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Abstract: In this study, clove essential oil (CL), eugenol (EU), and cinnamaldehyde (CI) were im-
mobilized in starch sodium octenyl succinate (SSO) using an emulsification method. The main
characteristics, stability, and biological properties of the prepared emulsions were established. Parti-
cle size analyses using dynamic light scattering showed that the smaller droplets were characteristic
of emulsions containing CI (205–218 nm) and EU (181–236 nm), while the largest droplets were
determined for CL emulsions (293–348 nm). Moreover, the highest antioxidant activity was de-
termined for CL (79–83%) and EU (80–88%) emulsions, while CI emulsions showed the greatest
antibacterial activity. The obtained emulsions were applied to the paper sheets and the bioactive
properties of coated paper were studied. Evaluation of antioxidant properties revealed that high
antioxidant activity reaching 76–92% and 87–91% was characteristic of coatings containing CL and
EU, respectively. Meanwhile, coatings containing CI showed quite low antioxidant activity (4–9%)
but demonstrated the greatest antimicrobial effect on Gram-negative and Gram-positive bacteria as
well as yeasts. Hence, CL and EU emulsions could be used as effective natural antioxidants, whereas
CI emulsions could be applied as an antimicrobial agent on cellulose-based substrates for a wide
range of human health protection applications.

Keywords: clove oil; eugenol; cinnamaldehyde; starch sodium octenyl succinate; emulsion;
antioxidant; antimicrobial

1. Introduction

Currently, the use of materials from natural sources rather than conventional synthetic
substances has increased considerably. Essential oils (EOs) are secondary metabolites of
plants with biological characteristics such as anti-inflammatory, antibacterial, antioxidant,
and antitumor and have been used for many years as spices, pharmaceuticals, and raw
materials for perfumes and other cosmetic products [1].

Clove essential oil consists of more than 30 compounds and can have a significant
biological effect on human health, including antimicrobial, antioxidant, and anticancer
activity [2,3]. Depending on the botanical origin and extraction method, the proportions of
identified compounds in the essential oil can be different. Eugenol is the main compound
and comprises 50% to 90% of clove essential oil. Meanwhile, the remaining compounds
are mainly eugenyl acetate, β–caryophyllene, and α–humulene [2]. Eugenol is a phenolic
compound characterized by antioxidant, antimicrobial, anticancer, and anti-inflammatory
properties [4]. However, eugenol has relatively low chemical stability; therefore, additional
efforts are required to preserve its activity.
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Among the EOs, remarkable antimicrobial and antibiotic-potentiating activities have
been highlighted for cinnamaldehyde abundant in the essential oils of Cinnamomum spp. [5].
Cinnamaldehyde is food-compatible, economically attractive, and can be used in a wide
range of applications as an antimicrobial agent against pathogenic microorganisms [6].

In general, EOs have been shown to have a great inhibitory effect on bacteria, mold,
fungi, viruses, and microbial toxin synthesis, as well as restricting the development of
oxidative deterioration [7–9]. However, the application of free EOs could be restricted due
to poor solubility in water, low chemical stability, and high volatility, which leads to a
reduction in long-lasting bioactivity [10]. Encapsulation is a promising tool to overcome the
various limitations of EO formulations, improve their functionality, and protect them from
external environmental conditions [11]. Natural biopolymers are nontoxic and biodegrad-
able substances and can be used as carrier materials in the encapsulation of bioactive
compounds [12]. Polysaccharides such as starch, chitosan, carrageenan, and cellulose can
be used as matrixes for the various biologically active substances for the development of
different forms such as emulsions [13], powders [14], coatings [15], films [16], patches [10],
and wound dressings [17]. For the past decade, materials based on biopolymers with
immobilized essential oils have been developed and applied in various areas such as the
food industry [18], active packaging technologies [19], medical devices [20], cosmetics, and
personal care products [10].

The main issues in the food safety and quality area are microbial contamination and
oxidation of lipids/proteins, increasing the risk of foodborne illness [21,22]. In recent
years, there has been growing concern about active food packaging containing synthetic
materials and additives that adversely affect human health and/or make packaging unsus-
tainable in terms of recycling [23]. Research reports have shown that EOs can be combined
with different cellulose-based substrates. In one study, paper-based materials containing
free coriander essential oil were investigated against Gram-positive (S. aureus, B. subtilis)
and Gram-negative (E. coli, P. aeruginosa) bacteria, yeast (C. albicans), and fungal strain
(A. brasiliensis), and such materials demonstrated a high fungicidal effect [24]. In another
study, a paper substrate with free lavender essential oil was developed and the antifungal
properties of the treated paper samples have been found to be more pronounced than
antibacterial ones [25]. In addition, new packaging systems have been developed, such
as active cardboard trays coated with emulsions containing encapsulated EOs such as
carvacrol, oregano, and cinnamon [26]. In the research conducted by other authors [27],
cellulose-based paper impregnated with encapsulated cumin seed essential oil demon-
strated good antioxidant efficiency and antimicrobial activity against E. coli and S. aureus.

