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This study aimed to understand how the microstructure of gelled foods impacts the diffusion of a volatile
antimicrobial compound and its efficacy at different depths from the surface. Carvacrol-loaded polylactic acid
film was used to inhibit the growth of Pseudomonas fluorescens in WPI-carrageenan gels during storage at 4 ◦ C.
The diffusion of antimicrobials was increased in gels having larger average pore size. The antimicrobial efficacy
of the antimicrobial packaging was dependent on the diffusion of carvacrol within the gels. The final concen
tration of carvacrol in the top layer was more than 4 fold higher than that in the middle layer and more than 13fold higher than that in the bottom layer, resulting in a more effective inhibition in the top layer than those in the
middle and bottom layers. Our study demonstrates the importance of considering the diffusion of antimicrobials
in solid/semi-solid foods in the antimicrobial packaging design.

1. Introduction
Antimicrobial packaging (AP) has received a great deal of attention
in recent years because of the potential application to reduce, retard and
inhibit the growth of spoilage and pathogenic microorganisms. A
number of studies showed that the AP could provide a prolonged release
of antimicrobial compounds and maintain their activity during longtime storage (Jideani & Vogt, 2016), thereby extending the shelf life
of perishable foods. AP can be in contact with the surface of foods or be
in indirect contact with foods via the headspace of the food package. The
efficacy of AP depends on several factors such as the nature and type of
antimicrobial agents, the mass transfer coefficients of active substances,
the target microorganisms (i.e. foodborne pathogens, spoilers or pop
ulations), and the physicochemical characteristics of the food products
to be protected (Fernández-Pan, Maté, Gardrat, & Coma, 2015). In the
past decades, many studies were conducted dealing with the develop
ment of novel AP with various materials and active agents (Sung et al.,
2013). The relevance of the mass transfer coefficients of active sub
stances at different food package systems was also highlighted (Singh,
ho Lee, Park, Shin, & Lee, 2016). However, the influence of the micro
structure of the preserved food matrix on the antimicrobials absorption
and diffusion is largely unexplored, while it can be reasonably hypoth
esized that it has a direct influence on the antimicrobial efficacy of the
AP.

Gels made of protein-polysaccharide interacting through electro
static interactions can be designed to simulate food such as jellies,
gummies yoghurt, processed meats, etc. In particular model systems
made up by common food ingredients such whey protein isolate (WPI)
and carrageenan are preferred as they are robust and versatile (Hosseini
et al., 2013). Gels prepared with WPI and carrageenan can be obtained
by the addition of salt and their microstructure can be adjusted by
increasing or decreasing the ionic strength (Campo, Kawano, Silva, &
Carvalho, 2009). The microbial growth can occur on the surface as well
as in the internal part of the model system depending on the origin of
contamination, contaminant species, food composition, stiffness (den
sity) and microstructure (Cao-Hoang, Grégoire, Chaine, & Waché,
2010). It is thus of great importance to inhibit the growth of microor
ganisms, not only on the surface but also in the interior, to enhance the
quality and extent the shelf life of gelled food during storage. Unfortu
nately, the diffusivity of antimicrobial agents in the complex colloidal
systems has not been extensively studied. Only few studies reported the
diffusion of lysozyme, nisin and sorbic acid in agarose gels (Chollet,
Swesi, Degraeve, & Sebti, 2009; Sebti, Blanc, Carnet-Ripoche, Saurel, &
Coma, 2004). Therefore, the mechanisms that cause different bacterial
inhibition in protein-polysaccharide composite gels are still unknown.
With regard to the antimicrobial agents, several compounds can be
used for antimicrobial food packaging. Carvacrol (C10H14O) is a mon
oterpenoid phenolic volatile compound, which is the major constituent
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of oregano and thyme essential oil (Vergis, Gokulakrishnan, Agarwal, &
Kumar, 2015). The antimicrobial effect of carvacrol in model food sys
tems or in real rood is well documented (Vergis et al., 2015). Carvacrol
acts its antimicrobial activity by disrupting the microbial cytoplasmic
membrane and thereby compromising its function (Liolios, Gortzi, Lalas,
Tsaknis, & Chinou, 2009). A great number of studies have reported that
the incorporation of carvacrol into the packaging polymers is an effec
tive way to protect foods (Vergis et al., 2015). Among potential polymer
carriers, polylactic acid (PLA) based films are often used for the incor
poration of active agents because of its good properties (biobased, me
chanical, barrier, optical and thermal) (Tawakkal, Cran, Miltz, & Bigger,
2014). Antimicrobial packaging prepared with carvacrol incorporated
PLA film is expected to have a good performance on gels preservation
(Wang, Dekker, Heising, Fogliano, & Berton-Carabin, 2020). Since the
spatial distribution of antimicrobial compounds in the foods may
determine the antimicrobial efficacy of AP, the diffusion behaviour of
carvacrol in food is important to know. It is particularly important to
evaluate the depth of efficiency of the antimicrobial activity within the
food product. To our knowledge, no work has been reported regarding
the quantification of diffusion of a volatile antimicrobial in food gels and
its effect on the antimicrobial efficacy.
In the present study, we used a carvacrol loaded PLA antimicrobial
packaging to inhibit the growth of the spoilage bacteria in WPIcarrageenan gels that were physically different during a 10-days stor
age at 4 ◦ C. The carvacrol concentrations at different depths of the gels
were quantified and the antimicrobial effect within layers was investi
gated to assess the effectiveness of the antimicrobial films in the pres
ervation of semi-solid foods.

