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1. INTRODUCTION

Zein is a water-insoluble plant protein derived from corn
(Zea mays L.), which can be described as a prolamin-rich,
alcohol-soluble protein (Pascoli et al., 2018; Podaralla and
Perumal, 2012). The hydrophobicity of zein results from the
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ABSTRACT

The duration of the fragrance is one of the factors that influences a customer’s
choice of fabric softeners. Fragrances, a mixture of various aromatic compounds,
usually present low solubility and stability in the environment, so they do not last
long. Micro/nanoencapsulation technology of fragrances can be used to solve
this problem. This research studied the factors influencing the preparation of zein
nanoencapsulation with fragrances. Fruity fragrances were encapsulated in zein
nanoparticles (PF-ZNs) by the liquid-liquid dispersion method, using Tween 20
as a surfactant. The effects of zein and ethanol concentrations of 0.4%-0.8%
and 70%-85%, respectively, homogenized at 15,000 rpm for 5-15 min on zein
encapsulation, were investigated. The fruity fragrance was loaded at 30% of the
zein content. Increased zein concentration resulted in increased particle size with
decreased zeta potential. Particle agglomeration was detected when the ethanol
concentration was decreased from 85% to 75%. Compared to using a vacuum
concentrator centrifuge, the zein nanoparticles agglomerated less when freeze-
dried. The encapsulation efficiency of the fruity fragrance was 39.7%—-68.4%, and
the yield percentage was 54.5%—-72.3% when freeze-drying was used.

Keywords: fragrances; encapsulation efficiency; liquid-liquid dispersion; nanoencapsulation; zein

prolamin groups and the high content of non-polar amino
acids such as alanine, proline, glutamine, asparaginase, and
leucine (Elzoghby, 2015). The global corn market was
worth 895 million USD in 2022 and is predicted to increase
at a compound annual growth rate (CAGR) of 10% from
2023 to 2032 (Global Market Insights, 2023). Zein is
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soluble in binary solvents composed of lower aliphatic
alcohols, such as methanol, isopropanol, and ethanol
solution, with concentrations ranging from 55% to 90%
(v/v) (Elzoghby, 2015; Zhong and Jin, 2009). Zein is widely
used in the food, drug, cosmetics, and textile sectors
because it can form potential biomaterials, such as films,
plastics, and spheres, that can be easily applied to many
products (Guo etal., 2020). Zein can also self-assemble into
nano/microparticles that form various mesostructures,
which have been used for encapsulation (Zou et al., 2017).
Many techniques, such as phase separation techniques
(Zou et al,, 2017), coacervation (Tiwari et al., 2020), anti-
solvent precipitation (Li et al, 2017), and liquid-liquid
dispersion (Pithanthanakul et al,, 2021), are used for the
encapsulation of colloidal particles in a zein base. The
generation of these agglomerations depends on the
solubility of zein in binary solvent mixtures.

Nanotechnology is defined as the creation and
application of nanoscale materials, mechanisms, or
systems to overcome the insolubility in water and limited
oral bioavailability of bioactive components (Pateiro et al.,
2021). Developing nanosized carriers (with sizes from 10
to 1000 nm) can improve the antioxidation, ease of
handling, and solubility of the encapsulated compounds
(Rungsardthong et al,, 2021). Liquid-liquid dispersion is a
nano-encapsulation technique for zein nanoparticle (ZN)
preparation (Zhong and Jin, 2009). The technique uses the
differences in zein solubility in water and ethanol to
generate nanoparticles. The interaction of alcohol and
water reduces the ethanol concentration and zein
solubility, forming nanoparticles (Pascoli et al., 2018; Zou
et al,, 2017). Zhong and Jin (2009) have reported that the
zein concentration and the amount of ethanol in the stock
solution are the primary factors influencing the formation
of colloidal particles by liquid-liquid dispersion. Several
previous works have revealed that the solubility of zein can
be used to generate nano or microcapsule zein, which can
then be used to encapsulate substances and improve
their stability (Hosseini et al., 2021; Pithanthanakul et al,,
2021; Rodsuwan et al, 2021; Suwannasang et al, 2021;
Tortorella et al,, 2021).

