal,z b Ftab,z ¢

Eugenol = 86.04 + 1.02 x; — 1.24 x1% — 0.54 x, o
—0.63 %52 + 0.87 X1 X 15 5.05 5.8 19.16 93.76%

Eugenyl acetate = 11.29 — 0.57 x; +0.83 x;2 + o
0.22 X + 045 2 — 030 X1 Xo 174 5.05 1.6 19.16 94.56%

B-caryophyllene = 2.20 — 0.60 x; + 0.66 x12 + o
0.36 x5 + 0.04 x5% — 0.67 X1 X 8.6 5.05 12 19.16 89.53%

- - _ 2 _

a-humulene = 0.43 + 0.15 x; — 0.17 xq 0.08 55 505 345 19.16 84.69%

X + 0.08 2 +0.11 X1 Xp

2 x1: coded pressure; X,: coded temperature; b E_.: F distribution (calculated); ¢ Fyyp,: F distribution (tabulated).
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The models to describe B-caryophyllene and a-humulene proportions in the loaded
extract were not valid because the values of the determination coefficient (R?) were lower
than 90% (R? = 89.53 and 84.69%, respectively). In contrast, the models used to describe
eugenol and eugenyl acetate were valid, as the R? values were greater than 90% (93.76
and 94.56%, respectively). Moreover, the data presented in Table 4 shows that F,;; was
greater than F,, 1, and that F., » was less than Fy,}, . When adjusting the experimental
data, the model could be used for predictive purposes, which meets the requirements for
constructing the response surfaces (Figure 7).

Eugenol (Y2, %)
Eugenyl acetate (Y3, %)

Figure 7. The response surface for (a) eugenol; (b) eugenyl acetate.

As seen in Figure 7, the pressure and temperature exhibited statistically significant
effects (with 95% confidence) on the eugenol and eugenyl acetate content in the extract im-
pregnated into PC. As shown in Figure 7a, there was a positive correlation (p-value < 0.05)
between the pressure and the overall eugenol content. Thus, the higher the pressure
used in the impregnation, the higher the proportion of eugenol in the loaded extract.
However, there was a negative correlation (p-value < 0.05) between the temperature and
the proportion of eugenol in the extract. The higher the impregnation temperature, the
lower the content of eugenol. As shown in Figure 7b, there was a negative correlation
(p-value < 0.05) between the pressure and the eugenyl acetate content. The higher the
impregnation pressure, the lower the eugenyl acetate content in the loaded extract.

As mentioned in Section 3.1.1, the high solubility of a compound in scCO, does
not ensure its plentiful impregnation in the polymer, but on the contrary, it can favor its
partitioning in the CO, phase. However, a high affinity of a compound for the matrix is the
driving force for its partitioning in the polymer. The differences between the compositions
of the crude and impregnated extracts can be accounted for by the affinities between PC
and the diverse compounds, which are evaluated by their solubility parameters and by the
establishment of strong interactions such as H-bonds between a compound and PC [75-77].
The Hansen-type solubility parameters at 25 °C were estimated by the group contribution
method, using Van Krevelen and Hoftyzer’s method, and are reported in Table 5 for PC
and the four compounds of CE. B-caryophyllene and a-humulene have low affinity for
PC, as shown by their very different solubility parameters. Moreover, they do not possess
chemical groups that can establish strong secondary bonds with the matrix, and they
have high molecular volumes. Thus, the two sesquiterpenes had lower proportions in the
impregnated PC than in the crude CE. Conversely, eugenol was impregnated in a higher
proportion than according to its proportion in the crude extract. The solubility parameter
of eugenol is not the most similar to that of PC, but its loading is promoted by H-bonding
between OH groups of eugenol and the C=0 group of the carbonate of PC. The lower
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proportion of eugenyl acetate in the impregnated extract compared to the crude extract
(11.22-13.86 vs. 17.06%) is more difficult to explain. Eugenol and eugenyl acetate exhibit
similar solubility in scCO, (see Supplementary Materials—Table S1), and their molecular
volumes are similar, so their diffusion in PC should be comparable. Eugenyl acetate has a
similar solubility parameter to PC’s, suggesting a good affinity, but it may compete with
eugenol during the impregnation process [11,54].

It has been reported that CE and eugenol have antimicrobial activity against food-
borne pathogens. Cui et al. [15] reported that 0.5 mg/mL of CE irreversibly affects the
cell membrane of Listeria monocytogenes, causing its extermination by 99.99% after 8 h.
Pérez-Conesa et al. [78] observed cellular destruction of Escherichia coli O157:H7 (strains
4388 and 43895) after 10-20 min exposure to 0.9% eugenol. In a study conducted by Méran
et al. [79], eugenol showed high antimicrobial activity (bacterial growth inhibition >90% at
100 ug/mL) towards Staphylococcus epidermidis and Staphylococcus aureus. Data from the
literature indicates that PC impregnated with CE would also have antibacterial properties.

Table 5. Estimation of Hansen-type solubility parameters at 25 °C by the group contribution method,
using the Van Krevelen and Hoftyzer method [80].

Polymer/Compound (Mf)cal"~5) (MI§§°~5) (M1§:0~5) Solubiligf/l II”ir(fsl;leter (t] I8¢ pc (;/[ t;t ac(;)'rSn)pound I
PC 17.9 3.1 6.9 19.4 -
Eugenol 18.5 4.1 12.2 225 3.1
Eugenyl Acetate 17.5 3.3 7.2 19.3 0.1
B-caryophyllene 15.2 0.0 0.0 15.2 42
a-humulene 15.7 0.0 0.0 15.7 3.7
3.3. ATR-FTIR

