
Nanoemulsion-based delivery systems for poorly water-soluble
bioactive compounds: Influence of formulation parameters on
Polymethoxyflavone crystallization

Yan Li, Jinkai Zheng, Hang Xiao, and David Julian McClements*

Biopolymers and Colloids Research Laboratory, Department of Food Science, University of
Massachusetts, Amherst, Massachusetts 01003

Abstract
Polymethoxyflavones (PMFs) extracted from citrus peel exhibit potent anti-cancer activity, but are
highly hydrophobic molecules with poor solubility in both water and oil at ambient and body
temperature, which limits their bioavailability. The possibility of encapsulating PMFs within
nanoemulsion-based delivery systems to facilitate their application in nutraceutical and
pharmaceutical products was investigated. The influence of oil type (corn oil, MCT, orange oil),
emulsifier type (β-lactoglobulin, lyso-lecithin, Tween, and DTAB), and neutral cosolvents
(glycerol and ethanol) on the formation and stability of PMF-loaded nanoemulsions was
examined. Nanoemulsions (r < 100 nm) could be formed using high pressure homogenization for
all emulsifier types, except DTAB. Lipid droplet charge could be altered from highly cationic
(DTAB), to near neutral (Tween), to highly anionic (β-lactoglobulin, lyso-lecithin) by varying
emulsifier type. PMF crystals formed in all nanoemulsions after preparation, which had a tendency
to sediment during storage. The size, morphology, and aggregation of PMF crystals depended on
preparation method, emulsifier type, oil type, and cosolvent addition. These results have important
implications for the development of delivery systems for bioactive components that have poor oil
and water solubility at application temperatures.
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1. Introduction
Many bioactive agents intended for oral ingestion (e.g., nutraceuticals and pharmaceuticals)
are highly hydrophobic compounds with low water-solubility and poor bioavailability
(Bevernage, et al., 2010; Brouwers, Brewster, & Augustijns, 2009; Kleberg, Jacobsen, &
Mullertz, 2010). The bioavailability of these compounds can often be increased by
incorporating them within lipid-based delivery systems (Kohli, Chopra, Dhar, Arora, &
Khar, 2010; Müllertz, Ogbonna, Ren, & Rades, 2010; Neslihan Gursoy & Benita, 2004;
Pouton & Porter, 2008). A number of lipid-based delivery systems have been developed for
this purpose, which vary in their compositions and structures: simple oil solutions
(Burcham, Maurin, Hausner, & Huang, 1997); surfactant dispersions (Ali, Williams, &
Rawlinson, 2010; Sinha, Baboota, Ali, Kumar, & Ali, 2009), microemulsions (He, He, &
Gao, 2010; Rhee & Mansour, 2011); emulsions (Araya, Tomita, & Hayashi, 2005;
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Kawakami, et al., 2002; Poullain-Termeau, et al., 2008); self-emulsifying formulations
(Barakat, 2010; Gao, et al., 2003; Neslihan Gursoy, et al., 2004; Setthacheewakul,
Mahattanadul, Phadoongsombut, Pichayakorn, & Wiwattanapatapee, 2010; Yoo, et al.,
2010); solid lipid nanoparticles (Muller, Mader, & Gohla, 2000; Wissing, Kayser, & Muller,
2004).

Emulsion-based delivery systems are a particularly convenient means of encapsulating,
protecting, and delivering poorly water-soluble nutraceuticals and drugs via the oral route
for both functional food and pharmaceutical applications (Chakraborty, Shukla, Mishra, &
Singh, 2009; McClements & Li, 2010). Emulsions with different compositions, structures,
and functional performances can be prepared from commercially available ingredients (such
as lipids, emulsifiers, and water) using simple unit operations (such as mixing and
homogenization). Studies suggest that there is an inverse relationship between the uptake of
poorly water-soluble bioactive components and the size of the particles that contain them
(Acosta, 2009; Hageman, 2010; Sjöström, Bergenståhl, & Kronberg, 1993; Sjöstrom,
Kronberg, & Carlfors, 1993). Consequently, nanoemulsion-based delivery systems, which
contain relatively small particles (r < 100 nm), should be particularly convenient for
increasing the uptake of highly hydrophobic bioactive agents. In this study, we examined the
potential for nanoemulsion-based delivery systems to encapsulate a highly hydrophobic
phytochemical that has been shown to have strong bioactivity.

The phytochemical used, 5-hydroxy-6,7,8,4′-tetramethoxyflavone (Figure 1), belongs to a
class of compounds known as hydroxyl-polymethoxyflavones (OH-PMFs). PMFs and OH-
PMFs are phytochemicals that have been isolated from sweet orange peels (Hirata, et al.,
2009; Li, Lo, & Ho, 2006), tangerine peels (Wang, Wang, Huang, Tu, & Ni, 2007) and other
citrus plants. OH-PMFs can also be chemically synthesized by direct demethylation or
hydroxylation of PMFs (Li, et al., 2007) or from basic building blocks such as methoxylated
acetophenones and substituted benzoaldehydes (Bovicelli, et al., 2007; Li, et al., 2007; Li,
Wang, Sang, Huang, & Ho, 2006; Tsukayama, Kusunoki, Hossain, Kawamura, & Hayashi,
2007). OH-PMFs may also be produced using a microbial-catalyzed de-methylation reaction
(Okuno & Miyazawa, 2004). So far, more than 20 PMFs/OH-PMFs have been isolated and
identified from different tissues of citrus plants. For convenience, we use the term “PMFs”
to refer to both PMFs and hydroxyl-PMFs in general, and we use the term “PMF” to refer to
the specific compound used in this study (5-hydroxy-6,7,8,4′-tetramethoxyflavone), though
it should be recognized that it is really a particular kind of hydroxyl-PMF.

