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Abstract

Encapsulation of essential oils into a suitable, inexpensive wall material is the best strategy for their further use in food
and pharmaceutical applications. In this work, porous corn starch was produced by enzymatic hydrolysis and used as a
wall material for the entrapment of thyme and cinnamon essential oils. The properties of those encapsulated microcapsules
were measured using various analytical techniques. The micrographs of porous corn starch demonstrated that enzymatic
hydrolysis resulted in a significant number of pores. The mean volumetric particle size (D,50) of porous starches did
not differ significantly (16.3-um) from the native starch (16.6-um). The encapsulated microcapsules aggregated, and the
D, 50 increased significantly higher than the porous corn starch. The melting temperature and process enthalpy of porous
starch increased when compared to native starch. The characteristic thermograms of essential oils did not appear in the
microcapsules, confirming the formation of a strong complex. The essential oil/porous starch microcapsules showed anti-
microbial activity against Listeria monocytogenes and Salmonella enterica sv. Typhimurium. The obtained results provide
information on the thermal stability and antimicrobial properties of essential oil-incorporated microcapsules so that they

could be formulated into active packaging applications.
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Introduction

Green consumerism motivates industries to adopt nature-
derived ingredients in food and drug formulations, food
packaging, and other applications [1]. Plant-derived essen-
tial oils (EOs) are the most desired active ingredients in
the food, pharmaceutical, and cosmetic industries, and
are currently being extensively explored. EOs are second-
ary metabolites from plant sources and aromatic liquids
extracted from various parts of plants and rich in volatile
compounds (e.g., aldehydes, ketones, terpenes, alcohols,
esters, and phenols) that possess excellent antibacterial,
antiviral, antifungal, and antioxidant abilities [2—8]. Among
volatile essential oils, thyme essential oil (TEO) and cin-
namon essential oil (CEO) have wide acceptability in the
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food and pharmaceutical industries for their broad antimi-
crobial activities against many food-borne pathogens (e.g.,
Escherichia coli, Listeria monocytogenes, Salmonella sp.,
Staphylococcus aureus), and spoilage bacteria [2, 9, 10].
Additionally, both EOs are listed as “Generally Recognized
as Safe’ (GRAS) by the U.S. Food and Drug Administra-
tion. Cinnamaldehyde is the key component of cinnamon
oil, whereas thymol, carvacrol, and paracymene are major
constituents responsible for imparting most of the desired
properties of thyme essential oil [11]. Therefore, it is antici-
pated that both of these EOs could be considered potential
candidates in food preservation, drug delivery, and active
packaging.

The bioactive compounds in EOs have poor solubil-
ity and bioavailability, high volatility, heat, pH, and light
sensitivity [12], which challenges their applications in the
industry. To overcome those limitations, the entrapment
of EO in a suitable wall material (commonly referred to
as microencapsulation) can be a prospective approach to
reduce their degradation, improve their bioavailability,
and maintain a controlled release of entrapped volatiles at
a selected target [13, 14]. The encapsulation technique has
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generated a higher demand for products containing EOs in
many industries, including food, pharmaceuticals, textiles,
detergents, perfumery, and personal care [15]. A range of
wall materials, including cyclodextrins, chitosan, sodium
alginate, modified starch, and maltodextrin, have been used
for the encapsulation and controlled release of EOs. Earlier,
a comparison was made between two cyclodextrins (B- and
v-cyclodextrin) for the encapsulation of EOs, and it was
found that y-cyclodextrin showed a superior wall material
compared to its counterpart [1, 16]. A range of wall mate-
rials and their potential applications have been elaborately
discussed in a recent review [17].

In the encapsulation process, the commercial viability
of wall materials plays an important role in their selection.
Among the wall materials used, starch is one of the most
promising candidates because of its inexpensiveness, non-
toxicity, ecological sustainability, and compatibility with
food ingredients. Starch as such (e.g., native) cannot serve
as the wall material because it has poor properties to form
emulsions, which is a prerequisite for the encapsulation sys-
tems of EOs [18]. The development of micro-sized pores
in the starch surface can absorb more bioactive compounds
because of its large surface area and produce stable emul-
sions. A combination of enzymes (a-amylase and glucoam-
ylase) and [a-amylase (AM) or amyloglucosidase (AMG)]
can be an effective technique to obtain porous starch [19,
20]. The release of active compounds from the starch inclu-
sion complex, however, is not easy, and therefore, it needs
to be addressed adequately. The addition of hydrocolloids
(e.g., Arabic, xanthan gum) to EO to form an emulsion
could improve the apparent viscosity, resulting in the for-
mation of a thin layer around the porous starch surface. Wu
et al. [21] used porous rice starch (PS) and Xanthan gum
(XG) to incorporate curcumin at different ratios, and they
produced excellent curcumin-loaded microcapsules.