In terms of medical applications, various studies related to cellulose substrates with
modified surfaces reported anti-inflammatory and antibacterial activities with a wide range
of effects [10,28–30]. Cellulose-based materials were impregnated or coated with various
emulsions containing essential oils such as peppermint [28], savory [29], rose, and sage [30]
to increase therapeutic effectiveness and release time. Other authors [10] designed cosmetic
polysaccharide-based emulsion formulations with encapsulated lavender essential oil and
applied them to obtain skin-friendly cellulose support patches with antimicrobial and
moisturizing properties.

The aim of this work was to prepare and evaluate the emulsions containing essential
oils or their components and their applicability for the development of bioactive coatings
on cellulose substrate. For the preparation of emulsions, ecofriendly materials such as
octenyl succinic anhydride modified starch and various amounts of clove essential oil,
eugenol, and cinnamon aldehyde were used. The obtained emulsions were cast on paper
sheets and the bioactive properties of the coatings were investigated.

2. Materials and Methods
2.1. Materials

Clove essential oil, eugenol (≥98 of purity), and trans-cinnamaldehyde (≥98 of pu-
rity), 2,2-diphenyl-1-picrylhydrazyl were purchased from Sigma-Aldrich (St. Louis, MO,
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USA). Starch sodium octenylsuccinate was purchased from Ingredion GmbH (Hamburg,
Germany). Ethanol was received from AB Vilniaus degtine (Vilnius, Lithuania). Nutrient
media were used for the cultivation of microorganisms and the determination of bacterial
antimicrobial resistance and were purchased from Liofilchem (Roseto degli Abruzzi, Italy).
Strains of Staphylococcus aureus (ATCC 9144), Bacillus cereus (ATCC 6051), Listeria monocyto-
genes (ATC35152), Escherichia coli (ATCC 8739), and Candida albicans (ATCC 14053) were
purchased from Liofilchem (Roseto degli Abruzzi, Italy).

2.2. Preparation of Emulsions

The aqueous emulsions consisting of 20% (w/w) starch sodium octenyl succinate (SSO)
and 2.5, 5, and 10% (w/w) of clove essential oil (CL), eugenol (EU), or trans-cinnamaldehyde
(CI) were prepared by using a rotor-stator homogenizer (Ultra-Turrax T25 digital, IKA,
Staufen, Germany) at 12,000 rpm for 5 min. The conditions and quantities of the materials
for the emulsion preparation were chosen based on the results of our previous experiments.

2.3. Particle Size and Zeta Potential Measurements

The particle size of emulsions was measured according to the cumulative distribution
of intensity by using a DelsaTM Nano C particle size meter (Beckman Coulter, Malvern,
UK), which uses photon correlation spectroscopy to determine particle size by measuring
the rate of fluctuations in the laser light intensity scattered by particles. The non-negative
least-squares (NNLS) algorithm was used to analyze dynamic light scattering data for the
particle size distribution. All scattered light measurements were made at an angle of 165◦.
Zeta potential measurements were performed using the same equipment. For particle size
and zeta potential measurements, the emulsions were diluted with distilled water to reach
a concentration of 1% w/v to avoid multiple scattering effects. The particle size and zeta
potential measurements were performed at 20 ◦C temperature. Measurements were carried
out in triplicates and data were averaged.

2.4. pH Measurements

Measurements of emulsions’ pH were performed with a Microprocessor pH 211 m
(Hanna Instruments Ltd., Leighton Buzzard, UK) at 20 ◦C temperature.

2.5. Viscosity Measurements

The viscosity of the emulsions was measured by using a rotational viscometer Smart
L (Fungilab S.A, Barcelona, Spain) at 20 ◦C temperature. The samples were placed into a
50 mL glass container (10 cm × 2.5 cm) and viscosity measurements were performed using
the L3 spindle at 100 rpm.

2.6. Evaluation of Emulsions Stability

A total of 10 mL of emulsion was placed in a 15 mL volume centrifuge tube and
kept for 14 days at temperatures of 5, 20, and 40 ◦C. Parameters such as particle size (see
Section 2.3), pH (see Section 2.4), sedimentation index (SI), and creaming index (CRI) of
the emulsion were determined after 2, 7, 10, and 14 days. SI and CRI parameters were
calculated as follows:

CRI =
HC
HT

· 100% (1)

where HT—the total height of the emulsion in the tube (mm), and HC—the height of the
serum layer in the tube (mm).

SI =
hC
hT

· 100% (2)

where: hT—the total height of the emulsion in the tube (mm), and hC—the height of
precipitate in the tube (mm).
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2.7. Evaluation of Antioxidant Activity of Emulsions

The antioxidant activity of the emulsions was assessed by measuring the disappear-
ance of the purple color of the ethanolic solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH).
A total of 5 mg of emulsion was mixed with 10 mL of 0.04 mg/ml of DPPH ethanol solution
and kept in the dark for 30 min while stirring at 200 rpm at room temperature. Subse-
quently, the samples were filtrated and the absorbance of the filtrate was measured at
517 nm using a UV–Vis spectrophotometer (T60, PG Instruments, Great Britain). A DPPH
solution without emulsion was used as the control sample. The antioxidant activity of
the emulsion was expressed as radical scavenging activity (%) and calculated using the
following equation:

Radical scavenging =
A0 − AS

A0
· 100% (3)

where A0—the absorbance of the initial DPPH solution (control sample), and AS—the
absorbance of DPPH solution with a sample.

