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Abstract

Oleoresin capsicum (OC) is an extract of chili pepper containing the active agent capsaicin. In
this study, OC-loaded nanoemulsions were prepared by microfluidization and stabilized with
sucrose monopalmitate (SMP) and lecithin. The difference in size and distribution of droplets
determined the nanoemulsion behavior mainly due to the interaction of emulsifiers between oil
and aqueous phase. The hydrophilic interaction between SMP and aqueous phase and the
hydrophobic interaction between lecithin and oil phase were monitored with NMR
relaxometry. OC nanoemulsion fabricated with SMP showed the best transparency with
smallest droplet size (around 34 nm) and stable with glycerol after 28 days at ambient storage.
Lecithin containing nanoemulsions showed improved bioactivity as showing antioxidant
(0.82 mg DPPH/L) and antimicrobial (3.40 log for Escherichia coli and 4.37 log for
Staphylococcus aureus) activity. Finally, results have important implications to determine the
appropriate formulation conditions for OC with food-grade surfactants to be used in pharma-
ceuticals and food industry.

Keywords Nanoemulsion - Oleoresin capsicum - Sucrose monopalmitate - Lecithin - NMR -
Antimicrobial-antioxidant activity

Introduction

Chili peppers are members of the Capsicum spp. under Solanaceae family. Capsicum annuum,
Capsicum frutescens, Capsicum chinense, Capsicum pendulum, and Capsicum pubescens are
the commonly known species. For industrial applications, mostly C. annuum and C. frutescens
are preferred. Spicy, pungent tastes of these two chili peppers come from the group of
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compounds known as capsaicinoids. This group includes dihydrocapsaicin,
nordihydrocapsaicin, homocapsaicin, homodihydrocapsaicins, caprylic acid vanillyl amide,
nonylic acid vanillyl amide, and decylicacidvanillyl amide. However, capsaicin and
dihydrocapsaicin constitute 90% of the total capsaicinoids [1]. Binding of capsaicin to the
transient receptor potential vanilloid (TRPV) ion channel receptor is the key mechanism to
give its heat sensation. In pharmacological studies, capsaicin showed anti-cancer, analgesic,
anti-inflammatory, and anti-obesity effects and bioactivity against respiratory and nervous
system diseases in rodents and humans [2]. Besides, capsaicin is effective on microorganisms
and was shown to decrease the action of Staphylococcus aureus, Salmonella typhimurium,
Bacillus cereus, Listeria monocytogenes, and Helicobacter pylori [3].

Mostly extraction products or oleoresin forms of spices are used in food formulations to
reflect the distinctive property of spices similar to those of the volatile oil form. However,
both the oil and oleoresin forms are highly concentrated and can cause changes in the
flavor, taste, or odor of the product [4]. Additionally, the dispersion and solubility of these
lipophilic substances are low in water-based formulations. For chili peppers, oleoresin
capsicum is the extraction product and widely used both as a colorant and flavoring in
food formulations. In addition, oleoresin capsicum is a good source of capsaicinoids that
contains mainly capsaicin.

In food applications, formulations usually contain a high amount of water that restricts the
functionality of capsaicin. Therefore, increasing the solubility and diffusion of capsaicin is
crucial to improve its functionality. Nanoemulsions are proven to be good delivery systems for
lipophilic substances. They serve many advantages such as enhanced stability, efficient
delivery, easy processing, and having a transparent or translucent appearance with small
droplet sizes. The small droplet size of nanoemulsions is also directly related to the bigger
surface area and improved functionality with flavor release [5]. Small amounts of
nanoemulsions may be enough to give the same taste with higher quantities. Further, various
food-grade ingredients can be present within nanoemulsion. Choi et al. [6] prepared oleoresin
capsicum containing double- and triple-layer nanoemulsions by using alginate and chitosan
biopolymers prepared with Tween 80. In a pharmacological study, nanoemulsions emulsified
with a mixture of Tween 80 and Span 80 was used to improve the penetration of oleoresin
capsicum through rat skin [7]. As a novel method, organogel-based nanoemulsions were used
as delivery systems for capsaicin to reduce gastric mucosa irritation in rats. Capsaicin
organogel was prepared with solubilization of capsaicin into medium-chain triacylglycerol
by using heating and adding sucrose stearate to hot oil mixture. Afterwards, capsaicin-loaded
organogel, emulsifier Tween 80, and water were finally homogenized to obtain a
nanoemulsion [8]. These studies showed that synthetic emulsifiers like Tween 80 were
abundantly used in nanoemulsion formulations. However, nanoemulsion formulations pre-
pared with food-grade components should be developed due to label-friendly trend. Sucrose
monopalmitate (SMP) and lecithin are two emulsifiers which are commonly used in food,
cosmetic, and pharmaceutical industries due to being non-toxic, edible, and amphiphilic [9,
10]. Sucrose monopalmitate is a good emulsifier for oil-in-water nanoemulsions due to its high
hydrophilic-lipophilic balance. A single fatty acid attached to sucrose unit gives hydrophilicity
and water solubility to SMP [9]. Conversely, lecithin consists of two fatty acids attached to a
phosphate group that has a relatively hydrophobic property with a low HLB value. Moreover,
it is a natural emulsifier obtained from various oily seeds such as soybeans, sunflower, and
rapeseed [11]. Both of them can form stable, small particle-sized nanoemulsions with a wide
range of oil components that were shown in previous studies.
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Therefore, in this study, the oleoresin capsicum nanoemulsions were formulated by physical
treatments as heating or adding glycerol with food-grade emulsifiers, SMP, and lecithin. Their
potential on emulsification, stability, and functionality such as antimicrobial and antioxidant
activity were investigated. The information obtained from this study is expected to contribute
to design food or other industrial nanoemulsions using oleoresin capsicum as multifunctional
ingredient.