Considering all those facts discussed above, the current
work is focused on developing porous corn starch (PCS)
using enzymatic hydrolysis and its capability to form inclu-
sion complexes of thyme essential oil (TEO) and cinnamon
essential oil (CEO) in the PCS matrix. The antimicrobial,
thermal, and particle morphologies of the developed micro-
capsules were further evaluated using various analytical
tools.

Materials and methods
Materials
Pure corn starch with an amylose content of about 24% (Argo,

ACH Food, Cordova, TN) was purchased locally. Highly
purified a-amylase (AM) (3,000 U/mL) from Bacillus sp.

and amyloglucosidase (AMG) (3,260 U/mL) from Aspergil-
lus niger were obtained from Megazyme International (Ire-
land). Cinnamon essential oil (CEO; Ceylon-type; yellow
to dark brown in color; refractive index: 1.53—1.54 and spe-
cific gravity: 1.03—1.05 g/mL at 20 °C) and thyme essential
oil (TEO; France-origin; colorless to pale yellow; refractive
index: 1.50-1.51 and specific gravity: 0.905 to 0.935 g/mL
at 20 °C) were procured from Sigma-Aldrich (St. Louis,
MO, USA). Fisher Scientific (Loughborough, LE, UK) sup-
plied ethyl alcohol.

Bacterial strains and media

The gram-negative Salmonella enterica sv. Typhimurium
(ATCC 14,028) strain and the gram-positive Listeria mono-
cytogenes (ATCC 7644) strain Culti-loops® were obtained
from Thermo Fisher Diagnostics B.V. (The Netherlands)
and Remel Europe Ltd. (Dartford, Kent, UK), respectively.
Trypticasein Soy Agar (TSA) was procured from Conda
Laboratories (Torrej on de Ardoz, MD, Spain). Tryptic
soya broth (TSB) and buffered peptone water (BPW) were
obtained from Oxoid Limited (Basingstoke, Hampshire,
UK). All the other chemicals used in this study were of ana-
lytical reagent grade.

Preparation of porous corn starch by enzymatic
hydrolysis

To produce a porous surface of corn starch, the method
described by Wu et al. (2020) was adopted with some modi-
fications. Briefly, corn starch (10 g, dry basis) was dispersed
in 40 mL of 0.2 M citric acid—sodium citrate buffer at pH 4.0
by sonication (Branson Digital SFX-250 Sonifier; Marshall
Scientific; Hampton, NH) at 25 °C for 30 min. For enzy-
matic hydrolysis, a mixture of the enzymes [AM (200 pL of
1U/mL) and AMG (4 mL of 3260 U/mL)] was transferred to
the starch dispersions. Samples were shaken in a water bath
at 150 rpm for 16 h at 40 °C. The reaction was terminated
by the addition of 2 mL of NaOH solution (0.4%). Sam-
ples were centrifuged at 3000 rpm for 15 min; the sediment
was re-suspended in deionized water, and centrifuged three
times more following similar conditions. The final sediment
was dried in a drying oven at 50 °C until a constant weight
was achieved. Finally, the porous starch (PS) was ground
to powder, and sieved through a 200-mesh sieve. Three
batches of samples were prepared.

Encapsulation of essential oil and xanthan gum
emulsion in starch dispersion

The microencapsulation of EO (CEO and TEO) with porous
starch/xanthan gum was performed according to Trindade
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and Grosso (2000) with some modifications. 1 g of EO was
added to an aqueous solution of 0.25% aqueous xanthan
gum (XQ) solution (2 mL) intermittently. The mixture was
prepared by continuously stirring at room temperature for
16 h. Then 2 g of porous corn starch was slowly added to
the mixture of oil and gum. The mixture was homogenized
and stirred in a covered beaker for 20 h at room temperature.
The samples were dried at 50 °C in a hot-air oven and stored
at 4 °C for further analysis.