The FTIR spectra of clove extract, neat PC, and impregnated PC are shown in Figure 8.
Peak assignments are presented in Supporting Material D. The characteristic peaks of clove
extract are centered at 1765 cm~! due to C=O stretching in eugenyl acetate; 1638 cm !
due to vibrations of allyl groups in eugenol and eugenyl acetate; 1606 and 1512 cm ™! due
to C=C vibrations in the aromatic rings in eugenol and eugenyl acetate [81]; 1266, 1232,
and 1199 cm~! due to =C-O-C asymmetric stretching and =C-O-H vibrations in eugenol
and eugenyl acetate; 1148, 1122, and 1034 cm ! due to C-O-C stretching in eugenol and
eugenyl acetate [82]; and 912 cm~! due to =C-H bending of aliphatic groups [81]. The
characteristic peaks of PC are 1769 cm~1 due to C=0 stretching; 1502, 1014, and 828 cm 1
due to C=C vibrations in aromatic rings [82]; and 1220, 1188, and 1159 cm ! due to O-C-O
stretching [83]. The spectrum of impregnated PC exhibits characteristic peaks of clove
extract, evidencing its impregnation in high concentration; the peaks centered at 1638, 1122,
1034, and 912 cm ™! present in the clove extract spectrum could be clearly observed on the
impregnated PC spectrum at 1639, 1123, 1035 and 915 cm~; other peaks were superposed
on the neat PC peaks, causing their broadening [81-85].
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Figure 8. ATR—FTIR spectra of crude clove extract, neat PC, and PC impregnated with clove extract
at 60 °C and 10 MPa with CL = 18.5%.

3.4. Film Morphology

SEM images enable the analysis of the impact of impregnation on the film’s surface
and cross-sectional morphologies. Figure 9 shows the cross-section and surface of neat
PC, scCO;-treated, and of PC impregnated at 60 °C and 10 MPa. The cross-sections of
neat PC (Figure 9b) and scCO;-treated PC (Figure 9d) were dense and homogeneous, and
their surfaces were smooth and free of cracks (Figure 9a,c). The SEM images show that
submitting PC to CO, in such impregnation and depressurization conditions did not impact
the morphology and did not create pores. Ma et al. studied PC foaming using scCO, as
a blowing agent and showed that microcellular structures were formed after saturating
PC with CO; at 60 °C and depressurizing at 60 °C for 30 s [86]. On the other hand, in the
present study, the high-pressure cell was quenched down to —78 °C, which resulted in the
CO; freezing and a pressure reduction to about 2 MPa. Then, the pressure cell was opened,
and the frozen sample was left at room temperature. This way, the remaining gaseous CO,
was slowly released, avoiding the bubble nucleation and growth from the dissolved CO,
in PC, which justifies the smooth surface and dense cross-sections observed in the SEM
images (Figure 9¢,d) [77].

Regarding the morphology of impregnated PC, surface cracking was observed
(Figure 9e), and the cross-section obtained by cryo-fracture was also dense, and no micro-
pores were observed after high clove loading (18.5%). The surface cracking might result
from the high CL% accommodated into the matrix and from the plasticizing effect of CE.
Jiang et al. observed that the infusion of the plasticizer tributyl citrate in poly(bisphenol A
carbonate) at ambient pressure and 60 °C for 12 h resulted in the formation of pores and
of a network of cracks on the surface and of pores that were present in a greater extent
compared to our results [87]. Another possibility is that the samples suffered mechanical
stress during the process. These cracks must influence the release kinetics of CE, which
will be an issue for future investigation.
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Figure 9. SEM images of the surfaces (left column) and cross-sections (right column) of (a,b) neat PC
film, (c,d) PC only submitted to scCO, at 60 °C and 10 MPa, and (e-g) PC impregnated with clove
extract at 60 °C and 10 MPa with CL% = 18.5%.

3.5. DSC Analysis

The DSC thermograms of neat PC, scCO,-treated PC, and PC impregnated at 60 °C
and 10 MPa, which is the condition that resulted in the highest CL%, are compared in
Figure 10. As shown in the first heating curve, the Tg of neat PC slightly decreased from
144.3 to 139.8 °C after scCO; treatment and dropped to 109.9 °C after impregnation. Other
authors have reported that PC can crystallize when submitted to scCO, above its glass
transition [61,67], which was estimated to be lower than 60 °C at 40 MPa [61] due to the
interaction of the carbonyl group of PC interacting with CO, [61,88]. The impregnated PC
film was semi-crystalline with a crystallinity of 18.6% and a melting temperature (Tm) of
207.8 °C. The crystallinity can be explained by the plasticizing effect of the scCO,—clove-
extract solution on PC chains, which led to crystallization. The plasticizing effect of the
clove extract was also demonstrated in DSC second-heating thermograms (Figure 10b),
which accounts for the PC in the presence of 18.5% of CE getting rid of the thermal
history produced by the impregnation process. Tg was decreased to 47.7 °C, which is
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below the working impregnation temperature, and a large melting peak from 174.9 to
220 °C was observed in the impregnated PC. Furthermore, an exothermic peak appeared at
124.5 °C, indicating that the presence of CE facilitates the cold crystallization of PC. Both
CO; and CE plasticize PC during the impregnation process, enhancing CO, sorption and
impregnation. However, the increased mobility of the chains leads to their reorganization
and crystallization in situ, which is detrimental for the impregnation (since it reduces the
amorphous regions that are the ones impregnated [75]), though high CL% were obtained
after an impregnation time of 3 h.

——Neat PC Neat PC
5cCO, PC e 5cCO2 PC
Imp PC
Imp PC

— ]

—

Heat Flow (Wg-l)
—>
1
Heat Flow (Wg *)
—>

1 1 1 1 1 1
1 1 1 | 0 50 100 150 200 250
50 100 150 200 250

o Temperature )
Temperature ("C)

(a) (b)

Figure 10. DSC thermograms of (a) the first heating and (b) second heating of neat PC, PC after
scCO, treatment, and PC impregnated with clove extract (CL = 18.5%) at 60 °C and 10 MPa.