Materials and Methods
Materials

Oleoresin capsicum (OC) was purchased from a local food supplier (Alfasol, Gaziantep-
Turkey) (SHU 1000 000). Soy lecithin was provided by Smart Kimya (Ankara, Turkey).
Sucrose monopalmitate (SMP) was provided by Compass Foods Company (Singapore).
Potassium phosphate monobasic anhydrous, sodium phosphate dibasic dihydrate, sodium
acetate, ethanol, methanol, ethyl acetate, glacial acetic acid, 2, 2-diphenyl-2-picrylhydrazyl
(DPPH), and pure capsaicin (=95%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Glycerol, Violet Red Bile Agar (VRBA), nutrient broth, and peptone from meat were
supplied from Merck KGaA (Germany). Baird Parker Agar (BPA) with egg yolk tellurite was
provided by Nisan Elektronik Ltd., Ankara, Turkey. Distilled water was used in all prepara-
tions of solutions and dispersions.

Capsaicin Content in Oleoresin Capsicum

The capsaicin content in oleoresin capsicum was determined by using HPLC system equipped
with a Pursuit C18 column Microsorb MV C18 (4.6 x 250 mm, 5 mm) and UV-VIS (ProStar
330 PDA) detector. The mobile phase was a mixture of methanol/water (70:30 v/v). The flow
rate was 0.8 mL/min for 15 min at ambient temperature and detection wavelength was 280 nm.

Solution Preparation

A phosphate buffer solution at pH 7.4 was prepared by dissolving 4.56 g of potassium
phosphate monobasic anhydrous and 28.87 g of sodium phosphate dibasic dihydrate in
1000 mL of distilled water.

Nanoemulsion Preparation

The colloidal dispersions consisted of 2% (w/w) oil phase (oleoresin capsicum) and 98%
(w/w) aqueous phase (buffer solution) which included 2% (w/w) surfactant (SMP or
lecithin) and 0-50% (w/w) glycerol similar to previous studies of Qian and McClements
[12] and Rao and McClements [13]. All components were weighed into a beaker and pre-
homogenized using UltraTurrax (WiseTis Homogenizer; Witeg Labortechnik GmbH,
Germany) at 15,000 rpm for 3 min. To investigate the effect of heating in the pre-
homogenization period, the coarse emulsion was mixed with a magnetic stirrer and heated
to 60 °C for 30 min. After cooled to ambient temperature, the resulting mixture was then
homogenized with Ultraturrax at 15,000 rpm for 3 min. Then, the coarse emulsion was
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processed with microfluidization (Nano Disperser—NLM 100, South Korea) for five
passes at 140 MPa pressure.

Determination of Particle Size

The mean particle sizes of nanoemulsions (surface area-based mean diameter, d3,) were
measured with laser diffraction technique (Malvern Mastersizer 3000; Malvern Instruments,
UK) right after the preparation at 25 °C temperature. A little amount of nanoemulsion sample
was dispersed in approximately 350 mL of continuously stirred distilled water until the
obscuration reached 6-8%. This process helped to decrease the multiple scattering problem
of nanoemulsions.

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) Analysis

The morphology of nanoemulsions prepared with SMP alone, lecithin alone, and distilled
water was characterized using TECNAI G2 Spirit BioTwin transmission electron microscope
(Philips-FEI, Eindhoven, Netherlands) operated at 80 kV with bright film-imaging mode. Five
microliters of 100 times diluted sample was dropped onto 3 mm carbon film-coated copper
grid and left dried at 25 °C for 3 h.

