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The aim of this study was to investigate the influence of the food microstructure on the release, absorption and
partitioning of the volatile antimicrobials from antimicrobial packaging film. Carvacrol loaded polylactic acid
(PLA) film was prepared and tested on a food gel model simulating products like jellies, jams and dressings. Whey
protein isolate/carrageenan gels with different microstructures were prepared by varying the NaCl concentration
(50–250 mM): the higher the salt concentration the lower the gel consistency. Results showed carvacrol parti
tioning in the gel increase at higher concentration of NaCl. A 41% increase of carvacrol absorption after 7 days
was found in gels prepared with 250 mM of NaCl, compared with the gels at 50 mM NaCl. The results can be
explained by the differences in gel microstructures: gels with higher NaCl concentrations showed the small WPIcontaining aggregates and large pores from confocal laser scanning microscopy (CLSM) and scanning electron
microscopy (SEM) images, in turn facilitating carvacrol absorption by proteins in the gels. The physical prop
erties of gels revealed that gels with higher NaCl concentrations showed lower strength and water holding ca
pacity, pointing to a more loose structure of the gel. The results demonstrate that the microstructure of gels have
a clear effect on carvacrol absorption and this factor should be taken into account for designing antimicrobial
packaging for the preservation of the gel-like foods.

1. Introduction
Antimicrobial packaging (AP) is developing as a response to con
sumer demands or industrial production trends towards foods with
prolonged shelf-life and controlled quality (Dainelli, Gontard, Spyr
opoulos, Zondervan-van den Beuken, & Tobback, 2008). The develop
ment of an effective AP can be influenced by several factors such as
materials and intrinsic properties of the polymer films, mass transfer
coefficients of active substances, storage conditions and the preserved
food matrix (Han, 2003). In the past decades, large numbers of AP
products were developed from novel plastic materials and active com
pounds (Sung et al., 2013). The strategies to control the release and
migration of active compounds from packaging films to either model or
real foods were also well known (de Azeredo, 2013; Jideani & Vogt,
2016). However, the influence of the food structures/compositions on
the design/development of AP is largely unexplored, which is a research
gap needed to be better understood.
Carvacrol, an aromatic and volatile compound, is the major
component (50–86%) of oregano and thyme essential oils (Guarda,

Rubilar, Miltz, & Galotto, 2011). It has been broadly studied as a food
preservative to extend the shelf life of foods as carvacrol is able to
effectively inhibit the growth of a wide range of microbes (Avila-Sosa
~ oz, & Ocio, 2008;
et al., 2012; Fernandez-Saiz, Lagaron, Hernandez-Mun
Garrido Assis & de Britto, 2011). Several studies demonstrated that a
good bacterial growth inhibition could be achieved by utilization of the
volatile antimicrobials in a vapour phase (bib_Goni_et_al_2009Goni
~ ez, Avila-Sosa, Palou,
et al., 2009; Tyagi & Malik, 2011; Vel�
azquez-Nun
�pez-Malo, 2013). Volatile antimicrobials in a vapour phase provide
& Lo
a homogeneous distribution onto the surface of food matrix, which
improves the interaction between the compound and the (surface)
bacteria. Development of AP via incorporation of a volatile antimicro
bial compounds is a promising strategy to protect foods by effectively
inhibiting or retarding the growth of microorganisms. Polylactic acid
(PLA) has attracted most attention due to its renewable resources, high
mechanical strength and low prices in market (Auras, Harte, & Selke,
2004; Mukherjee & Kao, 2011; Urayama, Kanamori, & Kimura, 2002).
The incorporation of carvacrol in PLA film for the preparation of anti
microbial food packaging was expected to have a good performance on
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foods preservation.
Food matrices having different physical properties may influence the
partitioning and mass transport of antimicrobials added in a food
packaging system (Weiss, Loeffler, & Terjung, 2015). Therefore, the
structure of the food to be preserved should be considered a concept to
design an effective AP, which can be well explored in gel matrix. Many
food products have gel-like structures and many of them contain more
than one gelling biopolymers, typically proteins and/or poly
saccharides, to obtain essential texture and sensory characteristics (de
Jong & van de Velde, 2007). Protein/polysaccharide mixed gels are
formed in confectionery products, desserts, and products based on fruits
and vegetables (Banerjee & Bhattacharya, 2012). In particularly, whey
protein isolate (WPI) and carrageenan are commonly used in food
products to increase viscosity, to stabilize emulsions or foams and to
hold water during food processing and application (Alavi et al., 2018; De
la Fuente, Hemar, & Singh, 2004; Hosseini et al., 2013). The interaction
between whey protein isolate and carrageenan is applicable to simulate
the real foods as a wide range of microstructures and rheological
properties can be produced representing diverse food products (Aliza
deh-Pasdar, Nakai, & Li-Chan, 2002). Among different food products
with gel structure, products like jellies, jams and salad dressings have a
weak gel structure having structural features in between solutions and
strong gels. Generally, they are formed due to non-covalent interaction
between proteins and polysaccharides, like hydrogen bonds, electro
static and hydrophobic interactions, which are weak and reversible
(Dickinson, 2008; Schmitt, Sanchez, Desobry-Banon, & Hardy, 1998).
The presence of salt can control the electrostatic interaction and affect
the network strength. Turgeon and Beaulieu (2001) investigated the
effect of Naþ and Kþ concentration on the gelation of k-carrageenan in
the presence of WPI and showed how the concentration of these cations
modify the gel formation. Adding Naþ and Kþ up to 50 mM, the firmness
of gels increased. However, higher concentration of salt (>100 mM)
resulted in a decreasing of the firmness of the gels. Therefore, adapting
the concentration of NaCl is a straightforward way to influences the
microstructure of WPI-carrageenan gels.
Different antimicrobials applications for the preservation of food gels
are investigated from previous studies (Costello et al., 2018; Xu, Tao,
Yang, & Chu, 2002). However, the bacteria inhibition effect of antimi
crobials (i.e., efficiency) influenced by the food gels is not clear. To
understand the efficacy of an antimicrobial packaging, the concentra
tion and location of active compounds in an multiphase food matrix are
important to know, which are determined by the antimicrobials ab
sorption and diffusion (Weiss et al., 2015). Carvacrol may interact with
WPI via different binding sites: a central hydrophobic cavity and sites
located on the protein surface of β-lactoglobulin, and two binding sites
in native bovine serum albumin (BSA) (Burova, Grinberg, Grinberg, &
Tolstoguzov, 2003; Considine, Patel, Singh, & Creamer, 2005). After
attaching at the surface of the gels, carvacrol can diffuse from the surface
into the gel if the complex is reversible. The microstructure of gels may
cause differences in carvacrol absorption and diffusion, which would
influence the efficacy of AP. The aim of this work was to study how
antimicrobials absorption by gel samples is affected by the microstruc
ture of gels. The insights provided by this study are helpful for designing
the effective AP for the preservation of gel foods.

