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Abstract Transdermal drug delivery is a useful route of ad-
ministration that avoids first-pass metabolism and more inva-
sive delivery options. However, many drugs require enhancers
to enable sufficient drug absorption to reach therapeutic effect.
Alpha-tocopheryl phosphate (TP) and di-alpha-tocopheryl
phosphate (T2P) are two phosphorylated forms of vitamin E
which form tocopheryl phosphate mixture (TPM) when com-
bined, and have been proposed to enhance the dermal and
transdermal delivery of actives of interest. Here, we report
the physicochemical characteristics and morphological prop-
erties of TPM formulations, including particle size,
deformability and morphology, and its ability to facilitate the
transport of carnosine, vitamin D3, CoEnzyme Q10 and caf-
feine into, and across, the skin. Results demonstrate that TPM
self-assembles to form vesicular structures in hydroethanolic
solutions ranging in mean size from 101 to 162 nM depending
on the amount of TPM and ethanol present in the formulation.
The ratio of TP to T2P in TPM formulations altered vesicle
size and elasticity, with vesicles high in TP found to be more
deformable than those rich in T2P. TPM produced a signifi-
cant (p < 0.05) 2.4–3.4-fold increase in the absorption of
carnosine, vitamin D3, CoEnzyme Q10 and caffeine into, or

through, the skin. The TPM delivery platform was able to
deliver a diverse range of actives with differing size and sol-
ubility profiles and therefore has significant potential to ex-
pand the number and types of drugs available for topical ap-
plication and transdermal delivery.
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Introduction

Transdermal drug delivery (TDD) systems facilitate the der-
mal or topical route for drug administration, both for local and
systemic drug delivery [1]. The transdermal route offers nu-
merous advantages compared with oral drug administration,
including avoidance of first-pass effect, ease of use, better
patient compliance, continuous drug delivery and decreased
side effects [2–6]. However, compounds must exhibit the cor-
rect physicochemical properties to enable their effective deliv-
ery across the skin [3, 4, 7]. Transdermal delivery is limited by
the barrier function of the stratum corneum, which limits suc-
cessful drug candidates to those that are small in size, of ap-
propriate lipophilicity and of high potency [2, 6, 7].
Encapsulation of the drugs in lipid-based vesicular structures
(liposomes) is one approach to overcoming this limitation.
Liposomes are artificial vesicles that enclose an aqueous vol-
ume within one or more phospholipid bilayers [1, 6]. When
these lipids are exposed to an aqueous environment, the hy-
drophobic chains associate to minimise contact with the aque-
ous environment, resulting in the formation of closed bilayers,
encapsulating the drug passively inside [6]. It is hypothesised
that liposomes interact with the lipid bilayers of the stratum
corneum, enabling penetration past epidermal barriers and re-
lease of the enclosed drug [3, 4, 6].

* Paul D. Gavin
pgavin@phosphagenics.com

1 Phosphagenics Limited, 11 Duerdin Street, Clayton, VIC 3168,
Australia

2 Drug Delivery, Disposition and Dynamics, Monash Institute of
Pharmaceutical Sciences, Monash University, 381 Royal parade,
Parkville, VIC, Australia

3 ARC Centre of Excellence in Convergent Bio-Nano Science and
Technology, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville Campus, 381 Royal Parade,
Parkville, VIC 3052, Australia

Drug Deliv. and Transl. Res. (2017) 7:53–65
DOI 10.1007/s13346-016-0331-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-016-0331-x&domain=pdf


While numerous studies have reported that ‘first-genera-
tion’ liposomal vesicles were unable to deeply penetrate the
skin [1], intensive research has led to the development of a
new class of highly deformable, elastic (or ultraflexible) lipo-
somes. These ‘second-generation’ liposomes are formed by (i)
incorporating surfactant molecules which act as ‘edge activa-
tors’ (typically ethanol) to the bilayers, destabilising the lipid
bilayers of the vesicles and increasing deformability, or (ii) by
mixing with certain hydrophilic solutes of high mobility [1, 4,
8–10]. While some studies have reported that these deform-
able liposomes improve the penetration of a range of mole-
cules, enabling drug delivery at therapeutic concentrations
[11–16], reports on their efficiency have been inconsistent to
date, with several studies reporting negative or inconclusive
results [17–22]. The differences across these studies can, at
least in part, be explained by the fact that vesicles with differ-
ent lipid compositions and physicochemical characteristics
were used in different studies [4]. Nevertheless, the postulated
interaction of liposomes with lipid structures in the stratum
corneum appears to depend greatly on the composition of the
liposomes and as such, identifying lipids that optimally facil-
itate such interactions is one route to improving transdermal
drug delivery for drugs that require a liposomal carrier system.

Vitamin E (alpha-tocopherol, tocopherol) is the most
common lipid-soluble antioxidant in humans and a key
biological component of all membranes [23]. Direct topi-
cal application of vitamin E provides a number of bene-
fits, including protection against ultraviolet (UV)-induced
oxidative stress, skin photocarcinogenesis and erythema
[24–26]. Vitamin E has also been shown to enhance hu-
man skin penetration and transdermal absorption [27]. It
is hypothesised that vitamin E acts as a penetration en-
hancer by interacting with the lipid bilayer region of the
stratum corneum and altering membrane permeability
[27]. Unlike other well-known enhancers, vitamin E is
generally thought to be non-irritating and possesses anti-
oxidant and emollient properties [27], hence its inclusion
in an assortment of cosmetic and dermatological products.

