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Summary Chitosan–pectin hydrogel beads that trap and release the maximal amount of combined garlic and holy

basil essential oils to inhibit food microorganisms were developed based on the central composite design,

with chitosan (0.2–0.7% w/v), pectin (3.5–5.5% w/v) and calcium chloride (CaCl2) (5.0–20.0% w/v) con-

tents. The optimal bead consisted of 0.3–0.6% w/v chitosan, 3.9–5.1% w/v pectin and 8.0–17.0% w/v

CaCl2, which had a high encapsulation efficiency (62.16–79.06%) and high cumulative release efficiency

(31.55–37.81%) after storage at 5 °C for 15 days. Optimal hydrogel beads were packed into a cellulose

bag to evaluate antimicrobial activity by the disc volatilisation method. The beads inhibited Bacillus cer-

eus, Clostridium perfringens, Escherichia coli, Pseudomonas fluorescens, Listeria monocytogenes and Staphy-

lococcus aureus but did not affect Lactobacillus plantarum and Salmonella Typhimurium. The oil-

containing beads could potentially be applied in food packaging to inhibit the mentioned microorganisms.

Keywords Antimicrobial beads, chitosan-pectin hydrogel beads, essential oils, garlic, holy basil, optimisation.

Introduction

It is well recognised that some essential oils (EOs)
effectively inhibit a wide range of food microorganisms
(Calo et al., 2015) in vitro and in complex food sys-
tems (Shah et al., 2013). The EOs from garlic (Allium
sativum, family Liliaceae), GEO, and holy basil (Oci-
mum sanctum, family Lamiaceae), HBEO, are com-
monly used in food products (Raut & Karuppayil,
2014). While the single EOs display a certain degree of
antimicrobial activity, the synergistic actions of mixed
oil fractions are often exploited to improve the
potency and antimicrobial activity spectrum of the
individual oils (Nedorostova et al., 2009; Boukhatem
et al., 2013). For instance, GEO alone inhibited Bacil-
lus cereus, Clostridium perfringens, Pseudomonas fluo-
rescens, Salmonella Typhimurium and Staphylococcus
aureus but had no effect on Escherichia coli, Listeria
monocytogenes, Lactobacillus plantarum, however, the
1:1 ratio of GEO (containing diallyl di- and trisul-
phides [DADS and DATS, respectively]) and HBEO

(containing eugenol, methyl eugenol and caryophyl-
lene) inhibited all the bacteria tested (Torpol et al.,
2018).
Comprising a diverse collection of lipophilic and

highly volatile constituents, EOs are well recognised as
being susceptible to chemical deterioration upon expo-
sure to extrinsic parameters, notably, light, tempera-
ture and oxygen availability (Bustamante et al., 2017).
Moreover, the direct application of EOs into food is
limited because their pungent flavour and odour can
affect the food perception (Nielsen et al., 2017). To
overcome these technical challenges, microencapsula-
tion, the process by which small discrete solid particles
or small liquid droplets are surrounded and enclosed
within a protective outer layer (Benavides et al., 2016),
is notable for providing immobilisation, stability and
controlled release of sensitive compounds (Bannikova
et al., 2017). The particles comprise a core material as
the internal phase, and a wall material as the coating
phase (Bakry et al., 2016). Ionic gelation forms hydro-
gel by interaction between a charged polymer and an
ion divalent with oppositely charge (Kim et al., 2017;
de Moura et al., 2018). This technique can not only*Correspondent: Fax: +66 53 948 230;
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defend against volatilisation losses of EOs (Benavides
et al., 2016) but also provide a porous matrix for
releasing the active compounds (Singh et al., 2017).

Hydrogels are three-dimensional cross-linked poly-
mer networks, which can absorb large amounts of
water (Ahmed, 2015). These networks maintain their
structure during the exchange of water and provide
controlled release via pores in the polymer network
(Zhu et al., 2018). Hydrogels based on polysaccha-
rides, like chitosan and pectin, have been increasingly
utilised in various fields (Kwiecie�n & Kwiecie�n, 2018).
Since chitosan is positively-charged in low pH condi-
tions (pH below its pKa), it spontaneously associates
with negatively-charged polyanions in solution to form
polyelectrolyte complexes (Kim et al., 2017), which are
favourable excipients in controlled release delivery sys-
tems (He et al., 2016). Pectin is an anionic
heteropolysaccharide that mainly consists of linearly
linked a(1?4)-D-galacturonic residues, with varying
amounts of methyl-esterified carboxyl groups (Kono-
valova et al., 2017).

