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Abstract: Noninvasive delivery of macromolecules across intact skin is challenging but would allow
for needle-free administration of many pharmaceuticals. Biphasic vesicles, a novel lipid-based topical
delivery system, have been shown to deliver macromolecules into the skin. Investigation of the delivery
mechanism of interferon alpha (IFN R), as a model protein, by biphasic vesicles could improve
understanding of molecular transport through the stratum corneum and allow for the design of more
effective delivery systems. The interaction of biphasic vesicles with human skin and isolated stratum
corneum membrane was investigated by confocal microscopy, differential scanning calorimetry (DSC)
and small- and wide-angle X-ray scattering (SAXS and WAXS). Confocal microscopy revealed that
biphasic vesicles delivered IFN R intercellularly, to a depth of 70 µm, well below the stratum corneum
and into the viable epidermis. DSC and SAXS/WAXS data suggest that the interaction of biphasic vesicles
with SC lipids resulted in the formation of a three-dimensional cubic Pn3m polymorphic phase by the
molecular rearrangement of intercellular lipids. This cubic phase could be an intercellular permeation
nanopathway that may explain the increased delivery of IFN R by biphasic vesicles. Liposomes and
submicrometer emulsion (the individual building blocks of biphasic vesicles) separately and methylcellulose
gel, an alternative topical vehicle, did not induce a cubic phase and delivered low amounts of IFN R
below the stratum corneum. Molecular modeling of the cubic Pn3m phase and lamellar-to-cubic phase
transitions provides a plausible mechanism for transport of IFN R. It is hypothesized that induction of a
Pn3m cubic phase in stratum corneum lipids could make dermal and transdermal delivery of other
macromolecules also possible.

Keywords: Biphasic vesicles; dermal and transdermal delivery; interferon alpha; protein delivery;
Pn3m cubic phase

Introduction
Dermal and transdermal delivery of large molecules has

remained a significant challenge, although several novel

physical and electrically driven technologies, such as
microneedles,1-3 iontophoresis,4,5 and ultrasound,6-8 are

* Corresponding author. Mailing address: School of Pharmacy,
University of Waterloo, 200 University Avenue, West Wa-
terloo, ON, Canada N2L 3G1. Tel: +1 (519) 888-4567, ext
21306. Fax: +1 (519) 888-7910. E-mail: foldvari@
uwaterloo.ca.

† School of Pharmacy, University of Waterloo.

‡ University of Saskatchewan.
§ Department of Applied Mathematics, University of Waterloo.
| Helix BioPharma.
⊥ University of British Columbia.
(1) Arora, A.; Prausnitz, M. R.; Mitragotri, S. Micro-scale devices

for transdermal drug delivery. Int. J. Pharm. 2008, 364 (2), 227–
236.

articles

10.1021/mp900283x  2010 American Chemical Society VOL. 7, NO. 3, 751–762 MOLECULAR PHARMACEUTICS 751
Published on Web 03/29/2010



expanding the ability to administer not only small compounds
but also larger molecules such as peptides, proteins, and DNA
into and through the skin. In many therapeutic applications,
however, noninvasive dermal delivery of macromolecules
via a topical cream would have distinct advantages, including
needle- or device-free delivery of drugs, antigens and other
desired compounds; direct and painless delivery into the skin
without inducing tissue injury; and the potential to deliver
dermal therapeutics to a larger skin surface area.

Studies using biphasic vesicles in a topical cream preparation
have demonstrated their potential for dermal delivery of
macromolecules such as insulin9-11 and vaccine antigens12,13

in animal models, and interferon alpha (IFN R) in healthy
human subjects and patients with HPV infection.14 Biphasic
vesicles are related structurally to liposomes and form upon
mixing a phospholipid phase with a submicrometer emulsion
phase, creating a multicompartmental delivery system that
contains phospholipid bilayers, aqueous compartments, oil
droplets and micellar domains.14 The structure of biphasic
vesicles and the specific combination of permeation-enhanc-

ing excipients used to formulate them are selected with the
aim to both facilitate drug encapsulation and transport large
molecules through the skin.

Chemical permeation enhancers (CPEs) are molecules that
have the ability to interact with either the intercellular lipids
or the corneocytes of the stratum corneum (SC). The more
than 300 known CPEs are classified into three main groups
based on their mechanism of permeation enhancement.15,16

Group 1 enhancers, which include solvents such as ethanol
and organic acids such as salicylic acid, extract skin lipids
or damage the SC, thereby weakening the barrier. Group 2
enhancers, of which polyols such as propylene glycol are
an example, increase drug solubility within the skin. Group
3 enhancers disorder the intercellular lipids. Examples
include terpenes, surfactants, fatty acids, fatty acid esters,
Azone (1-dodecylazacycloheptan-2-one) and its derivatives,
amides (e.g., dimethylformamide) and sulfoxides (e.g.,
DMSO).17-20 Many of these molecules can be incorporated
into the multiple compartments of biphasic vesicles; thus this
delivery system can be considered a type of combination
enhancer mixture.