4. Conclusions

This study investigated the impregnation of clove extract (CE) into PC by scCO, to
develop rigid food packaging with antibacterial properties. The influences of the impregna-
tion conditions on the composition of the loaded extract were also explored by determining
the proportions of the four compounds of CE. Face-centered design models were applied
to evaluate the influences of temperature (35-60 °C) and pressure (10-30 MPa) on the total
clove loading and the composition of the loaded extract. The clove loading (CL%) ranged
from 6.8 to 18.5%, and the maximal CL% was reached at 60 °C and 10 MPa. The temperature
favored the impregnation, whereas the pressure was deleterious. The composition of the
extract impregnated in PC was different from the crude extract, suggesting the selectivity
of the impregnation process. The eugenol content increased from 70.06 to 81.31-86.28%.
The eugenyl acetate, B-caryophyllene, and «-humulene contents decreased from 17.06 to
11.22-13.86%, 10.67 to 2.07-4.83%, and 2.20 to below 0.51%, respectively. The pressure
enhanced the eugenol content, whereas it decreased the eugenyl acetate content in the
loaded extract. Moreover, the temperature decreased the eugenol content. The results
were rationalized using the Hansen-type solubility parameters and the intermolecular
interactions between PC and each compound. Differential scanning calorimetry showed a
high plasticizing effect of CE on PC, which is responsible for increased chain mobility that
is favorable to the impregnation, and a concomitant in situ crystallization of the polymer,
which is deleterious to the impregnation. Besides that, the high loading of the polymer
was responsible for the cracking of the PC surface, but no pores were observed on the
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cross-section. The impregnated polymer is promising for antibacterial food containers due
to the high loading of clove extract that is enabled and the high eugenol content.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pr10122661/s1. Figure S1: 'H NMR of polycarbonate. Figure S2:
Evolution of the clove extract loading in PC with impregnation time in the conditions of highest CO,
density (35 °C; 30 MPa), and of lowest CO, density (60 °C; 10 MPa) among the investigated conditions.
Table S1: Solubility of oil extract and of its four individual compounds in scCO; in conditions close to
the one studied. Data reported from the literature. Table S2: FTIR peak assignments of clove extract,
neat PC and impregnated PC. References [65,81-85,89] are cited in the supplementary materials

Author Contributions: Conceptualization, M.C.; methodology, M.C., B.G.d.S. and M.A.A.M.; formal
analysis, AM]J., LT.C, LTK, LPM.-O,, EKS. and B.G.d.S.; investigation, AM.]., LT.C., LTK,, LPM.-
0., EKS., B.G.d.S. and M.C.; resources, M.C., data curation, AM.]., LT.C.,L.TK,, LPM.-O., EK.S,,
B.G.d.S. and M.C,; writing—original draft preparation, A.M.J., LT.C.,, LPM.-O., EK.S,, B.G.d.S. and
M.C.; writing—review and editing, AM.J., LT.C.,, LPM.-O., EK.S,, B.G.d.S. and M.C,; supervision,
M.C., B.G.d.S. and M.A.A M,; project administration, M.C.; funding acquisition, M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by FAPESP (Fundacao de Amparo a Pesquisa do Estado de Sao
Paulo), processes numbers 2018,/23902-3 and 2020/04761-0. This study was partially financed by the
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES)—Finance Code 001,
for the master scholarship of IL.T.C.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the multiuser facilities (UFABC) for the experimental support
and Rafael Kenji Nishihora for the artwork in Figure 3.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

Mukurumbira, A.R.; Shellie, R.A.; Keast, R.; Palombo, E.A; Jadhav, S.R. Encapsulation of Essential Oils and Their Application in
Antimicrobial Active Packaging. Food Control 2022, 136, 108883. [CrossRef]

Maisanaba, S.; Llana-Ruiz-Cabello, M.; Gutiérrez-Praena, D.; Pichardo, S.; Puerto, M.; Prieto, A.L; Jos, A.; Camean, A.M. New
Advances in Active Packaging Incorporated with Essential Oils or Their Main Components for Food Preservation. Food Rev. Int.
2017, 33, 447-515. [CrossRef]

Sharma, S.; Barkauskaite, S.; Jaiswal, A.K.; Jaiswal, S. Essential Oils as Additives in Active Food Packaging. Food Chem. 2021, 343,
128403. [CrossRef] [PubMed]

U.S. Food and Drug Administration. Essential, D. Oils, Oleoresins (Solventfree), and Natural Extractives (Including Distillates),
2014. In Code of Federal Regulations, Title 21; 2014. Available online: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfefr/
cfrsearch.cfm?fr=182.20 (accessed on 7 December 2022).

Cejudo Bastante, C.; Cran, M.].; Casas Cardoso, L.; Mantell Serrano, C.; Martinez de la Ossa, E.].; Bigger, S.W. Effect of Supercritical
CO2 and Olive Leaf Extract on the Structural, Thermal and Mechanical Properties of an Impregnated Food Packaging Film. J.
Supercrit. Fluids 2019, 145, 181-191. [CrossRef]

Cejudo Bastante, C.; Casas Cardoso, L.; Mantell Serrano, C.; Martinez de la Ossa, E.J. Supercritical Impregnation of Food
Packaging Films to Provide Antioxidant Properties. J. Supercrit. Fluids 2017, 128, 200-207. [CrossRef]

Milovanovic, S.; Hollermann, G.; Errenst, C.; Pajnik, J.; Frerich, S.; Kroll, S.; Rezwan, K.; Ivanovic, J. Supercritical CO2
Impregnation of PLA/PCL Films with Natural Substances for Bacterial Growth Control in Food Packaging. Food Res. Int.
2018, 107, 486—495. [CrossRef] [PubMed]

Dias, A.M.A.; Rey-Rico, A.; Oliveira, R.A.; Marceneiro, S.; Alvarez-Lorenzo, C.; Concheiro, A.; Junior, RN.C.; Braga, M.E.M.; de
Sousa, H.C. Wound Dressings Loaded with an Anti-Inflammatory Juca (Libidibia Ferrea) Extract Using Supercritical Carbon
Dioxide Technology. J. Supercrit. Fluids 2013, 74, 34-45. [CrossRef]

da Silva, C.V,; Pereira, V.J.; Rosa, PT.V.; Cabral-Albuquerque, E.C.M.; Vieira De Melo, S.A.B.; Costa, G.M.N.; Dias, AM.A;
de Sousa, H.C.; Braga, M.EM. Effect of ScCO2 Sorption Capacity on the Total Amount of Borage Oil Loaded by ScCO2
Impregnation/Deposition into a Polyurethane-Based Wound Dressing. J. Supercrit. Fluids 2016, 115, 1-9. [CrossRef]