Sachets containing microencapsulated beads with an
EO core are new alternatives with antimicrobial prop-
erties and can be applied in food packaging systems to
release the active compounds onto the food surface
(Chang et al., 2017). This approach avoids directly
fortifying food with the EO (Lu et al., 2016), thereby
maintaining the food integrity and its sensory qualities
(Haghighi-Manesh & Azizi, 2017). In this research,
chitosan–pectin hydrogel beads were developed for the
entrapment of GEO and HBEO with high encapsula-
tion and release efficiency, and their antimicrobial
effect against selected microorganisms was evaluated.

Materials and methods

Materials

Chitosan from shrimp (size <40 mesh, low molecular
weight with 94.87% deacetylation) was purchased
from Ta Ming Enterprises Co. Ltd., Samut Sakhon,
Thailand. Pectin from citrus peel (commercial grade
low-methoxy pectin with 2.9% degree of esterification)
was purchased from CP Kelco, Lille Skensved, Den-
mark. Calcium chloride (CaCl2) was purchased from
Merck, Damstadt, Germany. GEO and HBEO were
purchased from Chemipan Co. Ltd., Bangkok, Thai-
land. All other chemicals and reagents were of analyti-
cal grade.

Volatile composition

GEO+HBEO was prepared at 1:1 v/v ratio in a brown
glass bottle to provide light protection and analysed
for its volatile compounds, using gas chromatogra-
phy–mass spectrometry–solid-phase microextraction

(GC–MS–SPME) (Calvo-G�omez et al., 2004; Sriwat-
tana et al., 2015; Yamani et al., 2016). Combined
GEO+HBEO (0.5 mL) or 2.20 g beads were added
into vials, and an SPME fibre coated with 100 lm of
polydimethylsiloxane was inserted into the headspace
of the sample vials. After extraction at 25 °C for
30 min, SPME fibre with adsorbed volatile compo-
nents was inserted into the injection port of a GC–MS
instrument (model GC-7890A, Hewlett-Packard,
Santa Clara, CA, USA) equipped with a DB-5 capil-
lary column (30 m, 0.25 mm I.D., 0.25 lm film thick-
ness) and MS detector (MSD 5975C), and the
volatiles identified and quantified according to the
method of Torpol et al. (2018).

Preparation of chitosan–pectin hydrogel beads containing
essential oils (EOs)

Chitosan–pectin hydrogel beads were prepared using
ionic gelation via the dripping method (Sangsuwan
et al., 2016) with some modifications. CaCl2 was dis-
solved in deionised water at room temperature. The
pectin was dissolved in deionised water at 40 °C using a
magnetic stirrer. Chitosan was dissolved in 5% (v/v)
acetic acid at 70 °C. Once completely dissolved, pectin
and chitosan were cooled to 35 °C. Combined GEO+
HBEO (1:1 v/v) were added to the pectin solution and
the mixture homogenised for 5 min in the presence of
0.5% (v/v) Tween 20, as an emulsifying agent. The
pectin-containing oil was loaded into a syringe and
dripped into CaCl2 at 35 � 1 °C under magnetic stir-
ring for 30 min. After washing with deionised water,
the beads were immersed in chitosan for 30 min. The
beads were re-washed, oven-dried at 60 °C (Nazarudin
et al., 2011; Bahmani et al., 2015) for 4 h, packed in
an aluminium foil bag, and kept at 4–6 °C for further
analysis.

Experimental design

According to our preliminary study, the chitosan con-
tent should not exceed 0.70% (w/v) since above this
level, it caused high viscosity, resulting in beads float-
ing on the surface. In addition, a pectin content over
5.50% (w/v) led to a highly viscous solution, making it
difficult to dispense from the syringe. The combined
GEO+HBEO (1:1) at 1.50% (v/v) (Torpol et al., 2018)
was used in this study. A central composite design
(CCD) for three numeric factors: chitosan, 0.20–0.70%
(w/v); pectin, 3.50–5.50% (w/v); CaCl2, 5.00–20.00%
(w/v) (Bera et al., 2009; Khan & Bajpai, 2011), with
one replication of the factorial point and axial point,
respectively, and three centre points with alpha at -
1.682, +1.682, and, hence, a total of 17 runs (Hu,
1999), was used in this study. The experiment data
were fitted to a second-order polynomial equation,
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which described the relationship between the antimi-
crobial activity (independent variable) and the three
test variables (dependent variables).