2.8. Determination of Minimum Inhibitory Concentration and Minimum Bactericidal
Concentration of Emulsions

The bacteria strains of Gram-positive cocci Staphylococcus aureus (ATCC 9144) and
Gram-positive sporogenic rods Bacillus cereus (ATCC 6051), Listeria monocytogenes
(ATC35152), Gram-negative rods Escherichia coli (ATCC 8739), and yeast Candida albicans
(ATCC 14053) were used for the study of antibacterial properties. Antibacterial properties
of the aqueous emulsions consisting of 2.5, 5, and 10% (w/w) of CL, EU, or CI were evalu-
ated according to bacteriostatic and bactericidal activities on the tested strains of bacteria
employing the determination of the minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC). The MIC was evaluated by the broth dilution
method, and the MBC was evaluated by plating [31]. The tests were carried out twice.

2.9. Preparation of Coated Paper

Active coatings were obtained by casting emulsions on paper sheets. Emulsions
containing 2.5, 5, and 10% (w/w) of CL, EU, or CI were prepared as detailed in Section 2.2.
A total of 2 mL of each emulsion was applied on paper by using casting equipment (RK
Print Coat Instruments, Royston, UK) and a wired bar with a wire diameter of 0.64 mm.

2.10. FT-IR Spectroscopy Measurements

FT-IR spectra of coated paper, essential oils, and their components were recorded
by using a Perkin–Elmer Frontier spectrophotometer with a single reflectance horizontal
ATR (Attenuated Total Reflectance) cell equipped with a diamond crystal. The data were
recorded in the spectral range from 550 to 4000 cm−1 by accumulating 5 scans with a
resolution of 4 cm−1.

2.11. Evaluation of Antioxidant Activity of Coated Paper

The antioxidant activity of the coatings was evaluated using the DPPH method. A
total of 2 sheets of each sample (1 cm × 1 cm) were placed in a glass beaker and 10 mL
of 0.04 mg/mL of DPPH ethanol solution was added. The assessment was performed as
described in Section 2.7.

2.12. Determination of Antimicrobial Activity of Coated Paper

The disk diffusion method was used to evaluate the antibacterial activity of paper
samples coated with emulsions containing 2.5, 5, and 10% (w/w) CL, EU, or CI against
the bacteria strains of Gram-positive cocci Staphylococcus aureus (ATCC 9144) and Gram-
positive sporogenic rods Bacillus cereus (ATCC 6051), Listeria monocytogenes (ATC35152),
Gram-negative rods Escherichia coli (ATCC 8739), and yeast Candida albicans (ATCC 14053).

The microorganism’s inoculum of the selected strains was used for the study of
antibacterial properties and spread over an agar plate. The microorganism’s inoculum
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was adjusted to 0.5 MacFarland and the volume of 0.1 mL containing 1.5 × 107 bacteria
was used for an inoculation onto the entire surface of a Mueller-Hinton agar (MHA) Petri
plate using a sterile cotton-tipped swab to form an even lawn. Coated paper discs of 6 mm
diameter were placed on the surface of each MHA plate. Cultures were grown on agar
at 37 ◦C for 24 h. The “zone of inhibition” was measured using a digital Vernier caliper.
The experiments were performed in duplicates and mean values of inhibition zones and
standard deviations were determined.

2.13. Statistical Analyses

Data were statistically handled by the one-way analysis of variance (ANOVA for Excel,
version 2.2). All analyses were carried out in triplicates unless it is specified otherwise,
and the results were expressed as mean value ± standard deviation. Duncan’s multiple-
range test was applied for the calculation of the significant differences among the values of
characteristic parameters at probability level p < 0.05.

3. Results and Discussion
3.1. Preparation and Characterization of Emulsions

Emulsions are one of the most widely used encapsulation systems for essential oils
that increase their solubility in water, reduce volatility, and improve the stability of active
substances [32]. Compared to conventional emulsions, Pickering emulsions are stabilized
with solid particles that include good stability against coalescence, higher loading capacity,
and lower release rate [33]. The particles used in polysaccharide-based Pickering emulsions
involve starch, chitosan, β-cyclodextrin, cellulose derivatives, etc. [34]. Starch modified
with octenyl succinic anhydride is recognized as safe and approved as a food additive [35]
and could be one most recommended for the preparation of Pickering emulsions [33,34].

In this study, hydrophobically modified waxy maize starch such as starch sodium
octenyl succinate (SSO) was used to immobilize clove essential oil (CL), eugenol (EU),
and cinnamaldehyde (CI). The aqueous emulsions consisting of 20% (w/w) of SSO and
2.5, 5, and 10% (w/w) of CL, EU, or CI were prepared by using the rotor-stator homoge-
nization method. The main characteristics of the prepared emulsions such as droplet size,
polydispersity index, zeta potential, pH, and viscosity were determined (Table 1).