A fragrance is a mixture of volatile aromatic compounds
(mostly synthetic compounds), essential oils, or complexes
of hydrocarbons, esters, alcohols, ketones, and ethers
(Manayi and Saeidnia, 2014). Fragrances are widely used in
products used daily, such as personal care products,
household cleaning products, and textiles (He et al., 2018;
Lee et al, 2016). However, fragrances are sensitive to air,
light, and high temperatures when stored for long periods
(Lopes et al,, 2019). Encapsulating fragrances in a polymeric
membrane is the best solution to this problem (Ghayempour
and Montazer, 2016). Various wall materials have been
used for the micro/nanoencapsulation of fragrances, such
as chitosan, gelatin, gum arabic, sodium carboxymethyl
cellulose, zein, and poly(methyl methacrylate) (Sumiga etal.,
2019; Tang et al, 2019; Ban et al., 2020; Liu et al,, 2020;
Pithanthanakul et al, 2021, 2023). Pithanthanakul et al.
(2021) have studied the encapsulation of two types
of fragrances using ZNs by liquid-liquid dispersion. The
results showed that the average particle size of fragrances
encapsulated with the average particle size of ZNs was 200
to 300 nm and had a low encapsulation efficiency (EE),
<70%.

The chemical and mechanical properties of ZN can be
customized by adjusting the initial zein concentration,
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alcohol concentration, drying conditions, pH, and ionic
strength (Pascoli et al, 2018; Tortorella et al, 2021).
Podaralla and Perumal (2012) have demonstrated that the
pH and zein concentration are crucial in controlling particle
size. Many studies have focused on characterizing colloids
prepared from ZNs, while ZNs were preferentially applied in
powder form (Anderson and Lamsal, 2011).

Freeze-drying is a drying process that causes minimal
physical and chemical disruption to bioactive substances. It
is known as the drying method that yields the highest quality
of dried materials because they are dried at low
temperatures (Suwannasang et al, 2021). Nonetheless,
freeze-drying may cause morphological changes in particles,
affecting their size, and altering the pH levels of the
suspension, which might also affect their morphology
(Rodsuwan et al, 2021; Zhong and Jin, 2009). A speed
vacuum concentrator centrifuge (vacuum concentrator) is a
unique tool for drying biological and non-biological
materials or removing solvents from samples to concentrate
them. The main advantage of a vacuum concentrator is that
only a very small sample volume is required (Irudayam and
Malathi, 2005). Very few studies have been reported on the
effect of using a vacuum concentrator for drying
micro/nanocapsules.

Anarjan et al. (2015) have shown that the duration of
homogenization could induce adverse changes in the
physicochemical properties of astaxanthin in a dispersion.
Furthermore, studies on the effect of preparation factors
on the characteristics of ZNs after drying are needed for
several potential applications, including those of the
pharmaceutical, food packaging, and textile industries.
Therefore, this research aimed to enhance encapsulation in
ZNs using the liquid-liquid dispersion technique and study
the factors influencing the particle size, morphology, EE, and
yield percentage of the resulting nanoparticles.

2. MATERIALS AND METHODS

2.1 Materials

Purified zein (98%) was purchased from Sigma-Aldrich
(St Louis, MO, USA). The commercial fragrances, i.e., the
fruity fragrances (PF), were provided by Thai-China
Flavours and Fragrances Industry Co., Ltd. (Ayutthaya,
Thailand). The main components of PF were phenyl ethyl
alcohol, terpineol, and geraniol, which gave a soft and
sweet rose floral odor. Tween 20 was supplied by Union
Chemical 1986 Co., Ltd. (Bangkok, Thailand). Citric acid
anhydrous (Ce¢HsO7) and tri-sodium citrate (Na3CsHs07)
were acquired from Ajax Fine Chem Pty., Ltd. (Auckland,
New Zealand). All other chemicals used were of analytical
grade.

2.2 Preparation of ZNs by liquid-liquid dispersion
The effects of zein concentration on the particle size and
zeta potential of ZNs were investigated. ZNs were prepared
by liquid-liquid dispersion following the methods of
Pithanthanakul et al. (2021) with slight modifications. Zein
solutions at various concentrations, 0.4%, 0.6%, and 0.8%
(w/v), were prepared by dissolving zein in 85% ethanol
(v/v) and stirring at 400 rpm for 30 min at room
temperature. After that, 20 mL of the mixture was poured
into 60 mL of 0.1 M pH 8 citrate buffer (aqueous phase
containing Tween 20 with a zein:Tween 20 ratio of 5:0.25
w/w). The suspension was sheared using a high-speed
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homogenizer (Ika Ltd., Staufen, Germany) at 15,000 rpm
for 10 min. Then, the ethanol in the dispersion was
evaporated using a rotary vacuum evaporator (Buchi
Rotavapor R-215, Buchi Ltd., Flawil, Switzerland) with a
pressure of 175 mbar, at 60 °C for 30 min.

