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Abstract

Essential oils such as thymol are added to food packaging film to obtain active films with antimicrobial and antioxidant properties.
However, thymol is insoluble in water, and release rate of thymol is usually too fast. Therefore, a need exists to increase thymol
solubility and to deliver thymol in a controlled manner from film matrix to food surface. In this study, spray dried inclusion
complexes of 3-cyclodextrin/thymol (1:1 molar ratio) was incorporated into gelatin solution to obtain active gelatin films. Both
inclusion complexes and active films showed sustained release of thymol. Physical properties and thymol release kinetics were
evaluated for active films. For gelatin films with 8.25% (mass ratio) inclusion complexes, complete thymol release took 235 h,

compared with 38 h for thymol release from inclusion complexes. The diffusion coefficient reached 2.04 x 107> m* s~

1
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Introduction

Food safety is a persistent growing concern. Growth of micro-
organisms on food surface is one of the major causes of food
spoilage. When antimicrobials (AM) are applied to food sys-
tems, they react with all kinds of food components, which lead
to a gradual decrease in antimicrobial activity. The concept of
active packaging with antimicrobial properties is brought up.
The functions of active antimicrobial packaging include better
preservation of the food properties, improvement of safety
and/or sensory quality, and extension of the shelf life while
maintaining the quality of foods (European FAIR-project CT
98-4170). One of the approaches to extend antimicrobial
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efficacy is to release AM onto the food surface in a controlled
rate (Cho et al. 2010). Incorporation of different antimicrobial
agents into food packaging materials have been widely stud-
ied (Gemili et al. 2010; Mastromatteo et al. 2010). The main
obstacle to apply antimicrobials is that AM release is too fast.
Therefore, to release antimicrobials in a controlled manner is
the goal of this study.

Essential oils have attracted more attention for their applica-
tion in food manufacturing and storage due to the increase of
bacterial resistance to antibiotics. Essential oils are natural pre-
servatives, and these agents possess the GRAS (generally rec-
ognized as safe) status as defined by US FDA (Food and Drug
Administration). Essential oils have been proposed to incorpo-
rate into active packaging for food preservation (Maisanaba et
al. 2017). Thymol (5-methyl-2-isopropylphenol) is one of the
most commonly used essential oils. Thymol is the major con-
stituent of herb thyme (Thymus vulgaris), which has long been
used as inhibitor of Aspergillus spp., Alternaria spp., Fusarium
spp., and Penicillium spp.; these are some of the most important
microorganisms causing food-borne diseases and/or spoilage
molds. Thymol exhibits strong antimicrobial and antioxidant
activity against those spoilage microorganisms.