Yi ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2

þ b33X
2
3 þ b12X1X2 þ b13X1X3 þ b23X2X3 ð1Þ

where Yi is the dependent variable; b0, a constant; b1,
b2 and b3, linear coefficients; b11, b22 and b33, quadra-
tic coefficients; b12, b13 and b23, interaction coefficients,
and X1, X2 and X3, the independent variables (chi-
tosan, pectin and CaCl2, respectively). The model per-
formance was evaluated by the coefficient of
determination (R2), the significance of the model anal-
ysis (P ≤ 0.05) and the lack-of-fit test (Bagheri et al.,
2014). The encapsulation efficiency (%EE) and cumu-
lative release efficiency (%CRE) were used to derive
the optimal bead composition.

Determination of the oil amount in chitosan–pectin
hydrogel beads

The amount of EO in the hydrogel beads was deter-
mined by spectrophotometric measurements (UV-1800,
Shimadzu, Japan) at the maximum absorption wave-
length (k = 281 nm), using the standard calibration
curve method (Peng et al., 2014; Sangsuwan et al.,
2016). A standard curve was constructed by serial dilu-
tion of the combined oils (GEO+HBEO at 1:1 v/v)
with 80% (v/v) ethanol to obtain concentrations over
the range of 0.00001–0.00015 mL per 100 mL ethanol.
The linear regression equation (y = 7984x–0.02927,
R2 = 0.994) was used to calculate the oil concentration
for %EE and %CRE.

Encapsulation efficiency (%EE) and cumulative release
efficiency (%CRE)

A precise weight of dried beads was dripped into
50 mL of 80% (v/v) ethanol for 1 h at room tempera-
ture, sonicated (Elma, Germany) at 60 °C for 30 min
and left overnight at room temperature. After filtering,
the absorbance of the solution was measured at
281 nm. The absorbance values were used to calculate
the %EE, using the linear regression equation. The %
EE was calculated according to the following equa-
tion (Yang et al., 2014):

EEð%Þ ¼ v1
v2

� 100% ð2Þ

where EE is encapsulation efficiency (%); and v1 and
v2 are the total volume of oil used in bead preparation
and the volume of oil after extraction, respectively.

A precise weight of dried hydrogel beads was incu-
bated at 5 °C and 87.67% relative humidity, provided
by saturated potassium chloride solution, for 15 days.

The oil remaining in the beads on day 15 was
extracted, and the amount determined according to
the linear regression equation. The %CRE was calcu-
lated as follows (Peng et al., 2014):

CREð%Þ ¼ r1� r2

r1
� 100% ð3Þ

where r1 and r2 are the oil contents in the beads before
and after storage, respectively.

Beads morphology

The surface, cross-section and internal core of the
optimal chitosan–pectin beads containing combined
GEO+HBEO were examined by scanning electron
microscopy (JEOL-JSM6360, Japan) at 15 kV. Before
the analysis, the samples were dried with CO2 and
gold-coated.

Assessment of the functional groups by FTIR

Dried samples of chitosan, pectin, optimal chitosan–
pectin beads without EO, and optimal chitosan–pectin
beads containing combined GEO+HBEO were pre-
pared with potassium bromide. Fourier transform
infrared (FTIR) spectra were recorded (Perkin
Elmer2000, Waltham, MA, USA) in the range of 400
to 4000 cm�1.

Antimicrobial activity of chitosan-pectin hydrogel beads
containing combined garlic and holy basil oils against
selected bacteria

The cellulose paper was cut to obtain a small bag
(3.0 9 4.0 cm), which was heat-sealed on three sides
using an impulse bag sealer and placed in a hot air
oven at 105 °C, for 1 h. Beads at different weights
(0.55, 1.10, 2.20 and 4.40 g) were packed in the cellu-
lose bags and immediately sealed. The antimicrobial
activity of chitosan–pectin hydrogel beads containing
combined oils was performed using a modified disc
volatilisation method (Boukhatem et al., 2013; Torpol
et al., 2018). Eight bacterial strains, including five
Gram-positive bacteria (B. cereus, C perfringens ATCC
13124, Lb. plantarum TISR863, L. monocytogenes
DMST 17303, S. aureus ATCC 25923) and three
Gram-negative bacteria (E. coli ATCC 25922, P. fluo-
rescens, S. Typhimurium ATCC 13311), all obtained
from the Clinical Microbiology Department, Faculty
of Associated Medical Science, Chiang Mai University,
Thailand, were used. The tested concentration of bac-
terial suspension was 0.5 McFarland (108 CFU/mL).
Five mL of bacteria suspension was transferred to a
Petri dish containing the specific media; the bag com-
prising the beads was attached under the upper lids of
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the Petri dish and sealed with parafilm. Bacillus cereus,
E. coli, P. fluorescens, S. Typhimurium and S. aureus
strains were inoculated onto Mueller–Hinton agar
(MHA), C. perfringens and L. monocytogenes onto
Mueller–Hinton blood agar (MHBA), and Lb. plan-
tarum onto de Man–Rogosa–Sharpe (MRS). Clostrid-
ium perfringens was inoculated and kept under
anaerobic conditions while L. monocytogenes and Lb.
plantarum were held in a CO2 incubator. After incuba-
tion at 37 °C for 48 h, the diameter (mm) of the clear
zone was measured with a calliper.

