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bstract

The aim of this study was to compare the transdermal application of a nano-sized emulsion versus a micron-sized emulsion preparation of delta
ocopherol as it relates to particle size and bioavailability. Two separate experiments were performed using seven F1B Syrian Golden hamsters, 1
eek apart. Each emulsion preparation consisted of canola oil, polysorbate 80, deionized water and delta tocopherol; the only difference between

he two preparations was processing the nano-sized emulsion with the Microfluidizer® Processor. Both were formulated into a cream and applied
o the shaven dorsal area. The particle size of the micron-sized emulsion preparation was 2788 nm compared to 65 nm for the nano-sized emulsion
ormulation. Two hours post-application, hamsters that were applied the nano-sized emulsion had a 36-fold significant increase of plasma delta
ocopherol, where as hamsters that were applied the micron-sized emulsion only had a 9-fold significant increase, compared to baseline, respectively.
t 3 h post-application, plasma delta tocopherol had significantly increased 68-fold for hamsters applied the nano-sized emulsion, whereas only an

1-fold significant increase was observed in hamsters applied the micron-sized emulsion, compared to baseline, respectively. Significant differences
ere also observed between the nano-sized and micron-sized emulsion at 2 and 3 h post-application. This study suggests that nano-sized emulsions

ignificantly increase the bioavailability of transdermally applied delta tocopherol.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to its antioxidant properties, vitamin E (tocopherol)
s postulated to reduce the incidence and severity of disease
tates associated with oxidative stress, such as experimental
therosclerosis, cancer, chronic inflammation, and neurologi-
al disorders (Brigelius-Flohe et al., 2002). Moreover, a large
ody of evidence indicates that �-tocopherol reduces sponta-
eously occurring oxidative DNA damage and inhibits an early
tage of carcinogenesis due to a blockage of nitrosamine for-

ation (Ohshima et al., 1982; Azzi et al., 1995; Moore et al.,

999). Other studies suggest that vitamin E compounds have a
irect effect against tumors and tumor cell growth (Kline et al.,
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001). In addition, it has been reported that certain isomers of
ocopherol, �-tocopherol, in particular, have anti-inflammatory
roperties (Grammas et al., 2004; Singh and Jialal, 2004; Singh
t al., 2005). Thus, any delivery system which could enhance
he bioavailability and efficacy of substances such as tocopherol
ould be of great value for medical applications of nutraceuticals
nd pharmaceuticals.

Lipid-based nano-formulations are among the most attractive
andidates for improving substance solubility and for site-
pecific targeting following parenteral administration (Moghimi
nd Agrawal, 2005). Nano-sized emulsions are a class of sta-
le emulsions composed of surfactant and oil suspended in
ater with a particle diameter usually less than 100 nm (Becher,

983; Porrasa et al., 2004; Sonneville-Aubrun et al., 2004).
he reported stability of nano-sized emulsions makes them
xtraordinary and they are often described as “approaching
hermodynamic stability” (Tadros et al., 2004). It has been sug-
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ested that emulsion systems offer an appealing substitute for
he formulation of poorly soluble drugs such as paclitaxel and
miodarone (Constantinides et al., 2004).

Compared to typical micron-sized emulsion preparations
hich can be thousands of nanometers in size, nano-delivery

ystems with particle sizes approximately 100 nm or less have
een shown to increase bioavailability and efficacy of a num-
er of compounds such as anti-inflammatory agents (Kumar
t al., 2004), insulin (Yan et al., 2002), tetanus toxoid (Vila
t al., 2005) and dicumarol (Thanos et al., 2003). Support for
ncreased efficacy of nano-sized emulsion delivery substances
as also come from our laboratory, which demonstrated that
ano-sized emulsions prepared on a Microfluidizer® Processor
ontaining an anti-oxidant synergy formulation (ASF) dramat-
cally reduced tumor size in a neuroblastoma-bearing mouse

odel compared to a micro-suspension of ASF (Kuo et al.,
007).