The design, formulation and characterization of biphasic
vesicles, the delivery of IFN R by biphasic vesicles through
intact skin in human volunteers, and the first biphasic IFN
R proof-of-concept study in patients with human papillo-
mavirus infection (condylomata acuminata) were reported
in a previous study.14 Here, the results of an investigation
of the mechanism of interaction between biphasic vesicles
and SC lipids is presented. It was of interest to evaluate
whether delivery of IFN R by biphasic vesicles was attribut-
able to a novel mechanism or mechanisms described previ-
ously for liposomes or CPEs, which enhance absorption
through interaction with intercellular lipids in the SC and
creation of a perturbed microenvironment based on various
possible means21-23 such as (1) alteration of lipid phase
fluidity; (2) enhancement of solubility characteristics of the
skin for the drug to be delivered; (3) creation of a disordering

(2) Matriano, J. A.; Cormier, M.; Johnson, J.; Young, W. A.; Buttery,
M.; Nyam, K.; Daddona, P. E. Macroflux microprojection array
patch technology: a new and efficient approach for intracutaneous
immunization. Pharm. Res. 2002, 19 (1), 63–70.

(3) Koutsonanos, D. G.; Martin, M. d. P.; Zarnitsyn, V. G.; Sullivan,
S. P.; Compans, R. W.; Prausnitz, M. R.; Skountzou, I. Trans-
dermal influenza immunization with vaccine-coated microneedle
arrays. PLoS one 2009, 4 (3), e4773.

(4) Medi, B. M.; Singh, J. Electronically facilitated transdermal
delivery of human parathyroid hormone (1-34). Int. J. Pharm.
2003, 263 (1-2), 25–33.

(5) Prausnitz, M. R.; Langer, R. Transdermal drug delivery. Nat.
Biotechnol. 2008, 26 (11), 1261–1268.

(6) Mitragotri, S.; Blankschtein, D.; Langer, R. Ultrasound-mediated
transdermal protein delivery. Science 1995, 269 (5225), 850–3.

(7) Mitragotri, S.; Kost, J. Low-frequency sonophoresis: A review.
AdV. Drug DeliVery ReV. 2004, 56 (5), 589–601.

(8) Park, E. J.; Werner, J.; Smith, N. B. Ultrasound mediated
transdermal insulin delivery in pigs using a lightweight transducer.
Pharm. Res. 2007, 24 (7), 1396–1401.

(9) King, M. J.; Badea, I.; Solomon, J.; Kumar, P.; Gaspar, K. J.;
Foldvari, M. Transdermal delivery of insulin from a novel biphasic
lipid system in diabetic rats. Diabetes Technol. Ther. 2002, 4 (4),
479–88.

(10) King, M. J.; Michel, D.; Foldvari, M. Evidence for lymphatic
transport of insulin by topically applied biphasic vesicles.
J. Pharm. Pharmacol. 2003, 55 (10), 1339–44.

(11) Foldvari, M. Biphasic Vesicles: A Novel Topical Drug Delivery
System. J. Biomed. Nanotechnol., in press.

(12) Babiuk, S.; Baca-Estrada, M. E.; Pontarollo, R.; Foldvari, M.
Topical delivery of plasmid DNA using biphasic lipid vesicles
(Biphasix). J. Pharm. Pharmacol. 2002, 54 (12), 1609–14.

(13) Baca-Estrada, M. E.; Foldvari, M.; Ewen, C.; Badea, I.; Babiuk,
L. A. Effects of IL-12 on immune responses induced by
transcutaneous immunization with antigens formulated in a novel
lipid-based biphasic delivery system. Vaccine 2000, 18 (17), 1847–
54.

(14) Foldvari, M.; Badea, I.; Kumar, P.; Wettig, S.; Batta, R.; King,
M. J.; Zhihong, H.; Yeboah, E.; Gaspar, K.; Hull, P.; Shear, N. H.
Biphasic vesicles as a topical delivery system for interferon alpha.
Curr. Drug DeliVery, submitted.

(15) Chattaraj, S. C.; Walker, R. B., Penetration enhancer classification.
In Percutaneous penetration enhancers; Smith, E. W., Maibach,
H. I., Eds.; CRC Press: Boca Raton, FL, 1995; pp 5-20.

(16) Williams, A. C.; Barry, B. W. Penetration enhancers. AdV. Drug
DeliVery ReV. 2004, 56 (5), 603–18.

(17) Cocera, M.; Lopez, O.; Coderch, L.; Parra, J. L.; de la Maza, A.
Influence of the level of ceramides on the permeability of stratum
corneum lipid liposomes caused by a C12-betaine/sodium dodecyl
sulfate mixture. Int. J. Pharm. 1999, 183 (2), 165–73.

(18) Shokri, J.; Nokhodchi, A.; Dashbolaghi, A.; Hassan-Zadeh, D.;
Ghafourian, T.; Barzegar Jalali, M. The effect of surfactants on
the skin penetration of diazepam. Int. J. Pharm. 2001, 228 (1-
2), 99–107.

(19) Honeywell-Nguyen, P. L.; Bouwstra, J. A. The in vitro transport
of pergolide from surfactant-based elastic vesicles through human
skin: A suggested mechanism of action. J. Controlled Release
2003, 86 (1), 145–156.

(20) Hadgraft, J.; Pugh, W. J. The selection and design of topical and
transdermal agents: a review. J. InVest. Dermat. Symp. Proc. 1998,
3 (2), 131–5.

(21) Hadgraft, J.; Walters, K. A.; Guy, R. H. Epidermal lipids and
topical drug delivery. Semin. Dermatol. 1992, 11 (2), 139–44.

articles FoldVari et al.

752 MOLECULAR PHARMACEUTICS VOL. 7, NO. 3



effect among the alkyl chains of skin lipids; and (4) localized
separation of lipid domains to create hydrophilic pores.