Statistical analysis

Response surface methodology was applied to the
experiment data, using the Design Expert statistical
package trial version 10 (Stat-Ease, Inc., Minneapolis,
MN, USA). The criteria to obtain the optimal region
were maximum %EE and %CRE. One optimal point
was then selected, based on the lowest cost of the for-
mulation. An analysis of variance (ANOVA) was
applied to test differences in clear zones among treat-
ments. Differences between treatments were identified
by Duncan’s new multiple range test (a = 0.05). All
data were analysed using SPSS 16.0 software (SPSS,
Inc., Chicago, IL, USA).

Results and discussion

Volatile compositions of essential oil (EO)

The volatile components of the combined oils
(GEO+HBEO at 1:1 v/v) and their relative contribu-
tions (peak area percentages) were determined by GC–
MS. The major compositions of the oils are shown in
Table 1. The vapour of GEO+HBEO before encapsu-
lation consisted of eugenol (12.30%), caryophyllene
(10.27%), diallyl tetrasulphide (DATTS) (4.80%) and
a-caryophyllene (2.04%) while the main components

of GEO+HBEO released from beads were eugenol
(6.24%), caryophyllene (6.20%), a-caryophyllene
(1.20%) and DATTS (0.26%). As can be seen, the
peak area percentages of the major compounds
extracted from beads were lower than those of the
pure combined oils. Loss of the volatile compounds
may be affected by other factors besides the conditions
used to prepare hydrogel beads, which should be fur-
ther investigated in the future experiment.
A previous study (Torpol et al., 2018) showed that

HBEO contained eugenol (49.87%) and caryophyllene
(4.96%) as main components, however, DADS
(31.67%), DATS (31.56%) and DATTS (13.48%) were
the major fractions in GEO. Consequently, the com-
bined GEO+HBEO (1:1 v/v) was potentially a strong
antimicrobial inhibitor because HBEO contributed a
large percentage of eugenol and caryophyllene as inhi-
bitory agents, and DATTS was a key fraction of
GEO. Phanthong et al. (2013) reported that eugenol,
caryophyllene and methyl eugenol in HBEO were key
compounds to inhibit B. cereus, E. coli, S. aureus and
S. Typhimurium. Furthermore, many studies suggested
that DATTS provided a potent antimicrobial activity
(Rattanachaikunsopon & Phumkhachorn, 2008). The
antimicrobial potential of GEO has been demonstrated
to increase with the number of disulphide groups, cor-
responding to relative MIC values of DATTS < DATS
< DADS, in controlling B. cereus, L. monocytogenes,
S. aureus and E. coli (Naganawa et al., 1996; Rat-
tanachaikunsopon & Phumkhachorn, 2008). Therefore,
chitosan–pectin hydrogel beads loaded with GEO+H-
BEO at 1:1, v/v could expectedly inhibit a wide range
of microorganisms.

Development of chitosan–pectin hydrogel beads
containing essential oils (EOs)

The 17 treatments were accomplished by ionic gela-
tion via the dripping method. All formulations
showed %EE values in the range of 35.44–76.64%,
and %CRE in the range of 12.69–45.63%, respec-
tively (Table 2). The second-order polynomial model
was significant (P ≤ 0.05) and the lack-of-fit was
insignificant (P > 0.05), confirming the estimated
model fit well the experiment data (Getachew &
Chun, 2016). The effects of three factors levels on the
responses were evaluated using the full models pre-
sented in eqns (4) and (5).

%EE ¼ 51:28þ 4:76X1 þ 10:11X2 � 1:00X3 � 7:73X1X2

þ 4:22X2X3 � 2:88X1X3 þ 4:89X2
1 þ 2:27X2

2

� 0:56X2
3

ð4Þ

Table 1 The major compositions of combined garlic+holy basil

essential oils (at a 1:1 v/v ratio) identifieda and quantified using gas

chromatography–mass spectrometry

Component

Percentage in samples (%)

Vapour

sampleb
Hydrogel

bead sampleb

Eugenol 12.30 6.24

Caryophyllene 10.27 6.20

a-Caryophyllene 2.04 1.20

Diallyl tetrasulphide (DATTS) 4.80 0.26

aExpressed as %peak area. Other negligible identified compounds are

not listed.
bExtracted by solid-phase microextraction.
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%CRE ¼ 32:21þ 3:42X1 þ 2:56X2 þ 0:42X3

� 4:21X1X2 þ 3:52X2X3 � 7:18X1X3 � 0:49X2
1

� 2:50X2
2 � 5:03X2

3:

ð5Þ
Based on ANOVA, the full models showed slightly

higher adjusted R2 values compared to the reduced
models for %EE (0.68 vs. 0.67) and %CRE (0.62 vs.
0.58). Therefore, they were used to optimise the
formulation.