. Materials and methods

.1. Nano-sized emulsion and micron-sized emulsion
ormulations

The nano-sized emulsion was formed by making a ternary
ixture of delta tocopherol (Sigma–Aldrich Inc., Missouri,
SA) (4.62 mg/mL) dissolved in 10 g canola oil and 10 g
olysorbate 80 (Sigma–Aldrich Inc., Missouri, USA). Delta
ocopherol and not alpha tocopherol was used in this study since
ts background level in the blood stream of hamsters is very low,

aking it easier to quantitate the added amounts contributed by
he micro- and nano-sized emulsions. This solution was heated
50 ◦C) and gently stirred with a magnetic stirrer for 10 min.
wo hundred and forty milliliters of deionized/distilled water
as heated (60 ◦C) and added to the solution. The solution was

llowed to equilibrate with gentle magnetic stirring for 20 min.
he delta tocopherol nano-sized emulsion was prepared using

he Microfluidizer® Processor, Model M-110EH (Microfluidics
orporation, Newton, MA, USA). Microfluidizer® Processors
rovide high pressure and a resultant high shear rate by accel-
rating the product through microchannels to a high velocity
or size reduction to the nanoscale range. The fluid is split into
wo and is pushed through microchannels with typical dimen-
ions in the order of 75 microns at high velocities (in the range
f 50–300 m/s). As the fluid exits the microchannels it forms
ets which collide with jets from opposing microchannels. In
he channels the fluid experiences high shear (up to 107 L/s)
hich is orders of magnitude higher than that of conventional

echnologies. Jet collisions result in mixing in submicron level.
herefore high shear and impact are responsible for particle size

eduction and mixing of multiphase fluids in the Microfluidizer
echnology.
For studies described in this communication, the delta toco-
herol formulation was passed through the Microfluidizer®

rocessor once at a pressure of 24,000 psi. The micron-sized
mulsion formulation was prepared as the ternary mixture and
ot subjected to the Microfluidizer® Processor.
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.2. Viscosity and particle size

The viscosity of the formulations was measured using an
bbelohde Viscometer (VWR International, Boston, MA, USA)

t 25 ◦C. For measurement of the mean droplet size and polydis-
ersity index (width of the particle size distribution) a dynamic
aser light scattering Malvern Nano-S instrument (Malvern
nstruments Inc., Southborough, MA, USA) was used.

.3. Study design

Seven male Syrian Golden hamsters (F1B strain, BioBreeders
nc., Fitchburg, MA, USA), 8–10 weeks of age were used in this
tudy and were housed in individual box cages with bedding in a
emperature-controlled room (20 ◦C) and a 12 h light cycle. They
ere fed a commercial non-purified diet (Ralston Pruina 4001,
t. Louis, MO, USA) and water provided ad libitum. Both emul-
ion formulations were mixed together 1:1 with a hypoallergenic
ream (PCCA, Houston, TX, USA). All hamsters were pre-
haven 1 day prior to application (day 0). On day 1, 1 mL of the
icron-sized emulsion containing cream was applied to a 1 in2.

rea of shaven skin on the hamster’s dorsal side. The cream was
ently rubbed onto the skin until it was no longer visible. Time
oint bleeds of baseline and 1–3 h post-application were col-
ected via the retro-orbital sinus into heparinized capillary tubes
nder ultrapure CO2/O2 (50/50) gas (Northeast Airgas, Salem,
H) anesthesia and analyzed for plasma delta tocopherol con-

entrations. The subsequent week, this procedure was repeated
sing the nano-sized emulsion-formulated cream, on the same
nimals. The animals were maintained in accordance with the
uidelines of the Committee on Animal Care of the Univer-
ity of Massachusetts Lowell Research Office (IACUC), and the
uidelines prepared by the Committee on Care in Use of Labora-
ory Animals of the Institute of Laboratory Resources, National
esearch Council (DHEW publication no. 85-23, revised 1985).

.4. Plasma delta tocopherol analysis

Plasma delta tocopherol concentration was determined by
dding 200 �L of plasma with 10 �L of retinyl acetate (inter-
al standard; 10 �g/mL) and 200 �L of ethanol containing
utylated hydroxytoluene (BHT) (10 mg/L) and 1.0 mL hex-
ne followed by vortex mixing. The samples were centrifuged
t 500 × g for 5 min and the organic layer transferred to a
.0 mL brown borosilicate screw top vial. The sample residues
ere re-extracted with 1.0 mL of hexane and the organic lay-

rs were combined. The organic layer was evaporated under
2 and reconstituted with 200 �L of ethanol containing BHT