Characterization
Moisture content and bulk density

The moisture content of samples was determined by the
oven drying method (105 °C/4 h). The bulk density (p,) of
the powdered samples was calculated when the volume was
measured after transferring 1 gram of powder into a gradu-
ated 10 ml cylinder without any consolidation [1, 16]. All
experiments were conducted in triplicate.

Color measurement

The color of the powders was measured using a colorim-
eter (LabScan XE, Hunter Associates Laboratory, Reston,
VA) [5]. The instrument was calibrated with standard white
and black tiles. Three primary color parameters, namely L
(lightness), a (redness and greenness), and b (yellowness
and blueness), were recorded directly from the instrumental
software.

Water holding capacity and oil holding capacity

The water holding capacity (WHC) and oil holding capacity
(OHC) of samples were measured following the centrifugal
techniques at 25 °C [22].

Morphology

The microstructures and particle dimensions of the dried
powders were scanned using a scanning electron micro-
scope (SEM) (JEOL, JCM-6000 Plus, Tokyo, Japan) with
an acceleration potential voltage of 15 keV following our
earlier work [1, 16]. Powdered samples were mounted on
stubs, and a thin layer of chromium was used for coating.
Each sample was photographed at magnifications of 450x
and 1500x. Measurements were made in duplicate.

FT-IR analysis

The ATR-FTIR analysis was conducted with a Nicolet
iS5 FTIR Spectrometer (Thermo Scientific, Madison, WI,
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USA) to assess the incorporation of the EO into the matrices
of the porous starch matrix [1, 16]. A total of 32 scans were
recorded in the range of 4000 to 550 cm™' with a resolution

of 4 cm™!

Thermal analysis

Thermal analysis of EO, native, and porous corn starch
samples was performed on a Q2000 DSC (TA Instruments,
New Castle, DE) following our ear method [1]. The instru-
ment was calibrated with indium and sapphire for tempera-
ture and heat capacity calibration. The samples in aluminum
pans (8 mg) were thermally scanned from 0 to 300 °C at a
rate of 10 °C/min in heating/cooling cycles in a nitrogen
atmosphere (flow rate, 50 mL/min). An empty pan was
used as a reference. Instrument software (version 4.5 A, TA
Instruments, New Castle, DE, USA) was used to perform
thermal analysis.

Encapsulation efficiency

The encapsulation efficiency (EE) of powdered encap-
sulates was assessed following the method described by
Huang et al. [23]. A full-wavelength scan of the diluted EO
was conducted to determine its peak absorption wavelength.
Selected concentrations of EO (0.04-0.20 mg.L—1) were
made to obtain a standard curve. In brief, 0.05 g powdered
encapsulate was dispersed in 5 mL of ethyl alcohol and son-
icated at 40 °C for 5 min. Then the solution was transferred
to a 50 mL volumetric flask and the volume was adjusted
with ethanol. Thereafter, 10 mL of the solution was centri-
fuged at 8000 xg for 10 min at 4 °C. The absorbance of the
supernatant was measured at 275 nm using a UV—visible
spectrophotometer (Shimadzu UV-1800, Kyoto, Japan).
The encapsulation efficiency (EE) was calculated following

Eq. (1).

WeightofEOinmicrocapsules (mg)

Y%Encapsulation efficiency = .
‘ P ’ InitialEOweight (mg)

2100 (1)

Particle size distribution

The particle size distribution (PSD) of the dried powder
samples in water was conducted by a Mastersizer 3000 laser
diffraction particle size analyzer (Malvern Instruments Ltd.,
UK) attached with a Hydro MV accessory [1, 16]. The PSDs
at 10%, 50% (median diameter), and 90% are presented as
Dy 1> Dyso, and D, respectively. The polydispersity of the
particles is calculated in terms of ‘span’.
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Assessment of antimicrobial activity of essential oils
encapsulated powders

Two test strains of Listeria monocytogenes (Gram-positive)
and Salmonella enterica sv Typhimurium (Gram-negative)
were selected as model bacteria to assess the antibacterial
activity of free EO (CEO and TEO) and EO-loaded micro-
capsules using the macro-broth dilution method. Details are
available elsewhere [16, 23]. Both pathogens were revived
in TSB at 37 °C for 24 h in an incubator so that the con-
centration of strains was maintained at 10® colony forming
units (CFU mL™") in buffered peptone water. The stock sus-
pensions of PCS/EO made in ethanol and water (1:1) were
diluted in sterile TSB and inoculated with an adequate vol-
ume of 10® CFU/mL of bacterial cell cultures to obtain a
desired concentration. The concentrations were varied from
1500 to 5000 pg/mL and 750 to 5000 pg/mL for PCS/EO/
XG and EO, respectively. A TSB comprising the same con-
centration of bacteria was used as a control. After shaking
the bacterial solution at 150 rpm at 37 °C for 24 h, 100 mL
of diluted culture was spread on the TSA plate. The plates
were incubated at 37 °C for 24 h before counting the colo-
nies. Results were presented as log CFU/mL. Microbiologi-
cal experiments were performed in triplicate.