Table 1. Characteristics of prepared emulsions containing CL, EU, or CI.

Emulsion Droplet Size (nm) PI Zeta Potential (mV) pH Viscosity (mPa·s)

EM-CL-2.5 293 ± 1 a 0.18 ± 0.04 b −16.1 ± 2.1 c 3.58 ± 0.02 14.4 ± 0.7 a

EM-CL-5 326 ± 8 c 0.18 ± 0.04 ab −20.0 ± 1.2 a 3.51 ± 0.02 18.0 ± 0.9 b

EM-CL-10 348 ± 8 c 0.16 ± 0.03 ab −19.9 ± 0.5 abc 3.45 ± 0.02 31.9 ± 1.6 c

EM-EU-2.5 181 ± 9 ab 0.31 ± 0.01 b −13.9 ± 2.1 abc 3.54 ± 0.02 22.0 ± 1.1 a

EM-EU-5 233 ± 10 ab 0.24 ± 0.02 ab −12.5 ± 0.4 c 3.41 ± 0.02 25.1 ± 1.3 a

EM-EU-10 236 ± 7 b 0.23 ± 0.00 ab −15.7 ± 0.4 a 3.34 ± 0.02 37.5 ± 1.9 b

EM-CI-2.5 205 ± 16 ab 0.32 ± 0.04 b −14.5 ± 0.8 a 3.41 ± 0.02 14.3 ± 0.7 a

EM-CI-5 211 ± 9 ab 0.28 ± 0.02 ab −9.1 ± 2.2 c 3.39 ± 0.02 19.8 ± 1.0 b

EM-CI-10 218 ± 11 b 0.23 ± 0.01 ab −11.6 ± 0.9 abc 3.21 ± 0.02 31.2 ± 1.6 c

a–c: the different letters within the column for the emulsion with the same essential oil show that the results are
significantly different (p < 0.05; Duncan test).

The droplet size of the emulsion depended on the active components used and their
concentration in the formulation. The smallest droplets with diameters of 293, 181, and
205 nm were obtained using 2.5% of CL, EU, and CI in emulsions preparations, respec-
tively. The size of the emulsion droplets slightly increased with an increase in the oil
phase concentration. Significant differences in droplet size were observed when compar-
ing the emulsion samples with the lowest and highest concentrations of essential oils in
the preparations. The smaller droplets were characteristic of emulsions containing CI
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(205–218 nm) and EU (181–236 nm) while the largest droplets were found in the case of
CL emulsions (293–348 nm). The differences in droplet size using the same emulsifier
and different essential oils or their components mainly depend on variations in chemical
composition and interactions with the emulsifier [36]. Different essential oils have distinct
chemical compositions and varying surface tensions. Essential oils also interact differently
with the emulsifiers used in the formulation. Some essential oils may have stronger interac-
tions with certain emulsifiers, leading to smaller droplets, while others may not form as
stable emulsions and result in larger droplets [37].

The polydispersity index (PI) represents the distribution of oil droplets in the emulsion.
PI values closer to zero indicate homogeneous distribution and great emulsion stability [38].
In addition, the zeta potential characteristics can also play a role in the prediction of the
emulsion stability. Emulsions with zeta potential values greater than ±30 mV can be
regarded as stable due to electrostatic repulsion at the surface, whereas emulsions with
lower zeta potential values are considered less stable [39]. Values of zeta potentials greater
than ±30 mV represent high stability. Approx. ±20 mV indicates short-term stability, and
values below ±5 mV show low stability due to rapid aggregation of particles [40]. As can
be seen in Table 1, the zeta potential values of the emulsion droplets were negative and
did not significantly depend on the concentration of EO. The highest and lowest negative
values of the zeta potential were detected in the CL and CI emulsions, respectively.

The pH value of the emulsions was below 3.58 and slightly decreased with increasing
amount of essential oil or active component. The viscosity of the emulsions at a shear rate
of 100 rpm depended on the essential oil or active component used and its amount. A
similar viscosity in the range of 14.4–31.9 mPa·s and 14.3–31.2 mPa·s was characteristic
of emulsions containing CL and CI, respectively, while EU emulsions had slightly higher
viscosity ranging from 22.0 to 37.5 mPa·s.

3.2. Study of Emulsions’ Stability

Emulsions are known to be thermodynamically unstable due to phase separation,
leading to loss of functionality of the system [41]. The instability of emulsions can be
explained by migration phenomena (creaming and sedimentation) and size variations. The
creaming and sedimentation can be generated by gravitational or centrifugal forces. In
terms of droplet size variation, different mechanisms such as flocculation, coalescence, and
Oswald ripening were described in the literature [33].