Pajnik, J.; Stameni¢, M.; Radeti¢, M.; Tomanovi¢, S.; Sukara, R.; Mihaljica, D.; Zizovic, I. Impregnation of Cotton Fabric with
Pyrethrum Extract in Supercritical Carbon Dioxide. . Supercrit. Fluids 2017, 128, 66-72. [CrossRef]


https://www.mdpi.com/article/10.3390/pr10122661/s1
https://www.mdpi.com/article/10.3390/pr10122661/s1
http://doi.org/10.1016/j.foodcont.2022.108883
http://doi.org/10.1080/87559129.2016.1175010
http://doi.org/10.1016/j.foodchem.2020.128403
http://www.ncbi.nlm.nih.gov/pubmed/33268167
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=182.20
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=182.20
http://doi.org/10.1016/j.supflu.2018.12.009
http://doi.org/10.1016/j.supflu.2017.05.034
http://doi.org/10.1016/j.foodres.2018.02.065
http://www.ncbi.nlm.nih.gov/pubmed/29580511
http://doi.org/10.1016/j.supflu.2012.12.007
http://doi.org/10.1016/j.supflu.2016.04.007
http://doi.org/10.1016/j.supflu.2017.05.006

Processes 2022, 10, 2661 18 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sanchez-Sanchez, J.; Fernandez-Ponce, M.T.; Casas, L.; Mantell, C.; de la Ossa, E.J.M. Impregnation of Mango Leaf Extract into a
Polyester Textile Using Supercritical Carbon Dioxide. J. Supercrit. Fluids 2017, 128, 208-217. [CrossRef]

Banerjee, S.; Bagchi, B; Pal, K.; Bhandary, S.; Kool, A.; Hoque, N.A.; Biswas, P.; Thakur, P; Das, K.; Karmakar, P; et al. Essential
Oil Impregnated Luminescent Hydroxyapatite: Antibacterial and Cytotoxicity Studies. Mater. Sci. Eng. C 2020, 116, 111190.
[CrossRef] [PubMed]

Jia,J.; Duan, S.; Zhou, X.; Sun, L.; Qin, C; Li, M.; Ge, F. Long-Term Antibacterial Film Nanocomposite Incorporated with Patchouli
Essential Oil Prepared by Supercritical CO2 Cyclic Impregnation for Wound Dressing. Molecules 2021, 26, 5005. [CrossRef]
[PubMed]

Bajpai, V.K.; Baek, K.-H. Biological Efficacy and Application of Essential Oils in Foods—A Review. ]. Essent. Oil Bear. Plants 2016,
19, 1-19. [CrossRef]

Cui, H.; Zhang, C.; Li, C,; Lin, L. Antimicrobial Mechanism of Clove Oil on Listeria Monocytogenes. Food Control 2018, 94,
140-146. [CrossRef]

Fu, Y;; Zu, Y,;; Chen, L.; Shi, X.; Wang, Z.; Sun, S.; Efferth, T. Antimicrobial Activity of Clove and Rosemary Essential Oils Alone
and in Combination. Phytother. Res. 2007, 21, 989-994. [CrossRef] [PubMed]

Briozzo, J.; Nuncez, L.; Chirife, J.; Herszage, L.; D’aquino, M. Antimicrobial Activity of Clove Oil Dispersed in a Concentrated
Sugar Solution. J. Appl. Bacteriol. 1989, 66, 69-75. [CrossRef]

Ahmad, N.; Alam, M.K; Shehbaz, A.; Khan, A.; Mannan, A.; Hakim, S.R.; Bisht, D.; Owais, M. Antimicrobial Activity of Clove
Oil and Its Potential in the Treatment of Vaginal Candidiasis. J. Drug Target 2005, 13, 555-561. [CrossRef]

Medeiros, G.R.; Ferreira, S.R.S.; Carciofi, B.A.M. High Pressure Carbon Dioxide for Impregnation of Clove Essential Oil in LLDPE
Films. Innov. Food Sci. Emerg. Technol. 2017, 41, 206-215. [CrossRef]

Medeiros, G.R.; Guimaraes, C.; Ferreira, S.R.S.; Carciofi, B.A.M. Thermomechanical and Transport Properties of LLDPE Films
Impregnated with Clove Essential Oil by High-Pressure CO2. J. Supercrit. Fluids 2018, 139, 8-18. [CrossRef]

Goni, M.L.; Ganian, N.A ; Strumia, M.C.; Martini, R.E. Eugenol-Loaded LLDPE Films with Antioxidant Activity by Supercritical
Carbon Dioxide Impregnation. . Supercrit. Fluids 2016, 111, 28-35. [CrossRef]

Mosquera, J.E.; Goni, M.L.; Martini, R.E.; Gafian, N.A. Supercritical Carbon Dioxide Assisted Impregnation of Eugenol into
Polyamide Fibers for Application as a Dental Floss. J. CO2 Util. 2019, 32, 259-268. [CrossRef]

Mosquera, J.E.; Goiii, M.L.; Martini, R.E.; Gafian, N.A. Mass Transfer Kinetics of CO, and Eugenol in the Supercritical Impregna-
tion of Polyamide Fibers: Experimental Data and Modeling. . Supercrit. Fluids 2020, 166, 105030. [CrossRef]

Nisar, T.; Wang, Z.-C.; Yang, X.; Tian, Y.; Igbal, M.; Guo, Y. Characterization of Citrus Pectin Films Integrated with Clove Bud
Essential Oil: Physical, Thermal, Barrier, Antioxidant and Antibacterial Properties. Int. |. Biol. Macromol. 2018, 106, 670-680.
[CrossRef] [PubMed]

Junka, A.; Zywicka, A.; Chodaczek, G.; Dziadas, M.; Czajkowska, J.; Duda-Madej, A.; Bartoszewicz, M.; Mikolajewicz, K,;
Krasowski, G.; Szymczyk, P.; et al. Potential of Biocellulose Carrier Impregnated with Essential Oils to Fight Against Biofilms
Formed on Hydroxyapatite. Sci. Rep. 2019, 9, 1256. [CrossRef] [PubMed]