A number of studies have shown that PMFs have strong biological activity, including anti-
inflammatory, anti-carcinogenic, anti-viral, anti-oxidant, anti-thrombogenic, and anti-
atherogenic properties (Lai, et al., 2008; Lai, et al., 2007; Li, et al., 2009; Sergeev, Ho, Li,
Colby, & Dushenkov, 2007; Sergeev, Li, Colby, Ho, & Dushenkov, 2006; Xiao, et al.,
2009). Animal feeding studies using rats showed that consumption of between 2 to 9 mg of a
PMF (nobiletin) per day (for a ≈ 71 kcal per day diet) was sufficient to have a significant
anti-carcinogenic effect (Kohno, et al., 2001). This value corresponds to about 50 to 250 mg
PMF per day for humans (based on a 2000 kcal per day diet). One would therefore aim to
fortify functional food products with these levels of PMF in order to achieve the desired
biological response. Typically, food manufactures fortify foods with about 10% of the daily
recommended dose of bioactive compounds. Nevertheless, the application of PMFs as
nutraceuticals in many functional foods is currently limited because they are highly
hydrophobic compounds that have high melting points (> 150 °C) (Kinoshita & Firman,
1996), poor water-solubilities (< 100 <g/mL) and low bioavailabilities (Li, et al., 2009).
There is therefore a need to develop effective delivery systems to incorporate this kind of
hydrophobic bioactive compound into aqueous-based functional food products, such as
beverages, sauces, dips, dressings and deserts.
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The purpose of the current study was to determine whether PMF (5-hydroxy-6,7,8,4′-
tetramethoxyflavone) could be successfully incorporated into oil-in-water nanoemulsions.
PMF-loaded nanoemulsions could then be utilized as delivery systems to conveniently
incorporate this highly hydrophobic compound into functional foods, dietary supplements,
or pharmaceutical products. In particular, we examined the influence of formulation
characteristics such as preparation method, emulsifier type, carrier oil type, and neutral
cosolvents on the formation and stability of PMF-loaded nanoemulsions. The knowledge
gained from this study should facilitate the rational design of lipid-based delivery systems
for highly hydrophobic nutraceuticals and pharmaceuticals.

2. Materials & Methods
2.1. Materials

PMF powder was provided by Dr. Hang Xiao’s laboratory at the University of
Massachusetts (Dong, et al., 2010). Powdered β-lactoglobulin (BLG) was obtained from
Davisco Foods International (Le Sueur, MN). Tween 20 (T20) was purchased from MP
Biomedicals LLC (Solon, OH). Lyso-lecithin (Lyso-Lec) was a de-oiled enzyme-modified
soy lecithin obtained from the Solae Company (St Louis, MO). Dodecyl trimethyl
ammonium bromide (DTAB), glycerol (99%) and ethanol (95%) were purchased from
Acros Organics (NJ, USA). Tween 85 (T85) was purchased from Sigma-Aldrich (St Louis,
MO). Medium chain triglyceride (MIGLYOL 812N) was purchased from Sasol Germany
Gmbh (Witten, Germany). Corn oil was purchased from a local supermarket and used
without further purification. Orange oil was provided by Givaudan (East Hanover, NJ).
Analytical grade sodium monophosphate, sodium diphosphate, hydrochloric acid (HCl) and
sodium hydroxide (NaOH) were purchased from Sigma. Purified water from a Nanopure
water system (Nanopure Infinity, Barnstead International, Dubuque, IA) was used for the
preparation of all solutions.

2.2. Emulsion Preparation: Emulsifier in Aqueous Phase Method
Oil Phase Preparation—PMF powder (1 wt%) was added into a heated carrier oil (~90
°C) and the system was continuously stirred until the PMF was completely dissolved. Three
kinds of carrier oil were used in this study: corn oil; MCT; and, orange oil.

Aqueous Phase Preparation—Emulsifier solutions were prepared by dispersing 1.0 wt
% emulsifier (BLG, Tween 20, Lyso-Lecithin, or DTAB) into 5 mM phosphate buffer
solution and stirring for at least 2 h to ensure complete dissolution. The protein solutions
were kept overnight at 4 °C to ensure complete hydration. All emulsifier solutions were
warmed prior to use to avoid PMF crystallization when the oil and aqueous phases were
brought into contact.

Emulsion Preparation—A stock emulsion was prepared by homogenizing 5 wt% oil
phase (0 or 1 wt% PMF in carrier oil) with 95 wt% aqueous phase (1 wt% emulsifier in
buffer solution, pH 7.0) with a high-speed blender for 2 min (M133/1281-0, Biospec
Products, Inc., ESGC, Switzerland) followed by five passes at 12K psi through a high
pressure homogenizer (Microfluidics M-110Y, F20Y 75 μm interaction chamber, Newton,
MA). The oil and aqueous phases were kept warm (> 50 °C) during mixing and
homogenization, otherwise the PMF would crystallize and form a gel in the oil phase.

2.3. Emulsion Preparation: Emulsifier in Oil Phase Method
Oil Phase Preparation—PMF powder (1 wt%) was added into a heated carrier oil (~90
°C) and the system was continuously stirred until the PMF was completely dissolved. Then
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emulsifier (BLG, Tween 20, Lyso-Lecithin, or Tween 20/Tween 85) was added. Three kinds
of carrier oil were used in this study: corn oil; MCT; and, orange oil. The surfactants were
able to dissolve in the oil phase and form a clear solution, whereas the protein formed an
opaque colloidal dispersion in the oil phase. For some experiments we mixed either glycerol
(0 to 60 wt%) or ethanol (0 to 10 wt%) with the oil phase.