Whey protein isolate (97.5% protein, dry basis) was obtained from
Davisco (Bipro, Davisco, lot # JE 198-1-420, USA). The ion contents per
100 g WPI powder are 750 mg sodium, 60 mg potassium, 130 mg cal
cium, 75 mg phosphorus and 25 mg magnesium (Peng et al., 2019).
2.2. Carvacrol loaded PLA antimicrobial film preparation
Carvacrol incorporated PLA film was prepared with the solventcasting method (Rhim, Mohanty, Singh, & Ng, 2006). Briefly, 4 g of
PLA pellets were dissolved in one hundred millilitre of DCM solvent. The
solution was stirred at 30 � C under magnetic stirring until PLA pallets
were completely dissolved. Carvacrol (CAR) was added at the level of
50% (w/w) with respect to PLA content. The mixture was homogenized
using an ultra-sonicator (HBM Machines, Moordrecht, the Netherlands)
for 30 min. Twenty millilitre of film forming solution was cast on a glass
Petri dish (size 100�15 mm) and the petri dishes were dried overnight in
a fume hood at room temperature.
2.3. WPI-carrageenan gel formation
WPI (20% w/v), carrageenan (4% w/v) and sodium chloride (1 M)
stock solutions were prepared in ultrapure water under stirring by a
magnetic stirrer for 4 h at 20 � C. Stock solutions (pH 6.7) of WPI and
carrageenan were kept overnight at 4 � C to promote complete hydration.
For preparation of gel solutions, each individual sample was at a con
stant protein concentration (10% w/v), a constant carrageenan (0.4%
w/v) and with varying concentrations of sodium chloride of 50 mM, 100
mM or 250 mM. The carrageenan stock solution was heated at 80 � C in a
water bath for 30 min before mixing with WPI solution. The WPI solu
tion was heated to 40 � C and subsequently mixed with the carrageenan
solution. During the stirring of the WPI and carrageenan solution at 40
�
C on a magnetic stirrer (30 min), sodium chloride solution was grad
ually added to the mixture. A control solution of WPI/Carrageenan
without salt addition was used to compare the effect of sodium chloride
on gel formation.
Five millilitre of solution was pipetted into a glass tube (20 mL) and
closed with a rubber lid. Tubes were stored at 4 � C in a fridge overnight
for gel formation.
2.4. Food-packaging system preparation
The process of carvacrol partition in a food-packaging system was
studied in a closed set-up (20 mL verex headspace vial) (Fig. 1). CARPLA film (0.02 g) and WPI-carrageenan gel (5 mL) were the main
components in this system. To avoid a direct contact, a pipette tip was