In this work, the stability of the emulsions was assessed by following the changes in
droplet size, pH, sedimentation index (SI), and creaming index (CRI) during the 14 days of
storage at different temperatures. Table 2 represents the data of the droplet size and the
polydispersity index of the emulsions after storage at 5, 20, and 40 ◦C for 14 days. The
temperature of 40 ◦C for the storage of the emulsion was chosen for the accelerated stability
testing. When comparing the characteristics of freshly prepared emulsions (Table 1) and
those after 14 days of storage (Table 2), the droplet size of all emulsions increased during
the storage period. Furthermore, storage conditions had an impact on changes in droplet
size. When the emulsions were kept at a temperature of 5 ◦C, they were more stable. For
instance, the droplet size of the EM-CL-10 emulsion was 463, 628, and 891 nm when the
samples were stored at temperatures of 5, 20, and 40 ◦C, respectively.

Figure 1 shows the droplet size of the emulsions during different time intervals (0, 2,
7, 10, and 14 days) when the samples were kept at a temperature of 5 ◦C. The droplet size
of all emulsions gradually increased; however, samples containing 2.5% of essential oil or
active components were more stable compared to those with the higher concentration of
bioactive compounds.

According to the literature, when the droplet size of the emulsion does not change
significantly during a period of observation, it is considered that the emulsion system is
stable [42]. In addition, prepared emulsions with droplets of smaller size usually remain
quite stable for a certain time. This is explained by the fact that, with a smaller droplet
size, destabilization processes such as coalescence or flocculation of droplets occur more
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slowly [34]. Regarding long-term stability, various strategies could be used to increase
emulsion stability. For instance, thickening agents and stabilizers provide additional
viscosity and steric stabilization, respectively. Also, the addition of electrolytes or salts can
improve stability by increasing the repulsive forces between the droplets [33,41].

Table 2. Droplet size and polydispersity index of emulsions stored at different temperatures for
14 days.

Emulsion
Droplet Size (nm) Polydispersity Index

5 ◦C 20 ◦C 40 ◦C 5 ◦C 20 ◦C 40 ◦C

EM-CL-2.5 389 ± 11 a 421 ± 9 c 422 ± 14 c 0.24 ± 0.01 c 0.28 ± 0.02 a 0.25 ± 0.01 abc

EM-CL-5 440 ± 17 a 511 ± 12 c 500 ± 25 c 0.23 ± 0.03 ab 0.25 ± 0.03 ab 0.27 ± 0.01 a

EM-CL-10 463 ± 18 a 628 ± 32 b 891 ± 29 c 0.25 ± 0.03 a 0.32 ± 0.03 abc 0.34 ± 0.01 c

EM-EU-2.5 254 ± 13 ab 254 ± 12 ab 400 ± 56 b 0.30 ± 0.04 ab 0.32 ± 0.01 b 0.26 ± 0.05 ab

EM-EU-5 323 ± 12 a 416 ± 42 c 462 ± 26 c 0.28 ± 0.01 b 0.28 ± 0.08 ab 0.27 ± 0.01 ab

EM-EU-10 450 ± 7 a 508 ± 19 a 908 ± 40 b 0.26 ± 0.03 ab 0.30 ± 0.02 ab 0.32 ± 0.04 b

EM-CI-2.5 274 ± 7 a 333 ± 30 abc 371 ± 18 c 0.28 ± 0.03 ab 0.27 ± 0.03 ab 0.30 ± 0.01 b

EM-CI-5 310 ± 15 a 402 ± 21 b 597 ± 135 c 0.30 ± 0.02 ab 0.28 ± 0.04 ab 0.30 ± 0.02 b

EM-CI-10 413 ± 36 a 487 ± 31 a 723 ± 58 b 0.27 ± 0.05 a 0.27 ± 0.05 a 0.27 ± 0.05 a

a–c: the different letters for the droplet size and polydispersity index parameters of the same sample within the
row show that the results are significantly different (p < 0.05; Duncan test).
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The visual evaluation of the stability was carried out by observing sedimentation and
creaming. At the same time, both destabilization processes of the emulsion, such as droplet
coalescence/floculation, and solid sedimentation processes, can occur [43,44]. In this work,
storage stability was evaluated by calculating the sedimentation and creaming index after
2, 7, 10, and 14 days (Table 3). The sedimentation of the particles was observed after 2 days
in all samples. When the samples were kept at 20 ◦C, the sedimentation index (6%) did not
change during the storage period. Furthermore, the highest sedimentation was determined
for emulsions kept at 40 ◦ C and consisting of 5 and 10% active substances. The creaming
of the emulsions was observed only after 10 days of storage at a temperature of 40 ◦ C. The
highest creaming index was determined for EM-EU samples, the CRI values ranged from
10 to 18%.

Table 3. The sedimentation index and the creaming index of the emulsions stored at different
temperatures on Days 2, 7, 10, and 14.