Aqueous Phase Preparation—Aqueous buffer solutions (5 mM phosphate buffer
solution) were prepared and then warmed prior to use to avoid PMF crystallization when the
oil and aqueous phases were brought into contact.

Emulsion Preparation—Emulsions were prepared by homogenizing the oil and aqueous
phase together using the high-speed blender and high pressure homogenizer under the same
conditions as for the previous method. The final composition of the emulsions was the same
for both emulsion preparation methods.

2.4. Particle Size and ζ-potential Measurements
The particle size and ζ-potential of the particles in the emulsions were determined using a
commercial dynamic light scattering and micro-electrophoresis device (Nano-ZS, Malvern
Instruments, Worcestershire, UK). The samples were diluted 100 times in buffer solution (5
mM phosphate buffer, pH 7) at room temperature before measurement. The particle size
data are reported as the intensity-weighted (“Z-average”) mean particle diameter, while the
particle charge data are reported as the ζ-potential (Malvern Instruments, Worcestershire,
UK).

2.5. Emulsion Microstructure & Visual Observations
The microstructures of selected emulsions were observed using an optical microscope
(Nikon Eclipse E400, Nikon Corp., Japan). Emulsion samples were thoroughly mixed in a
glass test tube before analysis, except when images of the sediment were acquired. A drop of
emulsion was placed on a microscope slide, and covered by a cover slip. An image of the
sample was acquired using digital image processing software (Micro Video Instruments Inc.,
Avon, MA) and stored on a personal computer. Emulsions were characterized by both bright
field and polarized light microscopy. The general appearance of the emulsions was recorded
by taking images using a digital camera (PowerShot SD1300IS, Canon).

2.6. Determination of PMF saturation concentrations
The saturation concentrations of PMF in oil (CO,Sat) and water (CW,Sat) phases were
measured by spectrophotometry.

Oil Phases—A weighed amount of PMF powder was added to 10 ml oil and then stirred
for 1 hour at 90 to 100 °C to fully dissolve the PMF crystals, which resulted in a clear
yellow PMF/oil solution. These solutions were then cooled to 25 °C and stored for 72 hours,
which led to crystal formation in samples containing sufficiently high PMF levels. After 72
h storage, the samples were centrifuged (3500 rpm, 15 min) and then the 10 <l of
supernatant was collected and mixed with 9.99 mL of chloroform. The absorbance was then
measured at 327 nm using a UV-visible spectrophotometer and a previously established
calibration curve.

Water Phases—Supersaturated PMF solutions were created by dissolving PMF powder
into DMSO. The PMF-DMSO solution was then added to a phosphate buffer solution and
mixed thoroughly for 5 seconds using a Vortex, which led to the formation of crystals. The
sample was then centrifuged to remove any non-dissolved PMF. The supernatant was
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collected and the PMF concentration was determined using a UV-visible spectrophotometer
and a previously established calibration curve.

2.7. Data Analysis
All experiments were performed at least twice on freshly prepared samples. The results were
then reported as averages and standard deviations of these measurements.

3. Results & Discussion
3.1. Thermal behavior of PMF in bulk carrier oils

It is difficult to prepare oil-in-water nanoemulsions from lipid phases containing crystalline
material because crystals tend to block the narrow chambers in high pressure homogenizers.
PMF is crystalline at room temperature, and so it was necessary to dissolve it within carrier
oil prior to homogenization. This was achieved by weighing PMF crystals into carrier oils
(corn oil, MCT, or orange oil) at ambient temperature, and then heating the resulting
mixtures to ≈ 90 °C to fully dissolve the crystals and form a transparent lipid phase (Figure
2a). (In later sections, this heated lipid phase was used to prepare the nanoemulsions).
Crystal formation was observed within the bulk lipid phases when they were allowed to
stand in beakers (Figure 2a) or on microscope slides (Figure 2b) at ambient temperature,
with the rate and extent of crystallization depending on the nature of the carrier oil. The first
crystals became visible within the bulk lipid phase (beakers) after about 7 minutes for corn
oil, about 9 minutes for MCT, and about 12 minutes for orange oil. After 62 minutes storage
at ambient temperature there appeared to be far more crystals in the corn oil and MCT
samples, than in the orange oil samples (Figure 2a). Polarized light microscopy indicated
that the crystals formed had a needle-like shape that tended to form clusters (Figure 2b). The
microscopy study also confirmed that PMF crystals formedmore rapidly in corn oil and
MCT than in orange oil. Crystallization occurred faster when lipids were placed on a
microscope slide (< 1 minute) than when they were left in a beaker (> 5 minutes), which can
be attributed to the faster cooling rate of the thin lipid layer on the microscope slide. These
experiments indicated that PMF tends to crystallize in bulk lipids when cooled to ambient
temperatures, and form large needle-like crystals. There was a considerable variation in the
dimensions of the crystals formed, but many of them were over 10 <m in length (Figure 2a).
In the following experiments we aimed to determine whether PMF crystallization would
also occur in nanoemulsions, and what effect system composition had on this process.