Experimental Section
Encapsulation of IFN r in Biphasic Vesicles, Lipo-

somes and Methylcellulose Gel. IFN R-2b (specific activity
2.24 × 108 IU/mg, Schering-Plough) was encapsulated into
biphasic vesicles (Code F#6) as described previously.14

Briefly, the phospholipid phase contained the following (all
ingredients % w/w): hydrogenated soya phosphatidylcholine
(Phospholipon 90H) 10%; cholesterol 2%; monolauroyl
lysine 2%; and propylene glycol 7%. The aqueous phase for
biphasic vesicles is a submicrometer emulsion, which was
prepared from olive oil 3%; phospholipid EFA (linoleami-
dopropyl-PG-dimonium chloride phosphate) 5%; glyceryl
monostearate 1%; cetyl alcohol 0.6%; beeswax 0.28%;
methyl paraben 0.15%; propyl paraben 0.05%; and sterile
distilled water q.s. to 100%. Biphasic vesicles were prepared
by hydrating the phospholipid phase with the submicrometer
emulsion at 57 ( 3 °C by low-shear mixing.14 The
submicrometer emulsion (average particle size 200-300 nm)
was prepared using a Microfluidizer M-110 homogenizer
(Microfluidics). An aliquot of IFN R stock solution corre-
sponding to 20 MIU/g formulation was added to the
submicrometer emulsion before the hydration step. Lipo-
somes were prepared from the same phospholipid phase as
that used for preparing biphasic vesicles, except the aqueous
phase contained IFN R solution adjusted to correct volume
with distilled water. The gel vehicle was prepared from
methylcellulose 1500 cps, 2%, hydrated with sterile distilled
water.

Labeling IFN r with Alexa 594 Dye. Alexa 594-labeled
IFN R for confocal microscopy studies was prepared using
an aliquot of stock solution containing 1 mg of IFN R, which
was lyophilized using a Labconco CentriVap concentrator.
The lyophilized IFN R was reconstituted in 250 µL of sterile
0.1 M sodium bicarbonate buffer solution. While vortexing,
20 µL of the Alexa dye solution (10 mg/L DMSO) was added
to the protein solution, followed by stirring for 1 h. Unreacted
dye was separated from IFN R using a Micro Bio-Spin 6
column, from which the purified labeled protein fraction was
collected for encapsulation in biphasic vesicles, liposomes
and incorporation into methylcellulose gel.14

In Vitro Diffusion Cell Studies and Confocal Micros-
copy. The collection of human breast skin samples from
elective mammoplasty surgeries were conducted with per-
mission of the University of Saskatchewan Committee on
Ethics in Human Research. In Vitro absorption studies were
performed in flow-through diffusion cells. Full thickness

human skin samples (n ) 4) were set up in diffusion cells
(9 mm diameter) and maintained at 32.0 °C. The perfusion
buffer (0.01 M Na-phosphate buffer containing 100 µg/mL
bovine serum albumin and 0.26 mg/mL L-methionine, pH
7.2) was circulated under the skin at 37 °C. The skin samples
were treated with 0.1 g of various formulations containing
Alexa 594-labeled IFN R (biphasic vesicles, liposomes or
submicrometer emulsion) for 24 h. After treatment the
remaining formulations were recovered from the surface of
the skin, skin samples were cleansed by washing with 3 ×
15 mL Millipore water and blotted with tissue paper.

Confocal microscopy of skin treated with the various
formulations (biphasic vesicles, liposomes and methylcel-
lulose gel) was carried out using a Zeiss LSM 410 confocal
microscope equipped with a HeNe 594 laser excitation source
and a 635 ( 55 nm emission filter. The image size was 512
× 512 pixels, where 1 pixel is 0.625 µm for the 40× Plan-
NeoFluar oil-immersion objective. Software used for image
acquisition was Zeiss LSM 410. A minimum of 120 0.5 µm
sequential horizontal optical sections were taken either of
intact skin, starting with the skin surface, or of 80 µm cross
sections. Three-dimensional images were generated using the
WCIF Image J software package (NIH, public domain
software).

Isolation of Stratum Corneum from Human Skin.
Stratum corneum sheets were isolated from human breast
skin samples as described previously.24 Briefly, the epidermis
was separated from the dermal layers by immersion in 60
°C water for 2-3 min followed by incubation of the
epidermis, with SC side facing up, on filter paper saturated
with 1% w/v trypsin solution at 4 °C overnight. The digested
epidermal layers were removed, and the remaining SC sheets
were rinsed with distilled water and stored in the fridge until
used. Skin hydration for the DSC experiments was estimated
in a small study (n ) 3) by weighing the fully hydrated
stratum corneum before and after blotting with tissue paper.
After weighing the blotted SC, it was freeze-dried to obtain
the anhydrous weight. Hydration was determined as the
difference in weight of (blotted SC - freeze-dried SC)/
blotted SC × 100. Blotting for 5 s was found to give
20-40% water content.

Differential Scanning Calorimetry Measurements. Dif-
ferential scanning calorimetry (DSC) measurements of SC
were performed with a Calorimetry Sciences Corporation
model 4215 differential scanning calorimeter (TA Instru-
ments, Lindon, UT). SC sheets were isolated from human
skin as described previously24 and were treated with various
formulations by applying the formulation to a piece of SC
and incubating at 4 °C for 24-48 h. Before loading into
sealed DSC cells, SC samples were equilibrated at room
temperature for 1 h and then rinsed 5 times with filtered,
degassed Nanopure (Barnstead) water. Samples were then(22) Hadgraft, J. Recent developments in topical and transdermal

delivery. Eur. J. Drug Metab. Pharmacokinet. 1996, 21 (2), 165–
73.