2.3. WPI-carrageenan gel preparation and bacteria inoculation

2. Materials and method

Carvacrol diffusion and antimicrobial activity were studied in glass
tubes (20-mL) with openings at the top and bottom (Fig. 1). This system
contains a piece of carvacrol incorporated PLA film (0.100 ± 0.001 g),
WPI-carrageenan gel (4 mL) and a pipette tip that was used to prevent
the direct contact between packaging film and gel. Each glass tube was
closed by the polypropylene lids at the two openings and fully sealed
with tape (crepe paper masking tape, tesa® 4323, Germany). Three
cylindrical slices of gels (15 mm diameter and 10 mm thickness) were
obtained after the incubation by cutting a whole gel with a sterile cutter,
abbreviated as top, middle and bottom layer, respectively. Several tubes
consisting of the same weight of CAR-PLA film and the same volume of
gel were prepared for a 7-day continuous sampling for diffusion study
and a 10-day sampling for antimicrobial study. For each time point, a
separate tube was used. Packaging setups were stored on the bottom
shelf of a fridge at 4 ◦ C during the storage period.

Na+ induced gelation of WPI and carrageenan gel was prepared ac
cording to our previous work (Wang, Fogliano, Heising, Meulenbroeks,
& Dekker, 2020) with modifications. All the tools and materials used for
the gel preparation were properly sterilized. 20% w/v of WPI and 4% w/
v of carrageenan stock solutions were prepared in ultrapure water (pH
6.7) under stirring by a magnetic stirrer for 4 h at room temperature
(≈20 ◦ C). Stock solutions were kept overnight at 4 ◦ C to promote
complete hydration. In case of WPI/carrageenan gels, the stock solution
of WPI and carrageenan was diluted with ultrapure water and NaCl
solution (1 M) to obtain the final mixtures with 10% (w/v) WPI, 0.4%
(w/v) carrageenan and 50 mM or 100 mM of NaCl. Carrageenan stock
solution was heated at 80 ◦ C in a water bath (Thermo Scientific™ Pre
cision SWB 27, Breda, the Netherlands) for 30 min before mixing with
WPI solution. The WPI solution 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 was gradually added to the solution. The prepared pre-gel so
lutions were cooled down to 37 ◦ C and inoculated with P. fluorescens to
obtain a final concentration of 104 CFU/mL. The mixtures were stirred at
a magnetic stirrer for 1 min to ensure the bacteria was evenly distributed
in gels.
Four millilitres of solution were pipetted into a glass tube (20-mL)
with double openings and closed with two polypropylene lids. Samples
were stored at 4 ◦ C in a fridge overnight for gel formation.
2.4. Experimental design

2.1. Materials
Poly (lactic acid) (4043 D Ingeo TM) was kindly supplied by Wage
ningen Food & Biobased Research Institute. Carvacrol (≥98%),
dichloromethane (DCM), hexane, 2-Propanol, sodium chloride, ringer
solution 1/4 strength tablets, carrageenan (predominantly κ and lesser
amounts of λ carrageenan, specification: PRD.1.ZQ5.10000042025)
were purchased from Sigma Aldrich Pty. Ltd., Netherlands. According to
the manufacturer, carrageenan consists of ≤11% K+, ≤3.5% Ca2+ and
≤2.0% Na+. Whey protein isolate (97.5% protein, dry basis) was ob
tained from Davisco (Bipro, Davisco, lot # JE 198-1-420, USA). The ion
contents per 100 g WPI powder were 750 mg sodium, 60 mg potassium,
130 mg calcium, 75 mg phosphorus and 25 mg magnesium (Peng et al.,
2019). Plate Count Agar (PCA) and nutrient broth were purchased from
Merck (Schiphol-Rijk, Netherlands). Peptone Physiological Salt Solution
(PFZ) was purchased from Tritium Microbiologie BV (Eindhoven,
Netherlands).
2.2. Carvacrol loaded PLA film preparation
Carvacrol loaded PLA film (CAR-PLA) was prepared using a solventcasting method (Rhim, Mohanty, Singh, & Ng, 2006). Briefly, 4 g
(±0.01 g, dry basis) of PLA pellets were dissolved in 100 mL of DCM and
stirred under magnetic stirring (IKA RCT basic, Wilmington, USA) for 6
h at 30 ◦ C. Two grams of carvacrol were then added to the solution and
stirred for 1 h at room temperature (20 ◦ C). The resulting mixture was
sonicated with an ultra-sonicator (HBM Machines, Moordrecht, the
Netherlands) at 40 KHz for 30 min to further homogenize the solution.
Subsequently, 20 mL of dissolved solution was pipetted onto a glass petri
dish (size 100 × 15 mm) and dried in a fume hood at room temperature
for overnight. The dried film was peeled from the glass petri dish, and
stored in a sealed glass container at 4 ◦ C for further analysis.