In previous studies, thymol has been applied in food pack-
aging in mainly two approaches. First, thymol is incorporated
into zein film directly (Del Nobile et al. 2008; Li et al. 2012)
since thymol and zein both solubilize well in ethanol, but it
pose a problem to apply thymol in water-soluble packaging
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materials. Second, thymol is blended in petroleum-based
polymer matrix using casting or extrusion technology
(Ramos et al. 2014). Under this approach, thymol will degrade
or lose its effectiveness resulting from volatility during pro-
cessing, especially if the process involves high temperature
and shear energy, as occurs during extrusion process.
Generally, protein-based film has good mechanical, opti-
cal, and barrier properties (Li and Ye 2017; Han 2014).
Protein-based films or coating are widely used in meat and
meat product (Umaraw and Verma 2017), fruit and vegetables
(Otoni et al. 2017), seafood (Dehghani et al. 2018), and deep
fried and frozen foods (Kurek et al. 2017; Akcan et al. 2017).
Gelatin is unique among proteins in forming thermo-
reversible with a melting point close to the body temperature
(Achet and He 1995). Gelatin is commonly used as a gelling
agent of food dispersion systems, drug encapsulation, phar-
maceutical and cosmetic products, and mainly in the formula-
tion of edible packaging (Mastromatteo et al. 2009).
Modification of gelatin-based film to enhance its physical
properties or to make the film active by incorporating bioac-
tive agents has been the subject of much research
(Arvanitoyannis et al. 1998; De Carvalho and Grosso 2004;
Hoque et al. 2011; Kanmani and Rhim 2014). Due to thymol
insolubility in water, thymol cannot be directly applied to
gelatin solution to prepare food films/films using casting tech-
nology. One way to stabilize and decrease thymol loss and
mask its strong odor is by inclusion in suitable host molecules
such as cyclodextrins (CDs). CDs are a family of cyclic oli-
gosaccharides that are composed of «-(1, 4)-linked glucopy-
ranose subunits. CDs have unique structure property; their
polar, hydrophobic, internal cavity can entrap guest molecules
by non-covalent interactions, such as hydrogen bonds, van der
Waals, or hydrophobic interactions (Singh et al. 2002). Guest
molecules can be beneficially modified with their physico-
chemical properties including stabilization of light- or
oxygen-sensitive substances, fixation of very volatile sub-
stances, and a marked increase of water solubility (Cevallos
etal. 2010). Thymol encapsulated in CDs can increase thymol
solubility and stability (Cevallos et al. 2010). The most suc-
cessfully used molecular encapsulates are (3-CDs because of
the low cost, non-toxicity (GRAS), biocompatibility, and ef-
fective degradation; thymol, carvacrol, and eugenol were suc-
cessfully incorporated in 3-CD (Zhang et al. 2015). Barba et
al. (2015) found 3-CD showed a higher retention than - and
v-CD for eugenol/carvacrol. Saturated solution method to pre-
pare (3-CD inclusion is the most common method and

followed by freezing drying to acquire solid-state 3-CD inclu-
sion (Cevallos et al. 2010). Spray drying is rarely reported but
is low-cost and time-saving; therefore, spray drying was used
in this study.

In this study, 3-CD-thymol inclusion was prepared first
and the inclusion was added into gelatin solution to acquire
active gelatin packaging film. The physical and thermal prop-
erties of gelatin active packaging film and thymol diffusion
kinetics were evaluated. Compared to freeze or vacuum dry-
ing, spray drying is easier to apply in industrial settings.
Results of physical properties and DSC analysis can be used
for process and quality control in large-scale production of
gelatin-active packaging film. With isooctane as food simulant
system to test thymol release, the active gelatin packaging film
was designed to be applied to fat rich foods such as cheese.
Since gelatin is widely used as excipient/capsule in pharma-
ceutical industry, the controlled release system may also be
extended for pharmaceutical uses.

Materials and Method
Materials

Food-grade bovine gelatin was purchased from Sangon
Biotech (Shanghai, China). Analytical grade chemicals in-
cluding thymol, 3-CD, glycerol, and sodium bromide were
purchased from Sino Pharm Chemical Co., Ltd., Shanghai,
China. HPLC-grade isooctane was purchased from APS
Chemicals Ltd., Australia.

Preparation of Inclusion Complexes (#-CD-Thymol)

Saturated solution method and spray drying were used to pre-
pare [3-CD-thymol. Beta-CD saturated solution was prepared
at 60 °C. Thymol (molar ratio of 3-CD to thymol was 1:1) was
added into the solution slowly. The solution was stirred in a
sealed vessel for 24 h and then spray-dried using a B-290 mini
spray dryer (Mini Spray Dryer B-290, BuCHI Labortechnik
AG, Flawil, Switzerland). Spray drying conditions included
an inlet temperature of 150 °C, a compressed air pressure of
500 kPa, an air flow rate of 20 m3/h, and a feed rate of 1.2 mL/
min. The powders were collected and stored in a desiccator at
20 °C until use. The inclusion recovery and inclusion ratio
were calculated using Egs. (1) and (2) listed below.