Emulsion

Sedimentation Index (%)
on Day 2/7/10/14

Creaming Index (%)
on Day 2/7/10/14

5 ◦C 20 ◦C 40 ◦C 5 ◦C 20 ◦C 40 ◦C

EM-CL-2.5 4/4/6/6 6/6/6/6 6/6/6/6 0/0/0/0 0/0/0/0 0/0/4/8
EM-CL-5 4/4/6/6 6/6/6/6 6/6/10/10 0/0/0/0 0/0/0/0 0/0/4/8
EM-CL-10 4/4/6/6 6/6/6/6 6/6/8/12 0/0/0/0 0/0/0/0 0/0/4/8

EM-EU-2.5 6/6/6/6 6/6/6/6 6/6/6/6 0/0/0/0 0/0/0/0 0/0/6/10
EM-EU-5 6/6/6/6 6/6/6/6 6/6/6/8 0/0/0/0 0/0/0/0 0/0/6/12

EM-EU-10 6/6/6/6 6/6/6/6 6/6/8/10 0/0/0/0 0/0/0/0 0/0/10/18

EM-CI-2.5 4/4/6/6 6/6/6/6 6/6/6/6 0/0/0/0 0/0/0/0 0/0/6/8
EM-CI-5 4/4/6/8 6/6/6/6 6/6/8/8 0/0/0/0 0/0/0/0 0/0/6/8
EM-CI-10 4/4/6/8 6/6/6/6 6/6/8/8 0/0/0/0 0/0/0/0 0/0/8/10

pH is a very important parameter because a significant change in its value can indicate
chemical changes in the components present in the formulation [45]. The pH changes of
emulsions on the 14th day of storage at different temperatures are presented in Figure 2.
The pH value of all emulsions decreased with increasing amounts of essential oils or active
components during the storage. However, the pH values of CL and EU emulsions only
slightly decreased, and no significant changes were observed during the storage time.
Significant changes in pH were observed in the CI emulsions when the samples were stored
for 14 days at a temperature of 40 ◦C. In this case, the pH values changed from 3.11–3.21 to
2.87–2.75 depending on the amount of CI in the sample.
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3.3. Biological Activity of Emulsions

Emulsions containing essential oils exhibit a range of biological activities depending
on the chemical composition and properties of both the essential oils and the emulsion
system. Research has shown that clove essential oil represents a high antioxidant activity
in vitro and in vivo. Eugenol is the main component of clove essential oil and the main
contributor to the biological effects of clove essential oil [46]. Clove essential oil can
inhibit lipid peroxidation in foods, reduce oxidative stress, and is considered safe for
use in food, cosmetics, and pharmaceutical applications for a wide range of beneficial
health promotion activities [47]. Meanwhile, cinnamaldehyde is already known for its high
antimicrobial action [6]. It can be used in pharmaceuticals, cosmetics, personal care, and
cleaning products in the European Union [48]. Moreover, clove essential oil, eugenol, and
cinnamaldehyde are generally recognized as safe and approved by the Food and Drug
Administration of the United States [49].

In this work, the antioxidant properties of the emulsions were investigated using the
DDPH method, and the obtained results were expressed as radical scavenging activity
(%). As can be seen from Figure 3, free radical scavenging activity depended on the active
component used in the emulsion. The highest activity was determined for the EM-CL
(79–83%) and EM-EU (80–88%) emulsions. Meanwhile, samples containing CI did not
show significant antioxidant properties, and the radical scavenging activity varied from
1 to 4% only. Mainly, the chemical structure of compounds influences the capacity of
antioxidant activity. Phenolic compounds including eugenol are known for their strong
antioxidant properties because the hydroxyl group can donate hydrogen atoms to free
radicals, thereby neutralizing them [50]. On the other hand, cinnamon aldehyde contains
an aldehyde functional group which may also contribute to its antioxidant activity through
different mechanisms; however, with relatively low radical scavenging activity compared
to emulsions containing eugenol or clove oil [51].
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The emulsions containing 10% of CL, EU, or CI were tested for their antimicrobial
activity against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus,
Listeria monocytogenes, Bacillus cereus) bacteria as well as yeasts (Candida albicans) and
MIC and MBC were established (Table 4). The establishment of MIC and MBC values
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demonstrated that emulsions containing 10% of CL, EU, or CI had bacteriostatic and
bactericidal activity on the tested bacteria strains as was shown by the inhibition of the
growth and the killing of ≥99.9% bacteria at certain concentration (Table 4).

Table 4. MIC and MBC of emulsions containing 10% of CL, EU, or CI against different microorganisms.

Microorganism
EM-CL-10 EM-EU-10 EM-CI-10

MIC (mg/mL) MBC (mg/mL) MIC (mg/mL) MBC (mg/mL) MIC (mg/mL) MBC (mg/mL)

E. coli 0.50 1.00 1.00 2.00 0.50 0.50
S. aureus 0.50 4.00 0.125 2.00 0.25 0.50

L. monocytogenes 0.50 2.00 1.00 2.00 0.25 0.50
B. cereus 0.50 - 0.50 - 0.50 25.00

C. albicans 1.00 2.00 0.50 1.00 0.125 0.25

The lowest MIC (0.125 mg/mL) was characteristic of the emulsion containing EU for
S. aureus. Meanwhile, the lowest MIC (0.125 mg/mL) and MBC (0.25 mg/mL) values of
emulsion containing CI were for eukaryotic cell—Candida albicans.

The comparison of MBC and MIC values for Gram-positive bacteria S. aureus showed
that the MBC/MIC ratio was > 4 for EM-CL-10 and EM-EU-10. Such an effect was consid-
ered bacteriostatic. Meanwhile, the MBC/MIC ratio determined for the emulsions against
E. coli and L. monocytogenes was ≤4, indicating the bactericidal effect.