Fig. 1. Setup used to study carvacrol diffusion and antimicrobial efficacy in
Food-Package system.
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2.5. Characterization of gels

concentrations between 1 µg/mL and 30 µg/mL were prepared by
dilution of a stock solution (100 µg/mL) and injected (10 µL) into the Gas
Chromatography–Flame Ionization Detector (GC-FID) (Thermo Scienti
fic, Waltham, Massachusetts, United States). A linear correlation (R2 =
0.9994) between the peak areas of the chromatogram and the concen
trations of carvacrol was established as follows,

2.5.1. Scanning electron microscope (SEM)
Gels for SEM were prepared according to methods of Munialo et al.
(2016) with modifications in which the samples were cross-linked with
2.5% v/v glutaraldehyde in phosphate/citrate buffer for 7 h followed by
washing three times in phosphate/citrate buffer. Washed samples were
dehydrated with ethanol solutions prepared with increasing concen
trations as follows: 10, 30 and 50% for 10 min each, 70% overnight, 80,
90 and 100% for 10 min each and 100% for 20 min. The samples were
then dried by critical point drying (CPD 030 BalTec, Liechtenstein)
followed by breaking the gels into smaller pieces and coating with 10 nm
iridium in SCD 500 (Leica EM VCT 100, Leica, Vienna, Austria). All
samples were analysed with a field emission scanning electron micro
scope (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) (Pugnaloni, MatiaMerino, & Dickinson, 2005) (see supplementary information). Four of
independent images were used for estimation of the average pore size for
each gel.

S = 125696 × c − 25822

where S is the peak area of the chromatogram; c (µg/mL) is the con
centration of carvacrol.
2.6.2. Quantification of carvacrol diffusion in slices of gels
Carvacrol was extracted from the slice of gels using a method from
Wang et al. (2020) with some modifications. 1.5 mL of organic mixtures
(hexane:2-propanol = 3:1 v/v) was added into each slice of gel. The
mixture was warmed in a shaking water bath (JULABO GmbH, Seelbach,
Germany) at 60 rpm at 40 ◦ C for 20 min to dissolve the gel and extract
carvacrol. The mixture was then centrifuged at 1000 g for 10 min. The
organic solution in top layer was collected into amber glass vial (2.0 mL)
for liquid analyses by GC-FID. In order to test the extraction efficiency of
carvacrol from gel samples, in parallel, known amounts of carvacrol in
gels were added and then extracted using the aforementioned method. A
high extraction ratio (>97%) was achieved by using this extraction
method.
For carvacrol compound quantification, 10 µL of organic sample was
analysed by GC-FID equipped with a semi-capillary RTX-1301 (30 m,
0.53 mm, 0.5 μm) column (Restek, Teknokroma, Barcelona, Spain). The
temperature of column oven was initially set to 60 ◦ C, and it increased to
250 ◦ C at 15 ◦ C min− 1. The temperature for the detector was 250 ◦ C.
Carrier gas was helium with a flow rate of 2 mL/min. Injections were set
in split mode with a split flow of 10 mL/min. The total running time was
25.25 min for each measurement.