(23) Marjukka Suhonen, T.; Bouwstra, J. A.; Urtti, A. Chemical
enhancement of percutaneous absorption in relation to stratum
corneum structural alterations. J. Controlled Release 1999, 59 (2),
149–61.

(24) Foldvari, M.; Baca-Estrada, M. E.; He, Z.; Hu, J.; Attah-Poku,
S.; King, M. Dermal and transdermal delivery of protein phar-
maceuticals: lipid-based delivery systems for interferon alpha.
Biotechnol. Appl. Biochem. 1999, 30 (Part 2), 129–37.
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blotted dry with tissue paper to approximately 20-40%
hydration. Background excess thermal power scans were
obtained with the Nanopure water (15-90 mg) in the sample
cell; these were subtracted from the scans for each sample
(80-120 mg) by choosing the water power scan that most
closely matched the sample power scan. All sample and
background scans were done using an empty reference cell.
All scans were from 1 to 110 °C at a scan rate of 1 °C/min.

SAXS and WAXS Measurements. Small- and wide-angle
X-ray scattering (SAXS and WAXS) measurements of
isolated SC treated with various formulations for 24-48 h
at 4 °C were made using beamline X21 at the National
Synchrotron Light Source at Brookhaven National Labora-
tory, Upton, NY. Beamline X21 is based on a wiggler source,
with a helium gas-cooled Si(111) monochromator selecting
the photon energy. The scattering pattern was recorded using
a 13 cm CCD detector (Mar USA) at 1.26 m (calibrated with
the scattering pattern of silver behenate) downstream of the
sample. The measurements were performed with 12 keV
X-rays, and data covered a q-range from 0.008 to 0.5 Å-1.
All beam paths were under vacuum, except at the sample
position, where the sample was in air. Kapton windows
terminated the vacuum beam paths. Fully hydrated samples
were loaded into 1.5 mm capillaries or round cavities of in-
house fabricated 1.5 mm thick aluminum sample holders and
data recorded at room temperature. All spectra were pro-
cessed to remove background contributions by subtracting
the scattering profile obtained for an empty capillary or round
cavity sealed with Kapton tape. SAXS studies have been
carried out with SC samples from three different patients
for each formulation. Treatments with biphasic vesicles were
additionally extended to evaluate reproducibility of the effect
using 6 different laboratory batches and 5 different scale-up
batches of biphasic formulations. SC samples were treated
with various formulations by applying 100 mg of the
formulations to approximately 1 × 1 cm square pieces of
SC. The formulations were then rinsed from the SC with 3
× 2 mL volumes of Millipore purified water. The rinsed
samples were placed in the sample holder, and the scattering
profiles were measured as above. In each SAXS profile peak
positions were assigned and changes to the untreated SC as
a baseline were identified. Polymorphic phase change was
assigned based on the largest number of identifiable peaks
patterns.25

Variations in peak intensity and width in all samples were
noted and attributed to inherent variations in biological
samples and the random orientation of samples within the
sample holder.

Lattice constants (R) were calculated for the cubic phase
(Q224) based on

where h, k and l are the Miller indices.

Results
Confocal Microscopy. Comparative confocal microscopic

studies were conducted of skin samples treated with biphasic
vesicles and their subcomponents (i.e., liposomes and sub-
micrometer emulsion). Whole skin (cleansed after treatment)
from both the SC horizontal and cross sections, precut with
a blade into approximately 2-300 µm thickness, were
optically sectioned. Three-dimensional reconstruction of
horizontal and cross-sectional skin slices treated with biphasic
vesicles encapsulating Alexa 594-labeled IFN R indicated
an intercellular distribution with bright spotted pattern to a
depth of 70 µm, into the viable epidermis, well below the
10-15 µm depth of the SC (Figure 1a,b). In contrast,
fluorescence was mainly on the surface of the skin, with
limited fluorescence observed around superficial SC cells,
after topical treatment with Alexa 594-labeled IFN R
encapsulated in liposomes (Figure 1c,d) or mixed into the
submicrometer emulsion (Figure 1e,f) or methylcellulose gel
vehicle (Figure 1g,h). Cross-sectional views in Figure 1
demonstrate the greater depth and distribution of labeled IFN
R in biphasic vesicle-treated skin (Figure 1b, INF R in viable
epidermal layer) relative to the superficial depth and distribu-
tion of labeled IFN R in liposome-, submicrometer emulsion-,
and methylcellulose gel-treated skin samples, which show
INF R distribution only in the SC. Figure 1b,d,f,h show the
orthogonal-cut image of the cross-sectional image series for
the four formulations. Biphasic vesicles promoted permeation
of IFN R into the viable skin layers, whereas treatment with
liposomes and submicrometer emulsion localized IFN R in
the SC. To model the permeation of free IFN R, this protein
was incorporated into a low viscosity methylcellulose (MC)
gel, which allowed easier dosing onto the skin surface.
However, subsequent analysis of IFN R permeation was more
difficult because the MC gel adhered strongly to the surface
of the skin and was not removable by the skin-cleansing
protocol that was suitable for the other three formulations.
Nevertheless, it was evident that IFN R from the MC gel
did not penetrate into the skin beyond the superficial layers
of the SC.