10 mg/dL) and injected into an HPLC. The HPLC system
s a Model 5600 CoulArray eight-channel system with two

odel 580 pumps, a high-pressure gradient mixer, a PEEK
ulse damper, a Model 540 autoinjector, a CoulArray Thermo-
tatic Chamber and a serial array of eight coulometric electrodes

ESA Laboratories, Inc., Chelmsford, MA, USA). The column is
3.0 mm × 150 mm, 3 �M, Supelcosil LC-18 (Supelco, Belle-

onte, PA, USA). The mobile phase consisted of methanol/1 M
ropanol/1 M ammonium acetate (78:20:2 v/v/v) at a flow rate
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f 0.8 mL/min. The concentration of delta tocopherol was deter-
ined by external standardization using purified solutions of

elta tocopherol standards (Sigma Chemicals, St. Louis, MO,
SA).

.5. Statistical assessment

SigmaStat software was used for all statistical evalua-
ions (Jandel Scientific, San Rafael, CA, USA) (Snedecor and
ochouran, 1980). A repeated measures one-way analysis of
ariance (RM ANOVA) was used to analyze plasma delta toco-
herol data between baseline, 1–3 h post-application within each
reatment. When statistical significance was found by ANOVA,
he Student–Newman–Keuls separation of means was used to
etermine differences. A paired t-test was used to analyze plasma
elta tocopherol data between treatments at each time point. All
alues are expressed as mean + S.E.M. and statistical signifi-
ance was set at the minimum p < 0.05.

. Results

.1. The effect of Microfluidizer® processing of the delta
ocopherol formulation on particle size and concentration

The average particle size diameter of the delta tocopherol
icron-sized emulsion and the nano-sized emulsion were

788 nm and 65 nm, respectively (Figs. 1 and 2). In Fig. 1,
he third peak is cut-off, since this peak exceeds the limit of

he Malvern Nano-S instrument. From this we can hypothesize
hat the microemulsion preparation is actually larger than the
788 nm average displayed in the graph. The starting concen-
ration for both preparations of delta tocopherol was 4.6 mg/mL.

ig. 1. Dynamic laser light scattering particle size analysis of the delta toco-
herol micron-sized emulsion showing an average particle size of 2788 nm,
ith a range of 0.08–6 �m.

ig. 2. Dynamic laser light scattering particle size analysis of delta tocopherol
ano-sized emulsion preparation showing an average particle size of 65 nm, with
range of 10–200 nm.
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he final concentration of delta tocopherol in the micron-sized
mulsion formulation was 19% greater (4.13 mg/mL) compared
o the nanoemulsion formulation (3.48 mg/mL). We have pre-
iously demonstrated that this loss of delta tocopherol can be
ttributed to a single pass through the Microfluidizer® Processor
data not shown).

.2. Bioavailability studies of micro- versus nanoemulsions
f delta tocopherol

No significant differences in plasma delta tocopherol con-
entrations were observed for either the nano-sized emulsion or
icron-sized emulsion preparations at 1 h post-application com-

ared to baseline (Fig. 3). However, at 2 h post-application, the
amsters that were applied the cream containing the nano-sized
mulsion of delta tocopherol had significantly greater levels
f plasma delta tocopherol compared to baseline (36-fold) and
h post-application (10-fold) (Fig. 3). At 3 h post-application,

he plasma delta tocopherol concentrations of the hamsters that
ere applied the cream containing the nano-sized emulsion
f delta tocopherol had increased significantly compared to
aseline (68-fold), 1 h post-application (20-fold), and 2 h post-
pplication (0.86-fold) (Fig. 3). By comparison, the hamsters
hat were applied the cream containing the micron-sized emul-
ion of delta tocopherol had a smaller yet significant increase
f 9- and 11-fold at 2 and 3 h post-application, respectively
ompared to baseline but not compared to 1 h post-application
Fig. 3). More importantly between groups, the hamsters that
ere applied the cream containing the nano-sized emulsion
f delta tocopherol had significantly higher concentrations of
lasma delta tocopherol at 2 h (129%) and 3 h post-application

265%) compared to the hamsters that were applied the cream
ontaining the micron-sized emulsion of delta tocopherol
Fig. 3).

ig. 3. Plasma concentrations of delta tocopherol from hamsters transdermally
pplied a nano- or micron-sized emulsion preparation of delta tocopherol. Values
re means ± S.E.M. (n = 7) p < 0.05. (a) Significantly from baseline (p < 0.05);
b) significantly from 1 h (p < 0.05); (c) significantly from 2 and 3 h between
reatments (p < 0.05); (d) significantly from 2 h within treatment (p < 0.05).
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. Discussion