Radovic, M.; Adamovic, T.; Pavlovic, J.; Rusmirovic, J.; Tadic, V.; Brankovic, Z.; Ivanovic, J. Supercritical Co2 Impregnation of
Gelatin-Chitosan Films with Clove Essential Oil and Characterization Thereof. Chem. Ind. Chem. Eng. Q. 2019, 25, 119-130.
[CrossRef]

Li, M.; Zhang, F; Liu, Z.; Guo, X,; Wu, Q.; Qiao, L. Controlled Release System by Active Gelatin Film Incorporated with
B-Cyclodextrin-Thymol Inclusion Complexes. Food Bioproc. Tech. 2018, 11, 1695-1702. [CrossRef]

Varghese, S.A.; Siengchin, S.; Parameswaranpillai, ]. Essential Oils as Antimicrobial Agents in Biopolymer-Based Food Packaging—
A Comprehensive Review. Food Biosci. 2020, 38, 100785. [CrossRef]

Ocak, B. Properties and Characterization of Thyme Essential Oil Incorporated Collagen Hydrolysate Films Extracted from Hide
Fleshing Wastes for Active Packaging. Environ. Sci. Pollut. Res. 2020, 27, 29019-29030. [CrossRef]

Felix de Andrade, M.; Diego de Lima Silva, I.; Alves da Silva, G.; David Cavalcante, P.V.; Thayse da Silva, F,; Bastos de Almeida,
Y.M.; Vinhas, G.M.; Hecker de Carvalho, L. A Study of Poly (Butylene Adipate-Co-Terephthalate)/Orange Essential Oil Films for
Application in Active Antimicrobial Packaging. LWT 2020, 125, 109148. [CrossRef]

Perale, G.; Casalini, T.; Barri, V.; Miiller, M.; Maccagnan, S.; Masi, M. Lidocaine Release from Polycaprolactone Threads. |. Appl.
Polym. Sci. 2010, 117, 3610-3614. [CrossRef]

Tian, Y.; Jacobs, E.; Jones, D.S.; McCoy, C.P; Wu, H.; Andrews, G.P. The Design and Development of High Drug Loading
Amorphous Solid Dispersion for Hot-Melt Extrusion Platform. Int. ]. Pharm. 2020, 586, 119545. [CrossRef] [PubMed]

Mir, S.A.; Shah, M.A_; Dar, B.N.; Wani, A.A.; Ganai, S.A.; Nishad, ]J. Supercritical Impregnation of Active Components into
Polymers for Food Packaging Applications. Food Bioproc. Tech. 2017, 10, 1749-1754. [CrossRef]

Champeau, M.; Thomassin, ].M.; Tassaing, T.; Jérome, C. Drug Loading of Polymer Implants by Supercritical CO2 Assisted
Impregnation: A Review. J. Control. Release 2015, 209, 248-259. [CrossRef] [PubMed]

Kazarian, S.G.; Brantley, N.H.; West, B.L.; Vincent, M.E; Eckert, C.A. In Situ Spectroscopy of Polymers Subjected to Supercritical
CO;: Plasticization and Dye Impregnation. Appl. Spectrosc. 1997, 51. [CrossRef]

Belizon, M.; Fernandez-Ponce, M.T.; Casas, L.; Mantell, C.; Martinez De La Ossa-Fernandez, E.J. Supercritical Impregnation of
Antioxidant Mango Polyphenols into a Multilayer PET /PP Food-Grade Film. . CO2 Util. 2018, 25, 56-67. [CrossRef]


http://doi.org/10.1016/j.supflu.2017.05.033
http://doi.org/10.1016/j.msec.2020.111190
http://www.ncbi.nlm.nih.gov/pubmed/32806309
http://doi.org/10.3390/molecules26165005
http://www.ncbi.nlm.nih.gov/pubmed/34443590
http://doi.org/10.1080/0972060X.2014.935033
http://doi.org/10.1016/j.foodcont.2018.07.007
http://doi.org/10.1002/ptr.2179
http://www.ncbi.nlm.nih.gov/pubmed/17562569
http://doi.org/10.1111/j.1365-2672.1989.tb02456.x
http://doi.org/10.1080/10611860500422958
http://doi.org/10.1016/j.ifset.2017.03.008
http://doi.org/10.1016/j.supflu.2018.05.006
http://doi.org/10.1016/j.supflu.2016.01.012
http://doi.org/10.1016/j.jcou.2019.04.016
http://doi.org/10.1016/j.supflu.2020.105030
http://doi.org/10.1016/j.ijbiomac.2017.08.068
http://www.ncbi.nlm.nih.gov/pubmed/28818729
http://doi.org/10.1038/s41598-018-37628-x
http://www.ncbi.nlm.nih.gov/pubmed/30718663
http://doi.org/10.2298/CICEQ180323025R
http://doi.org/10.1007/s11947-018-2134-1
http://doi.org/10.1016/j.fbio.2020.100785
http://doi.org/10.1007/s11356-020-09259-1
http://doi.org/10.1016/j.lwt.2020.109148
http://doi.org/10.1002/app.32262
http://doi.org/10.1016/j.ijpharm.2020.119545
http://www.ncbi.nlm.nih.gov/pubmed/32553496
http://doi.org/10.1007/s11947-017-1937-9
http://doi.org/10.1016/j.jconrel.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25953410
http://doi.org/10.1366/0003702971940765
http://doi.org/10.1016/j.jcou.2018.03.005

Processes 2022, 10, 2661 19 of 20

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ameri, A.; Sodeifian, G.; Sajadian, S.A. Lansoprazole Loading of Polymers by Supercritical Carbon Dioxide Impregnation:
Impacts of Process Parameters. J. Supercrit. Fluids 2020, 164, 104892. [CrossRef]

de Souza, A.C.; Dias, AM.A; Sousa, H.C.; Tadini, C.C. Impregnation of Cinnamaldehyde into Cassava Starch Biocomposite
Films Using Supercritical Fluid Technology for the Development of Food Active Packaging. Carbohydr. Polym. 2014, 102, 830-837.
[CrossRef]