2. Materials and methods
2.1. Materials
Polylactic acid (4043D Ingeo™) was kindly supplied by Wageningen
Food & Biobased Research Institute. Carvacrol (�98%), dichloro
methane (DCM), hexane, 2-propanol, sodium chloride and carrageenan
(predominantly κ and lesser amounts of λ carrageenan, specification:
PRD.1.ZQ5.10000042025) were purchased from Sigma Aldrich Pty.
Ltd., Netherlands. The supplier provided compositional information of
carrageenan that consists of �11% Kþ, �3.5% Ca2þ and �2.0% Naþ.

Fig. 1. Setup used to study carvacrol partitioning in Food-Packaging system.
2
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used to isolate the film and food matrix. Each set-up was fully sealed
with a rubber lid in case of the leaking. Packaging setups were stored at
20 � C to characterize the partitioning of carvacrol in the headspace of
the glass vial, carvacrol absorbed in gel and carvacrol left in film during
storage. Several single setups consisting of the same weight of CAR-PLA
film and the same volume of gel solution were prepared for a 7-day
continuous sampling for quantification of carvacrol absorption in gels.

measurements, aliquots of 10 μL ANSA solution were sequentially added
into 1 mL pre-gel solution until a maximum fluorescence was obtained
indicating that the ANSA concentration was saturated. After each
addition of ANSA, fluorescence emission spectrum was recorded at
wavelengths between 400 and 650 nm using Shimadzu RF-6000 fluo
rimeter (Shimadzu, Kyoto, Japan). The excitation wavelength was 385
nm and the scan rate was 120 nm/min. The relative hydrophobicity of
each sample was obtained by comparing the maximum area of an in
tegrated curve between 400 and 600 nm after blank subtraction.

2.5. Characterization of pre-gel solution and gels

2.6. Quantification of carvacrol in packaging system

2.5.1. Microstructure

2.6.1. Gas Chromatography–Flame ionization detector (GC-FID)
calibration
Two calibration curves were used for quantification of carvacrol in
packaging system. For carvacrol in headspace and in gels, a stock so
lution (2 mg/mL) was prepared by adding carvacrol in a mixture of nhexane and isopropanol (n-hexane: isopropanol ¼ 3:1). To determine
the amount of carvacrol left in packaging film, another stock solution (2
mg/mL) was prepared by adding carvacrol in chloromethane. Five
concentrations for both stock solutions between 0.4 mg/mL and 2.0 mg/
mL were prepared by diluting the stock solution. Carvacrol concentra
tion was integrated using the calibration curve of the carvacrol stan
dards (R2 ¼ 0.9996 for carvacrol in both calibration curves).

2.5.1.1. Confocal laser scanning microscopy (CLSM). CLSM was used to
visualize the gel microstructure at room temperature according to Zhang
and Vardhanabhuti (2014) with some modifications. To stain WPI in gel
samples, rhodamine B solution (20 μL of a 0.2% w/v solution/mL of
sample) was added into gel solution immediately prior to gel formation
overnight. Gel samples were cut into small pieces for CLSM analysis.
CLSM images were recorded at room temperature with a Zeiss LSM 510
META confocal laser scanning microscope (Carl Zeiss, Jena, Germany)
with 63� and 40� oil immersion objectives. A He laser was used with an
excitation wavelength of 543 nm. Digital image files were acquired in
512�512 pixels. The average volume of aggregates were calculated
using ImageJ software (1.52, National Institutes of Health, USA) (Zhang
et al., 2017) (see supplementary information). Four of independent
images were used for estimation of the size of aggregates for each gel.

2.6.2. Carvacrol analysis in the headspace of the setup
The concentration of carvacrol at each time measurement in the
headspace of the setup was determined by Headspace Gas Chromatog
raphy–Flame Ionization Detector (HS-GC-FID) (Thermo Scientific,
Waltham, Massachusetts, United States). The headspace sampling
technique used was that previously described by Higueras,
�pez-Carballo, Herna
�ndez-Mun
~ oz, Catala
�, and Gavara (2014). For
Lo
carvacrol compound sampling, a gas-tight Hamilton microliter syringe
(2.5 mL) was used to absorb 500 μL of gas, then the gas sample was
immediately analysed by using GC-FID equipped with a semi-capillary
RTX-1301 (30 m, 0.53 mm, 0.5 μm) column (Restek, Teknokroma,
Barcelona, Spain). The FID was operated with a hydrogen flow of 35 mL
min 1 and air flow of 350 mL min 1. To operate GC-FID, an initial oven
temperature of 60 � C was used and it increased to 250 � C with a speed of
15 � C min 1. The injection temperature was set to 250 � C. Carrier gas
was helium with a flow rate of 2 mL min 1. Injections were set in split
mode with a split flow of 10 mL min 1. The total running time was
25.25 min for each sample.