The Minimum Bactericidal Concentration (MBCs) of
free and encapsulated EO was taken as the lowest concen-
tration where no visible growth was detected in the plates
after the incubation period of 24 h.

Statistical analysis
JMP Pro 17 Statistical Software (SAS Institute Inc., Cary,

NC, USA) was employed for statistical analysis of the exper-
imental data. The data are presented as the means + standard

Table 1 Physical properties of native and porous corn starches

Parameters Native corn Porous corn
starch starch
Moisture content (%) 1.35+0.07° 0.17+0.01°
Bulk density (kg.m™3) 550+4.11° 520+3.34°
Water holding capacity (g/g) 2.16+0.03% 2.33+0.02%
Oil holding capacity (g/g) 1.92+0.08? 2.01+0.07%
Color value
L* 95.44+0.78* 93.80+0.11%
a* -0.55+0.09% -0.44+0.01*
b* 4.13+0.48" 3.23+0.02°
Particle size distribution
Dyyp (um) 10.10+£0.59°  9.79+0.13°
Dsp (um) 16.60+0.73*  16.30+0.78"
D, g0 (um) 27.40+1.83% 28.40+0.98*
Span 1.04+0.62° 1.14+0.62°

All values are means + SD, n=3; values in the same row in one group
with different letters are significantly different (p <0.05)

deviations of at least three independent measurements for
each sample and were subjected to analysis of variance
(ANOVA) and Tukey’s test for comparison between mean
values at a 95% confidence level (p < 0.05).

Results and discussion
Moisture content and bulk density

The moisture content of the native CS was 1.35% on a dry
basis, which decreased significantly to 0.07% and 0.75%
upon enzyme treatment and gelatinization, respectively,
followed by drying (Table 1). The moisture contents were
found to be higher in the IC samples when compared to
the PCS, in particular, PCS/TEO, and the values differed
between samples prepared by the two different techniques.
Differences in the moisture contents in two methods of EO
inclusion could be associated with the rate of drying, encap-
sulation efficiency, and hygroscopicity of the materials [16].

Bulk density measures the particles occupying a defined
volume and remains one of the important parameters for
transporting and packaging powdered materials. As can be
seen in Table 1, the bulk density of the CS was 550 kg/m?,
which was reduced significantly (p<0.05) in the range of
510 to 520 kg/m? as expected for the PCS samples, indicat-
ing the light weight of the PCS. Upon incorporation of EO
into the PCS matrix, the bulk density dropped significantly,
and those values ranged between 420 and 500 kg/m®.The IC
containing TEO in XG had the lowest value of bulk density
because of the thin film formation at the surface of the PCS
and occupied more volume in a specified space.

Color Parameters

The color values of the native CS were: L* = 95.44+0.78,
a*=-0.55+0.09, and b* = 4.13 +0.48 (Table 1). The light-
ness decreased with the treatment, and those values were
reduced to 93.80+0.11 and 90.59+0.14 for enzyme and
hydrothermal treatment, respectively. The greenness (-a*)
and yellowness (+b*) of PCS decreased from —0.55+0.09
t0 0.32+0.01 and from 4.13+0.48 to 3.23 +0.02 with the
treatments. Changes in color values are attributed to surface
treatment and processing, where the pigments are affected.
The color values of the PCS altered significantly fol-
lowing the inclusion complex formation with EOs. The L*
value decreased to 73.78 and 81.32 for PCS/CEO and PCS/
TEO using the mortar-pestle, respectively. Furthermore,
those values did not differ significantly with the incorpora-
tion of XG in the PCS matrix (Table 2). Incorporation of
EOs, however, incremented significantly (p<0.05) both
greenness (a*: -1.49 to -0.81) and yellowness (b*: 5.94 to
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Table 2 Physical properties of encapsulated porous corn starch