Table 3 and Figure S1 show that the %EE value
was significantly influenced by the linear terms of pec-
tin and the interaction of chitosan with pectin
(P ≤ 0.05). Pectin positively affected the %EE because
this biopolymer was used as the core material in the
hydrogel beads structure developed by the ionic gela-
tion method. Kim et al. (2003) noted that the loading
efficiency of albumin in chitosan-coated pectin beads
was affected by the weight ratio of pectin-to-albumin
and the concentration of CaCl2. The extent of the
cross-linking during gelation relies on the interaction
between the negatively-charged pectin (COO-) and pos-
itively-charged calcium ions (Ca2+) (Pawar et al.,
2008; Jaya et al., 2009). These intermolecular associa-
tions induce the formation of a three-dimensional
structure at low pHs (Bannikova et al., 2017). Accord-
ingly, El-Kamel et al. (2003) noted that the drug load-
ing efficiency of calcium alginate beads was directly
proportional to the polymer concentration, owing to

the enhanced availability of active calcium-binding
sites and, thereby the more extensive cross-linking as
the quantity of alginate increased. Conversely, increas-
ing the calcium ion concentration can lead to possible
saturation of the calcium-binding sites in the polymer
chain, preventing further calcium ion entrapment, and
so the cross-linking might not be altered by increasing
the concentration of the calcium chloride solution (El-
Kamel et al., 2003). However, in this study, increasing
the calcium concentration did not affect the %EE. In
addition, the %CRE was mainly affected by the inter-
action between pectin and CaCl2, and the quadratic
coefficient of CaCl2 (P ≤ 0.05). Analysis of drug disso-
lution from calcium pectinate beads has previously
revealed that internal cross-linked beads compacted
the core, which decreased the drug release by 10–20%
when compared to counterparts undergone cross-link-
ing of the surface (Pawar et al., 2008). Chitosan-
coated beads were also expected to delay the release
rate (Shi et al., 2008; Kim et al., 2003).
By analysis of the response surface plots (Figure S1),

the optimal bead formulation to maximise the %EE
and %CRE responses comprised 0.3–0.6% w/v chi-
tosan, 3.9–5.1% w/v pectin and 8.0–17.0% w/v CaCl2.
It showed that a high pectin content provided a high
%EE. Chitosan and CaCl2 levels were selected, based
on the price of the formulation. Therefore, the selected
composition was 0.3% chitosan, 5.1% pectin and
8.0% CaCl2, which yielded the predicted 79.06%EE
and 37.81%CRE (Table 4). An optimal formulation
was produced, validated and analysed for all

Table 2 Response surface central composite design and results for variables

Run

Independent variables Dependent variablesa

X1 (chitosan) X2 (pectin) X3 (CaCl2)

Y1 (%EE) Y2 (%CRE)(% w/v) (% w/v) (% w/v)

1 (�1) 0.30 (�1) 3.90 (�1) 8.00 37.72 15.12

2 (+1) 0.60 (�1) 3.90 (�1) 8.00 53.13 21.00

3 (�1) 0.30 (+1) 5.10 (�1) 8.00 74.43 33.16

4 (+1) 0.60 (+1) 5.10 (�1) 8.00 67.06 28.87

5 (�1) 0.30 (�1) 3.90 (+1) 17.00 36.20 19.00

6 (+1) 0.60 (�1) 3.90 (+1) 17.00 76.64 45.63

7 (�1) 0.30 (+1) 5.10 (+1) 17.00 69.54 15.00

8 (+1) 0.60 (+1) 5.10 (+1) 17.00 70.91 18.10

9 (�1.682) 0.20 (0) 4.50 (0) 12.50 56.59 25.81

10 (+1.682) 0.70 (0) 4.50 (0) 12.50 65.63 35.00

11 (0) 0.45 (†1.682) 3.50 (0) 12.50 35.92 12.69

12 (0) 0.45 (+1.682) 5.50 (0) 12.50 71.52 36.79

13 (0) 0.45 (0) 4.50 (�1.682) 5.00 56.00 15.73

14 (0) 0.45 (0) 4.50 (+1.682) 20.00 35.44 19.41

15 (0) 0.45 (0) 4.50 (0) 12.50 49.29 32.22

16 (0) 0.45 (0) 4.50 (0) 12.50 53.88 34.46

17 (0) 0.45 (0) 4.50 (0) 12.50 52.04 30.10

aEncapsulation efficiency (%EE) and Cumulative release efficiency (%CRE).
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responses. Table 4 verifies that the experiment values
of %EE and %CRE did not significantly differ
(P ≤ 0.05) from the predicted values. Since the abso-
lute percentage of approximated error of %EE and %
CRE were below 10%, being in the range of 2.13–
5.71%, there was good agreement between the pre-
dicted and measured values (Hu, 1999).