2.5.1.2. Scanning electron microscope (SEM). SEM was used to analysis
the porous structure changes in gels according to Munialo et al. (2016)
with modifications. Gels were cross-linked in 2.5% (v/v) glutaraldehyde
in phosphate/citrate buffer for 7 h followed by washing three times in
phosphate/citrate buffer. The washed samples were dehydrated with
ethanol in steps of 10-30-50% for 10 min, 70% for overnight and
80-90-100% for 10 min, followed by dehydration once with 100%
ethanol for 20 min. The critical point drying (CPD 030 BalTec,
Liechtenstein) was then used to dry and break the samples into small
pieces. The samples were then stored overnight under vacuum. After
drying of the carbon cement, the samples were sputter coated with 10
nm iridium in SCD 500 (Leica EM VCT 100, Leica, Vienna, Austria) prior
to imaging. All samples were analysed with a field emission scanning
electron microscope (Magellan XHR 400L FE-SEM, FEI, Eindhoven, The
Netherlands) at room temperature (20 � 2 � C) at a working distance of 4
mm with SE detection at 2 kV. The average pore size was calculated
using ImageJ software (1.52, National Institutes of Health, USA) (Pug
naloni, Matia-Merino, & Dickinson, 2005) (see supplementary infor
mation). Four of independent images were used for estimation of the
average pore size for each gel.

2.6.3. Extraction and determination of carvacrol in gel samples
To quantify the concentrations of carvacrol absorbed in gel samples,
carvacrol was extracted from the gel samples before analysing by GCFID. Ten millilitre of organic solvent mixture (n-hexane:isopropanol
¼ 3:1) was added into each gel sample (5 mL). The mixture was warmed
in a shaking water bath at 40 � C for 20 min at the speed of 60 rpm for
dissolving the gel and for carvacrol extraction. The mixtures were then
centrifuged for 10 min at 1000g to obtain the top organic layer. Ten
microliter of organic solution was subjected into GC-FID for liquid
analysis. Extraction efficiency of this method was tested by extraction
carvacrol from gel samples by adding known amounts of carvacrol in the
gels, and a high extraction yield (>95%) was achieved by using this
method.

2.5.2. Water holding capacity (WHC) of gels
WHC of gels were determined based on the centrifugation procedure
developed by Kocher and Foegeding (1993). Four grams of gel were
placed on the bottom of the centrifuge tube (50 mL). Centrifugation was
performed at 1000g for 10 min at 4 � C. After centrifugation, the exuded
serum from the gel was collected and discarded using a 2 mL of syringe.
The WHC was the percentage of the gel’s weight after centrifugation
relative its initial weight.

2.6.4. Extraction and determination of carvacrol in packaging film
The following extraction procedure was used to quantify the residual
amount of CAR-PLA film. Each CAR-PLA film was immersed in 10 mL of
dichloromethane. The mixture was then stirred on a magnetic stirrer at
600 rpm for 2 h (20 � C). Ten microliter of mixture was injected into the
GC-FID for liquid analysis.

2.5.3. Surface hydrophobicity
The anionic fluorescent probe 8-anilino-1-naphthalenesulfonic acid
(ANSA) was used to measure the hydrophobicity of proteins in pre-gel
solutions (Saricay, Wierenga, & de Vries, 2014). An ANSA stock solu
tion (2.4 mM) was prepared in 10 mM sodium phosphate buffer at pH
7.0 and the solution was stirred overnight at 4 � C for a complete
dissolution. The pre-gel solutions were diluted to a final concentration of
0.1% by using a sodium phosphate buffer (10 mM pH ¼ 7.0). During
3
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2.7. Statistical analysis