The particle size of the delta tocopherol nano-sized emulsion
ad a mean diameter of 65 nm compared to the preparation of
he delta tocopherol micron-sized emulsion which had an aver-
ge particle size of 2788 nm. We hypothesize that since the third
eak of the micron-sized emulsion preparation exceeds the limit
f the Malvern Nano-S instrument, its particle size may actually
e larger than the value that is shown. This vast difference in
article size was likely a major factor contributing to our find-
ngs as evidenced from the significantly higher concentrations
f plasma delta tocopherol found in the hamsters applied the
ano-sized emulsion preparation compared to the micron-sized
mulsion applied hamsters. More support for this conclusion
lso comes from our laboratory (Kuo et al., 2007), which has
ecently reported a significant decrease in the tumor size of neu-
oblastoma in nude mice with a nano-sized emulsion preparation
f an antioxidant synergy formula (ASF). In that study, tumor
rowth rate in the mice applied with the nano-sized emulsion of
SF showed a significant decrease in tumor size when compared

o mice that were applied the ASF in a suspension.
In addition to our studies and those of others cited earlier

emonstrating the ability of particle size to influence bioavail-
bility of several classes of compounds (Yan et al., 2002; Thanos
t al., 2003; Kumar et al., 2004; Vila et al., 2005), similar find-
ngs have been reported for penclomedine (de Smidt et al., 2004).
n this study (de Smidt et al., 2004), which penclomedine was
repared as a medium chain triglyceride having particle sizes in
he nanometer range (160–720 nm), the formulation with a par-
icle size of 160 nm had the greatest bioavailability. The authors
uggested that the smaller nanometer particles penetrated to a
ignificantly greater extent and provided a larger surface area for
bsorption than the larger particles, thereby providing greater
fficacy as a delivery system. Seki et al. (2004) reported, using
examethasone palmitate (DMP) as the active compound with a
article size of 25 nm demonstrated, superior efficacy, a highly
niform size with stability in various conditions, a higher plasma
oncentration of the drug and improved distribution volume of
he drug into inflammation sites, when compared to the DMP
ith a particle size of 300 nm compound. Wegmuller et al. (2004)

eported that particle size was an important determinant of iron
bsorption from poorly soluble iron compounds in foods. By
ecreasing the particle size of the elemental iron powders, an
ncrease in the rats’ absorption of iron was demonstrated.

Although speculative, in the present study, the 42-fold smaller
article size of the transdermal delta tocopherol nano-sized
mulsion preparation versus the micron-sized emulsion delta
ocopherol formulation could have increased the surface to
olume ratio, thereby positively affecting bioavailability. Specif-
cally for topical application, nano-sized emulsions solubilize
he poorly water-soluble nutrient or drug and deliver it to the
kin cell membrane where the drug molecules are released from
he nanoemulsion systems to the skin surface, thus increasing

he drug skin permeation (Paolino et al., 2002).

The three main factors determining the transdermal efficacy
f drugs are mobility of drug in the vehicle, release of drug
rom the vehicle, and permeation of drug into the skin. These

K
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actors affect either the thermodynamic activity that delivers the
rug into the skin or the permeability of the drug in the skin,
articularly the stratum corneum (Peltola et al., 2003). The small
article size ensures close contact to the stratum corneum thus
ncreasing the amount of encapsulated drug/nutrient penetrating
nto the viable skin (Jenning et al., 2000). A common method to
mprove drug permeation through the skin is to use penetration
nhancers. Penetration enhancers can change the structure of
kin lipids and alter the skin barrier function (Paolino et al.,
002). For these reasons penetration enhancers were not used in
ur preparations. Other methods have been proposed to increase
he permeability of drugs through the skin, i.e., iontophoresis and
ltrasound, but these methods are not frequently used due to the
equirement of qualified staff for their application (Paolino et
l., 2002).

In conclusion, the present study suggests that nano-sized
mulsion preparations provide a transdermal delivery system
hat increases the bioavailability of fat soluble substances such
s tocopherol compared to micron-sized emulsion preparations
hat are produced containing the same compounds at equal con-
entrations.
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