Parameters PCS/CEO/XG PCS/TEO/XG
Moisture content (%) 1.04+0.02% 2.66+0.07°
Bulk density (kg.m™3) 460+2.01° 420+2.22°
Encapsulation efficiency (%) 52.23 +0.66* 68.91+0.28"
Color value

L* 73.88+0.74 80.57+0.52°
a* -1.16 £0.08* -1.03 +0.04*
b* 14.84+0.93 5.94+0.56°
Particle size distribution

D, (um) 11.3+£0.79* 10.9+0.89°
D, s, (tm) 22.5+1.11° 18.8+1.03°
D, g, (tm) 81.0+2.33° 35.6+1.58°
Span 3.09+0.79° 1.31+0.47°

All values are means + SD, n=3; values in the same row in one group
with different letters are significantly different (p <0.05)

14.84), and those values are attributed to chlorophyll and
carotenoids present in the individual EOs. The obtained
color values between the two adopted techniques demon-
strate that XG did not have any influence on the color of the
microcapsules.

Water holding capacity and oil holding capacity

The water holding capacity (WHC) of the enzyme-assisted
PCS improved to 2.33+0.02 g/g when compared with the
native starch (2.16+0.03 g/g) at 25 °C; however, the incre-
ment was phenomenal for the sample prepared via gelatini-
zation (5.58 +0.12 g/g) (Table 1). Such an abrupt increment
occurred because of the special structure of porous starch
attained through rigorous treatment of the native starch dur-
ing the hydrothermal treatment. Xie et al. [24] found the
water adsorption rate of wheat starch was higher compared
to natural starch after hydrothermal treatment, which was
mainly attributed to the greater number of binding sites in
the amorphous regions of the samples. Therefore, the WHC
of porous starch can be used as an index to characterize the
pore-forming effect of starch [25]. Similarly, the oil hold-
ing capacity of native starch increased from 1.92+0.08 g/g
to 2.01+0.07 to 2.35+0.24 for porous starch created by
enzymatic and hydrothermal treatment, respectively. Higher
values of OHC have been reported for porous starch where
enzymes were not used [26].

Encapsulation efficiency

Table 2 presents the calculated encapsulation efficiency
(EE) of PCS microcapsules. The EE of microcapsules pro-
duced by the mortar and pestle method was significantly
low (5.30 to 7.15%), indicating the method was not suitable
for encapsulation of EO. The reason for the low EE could
be poor distribution of EO onto the porous starch surface.

@ Springer

Concurrently, the EE of the microcapsules was significantly
improved when XG was added to the EO for emulsification
and the formation of an inclusion complex in the porous
starch matrix. The EE was significantly higher (68.91%)
for the PCS/TEO/XG microcapsule when compared with
the PCS/CEO/XG (52.23%). Similar EE values have been
reported in the literature [27]. The obtained results con-
cluded that the incorporation of EO into the XG solution
positively influenced the EE. All the encapsulation efficien-
cies were higher than 52%, which indicated that the PCS
microcapsules had potential for loading EO. The differ-
ence in EE could be related to the hydrophilic/hydrophobic
characteristics of individual EO and XG, followed by the
surface properties of porous starch. Because of its hydro-
philic nature, the XG produces a colloid solution in water
and thereafter forms an emulsion with the EO. The emul-
sion was used to cover the surface of PCS by increasing its
viscosity. Cai et al. [28] reported similar results.

Particle size distribution

The particle size distribution (PSD) of native CS and PCS
demonstrated a bimodal distribution of particles; the first
peak was prominent with populations ranging between
4 and 50-um while the second peak was a marginal one
exhibiting only large particles (>750-um) (Fig. 1). This
observation is consistent with the reported values for corn
starch [29]. The peak height of the first peak of the CS was
reduced from 16.4-um to 14.6-um after the generation of
porosity in the starch (Table 1). The numbers of starch par-
ticles in the volume distributions are measured in terms of
Dy10> Dysgs Dyog, and span (S) values. The D, values of
the native starch (10.1+0.59-um) were not influenced by
the enzyme treatment (9.79+0.13-um) or gelatinization
(11.1140.62) and the same is followed by the median val-
ues (D) of native (16.60+0.73-pm) and porous starches
(16.30+0.78 and 18.90+0.56-pm). The D, o, values for
the porous starch were comparable (28.4+0.98-um) to the
native starch (27.4+1.83-um). Samples produced by gela-
tinization, however, exhibited the presence of larger parti-
cles (35.70+1.97). A higher value observed for gelatinized
starch could be because of the aggregation of starch par-
ticles after the hydrothermal treatment. Similar observations
have been reported for atomized high-amylose starch [21]
[27]. The authors reported that the aggregates formed when
multiple spheres impinged upon each other in a molten or
partially molten state. The span values of native (1.04+0.08)
and porous starch (1.1440.10) demonstrate a uniform distri-
bution of particles.