The colloidal samples were centrifuged at 9,000 xg for
50 min in a high-speed centrifuge (MX-301, Tomy Ltd.,
Tokyo, Japan). The supernatant was discarded, and the
precipitate was rinsed three times with 5 mL of citrate
solution. The samples were frozen before being freeze-
dried (Alpha 1-4 LSCplus, Martin Christ, Osterode am Harz,
Germany) at a pressure of 0.022 bar for 24 h at =50 °C.

2.3 Effect of ethanol percentage

The 0.8% zein solution (w/v) was dissolved in 70%, 75%,
80%, and 85% (v/v) ethanol and prepared according to
the method specified in section 2.2. The morphology
of the nanoparticles obtained after freeze-drying was
determined using a scanning electron microscope (JSM-
6610LV, JEOL, Tokyo, Japan).

2.4 Effect of drying methods

The frozen ZN samples were dried for 24 h using two
techniques: a speed vacuum concentrator (Univapo 100
ECH, Uniequip Ltd. Planegg, Germany) at 40 °C and the
freeze-drying method described above.

2.5 Preparation of PF-ZNs

PF-ZNs were prepared by liquid-liquid dispersion
following the guidelines of Pithanthanakul et al. (2021)
with slight modification. ZNs were prepared with 30% PF
loading by adding 0.08 pL of PF dropwise into 20 mL of
0.4% zein (w/v) in 85% ethanol and stirring at 400 rpm
for 10 min. Then, 20 mL of the mixed zein and fragrances
was poured into 60 mL of citrate solution (pH 8.0) and
homogenized at 15,000 rpm. The effect of homogenization
time was studied at 5, 10, and 15 min. The ethanol in the
PF-ZNs containing dispersed fragrances was evaporated at
60 °C for 30 min before centrifugation at 9,000 xg for 50
min to remove the free fragrance. As described above, the
precipitate was dissolved in citrate solution at pH 8 and
dried using a freeze-dryer.

2.6 Characterization of ZNs and PF-ZNs

The particle size distribution, zeta potential, and
polydispersity index (PDI) of the ZNs in the suspensions
were analyzed using a Zetasizer Nano (Delsa™ Nano C,
Beckman Coulter Ltd., Tokyo, Japan). All measurements
were performed in triplicate. The morphology of the ZNs
and PF-ZNs was observed using a scanning electron
microscope (SEM, JSM-6610LV, JEOL Ltd., Tokyo, Japan)
with an acceleration voltage of 15 kV. All samples were
mounted on specimen stubs and coated with thin (20 nm)
conductive gold using a sputter coater before investigation
(JFC-1200 Fine Coater, JEOL Ltd., Tokyo, Japan). Digital
images of the samples were obtained and representative
images presented. The average particle size was measured
from the SEM images (n<300) using the Image] software
(Schneider et al., 2012).

2.7 Determining EE and yield percentage of PF-ZNs
Gas chromatography was used to examine the EE of the PF-
ZNs. First, 10 mL of each sample was mixed with 20 mL of
ethanol, and the ZNs were extracted by centrifugation at
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5,000 rpm at 4 °C. Then, 1 pL of the supernatant was injected
into the gas chromatograph (Agilent Hewlett Packard,
Model G1530A, USA) with an FID using an HP-5MS fused
silica capillary column (I.D. = 0.32 mm, length = 25 m, and
0.5 m film thickness with dimethylpolysiloxane). The carrier
gas was Nz at a constant flow rate of 1 mL/min, with the
column temperature starting at 60 °C and rising to 250 °C
at 10 °C/min, and held at 250 °C for 10 min. The fragrance
calculation was based on the area of the peak of the main
component of the fragrance, phenyl ethyl alcohol, which
had aretention time of 10.45 min. The EE and particle yield
were calculated using Equation 1 and 2:

EE (%) = (g) x 100% 1)

where A4 is the total amount of PF in nanoparticles and B is
the total amount of PF used for nanoparticle preparation.