Tocopheryl phosphate mixture (TPM), also referred to as
mixed tocopheryl phosphates (MTP), is a new lipidic material
made up of two phosphorylated forms of vitamin E which has
demonstrated enhanced transdermal or topical delivery of a
range of active molecules in the laboratory [28]. TPM is for-
mulated from a mixture of two phosphorylated forms of the
most biologically active vitamin E isomer alpha-tocopherol
[29]: alpha-tocopheryl phosphate (TP), a phosphoric acid ester
of alpha-tocopherol esterified at the hydroxyl group of tocoph-
erol [30], and di-tocopheryl phosphate ester (T2P), obtained
by esterification of two tocopherol moieties with one phos-
phate group (Fig. 1) [13]. Both TP and T2P molecules consist
of a chroman head (with two rings: one phenolic and one
heterocyclic) and a phytyl tail [13], and are able to self-
assemble into vesicular structures in aqueous environments.

In this way, TPM differs from liposomes which assemble from
phospholipids and/or surfactants.

Here, we investigate the physicochemical characteristics
and morphological properties of the TPM delivery system
and evaluate its ability to facilitate the transport of a variety
of molecules with differing size and solubility profiles into
and across the skin.

Materials and methods

Chemicals

Alpha-tocopheryl phosphate and di-alpha-tocopheryl phos-
phate were obtained from Phosphagenics Ltd. (Melbourne,
VIC, Australia). Methanol, 1-propanol (high-performance liq-
uid chromatography (HPLC) grade) and formic acid were
purchased from Merck Millipore (Bayswater, VIC,
Australia). Ethanol was purchased from Ajax Finechem
(Sydney, NSW, Australia). Acetonitrile was purchased from
Honeywell Burdick & Jackson (Muskegon, MI, USA). 1,4-
Benzoquinone, cholecalciferol (vitamin D) and L-carnosine
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
L-carnosine (b-alanine 3-3H) was purchased from American
Radiolabelled Chemicals Inc. (St. Louis, MO, USA). CoQ10

was purchased from Kaneka (Osaka, Honshu, Japan).
Solvable™ and Ultima Gold™ were purchased from Perkin
Elmer (Melbourne, VIC, Australia). Carbopol 934 was pur-
chased from Lubrizol (Cleveland, OH, USA). Caffeine was
purchased from Sigma Chemical Company (St. Louis, MO,
USA). All other reagents and solvents were of analytical grade
and were purchased from Sigma Chemical Company (St.
Louis, MO, USA), unless otherwise specified. Milli-Q water
was produced from a Milli-Q® system (Merck Millipore,
Bayswater, VIC, Australia).

Preparation of TP/T2P carriers

The mixture of TP/T2P (TPM®, Phosphagenics, Ltd.) has
been described previously by Munteanu et al. (2004) [13].
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Fig. 1 Chemical structures of the phosphorylated tocopherols,
tocopheryl phosphate (TP) and di-tocopheryl phosphate ester (T2P) that
make up tocopheryl phosphate mixture (TPM)
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The TPM vesicular systems investigated here were composed
of 0.5–4 % w/w TPM, 5–30 % w/w ethanol, active as de-
scribed and water to 100 % w/w. TPM and actives were dis-
solved in ethanol with heating at 50 °C in a water bath. Milli-
Q water was heated to 50 °C in a separate vessel. The TPM/
drug/ethanol solution was added slowly to the warm water
whilst being stirred by a magnetic stirring bar at 600 rpm.
The formulation was cooled to room temperature while
mixing over approximately 20 min. All formulation steps
were carried out in air-tight vessels with minimal head space
to prevent ethanol evaporation. The liquid formulations were
assessed for particle size, deformability, encapsulation effi-
ciency and dermal/transdermal absorption using in vitro dif-
fusion (Franz cell) studies. For topical application in vivo,
formulations were thickened by the addition of 1 % w/w
Carbopol 934 and NaOH (final pH 4.5) to create a semi-
solid gel. For the preparation of caffeine and carnosine formu-
lations, the caffeine and carnosine were added to the water
phase prior to mixing with the TPM/ethanol phase and the
formulation continued as described above.

Particle size distribution

The mean diameter and particle size distribution of vesi-
cles were determined using dynamic light scattering
(DLS) technique with a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). This system used a
4 mW helium/neon laser at 633 nm wavelength and the
samples were measured in backscatter mode at a detection
angle of 173°. Results are presented as an average diam-
eter of the vesicles in suspension (Z-average mean) with
the polydispersity index (PDI). PDI values <0.15 are con-
sidered monodisperse and suitable for presentation of data
as Z-average; in cases where the PDI >0.15, caution is
required, as the reported mean particle size is not likely
to reflect that of the majority of particles. Sample viscos-
ity and refractive index were calculated by the Zetasizer
software using known values for ethanol and water. All
measurements were run in duplicate at 22 °C and the
mean presented.

Assessments of nanoparticle deformability

TPM nanoparticle suspensions (3 mL) were manually extrud-
ed through a Millex-W 0.1-μm syringe-driven filter
(Millipore, Bedford, MA) using a 3-mL syringe (Terumo,
NSW, Australia). The filtrate was collected and the amount
of TP and T2P quantified using high-performance liquid chro-
matography (HPLC) using the method described in Gianello
et al. [29]. TP and T2P had retention times of 22.9 and
37.4 min, respectively, using this method.