Beads morphology

The dried optimal beads were globular with a diameter
of 1.65–2.86 mm. The morphology of the optimal chi-
tosan–pectin bead, observed by SEM (Fig. 1), showed
the smooth bead surface, and the internal structure
had small holes and some cracks, due to the drying
process. Previous work noted that chitosan-coated
alginate/poly(N-isopropylacrylamide) beads provided a
smooth surface relative to the uncoated beads (Shi
et al., 2008). Furthermore, vacuoles in the matrix may
increase the amount of EO trapped within the beads
(Sutaphanit & Chitprasert, 2014).

Assessment of the functional groups by FTIR

FTIR was used to identify the presence of chitosan
and pectin based on their functional groups (Fig. 2)
and to compare the blank (non-loaded) optimal bead
with those containing combined GEO+HBEO. The
FTIR spectra of pectin showed a peak at 1736.4 cm�1,
representing carbonyl (C=O) bonds (Fig. 2b). For
pectin–chitosan hydrogel beads, the peak shifted to a
new broad band at 1725.4 cm�1 (Fig. 2c) due to the
interaction of the negatively-charged COO- groups of
pectin with the positively-charged Ca2+ ions. The peak
characteristic of pectin–mefenamic acid film with
CaCl2 was observed by C=O stretching at 1723 cm�1

(Moreira et al., 2014). The FTIR spectra of chitosan
showed typical bands for C=O vibrations of the acety-
lated units (-CONH2 groups), and protonated amino
groups at 1584.2 cm�1 (amide II, Fig. 2a). After chi-
tosan was coated on pectin beads, the chitosan band
(amide II) shifted to 1513.9 cm�1 (Fig. 2c) as a result
of pectin–chitosan interactions. Previous studies sug-
gested that the amide II band of chitosan shifted to
lower wavelengths because of alginate–chitosan inter-
actions (Deladino et al., 2008; Vasile et al., 2016). de
Souza et al. (2009) noticed some changes in the spectra
of pectin beads at 1560–1561 cm�1 after reacetylation
of chitosan transforms to amide groups.
Allium sativum contains a variety of compounds, with a

particular emphasis on flavonoids, saponins, sapogenins
and organosulfur compounds (Molina-Calle et al., 2017).
In the FTIR spectra, the peaks at 3265–3339 and
3462 cm�1 (strong for GEO) signifies the O-H stretching
vibrations of hydroxyl groups, which is attributed to poly-
hydroxy compounds, such as flavonoids, non-flavonoids
and saponins (Katata-Seru et al., 2017). Asymmetric
stretching of C-H groups of aromatic compounds (2926–
2979 cm�1) and the O-H bending of carboxylic acids

Table 3 Regression coefficients of chitosan–pectin hydrogel beads predicted model

Independent variable

%EEa %CREb

Estimated coefficient P ≤ 0.05 Estimated coefficient P ≤ 0.05

Model 51.28 0.0343* 32.21 0.0450*

X1 (chitosan) 4.76 0.0758 3.42 0.0710

X2 (pectin) 10.11 0.0031* 2.56 0.1562

X3 (CaCl2) �1.00 0.6757 0.42 0.8005

X1X2 (chitosan9pectin) �7.73 0.0361* �4.21 0.0853

X1X3 (chitosan9CaCl2) 4.22 0.2009 3.52 0.1383

X2X3 (pectin9CaCl2) �2.88 0.3676 �7.18 0.0112*

X 2
1 (chitosan

2) 4.89 0.0934 �0.49 0.7890

X 2
2 (pectin2) 2.27 0.3962 �2.50 0.2019

X 3
3 (CaCl2

2) �0.56 0.8318 �5.03 0.0251*

aEncapsulation efficiency (%EE).
bCumulative release efficiency (%CRE).

*Significant level at 95% (P ≤ 0.05).