Particle yield(%) = (<) x 100% 2)

Where C is the mass of the nanoparticles, and D is the total
PF and zein used for nanoparticle preparation.

2.8 Statistical analysis

The statistical analysis was performed using analysis of
variance (ANOVA) with SPSS 11.6 for Windows (SPSS Inc.,
Chicago, Ill, USA). The differences between the mean
values were determined with Duncan’s multiple range test
at p<0.05. All parameters were measured in triplicate.

3. RESULTS AND DISCUSSION

3.1 Effect of zein concentration

Figure 1 shows the particle size distribution and zeta
potential of ZNs prepared at 0.4%, 0.6%, and 0.8% (w/v)
zein dissolved in 85% ethanol and citrate solution (pH 8).
Figure 1A shows that with increasing zein concentration,
the particle size of ZNs, determined using dynamic light
scattering, increased from 123.4+5.6 to 154.6+3.9 and
204.1+£0.8 nm, respectively. Thus, the zein concentration is
one of the main factors contributing to the particle size
distribution. The dispersion and sedimentation of zein
were affected by the viscosity of the solution, which
increases with increasing zein concentration. Increasing
the viscosity makes it hard to form small droplets during
liquid-liquid dispersion. Increasing the viscosity of the zein
solution in the dispersion phase was expected to reduce its
solubility in the solvent, as the dissolution from the
colloidal particles to form the homogeneous substance
decreased, resulting in the precipitation of zein protein and
rapid formation of larger particles during the process
(Alargova et al., 2006; Zhong and Jin, 2009).

Figure 1B shows the decrease in the negative zeta
potential of ZNs observed with increased zein
concentration. The zeta potential of ZNs decreased from
-21.8+0.3 to -19.5+0.2 mV, respectively. The values of
the zeta potential (positive or negative) can be used to
evaluate the charge stability of a particle suspension and
predict susceptibility to aggregate formation (Honary
and Zahir, 2013; Vigneshkumar et al,, 2022). A greater
electric charge on the surface of the nanoparticles
inhibits aggregation in a buffer solution because of the
strong repelling forces between the particles. Zeta
potential values between -30 and +30 mV indicate



Factors influencing the properties of zein nanoparticles encapsulated with fragrances prepared by liquid-liquid dispersion

instability or aggregate. However, values in the range of
-20 to -20 mV represent short-term stability, and those
in the range of -5 to +5 mV are associated with the rapid
aggregation of particles (Honary and Zahir, 2013). The
ZNs were rather unstable, demonstrated by a zeta
potential of =20 mV. This instability could be attributed
to the use of pure Tween 80 as a surfactant. A high zeta
potential (i.e., over —30 mV) was observed in this study,
compared to those reported by Suwannasang et al.
(2021) and Rodsuwan et al. (2021), who encapsulated
bioactive compounds with ZNs in liquid-liquid dispersion
using a mixed surfactant of Tween 80 and lecithin. The
mixed surfactant prevented particle aggregation by
increasing the electrostatic interactions between the ZNs
because the lecithin acted on the phospholipid monolayer
as an anionic surfactant (Podaralla and Perumal, 2012).

3.2 Mechanical properties of bubble shells

The effect of the ethanol-water ratio on particle
morphology was studied using 0.8% (w/v) zein solution
prepared with a homogenizer at 5,000 rpm. Figure 2
shows the distribution curves and that the average
hydrodynamic sizes of ZNs prepared with 70%, 75%,
80%, and 85% (v/v) ethanol were 2.55+0.7, 2.24+0.9,
2.19+0.6, and 2.19+0.5 pm, respectively.

The ZNs prepared with 80% ethanol (Figure 2C)
had the same average particle size as those prepared
with 85% ethanol (Figure 2D). In comparison, the average
hydrodynamic size distribution and SEM image of ZNs at
85% ethanol display fewer particle agglomerations
compared with the ZNs from 80% ethanol. The SEM
image also shows that the particle diameter decreased
with increased ethanol concentration. This observation
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might be due to the formation of particles during
the homogenization of systems with low ethanol
concentrations. Larger particles and aggregates occur
at low ethanol concentrations because of the high
concentration of zein protein in solutions (Zhong and Jin,
2009).