Cryogenic transmission electron microscopy

A laboratory-built humidity-controlled vitrification system
was used to prepare the samples for cryo-TEM. Humidity
was kept close to 80 % for all experiments, and ambient tem-
perature was 22 °C. Copper grids (200-mesh) coated with
perforated carbon film (Lacey carbon film, ProSciTech,
Queensland, Australia) were glow discharged in nitrogen to
render them hydrophilic. Aliquots (4 μL) of the sample were
pipetted onto each grid prior to plunging. After 30-s adsorp-
tion time, the grid was blotted manually using Whatman 541
filter paper for approximately 2 s. Blotting timewas optimized
for each sample. The grid was then plunged into liquid ethane
cooled by liquid nitrogen. Frozen grids were stored in liquid
nitrogen until required. The samples were examined using a
Gatan 626 cryoholder (Gatan, Pleasanton, CA, USA) and a
Tecnai 12 transmission electron microscope (FEI, Eindhoven,
The Netherlands) at an operating voltage of 120 kV. The sam-
ple holder was operated at T = −175.5 ± 1 °C. At all times, low
dose procedures were followed, using an electron dose of 8–
10 electrons/Å2 for all imaging. Images were recorded using a
FEI Eagle 4kx4k CCD camera at magnifications ranging from
×15,000 to ×50,000.

Skin permeation studies

Selection of actives and formulations

TPM formulations with actives of differing properties were
studied for skin permeation in vitro. A range of actives with
different sizes and chemistries, such as small (vitamin D3) and
larger (CoEnzyme Q10 (CoQ10)) lipophilic molecules, small
hydrophilic drugs (caffeine) and di-peptides (carnosine), were
included. The active permeation profile of CoQ10 formulated
with TPM also tested in vivo. The composition of the formu-
lations is provided in Table 1. These formulations were deter-
mined after preliminary formulation work identified composi-
tions with acceptable physical stability and appropriate pre-
liminary permeation profiles. The TPM used in all formula-
tions contained TP and T2P at a 2:1 ratio.

Encapsulation efficiency

The formulations described in Table 1 were assessed for drug
encapsulation within the TPM particles using two indepen-
dent methods: centrifugation and filtration. Both methods
were used in parallel to account for the differing solubility
profile of the various drugs in the formulations. TPM formu-
lations were made as described above in conjunction with the
appropriate control formulations lacking TPM. An additional
control formulation was used for each of the lipophilic ingre-
dients, which was 0.5 % w/w CoQ10 and 0.05 % w/w vitamin
D dissolved in ethanol.
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Centrifugation studies Samples (500 mg) of each formula-
tion were weighed out into 2-mL Eppendorf tubes and centri-
fuged at 14,000 rpm for 40 min to pellet the TPM particles.
The supernatant was removed and made up to 10 mL in the
following solvents: caffeine 90 % IPA in water, CoQ10 and
vitamin D in ethanol, carnosine in 75 % acetonitrile in water.
The pellet was resuspended in 100 μL of diethyl ether and left
standing for 20 min at room temperature to dissolve, before
being diluted to 10 mL with appropriate buffer (caffeine 90 %
IPA in water, CoQ10and vitamin D in ethanol, carnosine in
75 % acetonitrile in water). All samples were passed through
an Acrodisc syringe filter (0.45 μM filter; Pall Corporation,
Ann Arbor MI, USA) prior to analysis. Drug detected in the
supernatant was considered to represent unencapsulated ma-
terial, whilst drug detected in the pellet was considered
encapsulated/associated with the TPM particles. Results were
compared against the control formulations lacking TPM and
expressed as a percentage of the starting material.

Filtration studies Formulations (6 mL) were passed through
an Acrodisc syringe filter (0.45 μM) and the filtrates assayed
for drug content. The filtrate was collected and 500 mg of
filtrate diluted in appropriate buffer (caffeine 90 % IPA in
water, CoQ10 and vitamin D in ethanol, carnosine in 75 %
acetonitrile in water) for HPLC analysis as described below.

In vitro permeation experiments

The in vitro permeation profiles of TPM formulations were
obtained using static vertical diffusion Franz cells and full
thickness rat skin. Rat skin was harvested with ethical approv-
al by the Monash Animal Research Platform (Clayton, VIC,
Australia) under approval number MARP/2011/076. Rats
were euthanized by asphyxiation using CO2 gas, after which
time the abdominal area was carefully shaved and excised. All
underlying fat and connective tissue were removed. Skin was

frozen flat between sheets of aluminium foil and stored at
−20 °C until the morning of experimentation, when the skin
was thawed at room temperature and assembled in 12 mL
vertical Franz diffusion cells (Permegear, Hellertown, PA,
USA). The receptor solution in the Franz cells was PBS
(12 mL) and the exposed skin area had a surface area of
1.77 cm2. The skin was removed from the Franz cells after
4 h and the unabsorbed active remaining on the surface care-
fully washed off. The absorbed active was then extracted from
the skin overnight using appropriate solvents and quantitated
using HPLC (described below). For experiments examining
percutaneous absorption, infinite dosing conditions were used
(200 μL). The receiver solution was sampled (500 μL) over a
9-h period and the active content quantified. Fresh PBS was
used to replace the sampled aliquots in the receiver solution.