The particle size distribution (PSD) of starches altered
after the encapsulation. The microcapsules obtained by
mortar and pestle did not show any significant changes in
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Fig. 1 Particle size distributions of native and porous corn starch, and EO encapsulated powders

particle size because of the poor encapsulation efficiency
(Table 2). Conversely, the enzyme-treated porous starch
had a significant effect on the particle size. Furthermore, IC
formed by EO in XG emulsion demonstrated that incorpo-
ration of XG had little effect on the size and diameter of
the microcapsules. The PCS/TEO/XG encapsulates showed
a bimodal distribution of particles with a reducing peak
height and a slight shift to the right direction, indicating
size enlargement. Following the PCS, the first peak was
a range between 5 and 67-um while particles with a size
range between 67 and 454 were encompassed in the minor
second peak. On the other hand, PCS/CEO/XG exhibited
a unimodal distribution of particles with a hump and cov-
ered a range of particles between 5 and 400-um. The peak
height of the first peak for both microcapsules was superim-
posed at 18.7-um. Upon inclusion complex formation, the
particle size of the encapsulated starch increased for D,
D, 5o when compared to the PCS. The D, values for PCS/
TEO and PCS/CEO were 10.9+0.89-um and 11.3+0.79-
pm and the corresponding values were 18.8+1.03-um and
22.5+1.11-um for D5, Conversely, the D 4, values were

reduced for both encapsulated particles to 35.6+1.58-um
and 81.0+2.33-um. These data indicate that the mean par-
ticle sizes of the inclusion complexes were significantly
larger than the PCS; however, they significantly influenced
the overall size (D,q,). Such a change has been influenced
by many factors, including complex formation, drying, and
size reduction. The sample span values varied between the
two encapsulates. The encapsulate containing TEO has a
superior distribution of particles over the CEO, as indicated
by a lower S value of PCS/TEO (1.31+0.47) against PCS/
CEO (3.09+0.79).

Surface morphology

Micrographs of native and porous corn starch at two selected
magnifications (400X and 1500x) are shown in Fig. 2. The
corn starch granules showed various shapes, starting from
oval to round to polygonal or irregular shapes with smooth
edges, and these observations are consistent with earlier
reports [30, 31]. No pores or holes were present in the native
starch. The enzymatic treatment of corn starch granules did
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Fig. 2 Scanning electron micro-
graphs of corn starch: (a) and
(b) control at X450 and x1500,
(¢) and (d) porous at X450 and
x1500

not influence the microstructure, and it was retained at the
highest level (Fig. 2¢) with multiple pore formation around
the starch granules (Fig. 2d). A combination of enzymes
[e.g., a-Amylase and amyloglucosidase (AMG)] has acted
on the starch granules and created a significant number of
pores on the surface of the starch granule. These observa-
tions are consistent with those reported earlier for corn
starch [20, 32]. Dura et al. [20] further established that the
pores generated by o-amylase were smaller in size (0.15-
pm) when compared to AMG-treatment (1.72-um), and
therefore, it can be concluded that AMG has a stronger
effect on the surface pore creation of starch. AMG created
openings in channels of corn starch to provide access to the
interior of the granule, and the surface pores enlarge through
channels from the hilum region toward the outside [33]. The
micro-encapsulation of EO/XG emulsion in PCS resulted
in aggregates of particles and the distribution of EO into
starch pores (Fig. 3a-d). A higher penetration of EO has
been supported by higher encapsulation efficiency, as dis-
cussed earlier.

FTIR spectroscopy

The FTIR spectrum of the TEO exhibited three distinct
absorption bands at 2959 cm™!, 2925 cm™! and 2870 cm — 1
corresponding to the C-H stretching vibration of the meth-
ylene group (Fig. 4). The characteristic peaks exist in the
range of 1200 to 1700 cm™!, corresponding to the thymol
phenolic groups of C=C stretching, C— O stretching, and
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O —H bending [34]. On the other hand, the spectra of the
CEO showed the absorption bands correspond to symmet-
ric and antisymmetric -CH2 and C-H bond stretching for
alkane at 3075, 3002, and 2936 cm™'. Furthermore, CEO
aromatic compounds (phenols, aldehydes, and ketone) are
represented by various bands at 1605, 1511 and 1430 cm™!
that correspond to stretching vibrations of C=0, C=C, and
—OH groups [35, 36].