Inclusion recovery = total mass of collected product/total mass of non-solvent feed (1)

Inclusion ratio = thymol content in inclusion complexes/thymol content in the non-solvent feed (2)
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Preparation of Active Gelatin Films

Gelatin solution was prepared, using a concentration of 8%
(w/v) by hydrating gelatin powder with distilled water for
2 h at 60 °C until complete dissolution. After that, glycerol
(mass ratio of gelatin to glycerol was 4:1) was added as the
plasticizer. After thoroughly mixing gelatin and glycerol,
different amounts (0.1, 0.3, and 0.5 g, equivalent 6.25,
18.75, and 31.25% of gelatin powder in mass ratio) of
inclusion complexes were added. Gelatin-based films were
prepared by casting 20-g film-forming solutions into pro-
pylene plates (12 cm in diameter) and drying at room tem-
perature for 48 h. The obtained films were peeled off from
the plate and conditioned in desiccators over saturated so-
dium bromide (NaBr) solution at room temperature.
Conditioning was performed for 2 days for films under
different treatments to reach equilibrium moisture content.
After conditioning, films were subjected for determination
of physical and thermal properties and thymol release
kinetics.

Characterization of Active Gelatin Packaging Films
Mechanical Properties

Tensile strength (TS) and elongation at break (EB) of the
films were determined using a texturometer TA.XT2i—
Stable Micro Systems (Surrey, England) equipped with a
tension grip system A/TG, according to the standard test-
ing method ASTM D638-01 (2001). The measurements
were made at 20 °C and 65% RH in a controlled room. A
minimum of six strips (5 cm in length and 1 cm in width)
were obtained from each film for the test. The initial grip
separation and velocity were fixed at 30 mm and 1 mm/s,
respectively. The curves of force (N) as a function of de-
formation (mm) were recorded by the Texture Expert
Exceed Software. Tensile properties were calculated from
the plot of stress (tensile force/initial cross-sectional area)
versus strain (extension as a fraction of the original length)
(Masamba et al. 2016a). Tensile strength was calculated by
dividing the required force for film rupture by the area of
the transverse section, and elongation at break was calcu-
lated from the ratio of the increase in length to the original
length, expressed in percentage (Chen et al. 2013). The reported
values corresponded at least to five determinations.

Thickness
Thickness was acquired by averaging the thickness measure-

ments of 10 randomly different locations using a dial gauge
with a sensitivity of 0.001 mm (Chen et al. 2013).

Water Vapor Barrier Property

Water vapor permeability (WVP, gm ' s' Pa™') tests were
performed according to ASTM method E96 (1995) with some
modifications. The films were sealed with rubber band on
glass cups (diameter 30 mm, height 60 mm) filled with silicon
gel. All cups were placed in desiccators containing saturated
bromide solution (60% RH). The desiccators were maintained
at 25 °C until the weights of the cup became constant (+
0.0001 g). Water vapor permeability was calculated with Eq.
(3) (Fabra et al. 2013).
WX

Ve = TA(p,—p1) ©

where W is weight difference, T is the time required for the
weights to become constant, X is the average thickness of film.
A is the permeation area (7.065 cm?), and (P,-P,) is the dif-
ference of partial vapor pressure of the atmosphere with silica
gel and distilled water (3169 Pa, 25 °C). After steady-state
conditions were reached, eight weight measurements were
performed. The reported values corresponded to the average
of at least three determinations.

Thermal Properties

Thermal properties were characterized by differential scan-
ning calorimeter (DSC). DSC analysis was performed with
NETZSCH DSC 200F3. Thymol, 3-CD, 3-CD-thymol
complexes, and gelatin film without and with incorpora-
tion of inclusion complexes were analyzed. Samples were
heated from — 50 to 250 °C at a rate of 10 °C/min under a
dry nitrogen purge. The sample amounts used were ap-
proximately 10 mg.

Quantification of Thymol Release from B-CD-Thymol
Inclusion Complexes and Active Gelatin Packaging
Films