2.5.2. Gel rheological properties
Small strain rheological properties. Small strain rheological properties
were performed according to the methods described by De Jong, Klok,
and Van de Velde (2009) with some modifications. The oscillatory time
sweep, frequency sweep, and strain sweep were carried out by using a
Physica MCR 302 Rheometer (Anton Paar GmbH, Graz, Austria)
equipped with a concentric cylinder geometry (stator inner radius 16.66
mm, rotor outer radius 24.95 mm). Time sweep measurements were
carried out to approximately 4.7 mL of the gel pre-solution throughout
the gelation process (4 ◦ C) at an angular frequency of 1 Hz and with an
applied strain of 1%. The measurements were taken every 10 s for 10 h.
When the gelling process was completed, the sample was subjected to
frequency sweep (varied angular frequency from 0.01 Hz to 10 Hz) and
strain sweep (increased strain from 1% to 1000%) to understand the
structural dependency of the gels at 4 ◦ C. The range of frequency and
strain independence of the elastic and viscous moduli is characterized as
a linear viscoelastic range (LVR). The fixed strain (1%) and frequency (1
Hz) were used in this study for oscillatory tests of the samples as the
preliminary work has shown that the strain (1%) and frequency (1 Hz)
are within the LVR.
Large strain rheological properties. Changes in the texture of the gels
during the storage period were measured by large deformation
compression testing on the TA-XT Plus Texture (Stable Micro System
Co., UK) using a 60 mm diameter cylindrical probe. The test parameters
were set at 25 mm distance, 0.05 N trigger force, 1.0 mm/s pre-test
speed, 1.0 mm/s test speed and 5.0 mm/s post-test speed. The
compression force that is able to break down the gel was defined as the
hardness of the samples.

2.6.3. Modelling for absorption assay
Zero-order model is suitable to describe a behaviour that a compo
nent releases constantly and keeps active over a prolonged period time
(Liu et al., 2019). The absorption of carvacrol in food matrix was fitted
by zero-order model:
Ct = kt

(3)

where Ct (mg/mL) is the absorbed carvacrol at any given time t; k is the
absorption rate constant (mg/mL/day), and t indicates the storage time
(day).
2.7. Microbiological analysis of gels
2.7.1. Microbial strain
Pseudomonas Fluorescens ATCC 13,525 was kindly provided by the
Food Microbiology Group (Wageningen University & Research, the
Netherlands). It was cultured in nutrient broth (Merck BV, SchipholRijk, the Netherlands) at 35 ◦ C for 24 h after inoculation with the
stock culture.

2.5.3. Water holding capacity (WHC) of gels
WHC of the gels was measured according to the centrifugation pro
cedure developed by Kocher and Foegeding (1993). The known weight
gels (~4 g) (W1) were placed in a centrifuge tube (50 mL), and then
centrifuged at 1000g for 10 min at 4 ◦ C. The released weight of water
(W2) was considered as WHC for the calculation by the following
equation:
WHC(%) = (W1 − W2 )/W1 × 100

(2)

2.7.2. Antimicrobial experimental design and enumeration of bacteria
Samples were divided in two groups: samples containing carvacrol
loaded PLA films (antimicrobial group) and samples containing free
carvacrol with no films (control group). Layers of gels in both the
antimicrobial and control groups were mixed with 5 mL of sterilised
ringer solution in a sterilized stomacher bag. The mixtures were ho
mogenized for 2 min at 230 rpm at room temperature. Appropriate serial
decimal dilutions were obtained in Peptone Physiological Salt Solution
(PFZ). Counts of P. fluorescens were determined by triplicate by plating
100 µL of solution on plate count agar (PCA). Colonies were counted
after 24 h incubation at 30 ◦ C. The enumeration of bacteria was con
ducted at day 0, 1, 3, 5, 7 and 10.

(1)

2.6. Quantification of carvacrol diffusion in gels
2.6.1. Gas chromatography–flame ionization detector (GC-FID) calibration
The calibration was prepared with known amounts of carvacrol in a
mixture of organic solvent (hexane:2-propanol = 3:1 v/v). Briefly, 8
3
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2.7.3. Microbial growth modelling
The modified Gompertz model (eq 2) (Zwietering, Jongenburger,
Rombouts, & Van’t Riet, 1990) was fitted to the experimental counts of
P. fluorescens growing in gels stored at 4 ◦ C.
ln

(μmax*e
))
N
= As*exp(− exp
(λ − t) + 1
N0
As

3. Results and discussion
3.1. Microstructure of the food gel model
The microstructure of the gel at the submicron level was visualized
by SEM images, whose images are shown in Fig. 2. The physical analyses
of WPI-carrageenan gels as a function of ionic strength, including the
rheological properties and water holding capacity, are reported in detail
in the supplementary materials. Pore morphology in different layers
(top, middle and bottom) was assumed to be a uniform distribution with
a similar average pore size along the sample, according to Savina et al.
(2011). As shown in Fig. 2, a dense and homogeneous network with even
and small pores was formed in gel samples with 50 mM NaCl, where a
well crosslinked protein-carrageenan network was observed. A coarsestranded network with large pores was found at higher salt concentra
tion (WPI-carrageenan-100 mM). The resulting network is composed of
small spherical beads. The surface area of pores was estimated using
ImageJ software (see supplementary information), and the results sug
gest that the average pore size increased significantly from 267 ± 30
nm2 to 403 ± 73 nm2 with increasing NaCl concentration from 50 mM to
100 mM (average of pore surface area on 4 independent images for each
sample) (p < 0.05). The loosely crosslinked WPI-carrageenan network
with large pores in the gel sample can be explained by the lack of a
consistent structural uniformity that is reflected by the micro-phase
separated and heterogeneous network gel (Ako, Nicolai, Durand, &
Brotons, 2009). At higher salt concentration, the level of incompatibility
between proteins and polysaccharides increases (Harrington, Foeged
ing, Mulvihill, & Morris, 2009). The strong shielding effect in high salt
concentration leads to the formation of a particulate gel network con
sisting of connected spherical beads of WPI (Çakır & Foegeding, 2011).
The average size of pores in a heterogeneous network is larger than that
in a homogeneous network (Khalesi, Emadzadeh, Kadkhodaee, & Fang,
2019). From the visualization of the network by SEM (Fig. 2) and