In vivo active permeation analysis

The active permeation profile of TPM formulations was also
tested in vivo with CoQ10 as the model compound. All animal
experiments were approved by the School of Biomedical
Sciences Animal Ethics Committee based at Monash
University (Clayton, VIC, Australia) under approval number
BAM/B/2005/18. Male Sprague-Dawley rats (n = 6) were
anaesthetised and prepared for experiments by shaving an area
∼5 × 4 cm from the upper back [35]. TPM formulations and
control formulations were applied topically to the skin the day
after shaving. The following day, rats were euthanized and
blood collected via venipuncture. Blood was centrifuged to
separate the plasma which was frozen immediately and stored
at −20 °C until analysis. The dorsal skin at the application site
was washed gently to remove unabsorbed material, before
being extracted overnight in 1-propanol as described below
for HPLC analysis.

Analytical methods and validation

CoQ10

For in vitro and in vivo dermal absorption samples, skin was
placed in a 50-mL Falcon tube containing 1-propanol (5 mL)
and left overnight. The following morning, samples were son-
icated and then vortexed for 1 h before being passed through
an Acrodisc syringe filter (0.45-μm filter) and the filtrate col-
lected in vials for HPLC analysis. For experiments examining
encapsulation efficiency, samples were prepared as described
in Sections 2.6.2.1. and 2.6.2.2. CoQ10 was quantitated using
an isocratic reversed-phase HPLC method on a Waters
Alliance Separation Module 2790 liquid chromatography sys-
tem equipped with a PDA detector. Separations were carried
out using a Waters Sunfire™, C-18 column. CoQ10 was de-
tected at 275 nm with a mobile phase of ethanol/methanol
(80:20) at a flow rate of 1 mL/min.

Table 1 TPM formulations for in vitro and in vivo absorption studies

Caffeine CoQ10 Vitamin D Carnosine

Active 1 0.5 0.05 3b

TPM 2 1 0.5 0.5

Ethanol 30 10 30 5

Carbopol 1a

Milli-Q water 67 87.5 69.45 91.5

All quantities are % w/w

CoQ10 CoEnzyme Q10, TPM tocopheryl phosphate mixture
a Carbopol was added to formulations for in vivo studies. For in vitro
diffusion studies, formulations did not contain carbopol. The additional
volume was made up of water
b Radiolabelled carnosine (b-alanine 3-3H) was added (5 μl) to a final
concentration of 1 μCi/mL
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Vitamin D

For in vitro diffusion samples, skin samples were soaked in
5 mL methanol overnight at 4–8 °C. The following morning,
the samples were sonicated and then vortexed. An aliquot
(600 μl) was filtered using a 0.2-μMGHP 96-well filter plate
into a 1-mL round bottom 96-well plate. For experiments
examining encapsulation efficiency, samples were prepared
as described in Sections 2.6.2.1. and 2.6.2.2. Vitamin D was
quantitated using an isocratic reversed-phase HPLC method
on a Waters Alliance Separation Module 2790 liquid chroma-
tography system equipped with a PDA detector. Separations
were carried out using a Waters Symmetry, C-18 column
(3.5 μm, 4.6 × 150 mm). Vitamin D was detected at 280 nm
with a mobile phase of methanol/acetonitrile (50:50) at a flow
rate of 1 mL/min.

Caffeine

For in vitro diffusion sample, skin samples were soaked in
methanol (5 mL) overnight at 4–8 °C. The following morning,
the samples were sonicated and then vortexed. A 1-mL aliquot
of the extract solution was transferred to an Eppendorf tube
and water (1 mL) added. The samples were mixed well before
being centrifuged at 14,000 rpm for 20 min at 5 °C.
Supernatants were transferred to HPLC vials for analysis.
Caffeine was quantitated using a reversed-phase HPLC meth-
od on a Waters Alliance Separation Module 2795 liquid chro-
matography system equipped with a PDA detector.
Separations were carried out using a symmetry, C-18 column.
Caffeine was detected at 280 nm with a gradient of mobile
phase A (0.1 % formic acid in water) and mobile phase B
(0.1 % formic acid in methanol) at a flow rate of 1.5 mL/
min. Samples of receiver solutions were centrifuged at
14,000 rpm for 20 min at 5 °C before being analysed by
HPLC as described above.

For experiments examining encapsulation efficiency, sam-
ples were prepared as described in Sections 2.6.2.1. and
2.6.2.2. Caffeine was quantified using the HPLC method de-
scribed above but using detection at 250 nm and a flow rate of
1 mL/min.

Carnosine

For in vitro diffusion studies, skin samples were digested
overnight at 50 °C in 2 mL of Solvable™. Peroxide
(200 μL) was added to the samples and incubated at
50 °C for 1 h. Samples were cooled to room temperature
before 500 μL of sample was mixed with 500 μL water in
a scintillation vial. Ultima Gold™ (6 mL) was added to
the sample and mixed. Samples were left for 2 h before
measurement in a Tri-Carb Liquid Scintillation Counter
(Perkin Elmer, VIC, Australia).

For experiments examining encapsulation efficiency, sam-
ples were prepared as described in Sections 2.6.2.1. and
2.6.2.2. Carnosine was quantitated on a Waters Alliance
Separation Module 2795 liquid chromatography system
equipped with a PDA detector. The separation was carried
out on an Atlantis HILIC silica column (2.1 × 50 mM,
3 μM) at 40 °C. Carnosine was detected at 214 nM with a
gradient of mobile phase A containing 0.65 mM ammonium
acetate, pH 5.5 in water/acetonitrile (25:75) and mobile Phase
B containing 4.55 mM ammonium acetate, pH 5.5 in water/
acetonitrile (70:30) at a flow rate of 0.8 mL/min.