The total amounts of thymol in (3-CD-thymol complexes
and gelatin film were determined by gas chromatography
(GC). The procedures were as follows: for inclusion com-
plexes, 0.5 g 3-CD-thymol complexes was extracted by
Soxhlet extraction using 100 mL of isooctane until the
extraction was exhausted. For active film, the whole films
were immersed into 50-mL isooctane until all of the thy-
mol migrated into the isooctane. A 10-pL aliquot was sub-
jected to GC. A Shimadzu GC 2010 equipped with a fused
silica capillary column DB-5 (30 m* 0.25 mm i.d., film
thickness 0.25 mm, J &W Scientific, USA) was used.
The following conditions were applied: sample volume,
1.0 mL; non-split model, initial column temperature,
80 °C held for 2 min; heating rate, 20 °C min ! to
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160 °C, 5 °C min~! to 160 °C, then held for 5 min more;
injector temperature, 250 °C; FID detector temperature,
300 °C; and carrier gas, nitrogen. Thymol amounts were

calculated from prepared standard curves. Thymol reten-
tion and thymol inclusion efficiency were calculated ac-
cording to Egs. (4) and (5).

Thymol retention in 3-CD inclusion = mass of thymol in collected inclusion/total mass ofcollected product 4)

Thymol inclusion efficiency = (mass of thymol in collected inclusion/total mass of collectedinclusion) / (5)

(mass of thymol in feed/total non-solvent mass of feed)

Diffusion Experiments in Food Simulant System

Dainelli et al. (2008) suggested a relatively rapid and conve-
nient method to determine diffusivity of species in AM films
by immersion in food simulants such as distilled water, buffer
solution, isooctane, ethanol, acetic acid, and rectified olive oil
(Sung et al. 2013; Arcan and Yemeniciogglu 2014). Gelatin-
active film was designed to film fat-rich foods such as cheese;
therefore, isooctane was chosen as the food simulant.
Diffusion experiments were performed in closed flasks and
stored at 25 °C in an incubation shaker (Innova-4230, New
Brunswick Scientific, U.S.A.) with a continuously rotating
speed of 30 rpm (Janjarasskul and Krochta 2010). Such mild
agitation condition simulates agitation during storage and
transportation and a steady-state transfer of antimicrobial
agents from the inclusion complexes and films to the simulant
(Hou et al. 2016).

Inclusion complexes (0.5 g) and whole pieces of active
films were immersed in 50-mL isooctane solution, and sam-
ples were sampled at various times (3, 18, 38, 65, 89, 114,
137, 162, 186, 210, 234, and 270 h). Experiments were per-
formed in triplicates. The amount of thymol was determined
using GC as described in “Quantification of thymol release
from (3-CD-thymol inclusion complexes and active gelatin
packaging films.”

Release Kinetics Analysis

Thymol release kinetics was evaluated by fitting general law
of diffusion (Crank 1979) first. The diffusion coefficients D
(m? s ") of thymol were later calculated using the half-time
method given in Eq. (6) (Masamba et al. 2016b; Barnes et al.
20006).

D = 0.0491 x L?/ty s (6)

where L is the thickness of the film, and £, 5 is the time re-
quired for 50% of the migrating species to be released into the
simulant (i.e., when M;=0.5 M,,) (Suppakul et al. 2011;
Ouattara et al. 2000).

@ Springer

Statistical Analysis

Thymol release kinetics, mechanical properties, thickness and
water vapor permeability were subjected to analysis of vari-
ance using one-way factorial ANOVA procedure. To this aim,
procedures were performed with SPSS 12.0 for Windows.
Mean comparisons were performed using the Duncan’s test
to examine if differences were significant at P < 0.05.

Results and Discussion
Inclusion Performance

Various known methods used for the formation of the inclu-
sion complexes like co-precipitation, neutralization, kneading,
spray drying, freeze-drying, and solvent evaporation, and ball-
milling and sealed-heating in the laboratory have been widely
reported (Yamada et al. 2000). Saturated solution method
followed by spray drying is a low-cost and simple method.
Beta-CD-thymol inclusion mass yield reached 55.52 +1.23%
with an inclusion ratio of 8.67 +0.79%. Thymol retention in
[3-CD-thymol inclusion was 0.91 +0.05%. Thymol inclusion
efficiency was 7.80 + 1.22%. The formation of (3-CD-thymol
inclusion complexes was confirmed by DSC. DSC thermo-
grams are discussed in “DCS Thermograms.” Spray drying is
widely used in food and pharmacy industry for its low-cost
and time-saving characteristics. However, large sums of pro-
duce adhere to the drying chamber leading to mass yield loss,
which led to inclusion mass yield of only 55%. Similar low
yields of inclusion complexes were reported as 51% in
Bruschi et al. (2003) and as <50% in Barba et al. (2015).
Operating conditions (wall material concentration, solid to
liquid ratio, inlet temperature, air and feed rates) can affect
mass yield (Al-Nasiri et al. 2018). The addition of drying aids
(silicon dioxide, sodium chloride, and gum Arabic) can reduce
or eliminate adhesion problems (Souza and Oliveira 2006;
Tontul and Topuz 2017; Mahdavi et al. 2016). To make spray
drying economically viable for producing [3-CD-thymol
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Table 1 Effect of inclusion complexes loading on physical properties and diffusion coefficient of gelatin packaging films