3.2. Physical stability and PMF crystallization in nanoemulsions
One of the main objectives of this study was to prepare physically stable oil-in-water
nanoemulsions that could be used as delivery systems for PMF. Initially, we therefore
prepared an oil-in-water nanoemulsion by homogenizing an oil phase (1 wt% PMF in corn
oil) and an aqueous phase (1 wt% Tween 20 in buffer solution) together. The system had to
be kept warm (50-60 °C) during homogenization to prevent PMF crystallization, otherwise
it would not have been possible to pass it through the narrow channels of the homogenizer.
After preparation the samples were stored at either ambient temperature (25 °C) or in a
refrigerator (4 °C). We found that the storage temperature had little influence on the
properties or stability of the emulsions (Table 1a), and so we only consider the data at
ambient temperature in the remainder of this study.

We found that nanoemulsions (r < 100 nm; d < 200 nm) were formed after homogenization
both in the presence and absence of PMF (Table 1a). Measurements of the particle size
distributions of these nanoemulsions indicated that they had monomodal distributions with a
peak around a diameter of 140 nm (Figure 3). The polydispersity indices (PDI) of these
nanoemulsions were between 0.1 and 0.3, which indicated that the distributions were
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relatively narrow. The droplets in the nanoemulsions had a small negative charge (≈ -12
mV), even though they were stabilized by a non-ionic surfactant. The most likely origin of
this negative charge is the presence of anionic impurities in the surfactant and/or oil phase,
e.g., free fatty acids (McClements, 2005). The presence of PMF in the nanoemulsions
appeared to have little influence on the initial particle size or charge, which might be
expected since it is a relatively small non-polar neutral molecule (Figure 1) that should not
have a major influence on oil phase viscosity or interfacial tension at the levels (1%) used.

After 24 hours or 1 month storage, we did not observe any evidence of droplet creaming,
i.e., the emulsions had a uniform opaque appearance throughout their volume. The good
stability of the lipid droplets to gravitational separation can be attributed to their relatively
small size (McClements, 2011; McClements & Rao, 2011). On the other hand, we did
observe the presence of a thin yellow layer at the bottom of the nanoemulsions after storage
(Figure 4). The color of this layer was similar to that of the initial PMF crystals used to
prepare the nanoemulsions, and therefore we hypothesized that it was comprised of
sedimented PMF crystals. To test this hypothesis we separated the emulsions into a white
upper layer and a yellowish lower layer using a syringe and then analyzed each layer. The
particle size distribution of the droplets in the white upper layer was similar to that of the
droplets in the initial emulsions after 24 hours or 1 month storage (Figure 3), suggesting that
the presence of the phase separated PMF crystals had not influenced the physical stability of
the lipid droplets. The microstructure of the yellow lower layer was characterized using
polarized light microscopy, which clearly showed that there were needle-shaped crystals
distributed throughout the sediment (Figure 4). After one month storage a more distinct
yellow layer was observed at the bottom of the test tubes, and there was evidence of large
clusters of aggregated needle-like crystals in the sediment (Figure 4).

3.3. Potential Mechanism of Crystal Formation in Nanoemulsions
The nanoemulsions were prepared at an elevated temperature and so the PMF would initially
have been fully dissolved because its concentration in both the oil and water phases would
be below the saturation level. After homogenization at elevated temperatures, we would
expect the PMF molecules to be distributed between the oil and aqueous phases according to
their equilibrium partition coefficient (KOW). When the nanoemulsion was cooled the PMF
would have become supersaturated in the oil and/or aqueous phases, which would favor
nucleation and crystal growth (Brouwers, et al., 2009; Lindfors, Forssen, Westergren, &
Olsson, 2008; Warren, Benameur, Porter, & Pouton, 2010). Nevertheless, the system could
persist in this metastable state for some time, depending on system composition and
temperature, due to the presence of activation energies associated with nuclei formation.
Nucleation and crystal growth may have occurred in the oil phase, the aqueous phase, and/or
the oil-water interface (Figure 5). Our optical microscopy measurements indicated that
relatively large crystal clusters were eventually formed that appeared to be present within
the aqueous phase (Figure 4). This result suggests that either: (i) nucleation and crystal
growth occurred directly in the aqueous phase; or, (ii) nucleation and crystal growth
occurred in the oil phase or interfacial region and then the crystals moved into the aqueous
phase. We intend to examine this phenomenon in more detail in future studies. Mathematical
models have been developed to describe the nucleation and crystallization processes in
emulsions, and these models show that monomers may move from an oil droplet into the
aqueous phase where they form crystals (Feltham & Garside, 2005).

Our initial experiments indicated that oil-in-water nanoemulsions containing PMF could be
formed, but that the PMF crystallized over time and sedimented to the bottom of the
samples, especially after prolonged storage. This effect would be expected to have a major
impact on the ability of nanoemulsion-based delivery systems to encapsulate and release
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PMF. We therefore carried out a series of experiments to identify possible strategies to
inhibit the crystallization and sedimentation of PMF in the nanoemulsions.

3.4. Influence of emulsifier type on PMF-nanoemulsion properties
In this series of experiments we examined the influence of emulsifier type on the formation,
properties, and stability of nanoemulsions containing PMF. Different types of emulsifiers
are commonly used to prepare nanoemulsions in food and pharmaceutical applications,
including natural and synthetic surfactants and amphiphilic polymers (McClements, 2005;
Pouton, 2006). The nature of the emulsifier used to fabricate a nanoemulsion may impact its
properties in a variety of ways: the initial droplet size produced by homogenization;
emulsion stability during storage; droplet interactions with other components (McClements,
2010, 2011). Emulsifier type may also impact the formation, growth rate, and location of
crystals present within an oil-water system by interacting with nuclei or crystal surfaces
(Fredrick, Walstra, & Dewettinck, 2010; Rousseau, 2000; Sato, 1999).