AFM image of the same nanoemulsion sample was taken by using Veeco Multimode V
atomic force microscope (Veeco, Santa Barbara, CA) equipped with a j-type scanner (ca.
125 %125 x5 wm? scan range) scanned with a tapping mode at a speed of 1 Hz. A 5-uL
diluted sample was dropped onto smooth and dry glass surface that was dried in the air.

Turbidity Measurements

The absorbances of nanoemulsions were measured using a UV-Visible spectrophotometer
(UV-VIS spectrophotometer, Optizen; Mecasys, Korea) at 600 nm for turbidity measurements
right after preparation. The buffer solution was used as the blank.

NMR (Nuclear Magnetic Resonance) Experiments

The spin—spin relaxation times (73) of nanoemulsions were measured using 0.5 T (22.35 MHz)
benchtop system (SpinCore Technologies, Inc., Gainesville, USA) with operating conditions
as Carr, Purcell, Meiboom, and Gill (CPMG) pulse sequence with a 90-180 pulse gap (7) of
1.0 ms, spectral width of 300 kHz, 32 scans, repetition delay of 3 s, and number of echoes of
2500 at 25 °C temperature. Samples were placed in glass tubes with a 10-mm diameter.

Determination of Encapsulation Efficiency

The oleoresin capsicum retention in nanoemulsions was analyzed by using UV-visible
spectrophotometer (UV—VIS spectrophotometer, Optizen; Mecasys, Korea) according to
the method of Surassmo et al. [14] with slight modifications. A sample (0.3 mL) was
added to 4.2 mL of ethyl acetate. The mixture was vortexed for 5 min, then centrifuged for
10 min at 2000 rpm. The collected supernatant was read by UV—-VIS spectrophotometer at
451 nm (A1l). Ethyl acetate was used as the blank. Efficiency was calculated using the
following equation (Eq. 1):
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Encapsulation efficiency (%)

_ [total amount of capsicum oleoresin content (g)—C1

: . x 100% (1)
total amount of capsicum oleoresin content (g)

where C1 was the free capsicum oleoresin amount (g) in which A1 values were converted
to concentration by using the calibration curve prepared with only oleoresin capsicum.

Color Analysis

The color measurements were done with a benchtop spectrophotometer (model CM-5; Konica
Minolta Inc., Japan) in terms of L* (brightness), a* (red/green ratio), and b* (yellow/blue
ratio). Rectangular quartz cell was used with optical path of 10 mm. For zero calibration,
distilled water was used as L*ref. = 100.0, a*ref. =0.0, and b*ref. =0.0.

Stability During Storage

Nanoemulsion samples were tested for 28 days after preparation to assess storage stability.
Lecithin-containing nanoemulsions were kept at 4 °C and SMP-containing nanoemulsions
were kept at 20 °C due to instability problems at 4 °C. During the storage period, particle size,
NMR relaxometry, turbidity, and color measurements were conducted for all samples.

Antioxidant Activity—DPPH Assay

DPPH method was performed following the method of Wang et al. [15] with slight modifi-
cations. Each sample was dissolved in ethanol/acetic acid/water mixture (50:8:42, v/v) and
vortexed for 1 min. Samples were filtered with a microfilter (0.45 um Chromafil CA-45/25S;
Diiren). The same ethanol/acetic acid/water mixture (50:8:42 v/v) was used to dilute the filtered
samples. Then, 0.1 mL of diluted sample was mixed with 3.9 mL methanol-DPPH solution
(1:100) and left in the dark for 1 h at ambient temperature. The decrease in absorbance of
samples at 517 nm was measured with UV-VIS spectrophotometer (A2). Pure methanol was
used to make auto zero and 0.1 mL methanol-3.9 mL DPPH solution was used as blank (A1).
The absorbance values (A1, A2) were converted to concentrations (C1, C2) using the standard
curve prepared with DPPH solutions at 5, 10, 15, 20, and 25 ppm. Hence, activity was
calculated as follows (Eq. 2):
Ccl1-C2

x Vtotal x d (2)
e

Viample and Vo Tepresent the volume of capsaicin emulsion and total volume of the capsaicin
emulsion and ethanol/acetic acid/water mixture in milliliters, respectively, and d represents the
dilution rate.

Antimicrobial Activity

The antimicrobial activity of nanoemulsions was measured against two bacteria strains of

Gram-positive Staphylococcus aureus (ATCC 43300) and Gram-negative Escherichia coli
(ATCC 11229). The cultures were obtained from Public Health Institution of Turkey culture
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collection (Ankara, Turkey) and preserved in nutrient broths at 4 °C in the Department of Food
Engineering, METU (Ankara, Turkey). The analysis was done according to the method of
Zhang et al. [16] and Salvia-Trujillo et al. [17] with modifications. Bacterial strains were
transferred to newly prepared nutrient broth separately and incubated at 37 °C with continuous
agitation at 120 rpm for 18 h to adjust concentration up to 108-10° CFU/mL. Active cultures
were collected by centrifugation at 3600xg for 10 min and washed twice with sterile saline
(0.85% NaCl)-Tween 80 (0.1%) solution.