Delpech, M.C.; Coutinho, EM.B.; Habibe, M.E.S. Bisphenol A-Based Polycarbonates: Characterization of Commercial Samples.
Polym. Test 2002, 21, 155-161. [CrossRef]

Jadhav, V.D,; Patil, A J.; Kandasubramanian, B. Polycarbonate Nanocomposites for High Impact Applications. In Handbook of
Consumer Nanoproducts; Springer Nature Singapore: Singapore, 2022; pp. 257-281. [CrossRef]

Marsh, K.; Bugusu, B. Food Packaging—Roles, Materials, and Environmental Issues. J. Food Sci. 2007, 72, R39-R55. [CrossRef]
Dominski, A.; Konieczny, T.; Duale, K.; Krawczyk, M.; Pastuch-Gawotek, G.; Kurcok, P. Stimuli-Responsive Aliphatic Polycarbon-
ate Nanocarriers for Tumor-Targeted Drug Delivery. Polymers 2020, 12, 2890. [CrossRef]

Ganivada, M.N.; Kumar, P; Kanyjilal, P.; Dinda, H.; das Sarma, J.; Shunmugam, R. Polycarbonate-Based Biodegradable Copolymers
for Stimuli Responsive Targeted Drug Delivery. Polym. Chem. 2016, 7, 4237—-4245. [CrossRef]

Molders, N.; Renner, M.; Errenst, C.; Weidner, E. Incorporation of Antibacterial Active Additives inside Polycarbonate Surfaces
by Using Compressed Carbon Dioxide as Transport Aid. . Supercrit. Fluids 2018, 132, 83-90. [CrossRef]

Varga, D.; Alkin, S.; Gluschitz, P,; Péter-Szabo, B.; Székely, E.; Gamse, T. Supercritical Fluid Dyeing of Polycarbonate in Carbon
Dioxide. J. Supercrit. Fluids 2016, 116, 111-116. [CrossRef]

de Almeida Fin de Lima, F.; dos Santos, O.A.A.; Pinheiro, N.; de Lima, FED.A.F,; Santos, O.A.A.; Pinheiro, N. Impregnagao de
Filmes Do Composito de Policarbonato (PC) e Silica-Gel (Si) Com Corante Fotocrémico Em Fluido Supercritico. Acta Scientiarum.
Technol. 2010, 32, 69-74. [CrossRef]

Liao, X.; Wang, J.; Li, G.; He, J. Effect of Supercritical Carbon Dioxide on the Crystallization and Melting Behavior of Linear
Bisphenol A Polycarbonate. J. Polym. Sci. B Polym. Phys. 2004, 42, 280-285. [CrossRef]

Monnereau, L.; Urbanczyk, L.; Thomassin, ].-M.M.; Alexandre, M.; Jérome, C.; Huynen, L; Bailly, C.; Detrembleur, C. Supercritical
CO2 and Polycarbonate Based Nanocomposites: A Critical Issue for Foaming. Polymer 2014, 55, 2422-2431. [CrossRef]
Adorjan, B.; Buchbauer, G. Biological Properties of Essential Oils: An Updated Review. Flavour Fragr. ]. 2010, 25, 407-426.
[CrossRef]

El Asbahani, A.; Miladi, K.; Badri, W.; Sala, M.; Addi, E.H.A.; Casabianca, H.; El Mousadik, A.; Hartmann, D.; Jilale, A.; Renaud,
FEN.R,; et al. Essential Oils: From Extraction to Encapsulation. Int. ]. Pharm. 2015, 483, 220-243. [CrossRef]

Baser, K.H.C.; Buchbauer, G. (Eds.) Handbook of Essential Oils; CRC Press: Boca Raton, FL, USA, 2015. [CrossRef]

Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological Effects of Essential Oils—A Review. Food Chem. Toxicol. 2008, 46,
446-475. [CrossRef]

Yap, P.S.X,; Yiap, B.C.; Ping, H.C.; Lim, S.H.E. Essential Oils, A New Horizon in Combating Bacterial Antibiotic Resistance. Open
Microbiol. ]. 2014, 8, 6-14. [CrossRef]

Cejudo Bastante, C.; Casas Cardoso, L.; Ferndandez Ponce, M.T.; Mantell Serrano, C.; Martinez de la Ossa-Ferndndez, E.J.
Characterization of Olive Leaf Extract Polyphenols Loaded by Supercritical Solvent Impregnation into PET /PP Food Packaging
Films. J. Supercrit. Fluids 2018, 140, 196-206. [CrossRef]

Prado, ].M.; Prado, G.H.C.; Meireles, M.A.A. Scale-up Study of Supercritical Fluid Extraction Process for Clove and Sugarcane
Residue. J. Supercrit. Fluids 2011, 56, 231-237. [CrossRef]

Prado, ].M.; Meireles, M.A.A. Comparative Study on Efficiency of Extraction and Separation Steps of Supercritical Fluid Extraction.
In Proceedings of the VIII Iberoamerican Conference on Phase Equilibria and Fluid Properties For Process Design, Praia da Rocha,
Portugal, 17-21 October 2009.

Khan, E; Khanna, S.; Hor, A.-M.; Sundararajan, PR. The Role of Molecular Volume and the Shape of the Hole Transport Molecule
in the Morphology of Model Charge Transport Composites. Can J. Chem. 2010, 88, 247-259. [CrossRef]

Mercier, ].P,; Legras, R. Correlation between the Enthalpy of Fusion and the Specific Volume of Crystallized Polycarbonate of
Bisphenol A. J. Polym. Sci. Part B Polym. Lett. 1970, 8, 645-650. [CrossRef]

Tang, M.; Huang, Y.C.; Chen, Y.P. Sorption and Diffusion of Supercritical Carbon Dioxide into Polysulfone. ]. Appl. Polym. Sci.
2004, 94, 474-482. [CrossRef]

Zhao, ].].; Zhao, Y.P; Yang, B. Investigation of Sorption and Diffusion of Supercritical Carbon Dioxide in Polycarbonate. J. Appl.
Polym. Sci. 2008, 109, 1661-1666. [CrossRef]