In addition, the highest ethanol percentage (85%
ethanol) reduced the coalescence of particles. The
morphology of the ZNs observed using SEM agreed with
the hydrodynamic size distribution presented in Figure 2.
These results show that the ethanol-water ratio plays a
crucial role in the aggregation and disaggregation
processes of the zein solution.

3.3 Effect of drying method on ZN morphology
The surfaces of nanoparticles prepared with a citrate
solution (pH 8) after drying with a freeze-dryer and speed
vacuum concentrator for 24 h are shown in Figure 3. These
SEM images reveal that after freeze-drying, the particles
were ZN powder because they were frozen to around
-45 °C, and the sublimation of spherical particles with
diameters of 50 to 150 nm prevented agglomeration
between the particles. The samples were dried on ice
under vacuum conditions. The particles obtained from
freeze-drying were spherical with less agglomeration than
those obtained using the speed vacuum concentrator. The
water from the sample was evaporated using a speed
vacuum concentrator at a temperature of about 40 °C
(Correia et al, 2009), resulting in more homogeneous
particles, as shown in Figure 3B. Protein denaturation
generally occurs more frequently in a speed vacuum
concentrator (Lepock et al., 1993).
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Figure 1. (A) Particle size distribution and (B) zeta potential of zein nanoparticles (ZN) prepared at 0.4%, 0.6%, and 0.8% zein

science, engineering
and health studies

\=H



Pithanthanakul, U., et al.

Average size = 2.24+0.9 pm

n=300

Average size =2.19+0.5 pm

i 160
140
b 120
. 100
g e g
g,_ 2 80
5 =3
£ 2
= = 60
40
20
20
0 0
10 0 1 2
160 n 120
C
140
100
120
80
100
s. P
5 80 2 60
Z g
g g
= 60 2
= 40
S e
40 3 :
Average size = 2.19+0.6 pm 5
20
n=401
0 0
0 1 2 3 4 5 6 7 8 9 10

Diameter (jtm)

n=376

0 1 2 3 4 5 6 7 8 9 10

Diameter (pm)

Figure 2. Hydrodynamic size distribution of zein nanoparticles prepared from (A) 70%, (B) 75%, (C) 80%, and (D) 85%

ethanol and their SEM images (2000x)

Figure 3. SEM images of zein nanoparticles at pH 8 after (A) freeze-drying and (B) centrifugal vacuum concentration
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3.4 Characterization of PF-ZNs

The effect of homogenizing at 15,000 rpm for 5, 10, and 15
min on the emulsion stability, surface morphology, particle
size, PDI, EE, and yield of PF-ZN formation was studied.

3.4.1 Surface morphology

SEM images of PF-ZNs homogenized for 5, 10, and 15
minutes are presented in Figure 4. In these three samples,
most particles were spherical with diameters of around
200 nm. These results reveal that shorter-duration
homogenization influenced the aggregation of the PF-
ZNs. Zhong and Jin (2009) have reported the effect of the
shear rate due to homogenization at 5,000, 10,000, and
15,000 rpm on the formation of ZNs. The particle size
decreased with increased shear rate, resulting in a
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particle diameter of less than 200 nm. However, the
agglomerated ZNs prepared at 15,000 rpm might be due
to the high shear rate of homogenization for 2 min
(Namira etal., 2021). This study showed that the number
of connected particles decreased with an increased
homogenization time. The results support the theory
that increasing the homogenization time increases
homogeneity, leading to higher stability emulsions
(Namira etal,, 2021).

3.4.2 Particle size and PDI

The dynamic light scattering (DLS) technique was used to
estimate the mean particle size of freshly prepared PF-ZNs
in solvent before freeze-drying. As observed in Table 1, the
duration of homogenization slightly influenced the particle
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size. Increasing homogenization time from 5 to 15 min
significantly decreased the mean particle size and PDI (p <
0.05) from 344.5+3.6 to 158.2+3.7 nm and 0.35%0.1 to
0.06£0.0, respectively. The mean particle size of the PF-
ZNs was larger than the particle size of the ZNs (100-150
nm), indicating that the PF was encapsulated in the ZNs.
These results agree with Anarjan et al. (2015), who
reported that the mean particle size of astaxanthin
nanodispersions increased with homogenization time.
The homogenization time is the time spent mixing the
aqueous and organic phases of the emulsion. Therefore,
longer homogenization times increase the residence time,