Differential Scanning Calorimetry. DSC measurements
indicated changes in thermotropic behavior of SC lipids after
topical treatment. After biphasic vesicle treatment, the T1,
T2, and T3 transitions decreased and Tx (at about 55 °C)
increased in all replicate samples (n ) 4) (Figure 2). This
peak is not always detectable in human SC (in 5/10 samples
in this study); however, its amplification is attributed to
changes in the structural arrangement of the covalently bound
lipids outside the corneocyte membranes.26,27 A decrease in

(25) Bouwstra, J. A.; Gooris, G. S.; Dubbelaar, F. E.; Ponec, M. Phase
behavior of lipid mixtures based on human ceramides: coexistence
of crystalline and liquid phases. J. Lipid Res. 2001, 42 (11), 1759–
70.

(26) Gay, C. L.; Guy, R. H.; Golden, G. M.; Mak, V. H.; Francoeur,
M. L. Characterization of low-temperature (i.e., <65 degrees C)
lipid transitions in human stratum corneum. J. InVest. Dermatol.
1994, 103 (2), 233–9.
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the T1 peak at 38-42 °C (lipid packing) indicates a lipid
disordering effect. A reasonable interpretation is that the
originally orthorhombic lattice changes to a fluid or a
hexagonal phase.28 The propylene glycol component in the
biphasic formulation may have contributed to this lowering
of enthalpy at 40 °C. Additionally, a noticeable decrease was

observed on the other thermal transitions, T2 and T3, detected
typically at 69-77 °C (reversible lipid transition) and 78-92
°C (lipids bound to protein) in biphasic vesicle-treated SC.
A very small peak at 95-120 °C (protein denaturation) was
apparent only on the biphasic vesicle thermogram, possibly
because of the increased hydration level in these samples.
A DSC scan of the biphasic vesicles (results not shown)
indicated major transitions at around 80 °C. This further
supports that the main transition seen in biphasic vesicle-
treated SC can be attributed to the internal lipid-phase change
in this layer.

Liposome treatment decreased the T1 and T3 thermotropic
transitions, indicating that liposomes can disorder intercellular
lipids and induce some degree of phase change. Oleic acid,
a known permeation enhancer for small molecules, decreased
the endothermic transitions at all thermal transition temper-
atures (Figure 2), which is consistent with previous data.29,30

SAXS and WAXS Analysis. Comparative SAXS data of
untreated SC and SC treated with the biphasic vesicle
formulation indicated a strong interaction with SC lipids
(Figure 3). Untreated SC showed a scattering profile similar
to previous patterns of lamellar structure, with a periodicity

(27) Cornwell, P. A.; Barry, B. W.; Bouwstra, J. A.; Gooris, G. S.
Modes of action of terpene penetration enhancers in human skin
differential scanning calorimetry, small-angle X-ray diffraction
and enhancer uptake studies. Int. J. Pharm. 1996, 127 (1), 9–26.

(28) Bouwstra, J. A.; Gooris, G. S.; van der Spek, J. A.; Bras, W.
Structural investigations of human stratum corneum by small-
angle X-ray scattering. J. InVest. Dermatol. 1991, 97 (6), 1005–
12.

(29) Francoeur, M. L.; Golden, G. M.; Potts, R. O. Oleic acid: its effects
on stratum corneum in relation to (trans)dermal drug delivery.
Pharm. Res. 1990, 7 (6), 621–7.

(30) Yamane, M. A.; Williams, A. C.; Barry, B. W. Effects of Terpenes
and Oleic-Acid as Skin Penetration Enhancers Towards 5-Fluo-
rouracil as Assessed with Time - Permeation, Partitioning and
Differential Scanning Calorimetry. Int. J. Pharm. 1995, 116 (2),
237–251.

Figure 1. Confocal microscopic images of IFN R
delivery into human skin. 3D-reconstructions of hori-
zontal z-sections (left column; reconstructed from 120
0.5 µm optical sections) and orthogonal display of cross
sections (right column) (arrows indicate fluorescence
distribution due to IFN-R) of human skin treated in vitro
with biphasic vesicles, their components (liposomes,
submicrometer emulsion) and a reference topical
vehicle (methylcellulose gel): (a, b) treatment with Alexa
594-IFN R encapsulated in biphasic vesicles; (c, d)
treatment with Alexa 594-IFN R encapsulated in
liposomes; (e, f) treatment with Alexa 594-IFN R mixed
into submicrometer emulsion; (g, h) treatment with
Alexa 594-IFN R mixed into methylcellulose gel. Image
sizes: 512 × 512 pixels, where each pixel ) 0.625 µm
for the 40× objective.

Figure 2. Differential scanning calorimetry thermograms
of untreated SC and SC samples treated with biphasic
vesicles, liposomes and oleic acid. Arrows indicate
major transitions (T1, 35-42 °C; Tx [if present], ca. 55
°C; T2, 60-77 °C; T3, 70-90 °C; T4 [if present],
95-120 °C76,77) in untreated hydrated SC. Scan rate
was 1 °C/min. Thermograms have been shifted on the
y-axis for clarity and normalized to the sample mass.
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of approximately 14 nm.31,32 Examination of 22 SC samples
treated with biphasic vesicles (half treated with biphasic
vesicles with IFN R and half with placebo biphasic vesicles)
indicated a pattern consistent with a polymorphic change
within the otherwise lamellar SC lipid phase (Figure 3a
shows a representative SAXS profile). A Miller plot analysis
of the position of the reflections as a function of the Miller
indices (�2, �3, �4, and �6 reflections) resulted in the
assignment of a Pn3m bicontinuous cubic phase (space group
No. 224)33 with a calculated lattice constant of 101 and 106
Å, in the absence and presence of IFN R (treatment with
biphasic vesicles made without or with IFN R), respectively.