to the low resolution of CLSM and lack of the specific dye that is capable
of binding to carrageenan, we proposed that the observed clusters from
CLSM images were WPI-containing aggregates. Upon the addition of
NaCl in gel, a smaller cluster containing WPI was observed for the gel at
highest NaCl concentration in Fig. 2C. The reason might be due to the
strong shield effect exerted by the Naþ ions that at higher concentration
effectively screened the charged reactive groups on proteins and poly
saccharides (Ako, Nicolai, Durand, & Brotons, 2009; Turgeon and
Beaulieu, 2001). The microstructure of the WPI-carrageenan gel is a
result of the competition between gelation of the protein aggregates or
carrageenan and the phase separation between protein aggregates and
polysaccharide molecules (De Jong, Klok, & Van de Velde, 2009; Zhang
& Vardhanabhuti, 2014). At pH 6.8, both WPI (pI ~ 5.2 (Swaisgood,
1982)) and carrageenan are negatively charged. Salt addition favours
protein-protein and polysaccharide-polysaccharide interactions (charge
neutralization) (Kuhn, Cavallieri, & Da Cunha, 2011). Incorporation of
non-gelled WPI with carrageenan in the presence of Naþ may promote a
competition of binding of Naþ between self-association of carrageenan
by coil-helix conformational transition and self-aggregation of WPI by
shielding repulsive charge.
For a higher resolution investigation of WPI-carrageenan network as
a function of NaCl, gels were visualised by SEM images as shown in
Fig. 3. In SEM images, black areas are the pores of the gel while the rest
of area represents WPI-carrageenan network. Compact microstructure
with even and small pores was observed in gel samples prepared with 50
mM of NaCl (Fig. 3A 1–3). When the salt concentration increased, the
network shows ‘short string’ with fine strands containing relatively large
pores (Fig. 3B 1–3) (see circles). Heterogeneous domains in grey area
caused by the sphere-like WPI-biopolymer aggregates were found in this
sample. A coarse surface with uneven and large cavities was found in gel

All experiments were performed in triplicated. The IBM SPSS Sta
tistics version 23.0 for Windows (Armonk, NY: IBM Corp) was used for
the statistical analysis. One-way analysis of variance (ANOVA), with
post-hoc pairwise analysis by the Tukey test was used to assess the
significant differences between samples, and the level of significance
was set at p < 0.05. The data were presented as mean � standard de
viation (SD) values.
3. Results and discussion
3.1. Microstructure of food gel model system
Fig. 2 shows the CLSM 3D images of WPI-Carrageenan gels prepared
with different salt concentrations (50–250 mM). The red areas represent
protein phase. As shown in Fig. 2, the size of aggregates decreased with
the increasing in NaCl concentration. The average volume of aggregate
is larger in 50 mM of NaCl (384 � 83 μm3), intermediate in 100 mM
NaCl (182 � 37 μm3) and smaller in 250 mM NaCl (141 � 9 μm3)
(average of volume on 4 independent images for each sample) (Fig. 2D).
This may indicate that an network with large micron sized of clusters
present at low salt of gel while particle like polymer complexes with
more uniform appearance in high salt content. Aggregates could be
formed between protein and polysaccharide complexes under certain
conditions (depending on pH, ionic strength, protein/polysaccharide
type, etc) (Duran, Spelzini, Wayllace, Boeris, & da Silva, 2018; Girard,
Turgeon, & Gauthier, 2002; Weinbreck, Nieuwenhuijse, Robijn, & de
Kruif, 2004). Considering the fact that the location and interaction of the
carrageenan with the protein phase could not be visualised by CLSM due

Fig. 2. CLSM 3D images of WPI-carrageenan gels at three ionic strengths (A) 50 mM, (B) 100 mM and (C) 250 mM. (D) Average volume of aggregates in gels.
Different letters (a, b and c) above the columns indicate significant difference between the three groups (p < 0.05).
4
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Fig. 3. SEM images of WPI-carrageenan gel with (A 1–3) 50, (B 1–3) 100 and (C 1–3) 250 mM NaCl. The magnification of the SEM images is �5000 (first row) and
�25000 (second row) and �80000 (third row).

prepared with 250 mM NaCl (Fig. 3C 1–3), where the domain sizes of
network structures represented ‘long strings’ (see circles). ‘Ditches’ were
observed at several places (see rectangles) where were composed of
small spherical beads and filaments. As suggested by Van den Berg,
Rosenberg, Van Boekel, Rosenberg, and Van de Velde (2009), the
spherical beads were proteins while filaments (see red arrows) corre
sponded to polysaccharide, therefore we proposed that the continuous
phase was rich in WPI, and carrageenan was located in the protein-rich
continuous phase, while some clusters of WPI-containing aggregates
were dispersed in protein-rich continuous phase. The average pore area,
measured by image analysis, increased from 457 � 27 nm2 to 881 � 91
nm2 with the increase in salt concentration from 50 mM to 250 mM. The
different porous network in gels might be due to the combined mecha
nisms of ion-induced micro-phase separation of proteins and pro
tein–polysaccharide phase separation (Yan et al., 2019; Çakır et al.,
2012). Proteins have been shown to be incompatible with anionic
polysaccharides at high salt concentrations at neutral pH (Goh, Sarkar,
& Singh, 2014; Harrington, Foegeding, Mulvihill, & Morris, 2009).
Therefore, a heterogeneous particulate gel network consisting of
micro-phase separated spherical beads and WPI-carrageenan phase
separation is likely to occur at these conditions due to the strong
shielding effect (Ako et al., 2009; Chantrapornchai & McClements,
2002; Renard, van de Velde, & Visschers, 2006). These heterogeneous
networks will lead to larger pores compared to homogeneous network