Tang, M.; Du, T.B.; Chen, Y.P. Sorption and Diffusion of Supercritical Carbon Dioxide in Polycarbonate. J. Supercrit. Fluids 2004,
28,207-218. [CrossRef]

Sugiura, K.; Ogawa, S.; Tabata, I.; Hori, T. Impregnation of Tranilast to the Poly(Lactic Acid) Fiber with Supercritical Carbon
Dioxide and the Release Behavior of Tranilast. ]. Fiber Sci. Technol. 2005, 61, 159-165. [CrossRef]

Wei, M.C,; Lin, PH.; Hong, S.J.; Chen, ].M.; Yang, Y.C. Development of a Green Alternative Procedure for the Simultaneous
Separation and Quantification of Clove Oil and Its Major Bioactive Constituents. ACS Sustain. Chem. Eng. 2016, 4, 6491-6499.
[CrossRef]


http://doi.org/10.1016/j.supflu.2020.104892
http://doi.org/10.1016/j.carbpol.2013.10.082
http://doi.org/10.1016/S0142-9418(01)00063-0
http://doi.org/10.1007/978-981-16-8698-6_22
http://doi.org/10.1111/j.1750-3841.2007.00301.x
http://doi.org/10.3390/polym12122890
http://doi.org/10.1039/C6PY00615A
http://doi.org/10.1016/j.supflu.2017.02.009
http://doi.org/10.1016/j.supflu.2016.05.018
http://doi.org/10.4025/actascitechnol.v32i1.1999
http://doi.org/10.1002/polb.10597
http://doi.org/10.1016/j.polymer.2014.03.035
http://doi.org/10.1002/ffj.2024
http://doi.org/10.1016/j.ijpharm.2014.12.069
http://doi.org/10.1201/b19393
http://doi.org/10.1016/j.fct.2007.09.106
http://doi.org/10.2174/1874285801408010006
http://doi.org/10.1016/j.supflu.2018.06.008
http://doi.org/10.1016/j.supflu.2010.10.036
http://doi.org/10.1139/v09-175
http://doi.org/10.1002/pol.1970.110080909
http://doi.org/10.1002/app.20895
http://doi.org/10.1002/app.28286
http://doi.org/10.1016/S0896-8446(03)00045-7
http://doi.org/10.2115/fiber.61.159
http://doi.org/10.1021/acssuschemeng.6b01263

Processes 2022, 10, 2661 20 of 20

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Rodrigues, VM.; Sousa, EM.B.D.; Monteiro, A.R.; Chiavone-Filho, O.; Marques, M.O.M.; Angela, M.; Meireles, A. Determination
of the Solubility of Extracts from Vegetable Raw Material in Pressurized CO,: A Pseudo-Ternary Mixture Formed by Cellulosic
Structure+solute+solvent. J. Supercrit. Fluids 2002, 22, 21-36. [CrossRef]

Guan, W.Q.; Li, S.E; Hou, C.X;; Yan, R.;; Ma, J. Determination and Correlation of Solubilities of Clove Oil Components in
Supercritical Carbon Dioxide. J. Chem. Ind. Eng. (China) 2007, 58, 1077-1081.

Varona, S.; Rodriguez-Rojo, S.; Martin, A.; Cocero, M.].; Duarte, C.M.M. Supercritical Impregnation of Lavandin (Lavandula
Hybrida) Essential Oil in Modified Starch. J. Supercrit. Fluids 2011, 58, 313-319. [CrossRef]

Sun, Y.; Matsumoto, M.; Kitashima, K.; Haruki, M.; Kihara, S.I.; Takishima, S. Solubility and Diffusion Coefficient of Supercritical-
CO; in Polycarbonate and CO, Induced Crystallization of Polycarbonate. J. Supercrit. Fluids 2014, 95, 35-43. [CrossRef]
Beckman, E.; Porter, R.S. Crystallization of Bisphenol a Polycarbonate Induced by Supercritical Carbon Dioxide. J. Polym. Sci.
1987, 25, 1511-1517. [CrossRef]

Li, G.; Park, C.B. A New Crystallization Kinetics Study of Polycarbonate under High-Pressure Carbon Dioxide and Various
Crystallinization Temperatures by Using Magnetic Suspension Balance. . Appl. Polym. Sci. 2010, 118, 2898-2903. [CrossRef]
von Schnitzler, J.; Eggers, R. Mass Transfer in Polymers in a Supercritical CO,-Atmosphere. |. Supercrit. Fluids 1999, 16, 81-92.
[CrossRef]

Fernandez-Ponce, M.T.; Casas, L.; Mantell, C.; Rodriguez, M.; Martinez De La Ossa, E. Extraction of Antioxidant Compounds
from Different Varieties of Mangifera Indica Leaves Using Green Technologies. |. Supercrit. Fluids 2012, 72, 168-175. [CrossRef]
Ushiki, I.; Hayashi, S.; Kihara, S.; Takishima, S. Solubilities and Diffusion Coefficients of Carbon Dioxide and Nitrogen in
Poly(Methyl Methacrylate) at High Temperatures and Pressures. J. Supercrit. Fluids 2019, 152, 104565. [CrossRef]

Bentayeb, K.; Rubio, C.; Batlle, R.; Nerin, C. Direct Determination of Carnosic Acid in a New Active Packaging Based on Natural
Extract of Rosemary. Anal. Bioanal. Chem. 2007, 389, 1989-1996. [CrossRef]

Cejudo-Bastante, C.; Arjona-Mudarra, P.; Fernandez-Ponce, M.T; Casas, L.; Mantell, C.; Martinez de la Ossa, E.].; Pereyra, C.
Application of a Natural Antioxidant from Grape Pomace Extract in the Development of Bioactive Jute Fibers for Food Packaging.
Antioxidants 2021, 10, 216. [CrossRef]

Champeau, M.; Thomassin, ].M.; Tassaing, T.; Jerome, C. Drug Loading of Sutures by Supercritical CO2 Impregnation: Effect of
Polymer/Drug Interactions and Thermal Transitions. Macromol. Mater. Eng. 2015, 300, 596-610. [CrossRef]