Emulsifiers may therefore play multiple roles in the formation, stability, and performance of
nanoemulsions containing lipophilic components that may crystallize. For this reason, we
tested the effects of a series of emulsifiers with different molecular characteristics on
nanoemulsion properties: an anionic surfactant (lyso-lecithin); a non-ionic surfactant (Tween
20); a cationic surfactant (DTAB); and, an amphoteric globular protein (BLG). Initially, oil-
in-water nanoemulsions were prepared by homogenizing a lipid phase (0 or 1% PMF in corn
oil) and an aqueous phase (1% emulsifier in buffer solution) together, and then they were
stored at either room (≈ 25 °C) or refrigerator (≈ 4 °C) temperature prior to analysis. The
particle size, particle charge, microstructure and overall appearance of the resulting
nanoemulsions was then determined.

The electrical charge on the lipid droplets depended on emulsifier type, being highly
negative for BLG and lyso-lecithin, slightly negative for Tween 20, and highly positive for
DTAB (Table 1a). The presence of PMF in the emulsions had no appreciable effect on the
electrical characteristics of the lipid droplets, which might be expected since PMF is a
neutral molecule (Figure 1). The systems containing Tween 20, BLG and lyso-lecithin as
emulsifiers were all able to form corn oil-in-water emulsions containing relatively small
droplets, i.e., d < 220 nm (Table 1a). The majority of these systems could therefore be
considered to be nanoemulsions (i.e., d < 200 nm). On the other hand, the emulsions
prepared using DTAB contained relatively large droplets, i.e., d > 250 nm (Table 1a). After
24 hours storage the emulsions appeared to have a relatively uniform white appearance
throughout most of their volume, which indicated that the lipid droplets were stable to
gravitational separation. Nevertheless, we again observed a thin yellow layer at the bottom
of a number of the emulsions after 24 hours storage, i.e., those containing Tween 20, lyso-
lecithin, and DTAB. The only sample where a colored sediment was not clearly visible after
24 hours storage was the one containing lipid droplets stabilized by BLG. Microstructural
observations of the samples using conventional optical microscopy and cross-polarizers
indicated that all the emulsions contained some crystalline material distributed within the
aqueous phase after 24 hours storage (data not shown). The presence of the PMF crystals
could be clearly seen by analyzing the sediment formed in the nanoemulsions after one
month storage (Figure 6). There were some visible differences in the size, morphology and
aggregation of the PMF crystals observed in the emulsions containing different types of
emulsifiers. There were large clusters of needle-like crystals in the lyso-lecithin, DTAB-,
and Tween-stabilized nanoemulsions; where there were more isolated needle-like crystals in
the BLG-stabilized nanoemulsions. These differences may have altered the tendency for
crystal sedimentation to occur in the emulsions. One would expect that smaller crystals
would be more stable to sedimentation than larger ones, which may account for the fact that
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a yellow sediment layer was not visible in the BLG-stabilized emulsions after 24 hours
storage, even though crystals were observed by microscopy (Table 1a).

The size and morphology of the crystals formed in the emulsions may have been influenced
by a number of factors related to nucleation and crystal growth rates (Feltham, et al., 2005;
Lindfors, et al., 2008). If the nucleation rate was faster than the crystal growth rate, then
many small crystals should have been formed. Conversely, if the crystal growth rate was
faster than the nucleation rate, then few large crystals should have been formed. The relative
rate of these two processes may have been influenced by interactions between PMF and the
emulsifiers, e.g., solubilization within surfactant micelles, binding to hydrophobic sites on
BLG molecules, adsorption of emulsifiers to nuclei or crystal surfaces, and inhibition/
promotion of crystal growth. Further work is clearly needed to better understand the
influence of these factors on the formation and morphology of PMF crystals in
nanoemulsions.

The general tendency for PMF crystals to form in the emulsions after 24 hours storage was
categorized based on their microstructure and physical appearance (Table 1a): no-stars = no
evidence of crystal formation or sedimentation; * = Crystals observed by optical
microscopy, but no yellow sediment observed after 24 h storage; ** = Few crystals observed
by optical microscopy, but yellow sediment observed after 24 h storage; *** = Crystals
observed by optical microscopy and yellow sediment observed. For all the emulsifiers
studied we found that crystal formation occurred in all of the emulsions, so there were no
emulsions in the no-stars category. In addition, after one month storage a yellow sediment
was visible for all of the nanoemulsions, and PMF crystals could be observed by polarized
light microscopy. In future studies we intend to measure the concentration of crystalline and
dissolved PMF in the systems, as this will provide more detailed information about the
distribution of this bioactive component within the systems.

3.5. Influence of oil type on PMF-nanoemulsion properties
In this series of experiments we examined the influence of oil type on the formation,
properties, and stability of nanoemulsions containing PMF. Different types of oils are
commonly used to prepare nanoemulsions in functional food and pharmaceutical
applications, including natural and synthetic oils that may be either digestible or non-
digestible (McClements, 2005; Pouton, 2006). The nature of the oil used to fabricate a
nanoemulsion may impact its properties in a variety of different ways. The solubility of
PMF in the lipid phase and its oil-water partition coefficient will depend on the molecular
characteristics of the oil used, e.g., its molecular weight and polarity (Brouwers, et al.,
2009). The initial size of the droplets produced during homogenization depends on the
viscosity and interfacial tension of the oil phase, since these parameters impact the ease of
droplet disruption within a homogenizer (S. Jafari, He, & Bhandari, 2007; S. M. Jafari,
Assadpoor, He, & Bhandari, 2008). The stability of nanoemulsions to droplet coalescence
and Ostwald ripening often depends on the chemical composition of the oil phase
(Kabalnov, 2001; McClements, 2005). For these reasons, we examined the influence of oil
type on the formation, properties, and stability of nanoemulsions containing PMF. Three
different oils were selected based on differences in their molecular characteristics: long
chain triglycerides (corn oil); medium chain triglycerides (MCT); and, orange oil. Emulsions
were prepared using the same homogenization protocol as outlined in the previous section
with Tween 20, lyso-lecthin, DTAB, or BLG as the emulsifier.