The test tube contained 0.5 mL of nanoemulsion, 4.5 mL of sterile phosphate buffered
solution (PBS, pH 7.4), and aliquots of tested bacteria strain (1% v/v). This mixture was
vortexed for 10 s and incubated 15 min at 37 °C for E. coli and 2 h at 35 °C for S. aureus. It
was then diluted 105 times with sterile peptone water and 0.1 mL of diluent was spread on
VRBA and Baird—Parker agar and incubated at 37 °C for 24 h and 35 °C for 48 h for E. coli and
S. aureus, respectively. The tube containing nanoemulsion and PBS without inoculum and tube
containing inoculum and PBS without nanoemulsion served as the negative and the positive
controls. In addition, all nanoemulsion components were checked for antimicrobial activity.

Statistical Analysis

All measurements were performed in triplicate and reported as means and standard errors.
Analysis of variance (ANOVA) was used to analyze significant differences at 5% significance
level with the Tukey test by using Minitab (ver.16.2.0.0, Minitab Inc., UK).

Results and Discussion
Particle Size

The d;, of nanoemulsions prepared with SMP and lecithin are shown in Fig. 1a. The d5, of
nanoemulsions prepared with SMP was around 35 nm. Adding glycerol or heating the coarse
emulsion significantly decreased the d3, from 39 up to 33 nm (p < 0.05). There are a number
of other studies about SMP containing nanoemulsions showing similar results [18, 19]. In a
study, Tween 80 and SMP were used with lemon oil and Tween 80 containing emulsions were
shown to have larger mean particle sizes. This was associated with the hydrophilic head group
of Tween 80 being bigger than that of SMP. Thus, after the oil and emulsifier were mixed, they
formed bigger nanoemulsion droplets in the colloidal dispersion [9]. In contrast, significantly
larger d3, was obtained with lecithin around 226 nm (p <0.05, Fig. 1a). The primary reason
behind this was that the highly polar environment due to water reduced the solubility of
lecithin. Low solubility can contribute to the deposition of lecithin layer around oil droplet and
further coalescence or flocculation resulting in bigger particles in the dispersion. To overcome
this problem, adding alcohol is listed as one of the solutions [20]. It may be that emulsifiers
with higher hydrophilic-lipophilic balance (HLB) values such as SMP are more likely to
stabilize dispersed oil droplets in aqueous phase due to attached single fatty acid whereas low
HLB numbered emulsifiers like lecithin tend to solubilize water in oil phase due to different
numbers and types of fatty acids attached [18]. In addition, Ozturk et al. [10] found that to
achieve a smaller particle size of nanoemulsions by using surfactants such as lecithin and
quillaja saponin, a higher amount of lecithin (> 2% w/w) should be used relative to the quillaja
saponin. Moreover, the addition of glycerol and combined effect with heating resulted in
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reduction in particle size of lecithin nanoemulsions. Glycerol is a viscous, water-soluble co-
solvent and added to nanoemulsions to enhance physicochemical properties such as viscosity,
refractive index, and solubility of components. The small droplets in an emulsion have high
energies and instability problems may be observed due to an increase in droplet motions.
However, changing the environment of the droplets can decrease the motions such as
increasing the aqueous phase viscosity by adding glycerol. Furthermore, it may help the
solubilization and absorption of surfactants to the interface and serve as another solution
[21]. Similar to our results, it was observed that the smallest particle size of vitamin-E
nanoemulsions was obtained after 40 and 50% (w/w) glycerol addition [22]. However, in
our study, heating decreased the particle size by dissolving the surfactant and causing
rearrangement of the surfactant on the surface. It was stated that surfactant head group was
dehydrated during heating and droplet disruption became easier due to reduced interfacial
tension [23]. In addition, TEM images confirmed the results that the particle sizes were around
200 and 100 nm for lecithin and SMP nanoemulsions, respectively, as shown in Fig. 1b and c.
Besides, in the AFM images, relatively bigger particles were observed in lecithin
nanoemulsions ranging between 96 nm and 1.07 um compared to 20 nm to 1 um for SMP
nanoemulsions (Fig. 1d, e). The difference between the TEM and AFM results on particle sizes
might be due to the tip broadening effect during the experiments on AFM device. This
situation occurred when the tip was in contact with a sticky particle and this widened
throughout the surface of the particle during measurement. Also, surface homogeneity of the
nanoemulsion sample might have been lost during drying. In the same way, in their study,
Salvia-Trujillo et al. [24] found higher particle size results with AFM than dynamic light
scattering.