(Chantrapornchai & McClements, 2002; Dumay, Laligant, Zasypkin, &
Cheftel, 1999; Khalesi, Emadzadeh, Kadkhodaee, & Fang, 2019). Pre
vious studies indicated the addition of salt to protein-polysaccharide
complexes can either increase or decrease the pore size, depending on
the concentration of salt (Khemakhem, Attia, & Ayadi, 2019; Wang
et al., 2018). Similar results were obtained from Pan, Guo, Li, Song, and
Ren (2017) who found that homogeneous network with small pore size
was observed in porcine myosin–κ-carrageenan gel at 0.04 M CaCl2
while large pores occurred in gel with the addition of 0.12 M CaCl2.
The rheological properties of WPI-carrageenan gels as a function of
ionic strength were discussed in more detail in the supplementary ma
terials. The results showed that gels with higher NaCl concentrations
showed lower strength.
3.2. Water holding capacity of gels
The water holding capacity of a food gel is direct relevant to gel
stability, microbial safety, functional properties and texture during a
storage period (de Kruif, Anema, Zhu, Havea, & Coker, 2015). As seen in
Fig. 4, the gel in 50 mM of NaCl shows a significant higher WHC during
storage (p < 0.05), compared with WPI-carrageen-250 mM. The WHC of
gel WPI-carrageen-100 mM was in general in-between of
WPI-carrageen-50 mM and WPI-carrageen 250 mM during measurement
days. In addition, it was found that the WHC of all samples decreased
5
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3.4. Quantification of carvacrol partition in each part of a food-package
system
The process of carvacrol diffusion and absorption is schematized in
Fig. 5. Carvacrol starts to be released from the PLA film to the headspace
of a food-package at the beginning of the storage (t0). The headspace of
the package is the intermediate zone between packaging film and food
matrix, and therefore illustrates the dynamic behaviour of carvacrol in
the whole package. Once carvacrol is released in the headspace at t > 0,
a dynamic process occurs then in the food-package, where carvacrol
continues to be released from the packaging film, while in the meantime
carvacrol from the headspace will be absorbed into the gel.
3.4.1. Carvacrol concentrations in the headspace of the package
Fig. 6 shows the carvacrol concentrations in the headspace of pack
age measured as a function of storage days. An immediate large increase
of the carvacrol concentration in the headspace was observed in the first
day of storage for all gels. The carvacrol concentrations in the headspace
of package reached a maximum at day 1 (t1). Then the concentrations
were slowly decreasing in all packages containing the physically
different gels. After 4 days (t4) storage, a relative steady state of
carvacrol in the headspace was found for all groups. This illustrates a
dynamic equilibrium between carvacrol being released from the film
and absorbed into the gels. Thus, a three-stage could be classified for
description of carvacrol in headspace of package during a 7-day storage.
From t0 to t1, the release of carvacrol from PLA film into the headspace
was dominant. The second stage could be defined from t1 to t4, where the
decreasing concentration reflects the migration of carvacrol into the gels
was higher than the amount of carvacrol released from PLA film. After
t4, the third stage was found where a dynamic equilibrium in carvacrol
concentration in headspace was reached. It was observed that the
highest concentration of carvacrol in the headspace was in the presence
of the WPI-carrageen-50 mM gel, followed by the WPI-carrageen-100
mM. A significantly lower concentration of carvacrol was found in the
setup containing the gel of WPI-carrageenan-250 mM, compared with
the carvacrol concentrations in package of WPI-carrageenan-50 mM
during the first two stages (p < 0.05).