Ma, S.L.; Lu, ZW.; Wu, Y.T.; Zhang, Z.B. Partitioning of Drug Model Compounds between Poly(Lactic Acid)s and Supercritical
CO2 Using Quartz Crystal Microbalance as an in Situ Detector. J. Supercrit. Fluids 2010, 54, 129-136. [CrossRef]

Coutinho, I.; Champeau, M. Synergistic Effects in the Simultaneous Supercritical CO2 Impregnation of Two Compounds into
Poly(L- Lactic Acid) and Polyethylene. . Supercrit. Fluids 2020, 166, 105019. [CrossRef]

Pérez-Conesa, D.; Cao, J.; Chen, L.; McLandsborough, L.; Weiss, ]. Inactivation of Listeria Monocytogenes and Escherichia coli
0157:H7 Biofilms by Micelle-Encapsulated Eugenol and Carvacrol. J. Food Prot. 2011, 74, 55-62. [CrossRef] [PubMed]

Moran, A.; Gutiérrez, S.; Martinez-Blanco, H.; Ferrero, M.A.; Monteagudo-Mera, A.; Rodriguez-Aparicio, L.B. Non-Toxic Plant
Metabolites Regulate Staphylococcus Viability and Biofilm Formation: A Natural Therapeutic Strategy Useful in the Treatment
and Prevention of Skin Infections. Biofouling 2014, 30, 1175-1182. [CrossRef]

van Krevelen, D.W.; te Nijenhuis, K. Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and
Prediction Drom Additive Group Contributions; Elsevier: Amsterdam, The Netherlands, 2009. [CrossRef]

Nagaraju, P.G.; Sengupta, P.; Chicgovinda, PP; Rao, P.J. Nanoencapsulation of Clove Oil and Study of Physicochemical Properties,
Cytotoxic, Hemolytic, and Antioxidant Activities. J. Food Process Eng. 2021, 44, €13645. [CrossRef]

Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; ].Wiley and Sons: New York, NY, USA,
2004.

Musto, P; Wu, L.; Karasz, EE.; MacKnight, W.]. Fourier Transform Infrared Spectroscopy Investigations of Polybenzimidazole/
Poly(Bisphenol-A Carbonate) Blends. Polymer 1991, 32, 3-11. [CrossRef]

Ishaq Lerrick, R. Direct Oxidation of Eugenol Using a Permanganate. Molekul 2009, 4, 48. [CrossRef]

Coulier, L.; Kaal, E.R.; Hankemeier, T. Towards Early Detection of the Hydrolytic Degradation of Poly(Bisphenol A)Carbonate by
Hyphenated Liquid Chromatography and Comprehensive Two-Dimensional Liquid Chromatography. Polym. Degrad Stab. 2006,
91, 271-279. [CrossRef]

Ma, Z.; Zhang, G.; Yang, Q.; Shi, X.; Shi, A. Fabrication of Microcellular Polycarbonate Foams with Unimodal or Bimodal Cell-Size
Distributions Using Supercritical Carbon Dioxide as a Blowing Agent. J. Cell. Plast. 2014, 50, 55-79. [CrossRef]

Jiang, S.; Guan, R.; Chen, H.; Zhao, ]J.; Zha, S.; Ke, Z. Effect of TBC Plasticization on Thin Polycarbonate Sheet. |. Wuhan Univ.
Technol. -Mater. Sci. Ed. 2014, 29, 553-560. [CrossRef]

Shieh, Y.-T.; Liu, K.-H. The Effect of Carbonyl Group on Sorption of CO, in Glassy Polymers. J. Suprecrit. Fluids 2003, 25, 261-268.
[CrossRef]

Wei, M.C.; Xiao, J.; Yang, Y.C. Extraction of a«-Humulene-Enriched Oil from Clove Using Ultrasound-Assisted Supercritical
Carbon Dioxide Extraction and Studies of Its Fictitious Solubility. Food Chem. 2016, 210, 172-181. [CrossRef]


http://doi.org/10.1016/S0896-8446(01)00108-5
http://doi.org/10.1016/j.supflu.2011.06.003
http://doi.org/10.1016/j.supflu.2014.07.018
http://doi.org/10.1002/polb.1987.090250713
http://doi.org/10.1002/app.32697
http://doi.org/10.1016/S0896-8446(99)00020-0
http://doi.org/10.1016/j.supflu.2012.07.016
http://doi.org/10.1016/j.supflu.2019.104565
http://doi.org/10.1007/s00216-007-1570-y
http://doi.org/10.3390/antiox10020216
http://doi.org/10.1002/mame.201400369
http://doi.org/10.1016/j.supflu.2010.04.013
http://doi.org/10.1016/j.supflu.2020.105019
http://doi.org/10.4315/0362-028X.JFP-08-403
http://www.ncbi.nlm.nih.gov/pubmed/21219763
http://doi.org/10.1080/08927014.2014.976207
http://doi.org/10.1016/b978-0-08-054819-7.00027-3
http://doi.org/10.1111/jfpe.13645
http://doi.org/10.1016/0032-3861(91)90554-V
http://doi.org/10.20884/1.jm.2009.4.1.62
http://doi.org/10.1016/j.polymdegradstab.2005.05.015
http://doi.org/10.1177/0021955X13503849
http://doi.org/10.1007/s11595-014-0956-x
http://doi.org/10.1016/S0896-8446(02)00145-6
http://doi.org/10.1016/j.foodchem.2016.04.076

	Introduction 
	Materials and Methods 
	Materials 
	Supercritical CO2 Extraction 
	Characterization of PC Chemical Structure by 1H NMR 
	Preparation of PC Films 
	scCO2 Impregnation Method 
	Design of Experiment 
	Clove Extract Loading 
	Composition of the Impregnated Extract 
	Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy 
	Thermal Analysis 
	Scanning Electron Microscopy 

	Results and Discussion 
	Influences of the Impregnation Conditions on the Clove Extract Loading 
	Effects of Pressure 
	Effects of Temperature 
	Optimum Conditions for the Clove Extract Loading 

	Influences of the Impregnation Conditions on the Composition of the Loaded Extract 
	ATR-FTIR 
	Film Morphology 
	DSC Analysis 

	Conclusions 
	References