a SMP [ LECITHIN
300
A
250 B B Cc
T 200
=
% 150
&
T 100

Fig. 1 The particle size (d5,) of oleoresin capsicum nanoemulsions prepared with SMP and lecithin (a). TEM
images show nanoemulsions prepared with lecithin (b) and SMP (¢). AFM images show nanoemulsions prepared
with lecithin (d) and SMP (e). Error bars are standard errors from triplicates. Different letters above the bars in
each column indicate significant differences in the mean of the sample (p < 0.05). Small letters compare among
SMP, and capital letters compare among lecithin
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Fig. 2 Turbidity values of 7} SMP [JLECITHIN
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Turbidity

The turbidity of nanoemulsions was measured right after preparation, and results were given in
Fig. 2. Lecithin nanoemulsions showed opaque and had higher turbidity values than SMP
nanoemulsions. Similarly, Xue and Zhong [11] found that turbid thymol dispersions were
obtained after using lecithin only as the emulsifying agent due to the low solubility of lecithin
in aqueous solution. Conversely, almost transparent nanoemulsions were obtained by using
SMP. Addition of SMP affected particle size distribution and resulted in monomodal distrib-
uted colloidal dispersions that were reflected in the appearance. A positive correlation of 0.98
was found between mean particle sizes and turbidity results of SMP nanoemulsions (p <0.05).
Moreover, the effect of glycerol addition and heating was found to be significant (»p <0.05).
Conformational changes occurred within emulsifier molecule because of the changes in
temperature. As the head group of nonionic emulsifier, SMP was dehydrated by heating in
the aqueous phase, and the packing characteristics, oil-water solubility, the oil-water interfa-
cial tension, and finally the stability of nanoemulsion were affected [21]. In addition, it is
possible to think that the droplets gain kinetic energy and accelerating the transition of coarse
emulsion to nanoemulsion by heating. Therefore, one would expect it to have transparent
appearance. On the other hand, lecithin was found less affected by heating than nonionic SMP.
Similarly, with our results, Kahlweit et al. [20] compared nonionic, anionic emulsifiers with
lecithin to prepare microemulsions and found that the effect of temperature was less than
nonionic and anionic emulsifiers. More transparent nanoemulsions were obtained with glyc-
erol due to increase in the viscosity of the aqueous phase, reduction in droplet size, and a
decrease in refractive index contrast between two phases as mentioned before [21, 23, 25].

Spin-Spin Relaxation Time (7,) Measurements
The interaction of oil molecules with their surroundings in the aqueous phase is widely
investigated with the complementary method of NMR relaxometry. Specifically, 'H NMR is

well studied in the literature to determine the molecular structure of an emulsion or hydrogel
systems via dynamics of protons. The protons within the sample have magnetic moments that
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align themselves with different directions under the external magnetic field. When the sample
is removed from the magnetic field, the protons relax by turning back to their original state.
Meanwhile, the decay of magnetization is expressed by a constant known as 7,. This
transverse magnetization is related to the energy transfer between neighboring spins and
characterized by the spin—spin relaxation time constant (7,). Variations in water content,
surrounding molecules, and physical state of water can be observed with NMR experiments
as T [26]. In our study, the oil molecules of oleoresin capsicum were surrounded by the
emulsifier and water molecules. In particular, local conformations of these ingredients changed
when they were homogenized. For example, the 7, time of oleoresin capsicum was 77 ms
whereas the 7, time of aqueous buffer solution without emulsifier was 2145 ms. Eventually,
mobility and arrangement of oil molecule changed with the addition of emulsifier included in
the water phase after homogenization [27]. Thus, the overall increase of 7, was observed
changing from the highest of 1209.01 ms to the lowest of 488.28 ms after emulsification by
using SMP and lecithin, respectively. There is a precise relationship between proximity of
molecules and 75 [26]. The protons in oil molecules were in close proximity and thus 7, was
the shortest. However, in the aqueous phase, the molecular movement of water was compa-
rably slow along with the long 7,. Therefore, in nanoemulsion, the proximity between oil
molecules diminished with the attachment of emulsifier as neighboring molecules and the free
motion of water molecules was restricted. In Fig. 3, it was seen that the signals (7,) from SMP
nanoemulsions were higher than lecithin nanoemulsions. The hydrophilic SMP might be
associated with the water phase and adsorbed on the oil surface whereas relatively hydropho-
bic lecithin might be associated with the oil phase and packed. These intermediate interactions
resulted in longer 75 times for SMP and shorter 75 times for lecithin. Further, it was well
correlated with the literature that the decrease in relaxation times with emulsifiers was due to
changes in the local conformations of oil and water interfaces [28]. Moreover, distribution is
related with the mobility and restricted mobility decreases 7, times [29]. In addition, the