Treatment with the liposome phase of the formulation
resulted in a shift in the SC peaks, corresponding to the short

and long periodicity phases32 (q ) 0.094 and 0.099 Å-1,
respectively) to smaller q and a decrease in the intensity of
the scattering (Figure 3a). Such a decrease in scattering
intensity has previously been attributed to a disruption of
the lipid bilayers in the SC. Treatment with the submicrome-
ter emulsion phase of the formulation showed no apparent
change compared with untreated SC (Figure 3a). Two peaks
at 0.084 and 0.165 Å-1, appearing only in the liposome
treated SC, and the peak at 0.165 Å-1 in the biphasic vesicle
treated SC were assigned to a lamellar phase that may result
from the adherence or some degree of incorporation of the
lipids from the liposome or biphasic vesicle formulations
within the upper SC layers. Control experiments on SC
without removing the formulations after incubation clearly
indicated these formulation-related peaks (results not shown).
These peaks are distinct from the pattern of the peak set(31) Bouwstra, J. A.; Gooris, G. S.; Salomons-de Vries, M. A.; van

der Spek, J. A.; Bras, W. Structure of human stratum corneum as
a function of temperature and hydration: A wide-angle X-ray
diffraction study. Int. J. Pharm. 1992, 84 (3), 205–216.

(32) Bouwstra, J. A.; Honeywell-Nguyen, P. L.; Gooris, G. S.; Ponec,
M. Structure of the skin barrier and its modulation by vesicular
formulations. Prog. Lipid Res. 2003, 42 (1), 1–36.

(33) Winter, R.; Kohling, R. Static and time-resolved synchrotron
small-angle x-ray scattering studies of lyotropic lipid mesophases,
model membranes and proteins in solution. J. Phys.: Condens.
Matter 2004, 16, S327–S352.

Figure 3. SAXS and WAXS patterns showing the effect of biphasic vesicles and their components (submicrometer
emulsion and liposomes) on the lipid organization structure of human SC. The intensity is plotted as a function of q (Å-1),
the scattering vector, where q is defined as 4π sin θ/λ; θ is the scattering angle and λ is the wavelength of the X-rays.
SAXS curves of untreated SC and SC treated with biphasic vesicles, liposomes and submicrometer emulsion (a); and a
scaled graph with an insert of the Miller plot for SC treated with biphasic vesicles showing the reflections (�2, �3, �4, �6,
�8, �9, and �10) representative of QD cubic phase 224, Pn3m (b). The reflection observed at 0.158 Å-1 is due to
crystalline monolauroyllysine, a suspended excipient in the formulation. WAXS curves of untreated SC and SC treated with
liposomes and submicrometer emulsion (c), and SC treated with biphasic vesicles (d).
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indicating the presence of the cubic phase in the biphasic
vesicle treated SC.

Additional WAXS analysis of untreated SC indicated
characteristic chain packing peaks at ∼4.1 and 3.7 Å,
corresponding to an orthorhombic lateral packing of the lipid
chains (Figure 3c,d). No effect was observed after treatment
with the submicrometer emulsion of the formulation. Small
variations in the interchain spacings were observed for SC
treated with liposomes or biphasic vesicle formulations. In
both cases reflections corresponding to orthorhombic (3.7,
4.1, 4.1 Å), hexagonal (4.1, 4.1, 4.1 Å), and liquid (4.6, 4.6,
4.1 Å) packing could be detected. Interestingly, the ratio of
the intensities of the peaks at 4.1 and 3.7 Å also increased
upon treatment with biphasic vesicle formulations, from ∼4.3
to 4.9, increasing the probability of a hexagonal packing
arrangement contributing to the peak at 4.1 Å. As such, the
increase in the ratio of intensities may indicate that the
biphasic formulation increased the portion of lipid molecules
arranged in a lateral hexagonal packing, corresponding to a
reduced packing density of lipids and an increase in
permeability.25 Therefore, it is possible that liposome treat-
ment, because of the higher intensity of the 4.6 Å reflection,
induced more of an orthorhombic-to-liquid rearrangement
(with a smaller proportion of hexagonal), whereas biphasic
vesicle treatment induced an orthorhombic-to-hexagonal
rearrangement (with a smaller proportion of liquid state).

Discussion
The development of noninvasive dermal and transdermal

delivery systems suitable for the next generation of thera-
peutic agents (proteins, peptides, and oligo- and polynucle-
otides) is challenging, as these molecules have molecular
weights typically well above the generally accepted trans-
dermal delivery limit of 500-1000 Da. Developing needle-
free methods for protein and gene delivery through difficult
barriers such as intact skin will provide urgently needed
alternative administration methods for drugs and vaccines,
as well as increase drug safety and compliance.

Evidence is mounting that combining different CPEs can
cause synergistic enhancement. For example, when two types
of enhancers are combined, where one increases the diffusion
coefficient and the other the partition coefficient (e.g., Azone
and propylene glycol or Azone and Transcutol), a synergistic
effect is obtained.21,22 More recent efforts are attempting to
identify synergistic combinations of permeation enhancers
(SCOPE) by high-throughput screening.34,35 Although these
enhancer combinations were tested mostly for small drug
molecules, it is expected that the concept can be applied to
macromolecules as well.