(2)

where N/N0 represents the ratio of the microbial counts at time t (CFU/
mL) to the initial (t0) microbial counts (CFU/mL), As is the natural
logarithm of the asymptotic value of the relative population size (log
(CFU/mL)), μmax is the maximum specific growth rate (day− 1), λ is the
lag phase (day), t is the storage time (day).
2.8. Statistical analyses
All experiments were performed in independent duplicate batches,
and measurements were repeated in triplicate. Data are presented as
mean values ± standard deviations (SD) for all data points. Significant
differences were evaluated by using SPSS (version 25.0, International
Business Machines, Armonk, NY, USA), one-way analysis of variance
(ANOVA) with post-hoc pairwise analysis by the Tukey test to assess the
significant differences between samples, the significance level was set at
p < 0.05. An independent samples t-test was used to compare the dif
ferences between antimicrobial and control groups in microbiological
analysis. A multi-factorial ANOVA was performed to analyse the effect of
two factors (storage days and layers of gels in two types) on bacteria
reduction values through a general linear model with the univariate
analyse, two-way ANOVA with post-hoc pairwise analysis by the Tukey
test to examine the significant differences between samples. The pa
rameters of Eq. (1) and (2) were estimated with the lowest mean square
error (MSE), where k, µmax, AS and λ were obtained.

Fig. 2. SEM micrographs of WPI-carrageenan-50 mM NaCl (A) and WPI-carrageenan-100 mM NaCl (B) gels. The magnification of the SEM images is ×25,000 (first
row) and ×80,000 (second row). The black areas correspond to the pores of the gel while the rest of area is the WPI-carrageenan network.
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estimation of the average pore size, it could be concluded that the gel
prepared with 50 mM of NaCl forms an ordered gel network with small
pores while addition of 100 mM of NaCl in gels results in a heteroge
neous network containing large pores. The same effect was also reported
by Liu et al. (2019) who found that high concentrations (0.1 M, 0.15 M
and 0.2 M) of NaCl induced an irregular WPI-lotus root amylopectin gel
network with large pores.

generally believed to be due to the activity losses of antimicrobial agents
in complex food matrix by complexation with various components in the
matrix (Gutierrez, Barry-Ryan, & Bourke, 2008). However, another
mechanism to explain this is the fact that differences in concentrations
within the food can cause the concentration of an antimicrobial to be
below the inhibiting concentration in certain parts of the food product.
As suggested from this study, the slow diffusion of carvacrol in gelled
foods may have implications regarding the difference of the antimicro
bial efficacy of AP in the different location (from the surface to the
centre parts) of solid/semi-solid foods. This mechanism should be taken
into account when designing AP for specific product applications.
The absorption rate constant (k) and the final concentration of
carvacrol (Ccarvacrol) in each layer are listed in Table 1. The zero-order
model showed a good performance in fitting the experiment data (R2
values ranging from 0.9565 to 0.9977), suggesting a constant absorption
behaviour in all layers of both gels. For each layer of the gel at 100 mM
NaCl, a significant higher absorption rate constant was found compared
to the gel at 50 mM NaCl, indicating a better diffusion ability of
carvacrol in the gel prepared with 100 mM NaCl (p < 0.05). The highest
absorption rate constants (k) were (62.76 ± 1.43) × 10-4 and (72.55 ±
0.77) × 10-4 mg/mL/day for the top layers of WPI-carrageenan-50 mM
and WPI-carrageenan-100 mM , respectively. For the absorption rate
constants in middle layers, about 1.3-fold higher k was found for the gel
prepared with 100 mM NaCl compared to k for the gel in 50 mM NaCl.
The k value in the bottom layer of the 100 mM NaCl gel was 1.6 times
higher in the bottom layer of the 50 mM NaCl gel. In addition, the final
absorptions in middle and bottom layer of the gel with 100 mM NaCl
were significantly higher than those in middle and bottom layer of the
gel with 50 mM NaCl (p < 0.05). The significantly higher absorption rate
constants in the gels with 100 mM of NaCl demonstrates the importance
of the pore sizes of the gels in the antimicrobials diffusion (p < 0.05).
The diffusion mechanism in a polymer network has been described
by several models based on obstruction, hydrodynamic interaction and
entropic barriers (Walther, Lorén, Nydén, & Hermansson, 2006). In
heterogeneous food matrices, the entropic barrier transport model
suggests that the diffusate could pass through the food matrix from one
cavity/opening to the next (Silva, Lortal, & Floury, 2015). It has been
reported that the pore sizes within gels ranging from 5 nm to 200 nm in
diameter is sufficiently large to allow the diffusion of small molecules
such as glucose (MS: 0.41 nm2 (see Table S1), molecular weight
(MW):180.16 g/mol, TPSA:110 Å2 (D-Glucose), 118 Å2 (L-Glucose)) and
ethanol (MS: 0.26 nm2 (see Table S1), MW: 46.07 g/mol, TPSA:20.2 Å2)
in the gel matrix (Gombotz & Wee, 1998). The gel prepared with 100
mM NaCl showed larger pores (403 ± 73 nm2) than those in the gel with
50 mM NaCl (267 ± 30 nm2), which will therefore result in a faster
diffusion of carvacrol (MS: 0.49 nm2, MW:150.22 g/mol, TSPA: 20.2 Å2)