Fig. 3 7 relaxation times of SMP []LECITHIN
oleoresin capsicum nanoemulsions
prepared with SMP and lecithin.
Error bars are standard errors from
triplicates. Different letters above
the bars in each column indicate
significant differences in the mean
of the sample (p < 0.05). Small
letters compare among SMP, and
capital letters compare among
lecithin
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particle size is related to the interfacial area of the dispersion and larger droplets having lower
interfacial area give shorter 7, times [30]. In that regard, it was observed that the 7, times of
nanoemulsions at pH 7.4 was around 1091.48 ms (d3,=39.63 nm) and 853.09 ms (d5, =

218 nm) for SMP and lecithin, respectively. A notable change observed in the presence of
glycerol was the decrease in T, times (p < 0.05). In this regard, glycerol lowers the mobility of
water molecules and samples showed faster relaxations (short 75).

Encapsulation Efficiency

The type and concentration of stabilizing agent of nanoemulsions, which are emulsifiers, are
important parameters and significantly affect the encapsulation efficiency and the particle size.
An emulsifier with good packing ability around a lipid core in a nanoemulsion gives higher
encapsulation efficiency [31]. The results are given in Fig. 4. The maximum encapsulation
efficiency for SMP was 71% (average 68.75%) whereas for lecithin it was 63% (average
59.5%). SMP showed better encapsulation behavior on the capsaicin. In the previous studies,
retention efficiency of the bioactive components within emulsion increased as the particle size
decreased. A possible reason for the observed relation was that decreasing the droplet surface
diameter increased the interfacial area and supported even more homogenous dispersion [32].
Similar results were reported by Ozturk et al. [10] that interfacial layer of lecithin containing
vitamin E nanoemulsion was flexible and could easily break. In addition, heating might
enhance the solubility and conformation around the oil droplet and increased the efficiencies.

Color

In L*, a*, and b* system, L* represents lightness, and a* and b* represent the color
coordinates. + a is the red color and —a is the green color while + b is the yellow color and

Fig. 4 Encapsulation efficiencies * SMP = | ECITHIN
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—b is the blue color [25, 33]. There were dramatic differences in the color results of
nanoemulsions as given in Fig. 5a—c. The color of an emulsion is mainly determined by
absorption of light through the droplets that change with the presence, concentration, and type
of the chromophores [33]. Additionally, scattering the light, thus emulsion lightness could also
be affected by geometry, composition, and microstructure of the emulsion [25]. At this point,
small droplets scatter less light and lightness decreases. The opposite trend was observed in
capsaicin nanoemulsions where L* values of SMP nanoemulsions (between 49.8 and 39.11)
were significantly higher than lecithin nanoemulsions (between 7.65 and 3.43) (p<0.05).
Besides, L* values of all nanoemulsions were found higher than oleoresin capsicum (L* =
0.18). More interaction with SMP and lecithin and the presence of glycerol samples result in
loss of the initial dark color.

Carotenoid pigments of capsanthin, capsorubin, and capsanthin 5,6-epoxide are responsible
for the red, orange, and yellow color of nanoemulsion samples [34]. Oleoresin capsicum had a
dark red color (almost black), whereas SMP and lecithin powders had white and yellow colors,
respectively. However, the resulted colors of nanoemulsions were red-colored for SMP and
yellow-colored for lecithin. As both the turbidity values and particle sizes of SMP
nanoemulsions were lower than lecithin nanoemulsions, bright and red colored nanoemulsions
were obtained. This situation reflected itself on the color values being higher. Negative
correlations around 0.96 were found between mean particle sizes and L*, a*, and b* values
of SMP nanoemulsions (p <0.05). In addition, opaque lecithin nanoemulsions had very low
L*a*b* values as can be seen in Fig. 5. This was not surprising since these emulsions had large
particle sizes. This is because the increased surface area of chromophores (capsaicin) covered
with surfactants was higher in SMP nanoemulsions. The average a* values varied from 52.01
to 21.52 whereas the b* values ranged from 78.57 to 9.04 for SMP and lecithin
nanoemulsions, respectively. The low a* (0.25) and »* (—0.18) values of oleoresin capsicum
disappeared in nanoemulsions.