Gelatin Inclusion Thickness (mm)  Mechanical properties Water vapor permeability  Diffusion coefficient
packaging  complexes (%) (10 %gmm/h cm Pa) (10 m?s™h

D Tensile strength (MPa)  Elongation (%)

1 0 0.028 +0.002*  17.35 + 0.18 28 +0.88¢ 5.08 +0.23° NA

2 6.25 0.029 + 0.001* 17.10 + 0.20° 22 +0.88° 6.94 +0.27° 2.04+0.18°

3 18.75 0.032 +0.001° 1531 £ 0.56 18 + 0.88" 6.76 + 0.29" 1.25+0.34

4 31.25 0.033 + 0.002° 13.55 £ 0.20° 11 +0.33* 8.26 + 0.37¢ 1.11+£0.27°

NA means not applicable. Data in each column were reported with mean with + one standard deviation. Superscript with the same letter means the same

group by Duncan’s test

inclusion, further work should be optimizing operating condi-
tions and adding drying aid materials to improve mass yield.

Physical Properties and Release Kinetics

Pure gelatin film as control and active gelatin films incorpo-
rated with different amounts of 3-CD-thymol inclusion were
uniform, homogeneous, thin, and easy to handle. The films
were removed without difficulty from polypropylene plates
with thickness ranging between 280 and 330 pwm. As shown
in Table 1, tensile strength decreased from 17 to 14% and
elongation decreased from 28 to 11% with increased addition
of inclusion complexes. The values of tensile strength and
elongation were similar to what has been reported for typical
gelatin-based films decreased from 17 to 14%. The trend that
these two parameters decreased with increasing amount of 3-
CD-thymol inclusion is also consistent with previous research
(Ahmad et al. 2012; Hoque et al. 2011; Arfat et al. 2014).
Thickness and water vapor permeability increased with the
inclusion content increased. Similar phenomena were found
in other studies when incorporating bioactives containing hy-
droxyl group (—OH) into active films (Hoque et al. 2011,
Suppakul et al. 2011). For instance, increasing addition of
plasticizer increased thickness and lowered the tensile strength
and elongation (Hoque et al. 2011). In the case of adding
inclusion complexes, more inclusion complexes addition
means increasing hydroxyl group interaction with water since
each 3-CD molecule has 14 external hydroxyl group (—OH).
Therefore, water vapor permeability increased. Gelatin film
with an inclusion loading of 18.75% exhibited significantly
lowered tensile strength and elongation and higher water va-
por permeability. These changes are caused by the less dense
network which resulted from the extra particles adding into
the gelatin polymeric matrix. The polymeric network became
looser with higher amount of inclusion complexes.

The release of a low molecular weight compound migrat-
ing from a swelling homogeneous polymeric network can be
viewed as a result of the following phenomena: (1) solvent
diffusion from the outer solvent solution into the polymeric
matrix; (2) macromolecular matrix relaxation; (3) counter