3.2. Carvacrol absorption/diffusion in layers of gel
The increase in carvacrol concentration in the gels during storage at
two ionic strengths is shown in Fig. 3. For both ionic strengths, carvacrol
absorption was significantly higher in the top layer than in the middle
and bottom layers from day 1 to day 7 (p < 0.05); the concentrations in
the middle layer were significantly higher than those in bottom layer
from day 2 to day 7 (p < 0.05). The top layer of the gel prepared with 50
mM NaCl had a final absorption of (4.28 ± 0.69) × 10-2 mg/mL, this is
more than 4-fold higher than that of the middle layer (0.96 ± 0.02) × 102
mg/mL which is around 4-fold higher than the bottom layer (0.25 ±
0.02) × 10-2 mg/mL. With regards to the gel with 100 mM NaCl, the final
absorption in the top layer ((5.07 ± 0.74) × 10-2 mg/mL) was about 4.2fold higher compared with carvacrol in middle layer and 14-fold higher
compared to the bottom layer at the end of storage. The total absorptions
in 7 days in all layers of samples in 100 mM NaCl was about 19% higher
than that in gels prepared with 50 mM NaCl. For the gel with 50 mM
NaCl, 79% of the total amount of absorbed carvacrol was entrapped in
the top layer, while this was about 75% for the gel with 100 mM NaCl
after the 7 days storage.
Carvacrol is a small molecule with a topological polar surface area
(TPSA) of 20.2 Å2 (https://pubchem.ncbi.nlm.nih.gov/compou
nd/10364#section=Clinical-Trials; National Center for Biotechnology
Information, 2020). The molecule size (MS) of carvacrol was estimated
of 0.49 nm2 for a 2D area. The calculation is shown in detail in the
supplementary information. Once carvacrol was released from the PLA
film to the headspace, it was absorbed in the gel and its diffusion
occurred by the concentration differences between surface and lower
layers. Interestingly, the obstruction by the gel network interferes the
Brownian motion thus effectively decreases the rate of diffusion (Lorén
et al., 2009). As reported in previous works, the interaction with the
binding sites of proteins impedes the diffusion behaviour of carvacrol in
protein-polysaccharide complexes (Mao, Roos, Biliaderis, & Miao,
2017). This causes a diffusion limitation of carvacrol in the gels, and
results in the bigger differences between the layers of top/middle/bot
tom. It is known that the antimicrobial efficacy of AP is less effective
against food-borne pathogens and spoilage bacteria when applied to real
foods compared with model media (e.g. broth and agar). This is

Fig. 3. Carvacrol diffusion in top, middle and bottom layers of gels in presence of 50 mM (A) and100 mM NaCl (B).
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Table 1
Carvacrol absorption rate constant1 (k), correlation coefficients (R2) and final concentration (Ccarvacrol) in layers.
Top layer
k (mg/mL/day)
Final Ccarvacrol (mg/mL)
R2

Middle layer

Bottom layer

Gel-50 mM

Gel-100 mM

Gel-50 mM

Gel-100 mM

Gel-50 mM

Gel-100 mM

(62.76±1.43)×10-4 a
(4.28±0.69)×10-2 a
0.9881

(72.55±0.77)×10-4b
(5.07±0.74)×10-2 a
0.9977

(12.68±0.44)×10-4 a
(0.96±0.02)×10-2 a
0.9824

(15.98±0.64)×10-4b
(1.10±0.08)×10-2b
0.9783

(2.89±0.37)×10-4 a
(0.25±0.02)×10-2 a
0.9565

(4.69±0.19)×10-4b
(0.37±0.03)×10-2b
0.9613

Different letters (a and b) indicate significant differences between the gels at two ionic strength (p < 0.05).
1
Obtained by fitting the data from Fig. 3 with a zero-order model.