The droplet size, droplet charge, emulsion microstructure, and overall appearance of
nanoemulsions prepared using different oil types were measured. Overall, the influence of
emulsifier type on droplet size and charge was similar for MCT and orange oil (Tables 1b
and 1c) as for corn oil (Table 1a); small droplets could be formed using Tween 20, lyso-
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lecithin and BLG, but not with DTAB; lyso-lecithin and BLG gave highly anionic droplets,
Tween 20 gave slightly anionic droplets, and DTAB gave highly cationic droplets. The
nature of the oil used to fabricate the emulsions did have an appreciable effect on the size of
the droplets: the mean droplet diameter decreased in the following order: corn oil > MCT >
orange oil for the same emulsifier (Table 1). This effect can be attributed to the effect of
lipid phase properties on the formation of small droplets within the homogenizer. Droplet
size tends to decrease as the viscosity and interfacial tension of the lipid phase decreases
since this facilitates droplet disruption during homogenization (Qian & McClements, 2010;
Wooster, Golding, & Sanguansri, 2008). The viscosity and interfacial tension of orange oil
is less than that for triglyceride oils (Kourniatis, Spinelli, Piombini, & Mansur, 2010), which
would account for the smaller droplet sizes.

Interestingly, the emulsions prepared using MCT or orange oil appeared to have better
stability to crystal sedimentation than the ones prepared using corn oil after 24 hours storage
(Table 1). There was no visible evidence of the formation of a yellow sediment at the bottom
of the emulsions containing MCT or orange oil after 24 hours storage. Nevertheless, PMF
crystals were still observed in these emulsions using optical microscopy, but these crystals
appeared to be smaller than those formed in the corn oil emulsions (data not shown). The
relatively good stability of the orange oil and MCT nanoemulsions to crystal sedimentation
may therefore have been due to the relatively small size of the PMF crystals formed in these
systems. Even so, after one month storage all of the emulsions exhibited a visible yellow
sediment layer at the bottom that contained PMF crystals (Figure 6). The nature of the
crystals present in the sediment depended on oil and surfactant type. For all carrier oil types,
BLG appeared to form a relatively small number of large isolated needle-like PMF crystals.
For the orange oil, there appeared to be a relatively large number of small clustered needle-
like crystals in the emulsions containing surfactants (lyso-lecithin, Tween 20 or DTAB). For
the MCT, there appeared to be larger isolated needle-like crystals for lyso-lecithin, but small
clustered needle-like crystals in the emulsions containing Tween 20 or DTAB.

To further understand the influence of oil type on crystal formation in the emulsions we
measured the saturation concentrations of PMF in the different oils and in water at 25 °C:
3.3 ± 0.4 mM, 2.8 ± 0.1 mM, 6.2 ± 0.6 mM, 0.93 ± 0.02 <M in orange oil, corn oil, MCT,
and water respectively. The oil-water partition coefficient (KOW) can be calculated from the
saturation concentrations of PMF in oil (CO,Sat) and water (CW,Sat): KOW = CO,Sat /
CW,Sat. The PMF partition coefficients calculated from this data for the three oils used in
this study were (25 °C): KOW = 3.55 × 103, 3.01 × 103 and 6.67 × 103 (corresponding to
LogP = 3.55, 3.48 and 3.82) for orange oil, corn oil, and MCT respectively. PMF had the
lowest CO,Sat and KOW values for corn oil, and also formed the largest crystals in the corn
oil-in-water nanoemulsion. One would therefore expect that the PMF concentration in the
water phase would have been somewhat higher for the corn oil nanoemulsion, which may
have led to a greater driving force for nucleation in this phase. However, other factors may
also have contributed to the final size of the crystals formed in the nanoemulsions. For
example, the nanoemulsions containing corn oil had the largest initial droplet sizes, which
may have influenced the final size of the crystals formed. In addition, corn oil has the
highest viscosity and interfacial tension of the three oils used, which may also have affected
the kinetics and thermodynamics of nucleation and crystal growth. Clearly further work is
required to establish the relationship between final crystal characteristics and emulsion
composition, properties, and structure.

One approach to avoid formation of crystals in the nanoemulsions would be to ensure that
the PMF concentration always remained below the saturation limit, i.e., CO < CO,Sat.
Nevertheless, this will limit the maximum amount of PMF that can be incorporated into a
system. For a 5 wt% oil-in-water nanoemulsion, the maximum amount of PMF that can be
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incorporated per 100 g of nanoemulsion can be calculated from the CO,Sat values reported
above: 4.6, 3.9 and 8.7 mg for orange oil, corn oil, and MCT systems. This value is
considerably below the 50 to 250 mg PMF per day estimated for a beneficial effect in
humans (Introduction). However, functional foods are usually fortified at about 10% of the
daily recommended amount. The amount of soluble PMF delivered could also be increased
by increasing the total oil concentration in the delivery system, or increasing the total
amount of delivery system consumed per serving.