CoQ10 quantitation in rat plasma

Plasma samples were thawed at room temperature for 30 min
before being vortexed briefly and centrifuged at 14,000 rpm
for 10 min. A 150-μL aliquot was transferred to a 2-mL
Eppendorf tube and 20 μL of 1,4-benzoquinone (5 mg/mL
in 1-propanol) was added. The sample was vortexed for 10 s
before being allowed to stand for 10 min. 1-Propanol (730 μl)
was added to the sample and before being vortexed for 30 s.
The samples were then centrifuged for 10 min at 14,000 rpm
at 10 °C. Supernatant (500 μL) was transferred to vials for
HPLC analysis of CoQ10 content using the conditions de-
scribed above.

Statistical analysis

Results from in vitro and in vivo absorption experiments were
compared using Student’s t test (two-tailed) using the software
PRISM (Graph Pad). A value of p < 0.05 was considered
statistically significant.

Results

TPM forms particles in water
with composition-dependent size distribution
and morphology

Increasing the concentration of TPM in the formulation, while
keeping the ethanol concentration constant at 30 % w/w, in-
duced a steady increase in both the mean size and polydisper-
sity index (Fig. 2) of the TPM particles. At TPM concentra-
tions between 0.5 and 3 % w/w, relatively monodisperse (PDI
<0.15) vesicle populations ranging in mean size from 115 to
162 nmwere evident. Upon increasing the TPM concentration
to 4 % w/w, the distribution became more polydisperse
(PDI = 0.22), with an increase in mean particle size to 218 nm.

Decreasing the ethanol concentration, while holding the
TPM concentration at 1 % w/w, also induced a small but
consistent increase in mean particle size from 137 to
165 nm, although the PDI remained low (Fig. 3).
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The effect of TPM composition itself was also investigated.
Formulations containing different ratios of TP and T2P
(Fig. 1) were prepared to examine the effect on particle size
distribution. Total TPM content (TP + T2P) was maintained at
1 % w/w and ethanol at 30 % w/w. Formulations prepared
with a higher TP content (1:0 to 7:3, Fig. 4) were typically
smaller (101 to 104 nm) than those with higher T2P content
(128 to 116 nm), with the variation among all ratios being
relatively minor (Fig. 4). In contrast, there was a strong de-
pendence on TPM composition for the polydispersity index of
the formulations. The homogenous formulations comprising
only TP or T2P were considerably polydisperse, with record-
ed PDIs of 0.417 and 0.416, respectively, while heterogeneous
mixtures had PDI <0.15. The high PDI of the TP- and T2P-
only formulations makes interpretation of mean particle size
values difficult, a point raised later in the discussion of elec-
tron microscopy results.

The dispersion of TP alone, T2P alone or the TPMmixture,
all at 1 % w/w total lipid and 30 % w/w ethanol, displayed a
systematic change in structures formed in dispersion when

imaged by cryo-TEM. Formulations composed of 100 % TP
were predominantly smaller, unilamellar vesicles; however, a
small proportion of tubular micelle structures were also pres-
ent in the sample (Fig. 5a). Formulations composed of 100 %
T2P, however, were in the form of emulsion particles, with no
bilayer vesicles present in the micrographs (Fig. 5b). Particles
prepared using TPM mixture containing 0.66 % TP and
0.33 % T2P were dense but with bilayer structures consistent
with multilamellar vesicles (Fig. 5c).

Dependence of particle deformability on composition

The TPM formulations were assessed for extrudability
through a 0.1-μm filter, as a standardised measure of
deformability. The formulations contained 1 % w/w TPM in
30 % w/w ethanol, and were once again composed of various
ratios of TP to T2P. The total amount of phosphorylated to-
copherol passing through the filter was quantified and
expressed as a percentage of the starting material. Particles
high in TP content were able to pass through the filter easily,
with little resistance to the syringe and a high percentage of
starting material detected in the filtrate (Fig. 6). As the amount
of T2P was increased in the formulation, the force required to
pass the particles through the filter increased significantly,
which was reflected in the reduced amounts of phosphorylated
tocopherol detected in the filtrate. In the absence of TP (0:100
TP/T2P), no particles composed of T2P could be passed
through the filter for detection in the filtrate. This occurred
despite the similar size ranges presented for all particles in
Fig. 4 and the constant concentration of ethanol.

Drug solubility influences encapsulation efficiency

In order to quantify the amount of drug encapsulated
within TPM particles, two approaches were used in tan-
dem: filtration and centrifugation.
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The lipophilic ingredients, CoQ10 and vitamin D, are read-
ily soluble in ethanol. The addition of TPM was enough to
dissolve the lipophilic drugs, suggesting that CoQ10 and vita-
min D were solubilised by, and therefore encapsulated within,
TPM particles. Both caffeine and carnosine were readily sol-
uble in the hydroethanolic solvents with, or without, TPM.

The extent to which TPM encapsulated and solubilised
drugs was examined by passing the candidate formula-
tions through 0.45-μM microfilters. As seen in Table 2,
when CoQ10 or vitamin D was dissolved in ethanol, these
solutions were able to pass through the filter without any
loss of material. However, they had poorer solubility in
the hydroalcoholic solvents used in these formulations
(10–30 % ethanol in water; Table 1) and formed lipid
droplets in suspension rather than dissolving completely.
Consequently, 96.1 % of CoQ10 and 99.6 % of vitamin D
were removed by the 0.45-μM filter from the ‘No TPM’
controls. Filtration was therefore appropriate for

Fig. 5 Dependence of particle morphology on lipid composition, with
increasing T2P content, evident in representative cryo-TEM images for a
TP, b T2P, c TPM (2:1 TP/T2P). Total phosphorylated tocopherol was

1 %w/w, ethanol 30%w/w. TP tocopheryl phosphate, T2P di-tocopheryl
phosphate ester, TPM tocopheryl phosphate mixture
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determining whether CoQ10 or vitamin D was dissolved in
solution, or remained as larger, insoluble oil droplets.