prepared with 50 mM and 100 mM of NaCl at the end of storage,
respectively (p < 0.05). For the middle layers in the antimicrobial group,
a significant 0.42 ± 0.07 and 0.53 ± 0.10 log reduction was observed in
the gel with low (50 mM) and high salt (100 mM) concentration,
respectively (p < 0.05). The CAR-PLA film had little effect on the growth
inhibition of P. fluorescens in the bottom layer of both gels, where a 0.31
± 0.16 and 0.41 ± 0.11 log reduction was achieved for the gel in 50 mM
and 100 mM NaCl, respectively.
The results of bacterial growth were fitted to a modified Gompertz
model by non-linear regression, through which the maximum growth
rate (umax), logarithm of the asymptotic values of the relative population
size (As) and lag phase (λ) were determined (Table 2). For both gels
exposed to CAR-PLA film, the film showed a significant effect on pro
longing the lag phase and lowering the relative population size of the top
layers (p < 0.05). With regards to the middle layers, only the gel in 100
mM NaCl had a significant lower asymptotic relative population size in
the antimicrobial group than that in control group (p < 0.05). However,
the presence of the CAR-PLA film in the tubes did not significantly affect
any of the growth parameters of the bottom layers of both gels, indi
cating no substantial antimicrobial effect of carvacrol in the layer
furthest away from the surface of the gels (p > 0.05).
The results of bacterial reduction values and the estimated As and λ
show that the efficacy of CAR-PLA film was greater in the top layers of
both gels. This can be expected as more than 75% of the absorbed
carvacrol was present in the top layers during storage. In the contrary,
low absorptions of carvacrol in bottom layers of both gels (~5–7% of
total absorption) gave rise to an ineffective inhibition of bacterial
growth. This demonstrates that the antimicrobial effect is dependent on
the location (depth) of a solid/semi-solid food matrix, which can be
explained by the diffusion behaviour of active compounds. Previous
studies mainly focused on the application of AP on the surface of solid/
semi-solid foods for protecting foods during storage (Han, Ruiz-Garcia,
Qian, & Yang, 2018). However, considering the fact that for many
food products the growth of microorganisms is possible to occur in the
interior of foods, the inhibition of microorganisms’ growth in the

in the gel with 100 mM NaCl. This is in line with several previous studies
that show the microstructure of a gel or an emulsion-gel, in particular,
pore size plays an important role in the diffusion/absorption/retention
of small molecules in the food matrix. For example, Sarkar et al. (2015)
found that the rate of fatty acid release increased by increasing the pore
size of gelatine-gelled emulsions, suggesting a direct relationship be
tween the lipase diffusion to the interface of fat droplets and average
pore size. Benjamin, Davidovich-Pinhas, Shpigelman, and Rytwo (2018)
demonstrated that salt release from model fresh cheese can be modified
by changing the cheese porosity.
3.3. Inhibition of microbial growth in the gels
Antimicrobial experiments were performed to study the influence of
the diffusion of carvacrol on the antimicrobial activity of AP on the gels
that are physically different. The growth of P. fluorescens in the top
layers of gels exposed to the CAR-PLA film (antimicrobial group) or
without film (control group) is presented in Fig. 4. The growth of
spoilage bacteria in the middle and bottom layers of gels at antimicro
bial and control groups can be found in Figure S4. During the 10 days
storage, for all samples in the antimicrobial groups, according to the
multi-factorial two-way ANOVA analysis, values of bacteria reduction
were significantly higher in the top layers, followed by the reductions in
the middle layers. The lowest bacteria reductions were found in the
bottom layers, compared to the other two layers (p < 0.05). Significant
higher bacterial reduction values were found in the top layers of WPIcarrageenan-100 mM NaCl gels than in those gels prepared with 50 mM
NaCl in antimicrobial groups (p < 0.05); a more effective activity was
significantly found in the middle layers of gels in 100 mM NaCl,
compared with the middle layers of gels in 50 mM NaCl (p < 0.05); a
(non-significant) trend of stronger bacteria reductions in the bottom
layers of gels was observed in samples prepared with 100 mM NaCl (p >
0.05). For the top layers of gels in the antimicrobial group with the
presence of the CAR-PLA film, a significant 0.53 ± 0.07 and 0.64 ± 0.06
log reduction, compared to control groups, was found in the gel