3.6. Influence of preparation method on PMF-nanoemulsion properties
We postulated that it may be possible to improve the stability of the nanoemulsions to
crystal formation and sedimentation by altering the preparation method used. In the previous
sections, we prepared nanoemulsions by homogenizing an oil phase (PMF in carrier oil)
with an aqueous phase (emulsifier in buffer solution), i.e., the emulsifier was initially
located in the aqueous phase. In this section, we examined the effect of incorporating the
emulsifier in the oil phase (rather than in the aqueous phase) prior to homogenization. Thus,
nanoemulsions were prepared by homogenizing an oil phase (PMF, carrier oil, and
emulsifier) and an aqueous phase (buffer solution) using a high pressure homogenizer. A
potential advantage of this latter approach is the ability of some emulsifiers to increase the
solubility of highly hydrophobic molecules in oil phases (Pouton, et al., 2008). In these
studies we again examined the influence of oil type (corn oil, MCT, and orange oil) and
emulsifier type (Tween 20, lyso-lecithin, BLG). However, we did not include DTAB in this
study, because it could not be used to form nanoemulsions in either the presence or absence
of PMF (Table 1).

We found that the small molecule surfactants (Tween 20 and lyso-lecithin) could easily be
dissolved within all three lipid phases leading to a transparent oily solution, but that the
globular protein (BLG) could only be dispersed in a particulate form leading to a cloudy oily
suspension. Nevertheless, we were still able to form nanoemulsions (d < 200 nm) containing
PMF using all three types of emulsifier (Table 2). Indeed, the mean diameter of many of the
nanoemulsions was less when the emulsifiers were initially located in the oil phase (Table 2)
than when they were initially located in the aqueous phase (Table 1). Interestingly, it was
not possible to form a stable emulsion with orange oil and lyso-lecithin using this emulsion
preparation approach – instead a highly viscous foamy system was formed after high-speed
blending. The physicochemical origin of this effect is currently unknown, but it may be
because lyso-lecithin can act as an effective foaming agent. In addition, lyso-lecithin may
have been more soluble in the orange oil than in the aqueous phase, which meant that the
emulsions formed were unstable.

The general trends in the lipid droplet charge were similar for both preparation methods, and
were mainly determined by the nature of the emulsifier used: highly anionic droplets were
formed with BLG and lyso-lecithin, while slightly anionic droplets were formed with Tween
20. Visual observation and optical microscopy images again indicated that all the
nanoemulsions prepared were unstable to crystal formation and sedimentation (Table 2).
After one month storage, the nature of the PMF crystals present within the yellow sediment
collected from the emulsions depended on oil and emulsifier type (Figure 7). In addition,
adding the emulsifiers to the oil phase prior to homogenization (Figure 7) led to a different
crystal morphology than adding the emulsifier to the aqueous phase (Figure 6). This effect
was most dramatic for the BLG-stabilized nanoemulsions, where a larger number of densely
packed crystals were observed when the emulsifier was added to the oil phase (Figure 7),
than when it was added to the aqueous phase (Figure 6).
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3.7. Influence of mixed surfactant systems on PMF-nanoemulsion properties
A number of studies have shown that the solubility of highly hydrophobic compounds in oil
phases can be increased by using mixtures of hydrophilic and lipophilic surfactants (Pouton,
et al., 2008). We therefore compared the properties of nanoemulsions prepared using Tween
20 as the sole emulsifier, with those prepared using a combination of Tween 20
(hydrophilic) and Tween 85 (lipophilic). In this case, the emulsions were prepared by
mixing the PMF, surfactants, and carrier oil together first, and then homogenizing with an
aqueous phase. Nanoemulsions prepared using the Tween 20/Tween 85 mixture had similar
mean particle diameters and charges as those prepared using Tween 20 alone (Table 2). The
mean particle diameter again depended on carrier oil type (orange oil < MCT < corn oil),
which can be accounted for by the influence of oil phase viscosity and interfacial tension on
droplet disruption within the homogenizer (see earlier discussion). There appeared to be
some improvement in the stability of the emulsions to crystal sedimentation in the emulsions
containing mixed surfactants after 24 hours storage, but PMF crystals were still observed in
the optical microscopy images. After one month storage, all of the samples had a visible
yellow layer at the bottom that contained crystals (Figure 8).

3.8. Influence of co-solvent addition on PMF-nanoemulsion properties
The results so far indicate that emulsifier type, oil type, or preparation method could not
inhibit crystal formation in the nanoemulsions, but that they could inhibit crystal
sedimentation. Finally, we therefore examined the influence of adding neutral hydrophilic
co-solvents (glycerol or ethanol) to the aqueous phase of the emulsions prior to
homogenization. Previous studies suggest that addition of neutral co-solvents may be able to
improve the encapsulation of highly hydrophobic substances in emulsions (Warren, et al.,
2010). Emulsions were prepared by homogenizing an oil phase (carrier oil, PMF, emulsifier)
with an aqueous phase (co-solvent and buffer solution) together. In these experiments, we
compared the influence of selected oil types (corn oil and MCT) and emulsifier types (lyso-
lecithin) on system properties. We found that nanoemulsions (d < 200 nm) could be formed
at all cosolvent levels (0 to 60% glycerol; 0 to 10% ethanol) studied, but that crystallization
still occurred in all of the emulsions (Table 3). After one month storage, all of the samples
had a visible yellow layer at the bottom that contained a network of aggregated needle-like
crystals when observed by polarized optical microscopy (data not shown). These
experiments indicate that addition of neutral co-solvents to the aqueous phase was also
ineffective at preventing PMF crystallization.