3.4. Preparation and Characterization of Coated Paper

The coated paper containing different amounts of clove essential oil, eugenol, and
cinnamon aldehyde was prepared by casting emulsions on paper. The coated paper sheets
(see Figure 4) were characterized using FT-IR spectroscopy. The FT-IR spectra of pure
essential oils (CL, EU, CI), paper, and coated paper (C-CL, C-EU, C-CI) are presented in
Figure 5.
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Figure 4. The coated paper sheets obtained using different emulsions.

As can be seen in Figure 5a,b, the FT-IR spectra of CL and EU are uniform due to the
composition of clove oil, which contains a substantial amount (40–90%) of eugenol [46]. The
characteristic peaks (A) of EU at 1636, 1607, and 1512 cm−1 were found to be attributed to
the stretching C=C of the aromatic moiety [52]. Other peaks at 912, 816, and 795 cm−1 were
found from eugenol, which could be due to the presence of CH2 deformation vibration,
stretching vibration of the C–O bond, and bonding vibrations of C–H, respectively [53].
As can be seen in Figure 5c, the FT-IR spectra of CI showed a characteristic peak (B) at
1670 cm−1, corresponding to the R-CHO stretching vibration. Furthermore, there were
some peaks at 1450, 746, and 688 cm−1, which can be attributed to the phenyl group of
CI [53]. In the FT-IR spectra of the coated paper samples, the main characteristic peaks, A
and B, can be attributed to CL, EU, and CI, respectively, which were also visible; however,
these were at a lower intensity. In addition, the intensity of peaks was higher for the
coatings with higher quantities of active substances. Meanwhile, the bands at 3290 and
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2895 cm−1 in the spectra of the samples containing paper are assigned to the characteristic
stretching vibrations of –OH and –CH2 in cellulose, respectively.
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Figure 5. FT-IR spectra of samples: (a) clove essential oil (CL), paper and coated paper sheets (C-CL);
(b) eugenol (EU), paper and coated paper sheets (C-EU); (c) cinnamaldehyde (CI), paper and coated
paper sheets (C-CI). The dashed line boxes and letters show the groups of the absorption peaks:
A—1636, 1607, and 1512 cm−1; B—1670 cm−1.

3.5. Biological Activity of Coatings

The antioxidant and antimicrobial activities of coatings were investigated by the DPPH
method and disk diffusion assays, as demonstrated by the data provided in Tables 5 and 6,
respectively. The biological activities of the coatings correlated with the amount of EO in the
coating. Studies of the antioxidant properties of coated paper revealed that high antioxidant
activity was characteristic of the clove essential oil emulsion coatings (76–92%) and the
eugenol emulsion coatings (87–91%), while the coatings containing cinnamon aldehyde
showed quite low antioxidant activity (4–9%). Furthermore, the antioxidant activity of
the coatings was determined on Day 28 during the storage at ambient temperature. After
this period, the antioxidant activity of the coatings was reduced; however, samples still
exhibited relatively high activity, especially at higher quantities of EO in the coatings.
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Table 5. The antioxidant activity of the coatings on Day 1 and Day 28.

Coating Amount of Coating
(mg/cm2)

Radical Scavenging on
Day 1 (%)

Amount of Coating
(mg/cm2)

Radical Scavenging on
Day 28 (%)

C-CL-2.5 3.83 ± 0.5 76 ± 1.9 a 2.80 ± 0.2 45.5 ± 0.8 a

C-CL-5 4.28 ± 1.1 90 ± 0.1 c 3.05 ± 0.2 74.4 ± 1.7 b

C-CL-10 4.23 ± 0.7 92 ± 0.3 c 3.10 ± 0.2 83.2 ± 0.9 c

C-EU-2.5 4.43 ± 0.7 87 ± 0.4 a 2.95 ± 0.1 60.3 ± 1.5 a

C-EU-5 4.45 ± 0.3 91 ± 0.4 c 3.00 ± 0.1 78.2 ± 1.4 c

C-EU-10 4.28 ± 0.3 91 ± 0.5 c 2.75 ± 0.1 79.0 ± 0.5 c

C-CI-2.5 3.65 ± 0.1 4 ± 0.5 ab 3.05 ± 0.0 0.30 ± 0.2 a

C-CI-5 4.13 ± 0.5 5 ± 2.2 ab 2.70 ± 0.1 2.50 ± 1.4 abc

C-CI-10 3.48 ± 0.2 9 ± 3.0 b 2.75 ± 0.3 5.10 ± 0.2 c

a–c: the different letters within the column for the coating containing the same essential oil show that the results
are significantly different (p < 0.05; Duncan test).

The antimicrobial activities of coatings against various microorganisms such as Gram-
negative, Gram-positive, and yeast are presented in Table 6.

The disk diffusion method was sensitive in showing the antimicrobial effectiveness
of paper samples coated with emulsions containing different quantities of CL, EU, or CI
against Gram-positive and Gram-negative bacteria and yeast.