Liposomes were first applied as a topical delivery system
in the early 1980s by Mezei and colleagues36,37 and were
subsequently used by many researchers to deliver different
drug molecules.38 Dermal and transdermal delivery by
liposomes was successful for small lipophilic molecules, but
was limited for hydrophilic and larger compounds. The
mechanism of delivery is explained by the structural similar-
ity of the liposome bilayers to those of the intercellular lipids,
which are also arranged in a bilayer in the SC, making
interaction between liposomes and the SC feasible. The
intermixing of these lipids would explain the greater
enhancement of delivery of lipophilic drugs trapped in the
liposome bilayer into the skin, compared with delivery of
hydrophilic drugs. However, the overall degree of permeation
enhancement by simple liposomes is limited.13 Modified
forms of liposomes that include additional components
indicate enhanced drug delivery properties and can be
considered synergistic mixtures. Examples include etho-
somes, a combination of phospholipids and ethanol,39 and
transfersomes, a combination of phospholipids and sodium
cholate.40 Another example is lipid vesicles that consist of
soybean phosphatidylcholine and polyoxyethylene(20) oleyl
ether (C(18:1)EO(20)).41

Additionally, there is evidence to support the importance
of the type and phase properties of lipids used for liposome
construction. For topical as well as intracellular delivery, fluid
phase phospholipids were shown to be superior to gel phase
lipids.32,42-44 The molecular organization of the lipids may
also be critical. El Maghraby and colleagues demonstrated

(34) Karande, P.; Jain, A.; Mitragotri, S. Discovery of transdermal
penetration enhancers by high-throughput screening. Nat. Bio-
technol. 2004, 22 (2), 192–197.

(35) Karande, P.; Jain, A.; Mitragotri, S. Insights into synergistic
interactions in binary mixtures of chemical permeation enhancers
for transdermal drug delivery. J. Controlled Release 2006, 115
(1), 85–93.

(36) Mezei, M.; Gulasekharam, V. Liposomessa selective drug
delivery system for the topical route of administration. I. Lotion
dosage form. Life Sci 1980, 26 (18), 1473–7.

(37) Mezei, M.; Gulasekharam, V. Liposomes. A selective drug
delivery system for the topical route of administration: gel dosage
form. J. Pharm. Pharmacol. 1982, 34 (7), 473–4.

(38) El Maghraby, G. M.; Barry, B. W.; Williams, A. C. Liposomes
and skin: From drug delivery to model membranes. Eur. J. Pharm.
Sci. 2008, 34 (4-5), 203–222.

(39) Touitou, E.; Dayan, N.; Bergelson, L.; Godin, B.; Eliaz, M.
Ethosomes - novel vesicular carriers for enhanced delivery:
characterization and skin penetration properties. J. Controlled
Release 2000, 65 (3), 403–18.

(40) Cevc, G.; Schatzlein, A.; Richardsen, H. Ultradeformable lipid
vesicles can penetrate the skin and other semi-permeable barriers
unfragmented. Evidence from double label CLSM experiments
and direct size measurements. Biochim. Biophys. Acta 2002, 1564
(1), 21–30.

(41) Wachter, C.; Vierl, U.; Cevc, G. Adaptability and elasticity of
the mixed lipid bilayer vesicles containing non-ionic surfactant
designed for targeted drug delivery across the skin. J. Drug
Targeting 2008, 16 (7-8), 611–625.

(42) Hofland, H. E.; Bouwstra, J. A.; Bodde, H. E.; Spies, F.; Junginger,
H. E. Interactions between liposomes and human stratum corneum
in vitro: freeze fracture electron microscopical visualization and
small angle X-ray scattering studies. Br. J. Dermatol. 1995, 132
(6), 853–66.

(43) Kirjavainen, M.; Urtti, A.; Valjakka-Koskela, R.; Kiesvaara, J.;
Monkkonen, J. Liposome-skin interactions and their effects on
the skin permeation of drugs. Eur. J. Pharm. Sci. 1999, 7 (4),
279–86.
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that bilayer vesicle structure was essential to achieving
increased estradiol delivery.45 When the drug and lipid
ingredients were mixed without liposome formation, skin
penetration was about five times lower than with liposome
formation. Interestingly, liposomes made from SC ceramide
lipids interacted with corneocytes and transformed into
lamellar sheets, indicating that these types of lipids migrate
into the skin.46 However, by integrating into the skin, these
ceramide-based lipid vesicles improved barrier strength rather
than enhanced permeability.47,48

The importance of formulation colloidal structure in
increasing skin permeation was demonstrated by adding
increasing concentrations of isopropyl myristate to a lamellar
liquid crystal phase lecithin/water mixture, which resulted
in an increased permeability coefficient of encapsulated
fenoprofen acid.49 This effect was attributed to the formation
of a hexagonal phase lipid structure. In a recent paper by
Barbosa-Barros et al.50 the effect of structure/morphology
and the composition of the lipid aggregates were shown to
determine the interaction with stratum corneum. It was
demonstrated that formulations with the same lipid composi-
tion but different self-assembly or different lipid composi-
tions arranged in the same self-assembled particle (liposomes)
caused different degrees of transepithelial water loss (TEWL)
in ViVo.