Table 4 Comparison of response values of predicted and experi-

mental data of optimal hydrogel beads

Beads properties

Response values

Predicted Experimental % error

Encapsulation

efficiency (%)

79.06 77.38ns � 1.76 2.13

Cumulative release

efficiency (%)

37.81 35.65ns � 0.90 5.71

Response values of experimental are given as mean � standard devia-

tion of three replications.

ns = not significant level in same row (P ≤ 0.05) using the Student’s t-

test.
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(1384–1395 cm�1) (Trifunschi et al., 2015; Divya et al.,
2017) was seen, as well as the S=O group (1036 cm�1) cor-
responding to organosulphur compounds, including

alliin, allicin and DADS (Divya et al., 2017). Characteris-
tic vibration frequencies in the FTIR of O. sanctum are
attributed to O-H groups (3369–3428 cm�1), C=C

(a) (b) (c)

100× 400 µm80× 500 µm 1000× 40 µm

Figure 1 Scanning electron micrographs of the optimal chitosan-coated pectin hydrogel beads; (a) whole bead, (b) cross-section (c) surface.

(a) Chitosan  

(b) Pectin  

(d) Encapsulated oil chitosan-pectin beads 

(c) Pure chitosan-pectin beads 

Figure 2 FTIR spectrum of chitosan (a),

pectin (b), pure chitosan–pectin beads (c)

and encapsulated oil chitosan–pectin beads

(d).
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stretching vibrations in the aromatic rings (1509–
1612 cm�1) (Balamurughan et al., 2014; Sutaphanit &
Chitprasert, 2014), C-H bending vibrations (1450 cm�1),
and O-H bending vibrations in phenols (1268 cm�1). As
mentioned earlier, HBEO primarily consists of eugenol,
methyl eugenol and caryophyllene (Khan et al., 2010;
Pandey et al., 2014). HBEO showed its dominant peaks
at 1510, 1610 and 1640 cm�1, corresponding to C-C
stretching of the alkene/aromatic groups in the oil struc-
ture (Sajomsang et al., 2012; Sutaphanit & Chitprasert,
2014).

The chemical groups in the structure of the optimal
beads (Fig. 2c) were similar to those present in pectin
(Fig. 2b), which was used as the main structural compo-
nent. It was also possible to observe that the chemical
groups of the optimal beads were not changed after coat-
ing with chitosan, probably because the chitosan coating
accumulated only at the surface of the beads. Further-
more, after incorporation of combined GEO+HBEO in
beads, most of the characteristic peaks remained
unchanged, suggesting that it was stable during the gela-
tion method and drying process (Fig. 2d). The peak at
1509 cm�1 (C=C stretching vibration in aromatic ring)
was slightly shifted to 1623.4 cm�1, and the peaks at
1036 (S=O bonds in organosulphur compounds) and
1395 cm�1 (O-H bonds in carboxylic groups) were
slightly shifted to 1023 and 1377 cm�1, respectively.
These results imply the GEO+HBEO might not chemi-
cally interact with the polymer of the hydrogel beads.

Antimicrobial activity of chitosan–pectin hydrogel beads
containing combined oils against selected bacteria

The disc volatilisation method was used to evaluate
the antimicrobial activity of optimal beads contain-
ing combined GEO+HBEO against selected bacterial

strains, by packing the beads in cellulose bags
(Table 5). It was evident that the clear zone
increased as the bead weight increased (P ≤ 0.05).
The beads at 0.55, 1.10, 2.20 and 4.40 g corre-
sponded to loaded GEO+HBEO volumes of 0.22,
0.44, 0.88, 1.56 mL, respectively. Although 0.55 g
beads did not inhibit any of the bacteria studied,
1.10 g beads started to inhibit B. cereus, Cl. perfrin-
gens and L. monocytogenes (clear zone diameter of
14.00–33.33 mm). Furthermore, 2.20 g beads
increased the inhibition zones (clear zone diameter
20.67–45.00 mm) for Gram-positive bacteria, includ-
ing B. cereus, Cl. perfringens and S. aureus, and
Gram-negative bacteria, such as E. coli, L. monocy-
togenes and P. fluorescens, were inhibited but not
Lb. plantarum and S. Typhimurium. However, beads
at 4.40 g showed the best antimicrobial activity
(clear zone diameter 34.33–49.67 mm), although Lb.
plantarum and S. Typhimurium had no inhibition
zone. A previous article showed that the antimicro-
bial capacity of an EO-containing film was increased
by the oil concentration (Zhang et al., 2017). More-
over, the combination of GEO+HBEO at 1:1 (v/v)
affected Gram-positive bacteria more than Gram-
negative bacteria when evaluated by the volatilisation
method (Torpol et al., 2018). Therefore, the effect of
chitosan–pectin hydrogel beads containing GEO+H-
BEO were expected to exhibit a greater inhibition of
Gram-positive bacteria than Gram-negative bacteria
as observed in this study.
Eugenol, a major component in HBEO, is a short-

chain phenylpropanoid compound that can permeate
the bacterial cell membrane to interact with proteins
and increase the transport of potassium and ATP out
of the cell, while allicin in GEO is readily transported
across the cell membrane into the cytoplasm (Chouhan