Fig. 4. Changes in water holding capacity (WHC) of gels.

during storage. The decrease in WHC might attribute to the formation of
insoluble protein or large protein aggregates during storage at 20 � C,
which indicated by the decreasing in soluble protein concentration in
supernatant after centrifugation (Fig. S5) (Bouhrara, Clerjon, Damez,
Kondjoyan, & Bonny, 2012; Urbonaite, De Jongh, Van der Linden, &
Pouvreau, 2014). WHC of gel samples relates to the microstructures
since it connects to the gel shrinkage and texture change of gels. Low
WHC can be explained by the weak stability of gel caused by the weak
network of samples. The gels prepared in high concentration of NaCl
leads to a more heterogeneous microstructure in submicron level
(Fig. 3). This coarse network (in submicron level) is expected to have a
low capacity to hold aqueous phase during centrifuge (Chen, Chasse
nieux, & Nicolai, 2018; Kharlamova, Nicolai, & Chassenieux, 2018). A
similar effect that WHC of gels was low in gel prepared with high salt
concentration was also found from previous studies (Çakır and Foe
geding, 2011). A negative correlation between WHC and the size of
pores in gels was found in several studies. Gel with smaller pore size
shows higher WHC (Kuhn et al., 2011; Munialo et al., 2016; S.; Zhang,
Zhang, & Vardhanabhuti, 2014). Zhang et al. (2014) concluded that the
small pores in WPI-xanthan gel could hold more water, which was ex
pected as the reason of the higher swell ratio. According to this corre
lation, it was expected that the largest pore size was found in gel in 250
mM NaCl, followed by gel in 100 mM NaCl. While the gel in 50 mM NaCl
showing the highest WHC had the smallest pore size. This conclusion
was in line with the pore size estimation from SEM images.

3.4.2. Carvacrol absorptions in the gels
The carvacrol concentration in gels prepared with NaCl from 50 mM
to 250 mM during storage was shown in Fig. 7A. The absorption rate of
carvacrol in the WPI-carrageen-250 mM gel was faster than the rates in
WPI-carrageen-50 mM and 100 mM. It took 6 days to reach an equi
librium between carvacrol release from film and absorption in gels. In
terms of WPI-carrageen-100 mM, the absorption rate decreased after
day 6, and it was expected that the equilibrium point would observed
after day 7. A linear increase of carvacrol concentration was found for
the WPI-carrageen-50 mM gel (R2 ¼ 0.97). The results of the carvacrol
absorption in the gels are in line with the concentration profile in the
headspace. At higher salt concentration, the headspace carvacrol con
centration is lower and the gel concentration is higher compared to the
lower salt concentration. Carvacrol absorption in WPI-carrageen-250
mM was significant higher than the concentration in WPI-carrageen50 mM for each measuring day (p < 0.05). 40% more carvacrol was
found in gel prepared with 250 mM of NaCl than in gel at 50 mM of NaCl
at day 7. The carvacrol absorption in WPI-carrageen-100 mM gel was
significant higher than WPI-carrageen-50 mM gel but lower than WPIcarrageen-250 mM (p < 0.05). To find a direct relationship between
carvacrol absorption and gel microstructure, the correlation between
the average pore size of gel and the final carvacrol concentration during
storage was studied. As shown in Fig. 7B, carvacrol concentration
decreased linearly with the decrease in the pore size (R2 ¼ 0.96). This
suggests that the pore size of gel was an important factor that showed a
direct influence on carvacrol absorption, and large pores were favour of
carvacrol absorption in gel matrix during storage.
The desorbed carvacrol was calculated by comparing the residual

3.3. Surface hydrophobicity
Surface hydrophobicity is considered as an underlying parameter
that influence carvacrol absorption: gels with higher surface hydro
phobicity may have higher ability to bind carvacrol. Results of surface
hydrophobicity of pre-gel solutions (WPI-carrageenan-50,100 and 250
mM NaCl) that was measured by using fluorescent probe ANSA showed
that adding NaCl at concentrations between 50 mM and 250 mM did not
cause a significant increase in the surface hydrophobicity of pre-gel
solutions (p > 0.05) (Data not shown). The results suggest that salt
addition did not have a clear impact on unfolding or partially denaturing
of the proteins in pre-gel solutions and the different salt concentration is
therefore expected not to have an effect on the carvacrol absorption
ability.
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Fig. 5. Migration of carvacrol from PLA film and its partitioning in the food pack system (film, headspace and food gel).

Fig. 6. The concentration of carvacrol in headspace of package containing gels prepared with different concentrations of NaCl.