TPM enabled the passage of 91.3 % of CoQ10 and 94.9 %
vitamin D (Table 2) through the 0.45-μM filter. TPM must
therefore be responsible for solubilising the lipophilic drugs,
with the logical conclusion that the drugs are entrapped within
the particles. Comparison with the control formulations sug-
gested that the entrapment efficiency is likely to be ∼90–95 %
for CoQ10 and vitamin D.

Caffeine and carnosine were readily soluble in the
hydroalcoholic dispersive medium of the formulations
and were therefore able to pass through the 0.45-μM filter
in the presence, or absence, of TPM without significant
loss (Table 2). Filtration was therefore unable to provide
any information regarding the encapsulation efficiency of
caffeine or carnosine.

Centrifugation was used to pellet the TPM particles, sepa-
rating them from the dispersive medium in order to quantify
the amount of encapsulated drug. Non-entrapped material
remained in the supernatant and was collected and analysed
after centrifugation. CoQ10 and vitamin D3 were found in the
TPM pellet (85.2 and 53.1 % respectively; Table 2), in line
with the data obtained from filtration. In the absence of TPM,
the majority of CoQ10 (66.5 %) and vitamin D3 (30.1 %) was
present in the pellet. This was expected given the poor solu-
bility of themolecule in the hydroalcoholic solvents used here.
Over 90 % of the CoQ10 and 98.0 % of the vitamin D
remained in the supernatant when dissolved in ethanol.

The majority of the caffeine and carnosine remained in
the supernatant. Only 6.5 % of the caffeine and 8.9 % of
the carnosine were detected with the TPM pellet
(Table 2). Importantly, the supernatants of the negative
TPM controls contained 99.7 % of the caffeine and
100 % of the carnosine, demonstrating that the dissolved
molecules would not ordinarily pellet under the centrifu-
gation conditions used here. The caffeine and carnosine
detected in the TPM pellet were therefore considered to
be encapsulated or associated with the TPM particles.

In summary, the results of the filtration assay demonstrated
that TPMwas responsible for solubilising greater than 90% of
CoQ10 and vitamin D3. The high rate of entrapment was driv-
en by the lipophilicity of the molecules and their relatively
poor solubility in the dispersive medium. In contrast, caffeine
and carnosine had good solubility in the dispersive medium
and were therefore not driven to be encapsulated within the
TPM particles at high efficiency.

In vitro active permeation studies

The dermal absorption of the four molecules, each formulated
with TPM, was compared to control formulations (of an iden-
tical composition and active concentration to each test formu-
lation, except without TPM) using static vertical diffusion
Franz cells. Although the absolute concentrations were signif-
icantly different, in each case there was a 2.4–3.4-fold increase
in absorption across the four compounds compared to that of
the control (Fig. 7).

The mean amount of caffeine detected in skin extracts with
TPM present was 314.6 ± 41.1 μg compared to
127.2 ± 46.3 μg for the control. In the case of CoQ10, the
mean concentration detected in the skin with TPM present
was 1464.0 ± 178.7 ng versus 496.7 ± 24.3 ng for the control,
while for vitamin D3, the amounts extracted from the skin
were 7.5 ± 0.5μg and 3.2 ± 0.8μg in the presence and absence
of TPM, respectively. For L-carnosine, the mean CPM detect-
ed in skin extracts with TPM present was 2892.0 ± 454.6.4
compared to 848.7 ± 83.4 for the control. The increased ab-
sorption brought about by TPM for each compound was sta-
tistically significant (Student’s t test; p < 0.05).

In addition to the increased dermal absorption, TPM was
also examined for its ability to promote transdermal delivery.
Percutaneous absorption of caffeine was examined in Franz
cells under infinite dosing conditions over a 9-h
period (Fig. 8). At the conclusion of the experiment, the caf-
feine formulation containing TPM delivered 2.6 times more
caffeine to the receiver solution (8.48 ± 0.54 μg/mL) when

Table 2 Percentage of drug detected in the supernatant, pellet and filtrate

Carnosine CoQ10 Caffeine Vitamin D3

+TPM −TPM +TPM −TPM In EtoH +TPM −TPM +TPM −TPM In EtOH

Percentage (%) of drug recovered after passage through a 0.45-μm filter

Neat 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Filtrate 99.7 97.5 91.3 3.9 108.0 107.9 103.2 94.9 0.4 98.9

Relative percentage (%) of drug in supernatant and pellet after centrifugation

Supernatant 91.1 100 14.8 33.5 92.4 93.5 99.7 46.9 69.9 98.0

Pellet 8.9 0 85.2 66.5 7.6 6.5 0.3 53.1 30.1 2.0

Results are presented as a percentage of the drug detected in the neat formulation, which has been expressed as 100 %. The ‘+TPM’ formulations were
those described in Table 1, while the ‘−TPM’ formulations represent the comparative control formulations without TPM. CoQ10 (0.5%w/w) and vitamin
D3 (0.05 % w/w) were dissolved in ethanol to form an additional control formulation denoted ‘In EtOH’
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compared to the control formulation (3.30 ± 1.97μg/mL). The
rate of delivery (flux) was also faster, with calculated mean
flux rates of 8.05 ± 0.40 and 2.85 ± 1.58 μg/cm2·h in the
presence and absence of TPM, respectively. These differences
were statistically significant (Student’s t test; p < 0.05). TPM
was therefore able to promote both increased dermal and
transdermal delivery in vitro.