Antibacterial activity test results for the Gram-positive bacteria S. aureus, L. mono-
cytogenes, B. cereus, Gram-negative E. coli, and C. albicans indicated that the size of inhibi-
tion zone diameters (IZDs) correlated with the different percentages of CL, EU, or CI in
the coating.

The inhibitory effect of the paper samples coated with emulsions containing 2.5%
of CL was not detected against Gram-negative and Gram-positive bacteria and yeast C.
albicans. The results of this study showed that all tested coatings exhibited the highest
activity when 10% of essential oil was used in the emulsion preparation. Furthermore, this
study showed that the most effective coating was the CI coating. It was determined that
E. coli was resistant to C-CI-2.5 and IZD increased to 18.70 ± 0.01 mm when C-CI-10 was
used. Also, the increase of IZDs was demonstrated after the treatment of B. cereus and C.
albicans with the paper coated with emulsions containing different percentages of CI. The
size of the IZDs was greater for C. albicans, and formed 10.85 ± 0.04 mm, 13.60 ± 0.02, and
15.49 ± 0.02 mm when using 2.5, 5, and 10% of CI in the coating formulation, respectively.
The same was observed for B. cereus when the IZDs were 7.59 ± 0.02 mm, 17.10 ± 0.02, and
18.34 ± 0.03 mm using 2,5, 5, and 10% of CI, respectively.

Table 6. Inhibition zones of coated paper samples against Gram-positive and Gram-negative bacteria
by disk diffusion method.

Coating
Inhibition Zone (mm) *

C. albicans S. aureus E. coli B. cereus L. monocytogenes

C-CL-2.5 NI NI NI NI NI
C-CL-5 NI NI NI 8.02 ± 0.06 a NI

C-CL-10 8.37 ± 0.03 NI 9.36 ± 0.11 8.74 ± 0.06 b NI

C-EU-2.5 NI NI NI 8.02 ± 0.01 a NI
C-EU-5 NI NI 8.73 ± 0.05 a 8.50 ± 0.02 b NI

C-EU-10 10.79 ± 0.02 NI 9.91 ± 0.04 b 10.45 ± 0.05 c NI

C-CI-2.5 10.85 ± 0.04 a NI NI 7.59 ± 0.02 a NI
C-CI-5 13.60 ± 0.02 b NI 13.23 ± 0.04 a 17.10 ± 0.02 b 7.39 ± 0.04 a

C-CI-10 15.49 ± 0.02 c 10.81 ± 0.01 18.70 ± 0.01 b 18.34 ± 0.03 c 11.16 ± 0.02 b

* NI = No inhibition; a–c: the different letters within the column for coating containing same essential oil show that
the results are significantly different (p < 0.05; Duncan test).
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4. Conclusions

This study was designed to obtain emulsions by combining clove essential oil, eugenol,
and cinnamaldehyde with hydrophobically modified starch and applying these formu-
lations on paper substrates to provide antioxidant and antimicrobial properties. First, it
was important to evaluate the main characteristics and stability of the prepared emulsions.
The largest droplets were measured in emulsions with clove essential oil (293–348), and
the smaller ones were characteristics of emulsions containing eugenol (181–236 nm) and
cinnamaldehyde (205–218 nm). The storage conditions of the emulsions had an impact on
the changes in the size of the droplets and pH value during the 14 days of storage time.
When the emulsions were kept at a temperature of 5 ◦C, the emulsions were more stable
compared to the samples kept at 20 and 40 ◦C. A slight sedimentation of the modified starch
particles was observed after 2 days in all samples, while the creaming of the emulsions was
detected only after 10 days of storage at 40 ◦C. Important changes in pH were observed for
CI emulsions when samples were stored at a temperature of 40 ◦C. However, additional
studies of emulsion such as long-term stability tests and the addition of stabilizers or other
essential oils and biopolymers could be suggested for further studies.

This study of the biological activity of the emulsions confirmed that the formulations
with clove essential oil and eugenol represented a high antioxidant action, while the
emulsions containing cinnamaldehyde had the highest antimicrobial effect. The emulsions
were cast on paper and sheets were characterized by using FT-IR. The results of biological
activities testing of the coatings emphasize that emulsions enriched with clove essential
oil, eugenol, and cinnamaldehyde could potentially be used as natural antioxidant and
antibacterial coatings, respectively, combined with cellulose-based substrates. Also, further
studies concerning the different techniques of the coating formation, e.g., spray coating,
various printing techniques, etc., could be suggested.

In terms of the economic feasibility of emulsions and active coating production, the
actual costs of production would depend on various factors, including the availability of
raw materials, the scale of production, application areas, etc. Emulsions based on starch
sodium octenyl succinate and essential oils have become increasingly popular compared
to synthetic substances because of their non-toxicity, biocompatibility, natural abundance,
and the relatively low cost of raw materials. Furthermore, the application of emulsions
in areas such as paper coatings requires low amounts of emulsion formulations to obtain
products with high biological activity. However, additional studies that focus on the areas
of specific applications of the products should be performed.
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