amount on film determined by extraction procedure. Still a high amount
of residue carvacrol left in films after 7 days storage. The average des
orbed mass of carvacrol in films was 3.14 � 0.47 mg. However, there
was no significant difference among samples as the initial amounts of
carvacrol in film were about 7.0-fold higher than the final absorptions in
gels. The high residue of carvacrol in PLA film showed that the PLAcarvacrol film is able to provide a prolonged release of antimicrobial
agents (20 � C) (Fig. S6). An extended-release of antimicrobials from AP
is important to maintain a concentration of antimicrobials over mini
mum inhibitory concentration (MIC), which is the key factor to inhibit
the bacteria growth in foods during food storage period (Sanla-Ead,
Jangchud, Chonhenchob, & Suppakul, 2012).
The results of carvacrol partition in a package showed that there is a
clear effect of the microstructure of gel on carvacrol absorption in gel
samples. Carvacrol topological polar surface area is 20.2 Å2 (Kim et al.,
2019), which indicates the molecule is able to absorb and diffuse to the
gel that contains the pores ranging from 457 � 27 nm2 to 881 � 91 nm2.
Once carvacrol released from PLA film to the surface of gels, the
obstruction by the gel network interferes the Brownian motion, and the
interaction with the binding sites of protein further impedes the diffu
sion (Lor�
en et al., 2009; Mao, Roos, Biliaderis, & Miao, 2017; Wang &
Arntfield, 2015). Besides, according to Ghanbarian, Hunt, Ewing, and

Sahimi (2013): tortuosity in porous media is inversely proportional to
pore radius. This means that carvacrol diffusion can be affected by
interaction with the pore walls and the tortuosity of the pores. Therefore
smaller a pore size will result in a lower effective diffusion. This high
lights the importance of large pores on the diffusion. The gel that was
prepared with 250 mM NaCl absorbed the highest amount of carvacrol,
which can be explained with its high loose microstructure indicated by
large pores and weak physical properties. In addition, the relative
smaller
WPI-containing
aggregates
were
observed
in
WPI-carrageeen-250 mM, resulting a large surface area that provided
more binding sites for carvacrol. In contrast, the compact structure of
WPI-carrageen-50 mM with relative small pores and strong physical
properties was unfavourable of carvacrol entrapment by the gel.
Since the information of the influence of food matrix on antimicro
bials absorption is scarce, it is appropriate to compare the current
finding with previous studies on related processes. A possible reference
is the flavour release and retention from foods, which is the opposite
process of the binding/trapping of volatile antimicrobials by food ma
trix. The effects of texture and (micro) structure of food/food model on
the retention of aroma compounds during processing and storage on the
aroma release and perception during consumption were already well
studied (de Roos, 2003). Carr et al. (1996) found that increasing gel
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Fig. 7. (A) The absorptions of carvacrol in gels in presence of various amounts of NaCl from 50 mM to 250 mM. (B) The relationship between carvacrol absorption in
gel at the day 7 and pore size of gel.

hardness reduced the release of flavour compounds in the headspace. A
similar finding was described by Weel et al. (2002) who studied the
flavour release and perception of flavoured whey protein gels. The re
sults showed that the perceived intensity of flavours (diacetyl and eth
ylbutyrate) decreased with an increased in gel hardness, which showed
that a change in texture (gel hardness and water holding capacity) de
termines the perception of flavour intensity in a psychophysical way. In
addition, the importance of porous structure on the food ingredients (e.
g. sodium) release from food matrix has been proposed by several
studies in recent years. Kuo and Lee (2017) suggested that the porosity
of non-fat containing solid lipoproteic colloids with 1.5% and 3.5% NaCl
correlated positively with serum release and the maximum rate of so
dium release. In the present study, we observed the loose gel of
WPI-carrageenan-250mM NaCl absorbed more carvacrol than gels of
WPI-carrageenan-100 and 50 mM NaCl, which is in line with the results
of the strong release behaviour of flavour from weak gel. And an
important factor that shows the direct correlation between antimicro
bials absorption and the microstructure of foods was suggested as the
pore size, which was also in line with the previous study.

Funding

4. Conclusion

The authors thank to the China Scholarship Council for supporting a
PhD fellowship for L.Wang, and to Dr. Norbert C.A. de Ruijter, Dr. Ing.
M.Giesbers and Mr. Jelmer Vroom from the Wageningen Light Micro
scopy Centre for their support in gels confocal and SEM analysis. We
would also like to acknowledge the Wageningen Food & Biobased
Research for providing the PLA (4043D Ingeo™), and to Meiqi He for
her contribution towards the completion of experiments.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
Declaration of competing interest
The authors declare no conflict of interest.
CRediT authorship contribution statement
Li Wang: Conceptualization, Methodology, Investigation, Writing original draft. Vincenzo Fogliano: Conceptualization, Supervision,
Writing - review & editing. Jenneke Heising: Conceptualization, Su
pervision, Writing - review & editing. Erik Meulenbroeks: Investiga
tion. Matthijs Dekker: Conceptualization, Supervision, Writing - review
& editing.
Acknowledgements

This study demonstrated that volatile antimicrobial compound ab
sorption in WPI-carrageen-NaCl gels was significantly affected by the
texture/microstructure of the food gel models. The most dense gel (WPIcarrageen-50 mM), showed the lowest carvacrol absorption rate.
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