In vivo permeation studies

Application of CoQ10 formulated with TPM to the dorsal re-
gion of rats produced a significant increase in the amount of
CoQ10 present within plasma and skin. Twenty-four hours

after the application of the TPM/CoQ formulation, mean
CoQ10 levels detected in skin were 6.14 ± 0.98 μg/g of tissue
(Fig. 9a). This was significantly higher (p < 0.05) than the
endogenous amounts of CoQ10 detected in both the untreated
sample (0.24 ± 0.04 μg/g) and TPM control (without CoQ10)
sample (0.32 ± 0.02 μg/g). In the absence of TPM, the CoQ
Control formulation delivered approximately 12 times less
CoQ10 into the skin (0.74 ± 0.20 μg/g) than the TPM/CoQ
formulation (p < 0.05).

Mean CoQ10 levels in plasma (Fig. 9b) were also in-
creased (p < 0.05) after topical application of TPM/CoQ
(59.33 ± 16.48 ng/mL) relative to the endogenous CoQ10

levels in the untreated (27.67 ± 4.97 ng/mL) and TPM
control (33.67 ± 7.06 ng/mL) samples, as well as plasma
concentrations produced by the CoQ control formulation
(35 ± 6.45 ng/mL). No apparent increase in plasma CoQ10

concentration relative to endogenous levels was evident
after the topical application of the CoQ10 control formu-
lation demonstrating that TPM is required to facilitate the
transdermal delivery of CoQ10.

Discussion

TPM is a patented commercialised lipid excipient being in-
vestigated for a wide range of drug delivery applications. The
data presented in this manuscript demonstrates that the excip-
ient forms particles in hydroethanolic solutions suitable for
topical application, that the particles are deformable depend-
ing on the composition and that they consequently enhance
the dermal and transdermal delivery of actives of varying
physicochemical properties. This set of physicochemical and
delivery attributes is reminiscent of ethanolic phospholipid
systems (so-called ‘ethosomes’ or ‘transfersomes’) but does
not contain any glycero-phospholipids. First- and second-
generation liposomal vesicles, which rely on bilayer ingredi-
ents and component-selection methods for TDD, have gener-
ated mixed reports of efficacy, and the potential for local irri-
tation at the site of application has also been suggested
[11–22]. TPM is a vesicular formulation derived from tocoph-
erol that has demonstrated efficacy in the absorption of a wide
variety of structurally different actives across the skin. The
morphology, size and fluidity of the nanocarriers are largely
dependent on the ratio of the constituent molecules.

Results demonstrated that TPM formed vesicles with
internal bilayers in ethanolic solutions, although the inter-
nal morphology appeared more complex than for typical
multilamellar vesicles exhibiting concentric bilayers. The
composition of TPM formulations was shown to affect
particle size distribution and morphology, with increasing
concentrations of TPM relative to ethanol inducing a
steady increase in both mean size and polydispersity in-
dex. Formulations containing the different ratios of TP
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and T2P also formed different structures in dispersion.
Particles prepared using TPM mixture (TP and T2P)
formed vesicles with multiple bilayers present, while TP
alone formed predominantly unilamellar vesicles and T2P
alone formed unstructured emulsion particles. This is like-
ly due to the fact that TP is expected to be much more
hydrophilic than T2P, but also amphiphilic, with the
charged phosphate head group and lipid phytyl tail lead-
ing to the simpler unilamellar structures and tubular mi-
celle formation observed in the cryo-TEM images.
Although the particle size for the TP dispersion was seem-
ingly much greater when measured using DLS (Fig. 4),
the polydispersity index was very high, meaning that it is
possible that the true dominant particle population was
much smaller in size than the 100 nm (Fig. 4). The larger
tubular micelles evident in the cryo-TEM images of TP
samples are possibly responsible for increasing both the
recorded part icle size and polydispersi ty index.
Conversely, T2P is hydrophobic, and the phosphate group
is positioned between the two hydrophobic moieties, pos-
sibly preventing self-assembly when present alone. When
mixed together, however, the combination of packing ten-
dencies allows bilayer formation to occur, with structured
particles resulting that were of more uniform size than for
either parent compound alone.

The TPM particles were able to encapsulate lipophilic
drugs at high efficiency. This was unsurprising, as the TPM
bilayers of the particles represent the only lipophilic domains
in the formulation available to dissolve CoQ10 or vitamin D.
The hydrophilic caffeine and carnosine were encapsulated at
much lower efficiency, likely through passive entrapment dur-
ing particle formation. For topical formulations, poor aqueous

solubility of the active compounds can limit the concentration
of drug within the vehicle or force the inclusion of co-solvents
or oils that are adverse or impair dermal absorption. TPM
encapsulation may allow increased concentrations of lipophil-
ic ingredients to be formulated in order to maximise therapeu-
tic potential. Independent of any role in dermal absorption,
TPM’s performance as a solubilising excipient may benefit a
range of other dosage forms that struggle with ingredients
having poor water solubility. This is especially true of inject-
able dosage forms that often resort to high concentrations of
lipids, surfactants or organic solvents in order to support drug
solubility [31].