Emulsion Stability
Nanoemulsions are designed for the commercial applications mostly such as food, beverage,

or cosmetic products. Stability studies were carried out on the newly prepared capsaicin
nanoemulsions. In fact, particle size measurements are good indicators of the stability and
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Fig. 5 Color values L* (a), a* (b), and b* (c) of oleoresin capsicum nanoemulsions prepared with SMP and
lecithin. Error bars are standard errors from triplicates. Different letters above the bars in each column indicate
significant differences in the mean of the sample (p < 0.05). Small letters compare among SMP, and capital letters
compare among lecithin
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other methods such as turbidity and color analysis may be used for the same purpose.
Relaxometry is used to point out the structural changes such as flocculation or aggregation
similar to the turbidity analysis. Stability experiments showed that SMP nanoemulsions were
less stable than lecithin nanoemulsions as shown in Table 1. After 28 days of storage, there
was a visually observable settling in SMP nanoemulsions as seen in Fig. 6 (highlighted) and
could not be further analyzed. On the other hand, glycerol containing SMP nanoemulsions
showed good stability even after 28 days of storage. It was hypothesized that the structure
enhancer glycerol could have retarded the coalescence by creating a barrier around the
emulsifier—oil droplet and showed greater stability during storage. Larger particles are more
prone to coalescence compared to small particles due to their higher Laplace pressure.
Hydrodynamic interactions, colloidal forces, and surface charge become important for larger
particles. During the storage time of 28 days, dramatic increases in the particle sizes of lecithin
nanoemulsions were observed (p <0.05) whereas particle sizes of SMP nanoemulsions did not
change significantly over time as shown in Table 1 (p > 0.05). As the particles get smaller, their
energy becomes higher. However, in that period, small particles tend to reduce their energies
with temperature drop around 4 °C during storage, and this might have driven the particles’
merging in lecithin nanoemulsions. Further coalescence could cause oiling-off, which can be
defined as the formation of a layer of oil on top of the sample, but in these samples, particles
are prone to coalescence locally and not ending with oiling-off. Overall, mean particle sizes
and turbidity values increased while 75 and color values decreased significantly with time (p <
0.05). The increase in the proximity of droplets resulted in faster relaxation by limiting the
mobility of aqueous phase around the oil droplet [35]. Moreover, small particles are more
prone to Ostwald ripening or coalescence rather than flocculation [36, 37]. Even though the
particle size did not increase, merged particles resulted in an increase in turbidity values and
decrease in 7, and color values of SMP nanoemulsions. Glycerol added to SMP
nanoemulsions still looked transparent at the end of 28 days and might be considered as one
of the most promising stable nanoemulsion formulations for further studies with oleoresin
capsicum.

Antioxidant Activity—DPPH Assay
Okada et al. [38] found that phenolic OH group of capsaicin molecule was responsible for the
antioxidant activity. Therefore, encapsulating the functional component, capsaicin, within

nanoemulsion may help to maintain its antioxidant activity in water-based food systems.
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Fig. 7 The antioxidant activity of SMP 3 LECITHIN
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Besides, dispersion of oil phase and adsorption behavior of surfactant molecule within
nanoemulsion may affect this antioxidant activity of capsaicin. Homogenization leads to
reorientation of surfactant molecule to the water—oil interface, easing the formation of small
oil droplets and dispersing them uniformly throughout the system [33]. DPPH experiment
results showed that lecithin nanoemulsions had higher antioxidant activities than SMP
nanoemulsions. In Fig. 7, the addition of glycerol decreased the antioxidant activity of pre-
heated lecithin nanoemulsions. However, in SMP nanoemulsions heating or addition of
glycerol did not affect the antioxidant activity significantly (p>0.05). It was hypothesized
that the solubilization of capsaicin was higher in lecithin nanoemulsion due to hydrophobic
properties of lecithin. However, the decrease with the effect of glycerol and heating might
come from the changing physical properties of oil-water interface and further the location of
the oil droplets. It was found that antioxidant activity of emulsions was not related to the
concentration of antioxidants, but their locations in emulsions may have originated from
heterogeneity [39]. Overall, one of the issues that were obtained from these findings was the
quantification of the antioxidant potential of capsaicin nanoemulsions prepared with surfactant
SMP and lecithin by using the DPPH method. In that regard, capsaicin nanoemulsions under
study exhibited good antioxidant properties and might be used effectively to control lipid
oxidation.

Antimicrobial Activity

Since the main component in oleoresin capsicum was capsaicin, the amount of capsaicin in
oleoresin capsicum was determined before testing the antimicrobial activity. It was found as
51.0650+0.0919 mg/mL capsaicin in oleoresin capsicum. The antimicrobial activities of
prepared nanoemulsions are shown in Fig. 8a and b. Both S. aureus and E. coli populations
decreased after contact with nanoemulsions significantly (p <0.05). In lecithin
nanoemulsions, the microbial reduction ranged from 2.84 to 3.40 log for E. coli within

@ Springer



68 Applied Biochemistry and Biotechnology (2019) 188:54-71

a -~ SMP -# LECITHIN b -~ SMP & LECITHIN
AB sy B s A A A
4 E/"’”‘l—.
3] a " a a
2
1
0 T
g @“P

0\_,/.\.