The spectra of corn starch have broad absorption bands
at 3315 cm™! owing to O — H stretching vibration of starch
resulting from inter or intramolecular interaction of the -OH
bond [37]. Distinct bands at 2931 cm™ " and 1648 cm™", cor-
responding to the stretching vibration of C — H and the bend-
ing vibration of OH, were identified. The observed bands at
1150, 1077, and 990 are related to the stretching vibration of
the C—O bond. The bands at 1077 and 990 cm™! correspond
to symmetric stretching of the C—O—C group [38]. Enzy-
matic treatment did not show any major shift in absorption
bands, which infers that these treatments keep the chemical
groups of starch intact. Similar observations were reported
by Liu et al. [39] for corn starch.

The FTIR spectra of EO encapsulated in PCS demon-
strated three major bands. The band detected at 3316 cm™!
corresponded to CS shifting to 3330 cm™! in microcap-
sules. However, the band was widened and intense due to
incorporation of the EO. Similarly, the band at 2931 ¢cm™!
showed an increase in intensity for the CEO encapsulated
microcapsules. Conversely, the TEO-based microcapsules
showed the appearance of a new band at 2928 cm™!, which
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Fig. 3 Scanning electron micro-
graphs of encapsulated corn
starch: (a) and (b) PCS/CEO/
XG at x450 and x1500, (¢) and
(d) PCS/TEO/XG at x450 and
x1500
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could have occurred because of the merger of bands corre-
sponding to TEO at 2920 cm™ " and CS at 2931 cm™". Simi-
lar results were observed for the porous potato starch/CEO
nanocapsule [40]. These findings confirm the formation of
EO/PCS microcapsules. However, no significant difference
in spectra was observed with reference to the encapsulating
methods.

Differential scanning calorimetry (DSC)

The thermal properties of the native, porous starches and
their inclusion complexes were studied on a DSC to under-
stand their interactions. The enzymatic treatment of native
corn starch induced a shift in the endothermic peak from
106.03 to 121.81 °C followed by porosity development
in the starch granule (Fig. 5a). The corresponding fusion
enthalpy (DH) of the PCS doubled (218.5 J/g) when com-
pared with the native CS (102.3 J/g). It indicates the PCS
is quite thermally stable over the CS. Both the CEO and
TEO exhibited three thermograms. The peaks were detected
at 140.65, 171.81, and 187.67 °C for CEO, with the cor-
responding enthalpy values of 90.19, 1.03, and 12.10 J/g,
respectively (Fig. 5b). Similarly, TEO had peaks at 115.03,
152.66, and 164.24 °C with enthalpies of 29.14, 3.81, and
13.93 J/g, respectively (Fig. 5c¢). It indicates the CEO was
thermally stable over the TEO. The TEO peak was not
detected in the IC complex (PCS/TEO/XG) (Fig. 5¢), sug-
gesting the formation of molecular encapsulation of the
oil inside the PCS cavity [16, 41]. The encapsulated first
melting peak (T,) at 108.63 °C differs from the parent
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Fig.5 DSC thermograms of
encapsulated corn starch: (a)
comparison between native corn
starch (CS) and porous corn
starch (PCS) (b) influence of
individual component to inclu-
sion complex of PCS/TEO/XG.
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Table 3 Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) for Listeria monocytogenes and S.
Typhimurium for thyme and cinnamon essential oil and powdered
inclusion complexes

Sample L. monocytogenes S. Typhimurium

MIC (pg/mL)  MBC (ug/mL) MIC (ng/mL) MBC
(ng/
mL)
CEO 2500 ° 3000* 2000" 2500
b
TEO 1500 2000 * 1500 @ 2000
a
PCS/ 35002 4000 ® 3000 ° 3500
CEO/XG b
PCS/ 2000 ? 2500 ° 2000 ° 2500
TEO/XG ’

tValues based on the actual concentrations of EO present on the
inclusion complexes

All values are means + SD, n=3; values in the same row (MIC in one
group and MBC in a separate group) with different letters are signifi-
cantly different (p <0.05)
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PCS molecule. Furthermore, two distinct endotherms were
detected at 214.01 (AH: 25 J/g) and 280.72 °C (AH: 6.5 J/g),
and those peaks are believed to be attributed to the melting
of corn starch. Oliyaei et al. [42] reported that the peak tem-
perature for native and porous starch was 317 °C and there
was no difference after the treatment. Zhong & Sun [43], on
the other hand, discovered two T, peaks at 182 and 195 °C
with about 11% moisture content, which they attributed to
the melting of cornstarch crystals and amylose-lipid com-
plexes, respectively. Such variations have been attributed to
the source of starch, preparation methods, and many other
intrinsic factors. Overall, the encapsulated samples exhibit
the formation of a good inclusion complex.