Table 5 Inhibition zone (mm) of different beads in the cellulose bags (containing 0.55, 1.10, 2.20 and 4.40 g of beads) by disc volatilisation

method

Bacterial tested

Inhibition zone (mm)*

0.55 g beads 1.10 g beads 2.20 g beads 4.40 g beads

Gram-positive

Bacillus cereus 0.00d 14.00c � 1.00 20.67b � 0.76 43.33a � 0.76

Clostridium perfringens 0.00d 33.33c � 1.04 42.00b � 1.00 44.33a � 0.58

Staphylococcus aureus 0.00c 0.00c 45.00b � 1.00 49.67a � 0.29

Lactobacillus plantarum 0.00 0.00 0.00 0.00

Gram-negative

Escherichia coli 0.00c 0.00c 30.67b � 0.29 34.33a � 0.58

Listeria monocytogenes 0.00d 23.38c � 0.77 41.33b � 0.76 44.00a � 1.00

Pseudomonas fluorescens 0.00d 0.00d 34.33b � 0.76 41.67a � 0.57

Salmonella Typhimurium 0.00 0.00 0.00 0.00

Letters in the same row represent statistically different results at Duncan’s new multiple range test (P ≤ 0.05).

*Diameters of inhibition zone are given as mean � standard deviation of three replications.
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et al., 2017). The antimicrobial activity of allicin is
ascribed to its reactive chemical group that binds to
and inhibits a broad range of intracellular targets by
the interaction of -S(O)-S- groups of allicin with sul-
phydryl (-SH) groups of enzymes (Hyldgaard et al.,
2012). Hence, the combined GEO+HBEO in chitosan–
pectin hydrogel beads could inhibit the growth of
selected microorganisms in this study.

When microencapsulated oregano oil was placed in
the sachet bag, it effectively inhibited Dickeya chrysan-
themi, moulds and yeasts, and total mesophilic aerobic
bacteria on the surface of iceberg lettuce (Chang et al.,
2017). Furthermore, the sachet of oregano EO dis-
played an inhibitory action against E. coli, S. Enteri-
tidis and Penicillium sp. on sliced bread (Passarinho
et al., 2014). Moreover, L. monocytogenes, lactic acid
bacteria and total aerobic bacteria on mozzarella
cheese were reduced by an antimicrobial sachet con-
taining rosemary oil and thyme oil compared to
untreated samples; although the flavour altered the
odour perception (Han et al., 2014). Another study
demonstrated that when chitosan beads containing
lavender oil and thyme oil were placed inside a straw-
berry packaging system, the beads released the volatile
oil to control Botrytis cinerea, and extended the stor-
age life of strawberry, with no impact on the appear-
ance, colour and firmness, besides scoring higher in
the sensory test than the control sample (Sangsuwan
et al., 2016). Therefore, the GEO+HBEO-containing
beads could potentially be applied in food packaging
as a microorganism inhibitor.

Conclusion

Pectin beads containing combined GEO+HBEO were
coated with chitosan and gelled by CaCl2 using the
ionic gelation method. SEM revealed the beads were
uniform with a globular shape and smooth surface of
chitosan coating. The GEO+HBEO encapsulated in
chitosan–pectin hydrogel beads were protected and did
not chemically interact with the biopolymers. The opti-
mal bead consisted of 0.3–0.6% w/v chitosan, 3.9–
5.1% w/v pectin, and 8.0–17.0% w/v CaCl2, which
yielded a high encapsulation efficiency (62.16–79.06%)
and cumulative release efficiency (31.55–37.81%) after
storage at 5 °C for 15 days. The antimicrobial inhibi-
tion of chitosan–pectin hydrogel beads increased with
increased weight of beads. An inhibition effect against
B. cereus, C. perfringens, E. coli, P. fluorescens, L.
monocytogenes and S. aureus but not Lb. plantarum
and S. Typhimurium was provided when the GEO+H-
BEO beads (4.4 g) were packed in a sachet bag. These
findings suggest that chitosan–pectin hydrogel beads
containing combined GEO+HBEO may be useful as a
natural food preservative in food packaging systems to
provide microbiological safety. Further studies will be

needed to evaluate the influence of chitosan–pectin
hydrogel beads containing combined EOs on the food
product shelf life extension and consumer perception
of ready-to-eat refrigerated foods packed with the
developed beads.
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