E. coli
Population Decrease (log)
N
S. aureus
Population Decrease (log)

T T
3 X
9 2
& N \x&
) » O
o@

Fig. 8 Population decrease of Escherichia coli (a) and Staphylococcus aureus (b) after contact with oleoresin
capsicum nanoemulsions. Population decrease means the ratio of survived microorganisms (CFU/mL) to
inoculum culture (CFU/mL). Data are presented as mean + standard error (p < 0.05). ANOVA was conducted
for each microorganism. Different letters above the bars in each column indicate significant differences in the
mean of the sample (p < 0.05). Small letters compare among SMP, and capital letters compare among lecithin

15 min of contact time and from 3.57 to 4.37 log for S. aureus within 2 h of contact time.
According to these results, S. aureus showed slightly higher reduction than E. coli. It is likely
that phospholipid parts of membranes eased the entrance of lecithin-covered droplets which
had also phospholipid parts that lead to a higher decrease on the cell hydrophobicity by
capsaicin. Based on this explanation, higher antimicrobial activity was expected from these
lecithin-containing nanoemulsions, but it was important to mention that all lecithin molecules
could not integrate with capsaicin droplets. Gill et al. [40] stated that bacterial cells could be
expected to repair themselves in nutrient-rich media such as lecithin. Thus, free lecithin
molecules might have been used in repairing the damaged cell membrane by E. coli which
might have limited the antimicrobial activity. Remarkably, the antimicrobial activities of
SMP nanoemulsions were found much lower than lecithin nanoemulsions. The highest log
reduction observed was 1.07 log for E. coli and 2.75 log for S. aureus with SMP
nanoemulsions. One possible reason for differences in results may be that sucrose created
proper growth conditions for the microorganisms and capsaicin droplets could not exhibit its
hydrophobicity. At low concentrations, sucrose generally does not show the inhibitory effect
as it is a carbohydrate source, and moreover, it is used to contribute to microorganism
growth. On the contrary, higher concentrations of sucrose showed inhibitory activity due to
water binding ability which limits the available water for the growth of microorganisms [41].
In addition, there is no significant difference between treatments of SMP nanoemulsions for
S. aureus (p >0.05) whereas individual or combined effect of glycerol and heating increased
the log reduction for lecithin nanoemulsions. Conversely, glycerol addition expanded the log
reduction to double for E. coli. It may be the case that in the presence of glycerol, the solubility
and distribution of capsaicin increase within SMP containing aqueous phase. There is also
another phenomenon that may relate to the difference in antimicrobial activity results as
hydrophobicity differences between cell membranes of E. coli and S. aureus. In contrast to
hydrophobic thick peptidoglycan layer of Gram-positive bacteria, there is an outer hydrophilic
membrane of Gram-negative bacteria cell wall which shows resistance to pass lipophilic
essential oils [42]. In the work conducted by Thomas et al. [43], the inhibitory effects of nisin
on several Gram-positive and Gram-negative bacteria strains were explored. Sucrose fatty acid
esters were used to enhance the incorporation of nisin in the study. It was observed that Gram-
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positive bacteria were affected more than Gram-negative ones. The same result was demon-
strated in our study. Besides, SMP might have masked the antimicrobial activity of capsaicin
while forming higher stability and appealing nanoemulsions. Therefore, the maximum inhib-
itory activity for all formulations among nanoemulsions was obtained by lecithin and glycerol
containing heated nanoemulsions with 3.40 log reduction against E. coli whereas for S. aureus it
was again with lecithin containing heated nanoemulsions with a value of 4.43 log.

Conclusion

This study showed that oleoresin capsicum nanoemulsions with very small stable droplets can
be obtained using sucrose monopalmitate as the surfactant in the presence of glycerol. The
reduced droplet size with the changing refractive index after the addition of glycerol enhanced
the transparent appearance and red color of SMP nanoemulsions. However, SMP
nanoemulsions were unstable without glycerol when compared to nanoemulsions stabilized
by lecithin. Although instability problems such as Ostwald ripening and coalescence caused
droplet growth, lecithin nanoemulsions were stable after 28 days of storage at 4 °C. Heating
helped to dissolve the lecithin, increased the interaction with oleoresin capsicum in the
colloidal dispersion, and formed effective droplets resulting in higher antioxidant activity.
Higher log reductions in E. coli and S. aureus populations were observed with lecithin
nanoemulsions due to similarities between phospholipid parts of membranes and lecithin.
Higher surfactant solubility in oil phase increased the bioactive capacities of the encapsulated
component, whereas high surfactant solubility in aqueous phase increased the physical
properties of oil-in-water nanoemulsion. NMR 7 relaxation results provided further support
on the dispersion of oil phase or glycerol. Finally, by using the parameters obtained from this
work, industrial-based packaging materials, biofilms, or pharmaceutical products could be
designed as well as the research may be expanded to other surfactants, processing parameters,
or pathogens to find the optimum formulations.
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