Antimicrobial activities of CD inclusion complexes

The antibacterial activity of free and loaded CEO and TEO
in PCS was evaluated using Listeria monocytogenes (Gram-
positive) and S. Typhimurium (Gram-negative) as test
organisms. Table 3 presents the MIC and MBC results of the
EO and ICs against L. monocytogenes and S. Typhimurium.
The thyme essential oil (TEO) showed its excellent anti-
microbial capabilities against L. monocytogenes and S.
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Typhimurium with significantly lower values of MIC
(1750 pg/mL) and MBC (2250 pg/mL) (Table 3), and these
values were marginally lower than our earlier report [17].
On the other hand, S. Typhimurium had higher antimicro-
bial activity with lower MIC (2000 pg/mL) and MBC val-
ues (2500 pg/mL) than L. monocytogenes (MIC: 2500 pg/
mL and MBC: 3000 pg/mL) against the CEO.

TEO encapsulates exhibited strong antibacterial activity
against L. monocytogenes and S. Typhimurium, demonstrat-
ing broad-spectrum antibacterial activity against gram-pos-
itive and gram-negative bacteria. The minimum inhibitory
concentration (MIC) and minimum bactericidal concentra-
tion (MBC) values of PCS/TEO/XG were 2000 pg/mL and
2500 pg/mL. While we compare the obtained microbial data
with our earlier work on encapsulation of TEO in cyclodex-
trins (CDs) as wall materials (B- and y-cyclodextrin) (MIC:
3500-4500 pg/mL and MBC: 4000-5000 ug/mL) [17] [1],
it was found that PCS acts as a superior wall material than
CDs. The active compounds present in thyme oil, including
thymol, p-cymene and y-terpinene have significantly con-
tributed to imparting antimicrobial properties to the encap-
sulates [44]. Similar observations have been made on TEO
when encapsulated in y-cyclodextrin (GCD) wall matrix
at a ratio (GCD:TEO) of 80/20 (w/w) [1]. On the other
hand, CEO showed higher antimicrobial activity against S.
Typhimurium (MIC: 3000 ug/mL and MBC: 3500 pg/mL)
when compared to L. monocytogenes (MIC: 3500 ug/mL
and MBC 4000 pg/mL). The obtained results revealed that
the CEO is more effective against gram-negative bacteria
and this observation is consistent with an earlier study using
GCD as a wall material [16]. However, it was found that
PCS acts as a better wall material when compared to cyclo-
dextrins [16]. Previously, a lower MIC and MBC of 2500
ppm were reported for the CEO against E. coli [45]. The
higher MIC and MBC values obtained in this study could be
attributed to the lack of a solvent in the encapsulation pro-
cess, which was previously used to increase the dispersion
of the essential oil in water. Overall, it can be concluded
that TEO acts as a superior antimicrobial agent than CEO
against both gram-positive and gram-negative organisms in
the formation of porous starch-based encapsulates.

Conclusions

The excess inexpensive starch can be converted to porous
corn starch so that it can be used as a wall material during
the encapsulation of bioactive compounds. Selective enzy-
matic treatments produce pores in the corn starch surface,
improving hydration and oil-holding capacity. Particles
remained constant during the conversion of native starch
to porous starch. However, they increased significantly

with agglomeration after essential oil was entrapped in the
PCS matrix. A moderate encapsulation efficiency has been
observed when emulsified essential oil and xanthan gum
solution are entrapped in a porous starch matrix, which has
been further confirmed using the FTIR, DSC, and SEM.
Thyme essential oil entrapped in PCS exhibits excellent
antimicrobial activity against both gram-positive and gram-
negative pathogens. The developed encapsulated powders
have potential applications in food and pharmaceutical
products or in the development of active packaging by con-
trolling the release of EO.
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