diffusion of the active compound from the swollen polymeric
network into the outer solvent solution (Mastromatteo et al.
2009). In this study, thymol first diffused from inclusion com-
plexes, second migrated into the gelatin polymeric matrix, and
diffused into the isooctane simulant until a thermodynamic
equilibrium between the two phases was reached. Figure 1
shows the release rate of thymol from inclusion complexes,
and active gelatin films incorporated with 6.25, 18.75, and
31.25% inclusion complexes. Thymol completely migrated
from inclusion complexes (0.5 g) into isooctane in 38 h (no
significant differences for thymol release between 38 and
65 h), while active film containing inclusion complexes
(0.5 g) had a sustained release for 235 h (no significant differ-
ences for thymol release between 235 and 270 h). Release
kinetics showed that thymol release is more sustained when
incorporating the inclusion into gelatin packaging compared
to adding it directly into food simulant system. However, with
increasing incorporation of inclusion complexes in active
films, diffusion coefficients dropped significantly (Table 1).
By adjusting the amount of inclusion complexes incorporated
in gelatin film, thymol release rate can be easily controlled.

DSC Thermograms
DSC is commonly used to confirm the complexes formation in

the solid state (Karathanos et al. 2007); disappearance of ther-
mal events (melting point) corresponding to guest molecules is

Thymol release rate

0.08
0.06
0.04
0.02

Released thymol (mg/mL)

0 L L L L |
0 50 100 150 200 250 300

Time (h)

Fig. 1 Release rates of thymol from 3-CD/thymol inclusion complexes
(=o-), gelatin films incorporated with 6.25% (——), 18.75% (—=—),
31.25% (——) inclusion complexes
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generally taken as an evidence (Pralhad and Rajendrakumar
2004). Thymol shows an exothermal peak at 50 °C (Fig. 2a),
which is in accordance with its melting point. The 3-CD ther-
mogram (Fig. 2b) showed a baseline decreasing from close to
90 °C with a peak above 150 °C, which is similar to the previ-
ous research by Cevallos et al. (2010). In Fig. 2c, there was no
endothermic peak at around 50 °C in (3-CD-thymol inclusion
complexes, indicating that thymol is forming inclusion com-
plexes with (3-CD. For gelatin film thermograms, two peaks at
lower temperatures (70 and 120 °C) are caused by the

f
0~ e
|
RS ‘
\
5 | | l ‘
E-2r [
s |
E \ \
@-3f |
[=]
\
4t ‘
a |
5| |
thymol l
6 L L L L L
50 0 50 100 150 200 250
Temperature (°C)
0
01F B
02+
-0.3
D04+
&
=
E -0.5
%]
8-06-
-0.7
08 C f
/
091 ¥
B inclusion |
R L . L
-50 0 50 100 150 200 250
Temperature (°C)
0——— !
05
L m 1
151
2
£ 2
s
E
O -25+ |
7]
o
3l
e
-35
-4
[ gelatin package incoporated with inclusion compiexes |

45
-50 0 50 100 150 200 250

Temperature (“C)

devitrification of blocks rich in «-amino acids, and the high
one (180 °C) is attributed to the devitrification of blocks rich in
amino acids such as proline and hydroxyproline (Zheng et al.
2002). It is noteworthy that the melting point of (3-CD-thymol
inclusion complexes (Fig. 2¢) starts at 137 °C, while the melt-
ing point of gelatin film without and with inclusion complexes
(31.65%) (Fig. 2d, e) started at around 180 °C. Thymol was
stabilized in 3-CD-thymol inclusion complexes and addition-
ally stabilized by incorporating (3-CD-thymol inclusion com-
plexes in gelatin films.
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Fig. 2 DSC thermograms of thymol (a), 3-CD (b), 3-CD-thymol inclusion complexes (¢), gelatin films without (d) and with (e) 31.65% inclusion

complexes
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Conclusion

In this work, saturation method and spray drying proved to be
an efficient method to prepare 3-CD-thymol inclusion com-
plexes. Controlled release system based on gelatin packaging
film was prepared by incorporating (3-CD-thymol inclusion
complexes into gelatin film-forming solution. Tensile strength
and elongation decreased while water vapor permeability in-
creased with increasing amount of inclusion in the gelatin
films, which is expected. Sustained release (38 h) of thymol
is obtained with (3-CD-thymol inclusion complexes, and ad-
ditionally, sustained release (235 h) of thymol is achieved by
incorporating inclusion complexes into gelatin films.
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