Data also demonstrated that TPM particle deformability
(elasticity) was dependent on the formulation composition.
The ratio of TP to T2P was shown to directly affect particle
deformability in TPM carriers, a key characteristic for dermal/
transdermal delivery as it allows the possibility of penetration
through channels of the stratum corneum [32]. T2P was found
to enhance particle rigidity while TP increased particle
deformability (Fig. 6). Previously, particle deformability has
been reported to be dependent on the presence of ethanol for
liposomal carrier systems [8].

These deformable particles were also shown to enhance the
dermal and transdermal delivery of a range of actives of dif-
ferent sizes and chemistries across the skin, including small
(vitamin D3) and larger (CoQ10) lipophilic molecules, small
hydrophilic drugs (caffeine) and di-peptides (carnosine). In
each case, 2.4–3.4-fold increases in absorption across the four
compounds were observed compared to the control (Fig. 7).
Since the formulations for each active and corresponding con-
trol were identical except for the addition of TPM, the addi-
tional absorption must be attributed to the TPM acting as a
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penetration enhancer. These data demonstrate the suitability of
TPM for topical application and suggest that it may be appli-
cable to a broad range of candidate drugs.

TPM may enhance transdermal delivery of drugs via two
classical mechanisms of action, namely by acting as a drug
carrier system and by disturbing the packing of the lipids in
the stratum corneum. Both mechanisms of action rely upon the
lipid structure of TPM and the way in which it interacts with
lipids and membranes in the stratum corneum to effectively
deliver the drug. In the drug carrier system hypothesis, TP
and T2P assemble into vesicles in the presence of low-to-mid
concentrations of solvent. These vesicles, which are able to
entrap the drug, are highly deformable, and a growing body
of literature has shown that deformable vesicles are able to
improve transdermal delivery [1, 3, 33]. This is often attributed
to their deformability and consequent ability to penetrate be-
tween the corneocytes in the stratum corneum: delivery is in-
creased using deformable vesicles compared to standard lipo-
somes that are more rigid [34]. Despite relatively poor encap-
sulation efficiency, the TPMmediated increase in absorption of
caffeine and carnosine was similar to that seen for CoQ10 and
vitamin D, both of which demonstrated high rates of encapsu-
lation. This suggested that increased absorption was not pre-
dominantly a result of TPM particles transporting encapsulated
cargo into the skin. Instead, the TPM particle may directly alter
the structure of the stratum corneum to allow increased absorp-
tion of unentrapped material. This phenomenon has previously
been identified for other elastic particles [33], although the
relative absorption of the unentrapped material was not as great
as results presented here. It may be that TPM particles produce
greater ultrastructural changes to the strata corneum than other
elastic vesicular systems. While the mechanism of elastic ves-
icle–skin interaction has not yet been clearly defined, the de-
formable nature of TPM vesicles is attributed to the TP struc-
ture. Unlike standardmembrane forming phospholipids such as
phosphatidylcholine, TPs form very flexible membranes. This
property is thought to be a result of the methyl side chains on
the carbon tail and the chroman head group, which prevents
tight packing of the molecules.

The second hypothesised mechanism of action for these
systems is the disruption of lipid packing in the stratum
corneum. This typically results in reduced barrier quality
and increased absorption and is the mechanism by which
many established penetration enhancers work [35, 36]. The
poor lipid packing properties of TPM, as evidenced by particle
deformability, is likely to affect the packing of lipids in other
systems. Laboratory experiments have demonstrated that
TPM is able to systematically modulate bilayer lipid packing
upon the addition of TP to phospholipids, altering the expect-
ed liposomal structures and producing long flexible sheets of
membrane and other structures. It is therefore hypothesised
that TPM is able to disturb the packing of lipid components
of the stratum corneum in a similar way. As such, penetration

enhancement may be possible in the absence of particles, with
the TPM actingmore like a conventional penetration enhancer
directly on the stratum corneum [37]. A direct penetration
enhancing effect may also help explain the increased absorp-
tion reported for caffeine and carnosine, despite relatively
poor encapsulation efficiency. This may be useful for dosage
forms that do not contain water and are therefore unable to
maintain TPM in a vesicular system, such as adhesive trans-
dermal delivery matrix patch.

Of further interest is the biological activity of the
tocopheryl phosphates themselves, which have been shown
to have enhanced vitamin E activity in terms of
cardioprotective properties [30], protection from ultraviolet
irradiation [38] and protection from atherosclerosis and in-
flammation [39, 40], and have also demonstrated attractive
anti-erythema properties for the skin [41]. Unlike nanoparticle
delivery systems composed of biologically inert phospho-
lipids or surfactants, it may be that TPM itself has attractive
properties beyond simply drug delivery, namely the ability to
reduce irritation of adverse effects brought about by the deliv-
ery of irritating or sensitizing drug molecules. This will be
examined in the future work.

Conclusions

TPM forms particles on dispersion in the approximate size
range of 100–250 nm. The formulation components are im-
portant in dictating the particle size and deformability, while
the TP/T2P ratio can alter the internal particle morphology.
TPM encapsulates poorly soluble molecules at high efficien-
cy. The addition of TPM to formulations of a number of dif-
ferent actives results in enhanced uptake into, and through,
rodent skin in vitro. In an in vivo rat model, the uptake into
skin was also correlated with enhanced plasma levels of
CoQ10. The findings indicate the potential application of
TPM as a new penetration enhancing excipient in transdermal
drug formulations.
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