Fig. 4. Growth curves of Pseudomonas fluorescens in the top layer of WPI-carrageenan-50 mM NaCl gel (A) and top layer of WPI-carrageenan-100 mM NaCl gel (B) in
antimicrobial/control group at 4 ◦ C fitted with the modified Gompertz equation.
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Table 2
Estimated the logarithm of the asymptotic value of the lag phase duration, relative population size and growth rate for modified Gompertz equation as calculated from
the models fitted to the experimental Pseudomonas fluorescens counts of gels with 50 mM NaCl (A) and gels with 100 mM NaCl (B) stored at 4 ◦ C.
(A)
Parameters

Top layer

Middle layer

Antimicrobial group
a

Lag phase (days)
Asymptotic value (Ln CFU/mL)
Maximum specific growth rate (days− 1)
Sum of squares of residuals (SSres)

1.04±0.17
12.77±0.38a
2.21±0.13a
0.33

(B)
Parameters

Top layer

Lag phase (days)
Asymptotic value (Ln CFU/mL)
Maximum specific growth rate (days− 1)
Sum of squares of residuals (SSres)

Control group

Antimicrobial group

b

a

0.65±0.16
14.18±0.50b
2.26±0.15a
0.52

0.97±0.17
12.68±0.48a
2.26±0.18a
0.59

Bottom layer
Control group
a

0.67±0.16
13.68±0.47a
2.28±0.15a
0.51

Middle layer

Antimicrobial group
a

0.85±0.14
11.79±0.32a
2.26±0.15a
0.34

Control group
0.70±0.15a
12.38±0.34a
2.34±0.16a
0.38

Bottom layer

Antimicrobial group

Control group

Antimicrobial group

Control group

Antimicrobial group

Control group

0.98±0.17a
12.57±0.46a
2.11±0.15a
0.49

0.52±0.18b
14.09±0.51b
2.30±0.17a
0.61

1.19±0.21a
11.74±0.48a
2.54±0.28a
0.88

0.96±0.16a
12.92±0.23b
2.75±0.13a
0.21

0.89±0.20a
12.27±0.51a
2.17±0.19a
0.65

0.86±0.13a
13.27±0.35a
2.37±0.13a
0.32

Different letters (a and b) indicate significant differences between the antimicrobial and control group (p < 0.05).

interior of foods should be considered. The effects of antimicrobials/AP
at different depth/location of solid food matrix were discussed by some
studies (Chollet et al., 2009; Cao-Hoang et al., 2010). Cao-Hoang et al.
(2010) found that nisin loaded sorbitol-plasticized sodium caseinate
films lost the antimicrobial effect on the growth of Listeria innocua in the
interior of cheese (>2 mm from the surface of the active film). However,
if the reason of the absence of inhibitory effect in the interior part was
caused either by the inactivation of activity by food compounds and
environmental conditions (e.g. pH, temperature, ionic strength) or
insufficient concentration, was not clarified. The results from the present
study highlight the importance of studying the diffusion of antimicro
bials and its consequent effect on the bacterial growth inhibition inside
foods. Possible factors that can influence the migration/diffusion of
antimicrobial compounds from packaging film to food matrix have been
previously studied: storage environments, purity of active compound
and the composition of polymer film and the food matrix, although no
microstructural properties of the foods were included in these studies
(Cushen, Kerry, Morris, Cruz-Romero, & Cummins, 2014; Kim, Lee,
Paik, & Lee, 2000). In our study, we demonstrated the effect of micro
structural properties, particularly pore size, of gels on carvacrol ab
sorption and diffusion that can explain the observed antimicrobial
effects at different depth from the surface of the gel. Consequently,
different carvacrol concentrations were the direct reason for differences
in the antimicrobial effect of carvacrol in different location of a solid/
semi-solid food. As a result, we propose to consider the fact that
structure-related diffusional limitations of active compounds occur in all
the food systems to a greater or lesser extent and should be considered
during the antimicrobial packaging design.
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Carvacrol loaded PLA film most effectively inhibits the growth of P.
fluorescens in the top layer of gels. It was demonstrated that pore size
reduced the diffusion of carvacrol to deeper locations in the gels, thereby
reducing its antimicrobial activity in the bottom layers. Overall, this
work has demonstrated that the absorption/diffusion of antimicrobials
was increased in gels having larger average pore sizes. This further in
fluences the inhibition effect of antimicrobials on the growth of micro
organism in the interior of foods. The insights provided from this study
can be useful in the design of AP incorporated with antimicrobial
compounds that are rich in volatile terpenoids and phenolic particles for
the preservation of semi-solid foods. To obtain a comprehensive un
derstanding of the influences of food matrices on the activity of AP,
other food matrices, such as emulsion gel and liquid model foods, are
encouraged to study in future works.
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