4. Conclusions
The purpose of this study was to determine whether oil-in-water nanoemulsions could be
developed as delivery systems for PMF, which is a highly hydrophobic bioactive
component. PMF has a low solubility in both water and oil phases at ambient temperatures,
and so it tends to form crystals in nanoemulsions that can sediment to the bottom of the
samples. This phenomenon has important consequences for the practical application of
PMF-loaded nanoemulsions as delivery systems. If PMF formed crystals that sedimented to
the bottom of a functional food product, then they may not be consumed and the beneficial
attributes of this bioactive component would not be realized. On the other hand, even if PMF
crystals were consumed, it is not currently clear whether they would be adsorbed by the
body or how specific crystal characteristics (e.g., size and morphology) would impact their
bioavailability. For this reason, we examined a number of factors that might impact the
formation and stability of PMF-loaded nanoemulsions, including emulsifier type, carrier oil
type, preparation method, and inclusion of neutral cosolvents. In all cases, we could not
prevent PMF crystals from forming, but we could influence the size, morphology and
aggregation of the PMF crystals formed, which affected their tendency to sediment to the
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bottom of the nanoemulsions. As would be expected, small PMF crystals appeared to be
more stable to sedimentation than larger ones (after 24 hours storage). Further studies are
required to understand the fundamental physicochemical mechanisms involved in nucleation
and crystal growth within multiphase emulsion systems, and to establish effective strategies
to control these processes.

The results of this study may have important implications for the design and fabrication of
nanoemulsion-based delivery systems for PMF. Stable nanoemulsion delivery systems could
be formulated by ensuring that the PMF concentration remained below the saturation level
in the oil phase (i.e., C < CS), which was about 3 – 6 mM PMF in the oils used in this study.
These values correspond to about 4 to 9 mg PMF per 100 g of a 5 wt% oil-in-water
nanoemulsion, which is about 10 times less than the PMF amounts reported to have a
biological effect. These levels could be increased by increasing the oil concentration in the
delivery system or the amount of delivery system consumed. Since PMF has a higher
saturation concentration in oil than in water it may also be possible to incorporate it into oil-
based products (such as cooking oils, salad oils, margarines or spreads) rather than aqueous-
based products (such as beverages, dressings, sauces, and dips). Alternatively, a delivery
system could be developed that contained a mixture of PMF-saturated oil droplets and PMF
crystals. Previous studies have shown that digestible carrier oils (such as medium and long
chain triglycerides) can increase the bioavailability of highly lipophilic substances by
generating surface active products (monoacylglycerols and free fatty acids) during lipid
digestion (Porter, Trevaskis, & Charman, 2007). These surface active digestion products
participate in the formation of mixed micelles with bile salts and phospholipids secreted in
the human GI tract, which can increase the solubilization capacity of small intestinal juices
for highly hydrophobic substances. Thus, the presence of digestible lipid droplets within a
nanoemulsion containing PMF crystals might improve the bioavailability of the PMF.
Nevertheless, further studies are required to determine whether PMF can be incorporated
into mixed micelles, and whether PMF crystals can be directly adsorbed by the body.
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Figure 1.
Chemical structure of 5-hydroxy-6,7,8,4′-tetramethoxyflavone, referred to as “PMF
“throughout this study.
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Figure 2a.
Photographs of 1% PMF in carrier oil solutions after cooling to ambient temperatures. The
samples were prepared by mixing the PMF with oils, heating to about 90 °C to fully dissolve
the PMF, and then cooling to ambient temperature.
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Figure 2b.
Photographs of 1% PMF in carrier oil solutions after cooling to ambient temperatures taken
with an polarized optical microscopy (after about 4 minutes). The samples were prepared by
mixing the PMF with oils, heating to about 90 °C to fully dissolve, then cooling. The images
represent an area of 187 mm × 250 mm.
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Figure 3.
Particle size distributions of corn oil-in-water emulsions stabilized by Tween 20 in the
absence and presence of PMF measured after 1 day and 1 month storage at ambient
temperature.
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Figure 4.
Overall appearance and polarized microscopy images of corn oil-in-water emulsions
stabilized by Tween 20 in the presence of PMF measured after 1 day storage.
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Figure 5.
Schematic representation of possible mechanisms for formation of PMF crystals in
nanoemulsions: (i) some of the PMF diffuses into the water phase until the concentration
exceeds the water-solubility, leading to crystal formation; (ii) PMF crystals form in the oil
droplets, then move into the aqueous phase.
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Figure 6.
Polarized light microscopy images of the sediments formed in PMF-fortified oil-in-water
emulsions after 1 month storage. Each image represents an area of 187 mm × 250 mm.
Crystal morphology appeared to depend strongly on oil type and surfactant type. These
emulsions were prepared by mixing the emulsifiers with the aqueous phase first.
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Figure 7.
Polarized light microscopy images of the sediments formed in PMF-fortified oil-in-water
emulsions after 1 month storage. Each image represents an area of 187 mm × 250 mm.
Crystal morphology appeared to depend strongly on oil type and surfactant type. These
emulsions were prepared by mixing the emulsifiers with the oil phase first.
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Figure 8.
Polarized light microscopy images of the sediments formed in PMF-fortified oil-in-water
emulsions after 1 month storage. Each image represents an area of 187 mm × 250 mm.
Crystal morphology appeared to depend strongly on oil type and surfactant type. These
emulsions were prepared by mixing the emulsifiers with the oil phase first.
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