which could increase the total energy applied to the
system. As a result, nanodispersions with large particle
sizes can be produced (Anarjan et al, 2015). The PD],
calculated from the molecular weight distribution,
describes particle agglomeration or aggregation. For the
DLS technique, PDI values greater than 0.7 indicate that the
particle size distribution in the sample is multimodal,
whereas PDI values of less than 0.05 imply monodisperse
particles (Pithanthanakul et al, 2021). The results of
this study show that the sample prepared with short
homogenization time had a high PDI and more aggregated
particles.

Table 1. Effect of homogenization duration on characteristics of fruity fragrance encapsulated in zein nanoparticles (PF-ZNs)

Homogenization time Particle size PDI Encapsulation Yield
(min) (nm) efficiency (%) (%)

5 344.5 + 3.6¢ 0.35+0.1¢ 39.7+2.12 54.5+3.32
10 219.1+7.7> 0.17 £ 0.0° 68.4 + 3.8 72.4 +2.4b
15 158.2 +3.72 0.06 £ 0.02 72.5 £ 2.2¢ 80.2 + 2.2¢

Note: Letters in columns denote significant differences (p < 0.05)

Figure 4. SEM images of fruity fragrance encapsulated in zein nanoparticles prepared by homogenization at (A) 5, (B) 10,

and (C) 15 minutes

3.4.3 EE and yield percentage

The effects of homogenization time on the EE and yield
of PF-ZNs are presented in Table 1. Increasing the
homogenization time increased the EE and yield from
39.7% to 72.5% and 54.5% to 80.2%, respectively. These
results might be due to the surface morphology of PF-ZNs,
which required more time for aggregates to form. As a
result, the particle surfaces present a film-like appearance
after freeze-drying, as illustrated in its SEM image
(Figure 2). Zein has a unique solubility and excellent film-
forming properties because it has a high proportion of
hydrophobic amino acids, such as leucine (19.3%), proline
(9.0%), alanine (8.3%), and phenylalanine (6.8%) (Guo
etal, 2020; Zhang et al,, 2011).

Several previous studies on the encapsulation of
volatile and non-volatile compounds with zein by liquid-
liquid dispersion have shown high EEs, 80%-90%
encapsulation of non-volatile compounds (Rodsuwan etal,,
2021; Suwannasang et al, 2021; Zhong and Jin, 2009),
whereas the EEs of volatile compounds have been only
55%-75% (Parris et al, 2005; Pithanthanakul et al., 2021;
Rungsardthong et al, 2021). The volatile compounds
quickly evaporated during encapsulation, which used a
high temperature (60 °C) (Pithanthanakul et al,, 2021; Wu
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et al, 2012). In addition, an EE lower than 80% might be
because a high ethanol concentration (85%) could assist
in dissolving the PF in ethanol. However, the morphology
of the PF-ZNs showed that more agglomeration occurred
when lower ethanol concentrations were used, as shown
in Figure 2. This result corresponded with that of
Chulurks et al. (2021), who reported that increasing
ethanol concentration from 0% to 10% (v/v) resulted in
decreased encapsulation efficiency, from 59.9% to 49.9%
and 63.7% to 60%, for the encapsulation of nicotine with
B-cyclodextrin and methyl-B-cyclodextrin, respectively.
These results suggest that the ethanol concentration of the
system influenced EE because nicotine is very soluble in
ethanol. The presence of ethanol causes nicotine to stay in
a free form in the ethanol rather than forming an inclusion
complex.

4. CONCLUSION

The number of possible applications for zein has grown
dramatically due to its unique properties, such as solubility
and filming ability. This biodegradable and inexpensive
material has received strong endorsements in several
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fields. Liquid-liquid dispersion is a simple method for
producing ZNs. In this study, zein concentration and
homogenization time played a vital role in controlling the
size of ZNs. ZNs and PF-ZNs have an average size of less
than 300 nm. The surface morphology determined by SEM
revealed that short homogenization times and a high
ethanol concentration in the system could reduce the
coalescence of PF-ZNs. The highest EE and yield for PF-ZNs
were 68.4% and 72.39%, respectively. This information
can be used for further industrial applications.
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