If further permeation enhancement is to be achieved,
delivery systems need to be designed where the combination
of components provides permeation enhancement in two
ways: (1) through selection of the right synergistic mixtures
of materials and (2) through assembly of the right polymor-
phic molecular arrangements of the building blocks. Thus,
the basis for biphasic vesicles design was that they should
be built from excipients that provide synergistic skin
permeation enhancement for macromolecules. The vesicles
are made from phosphatidylcholine that forms concentric
bilayers that entrap an aqueous submicrometer emulsion

phase containing the drug to be encapsulated. Relevant
properties of the vesicles for skin interaction are mixed lipid
membrane characteristics, multicompartmental structure and
cationic charge, all of which could contribute to enhanced
drug delivery by any of the previously described mechanisms
in the literature. For example, the mixed bilayer lipids of
the vesicles could cause disordering of the lipid channels
and modify lipid phase fluidity in the intercellular spaces of
the skin, enhancing the lipoidal pathway of penetration;
encapsulation of the drug into the multicompartments of the
vesicle could create a stable supersaturated system, thereby
maximizing thermodynamic activity (drug diffusion driving
force into the skin); and the cationic charge of the vesicles
could facilitate an attraction to the negatively charged interior
of skin layers through a micro-osmotic process. The effect
of biphasic vesicles on the structural order of the SC lipids
and the induction of a polymorphic rearrangement of SC
lipids are observations not reported previously for any dermal
or transdermal delivery system or permeation enhancer.

The results in this study indicate a complex mechanism
of delivery. Biphasic vesicles appear to interact with the
intercellular lipids of the SC, which may be responsible for
enhancing the lipoidal pathway of penetration. The interac-
tion causes the original orthorhombic lipid packing config-
uration in the SC (which provides a strong barrier to
permeation of substances) to assume a hexagonal configu-
ration or liquid state, thereby increasing permeability (Figure
4a,b). The interaction with intercellular lipids appears to be
more evident among the lipids most closely surrounding the
corneocytes. To this point biphasic vesicles appear to behave
similarly to other lipid vesicles on the skin, although DSC
data indicate that a different type of interaction also occurs.
SAXS and WAXS data demonstrated that biphasic vesicles
induce the formation of a three-dimensional bicontinuous
Pn3m cubic phase in the SC. Formation of this cubic phase
was unique to biphasic vesicles, as their subcomponents s
liposomes and submicrometer emulsion s did not induce
such a polymorphic phase change in the SC. The cubic phase
is a three-dimensional network of aqueous channels within
a lipid matrix on an infinite periodic minimal surface (Figure
4c, right illustration; also see ref 51). The aqueous channels
of the cubic phase could be conduits for hydrophilic
molecules52 and appear to be compatible with accommodat-
ing various proteins and enzymes.53-55 The transport of
proteins through a cubic phase structure made from hydrated
monoacylglycerols was shown to depend on the diameter of
the aqueous channel.56 In monoolein systems the diameter
of the aqueous channels was estimated between 69.8 Å and
112.8 Å, depending on the water content.57 Further, the
physical properties, including aqueous channel diameter of

(44) Yokomizo, Y.; Sagitani, H. Effects of phospholipids on the in
vitro percutaneous penetration of prednisolone and analysis of
mechanism by using attenuated total reflectance-Fourier transform
infrared spectroscopy. J. Pharm. Sci. 1996, 85 (11), 1220–6.

(45) El Maghraby, G. M.; Williams, A. C.; Barry, B. W. Skin delivery
of oestradiol from lipid vesicles: importance of liposome structure.
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and skin function. Am. J. Clin. Dermatol. 2003, 4 (2), 107–129.
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(8), 801–5.

(49) Wilisch, I. L.; Muller-Goymann, C. C. Correlation of colloidal
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human skin. Int. J. Pharm. 1993, 96, 79–84.
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the cubic phase, can be modulated by charged lipids and
surfactants.58-60

Based on considerations and equations described by Briggs
et al.61 and Kraineva et al.62 for monoolein cubic phase
systems under limited hydration conditions, we used the
measured lattice parameters from SAXS data to estimate the
water channel radius in the cubic phase formed after biphasic
vesicle treatment. The water channel radius (rw) is calculated
using the following equation:

A0 is a constant (its value for Pn3m phase is -2), and � is
the Euler-Poincare characteristic (a space group dependent

characteristic, having a value of 1.919 for the Pn3m
phase).63-65 Using these values for A0 and �,

l can be calculated from the lattice parameter, R from SAXS
data and the sample composition such as the volume fraction
of the lipid (φl),

φw is volume fraction of water, and φl is volume fraction
of lipid (0.4595, based on the partial specific volume of lipid
υl and water υw, which are 1.062 cm3/g and 0.903 cm3/g at

Figure 4. Proposed mechanism of interaction of biphasic vesicles with the SC. (a) Application of biphasic vesicles in a
cream formulation on skin under an occlusive patch (left illustration). In normal SC intercellular lipids are organized in
bilayers with a regular repeat pattern; i.e., a periodicity of about 13 nm, and lipid packing in an orthorhombic configuration,
providing a strong barrier to permeation of substances32 (center illustration). Orthorhombic lateral packing of lipids shows
spacings *3.7, **4.1 Å (WAXS data and ref 78) (right illustration). (b) Biphasic vesicles initiate interaction with the skin (left
illustration). Biphasic vesicles interact with intercellular lipids and create an initial disorder, which is more apparent among
the lipids most closely surrounding the corneocytes (deduced from DSC data); intercellular lipid packing within the SC is
also affected (WAXS data), indicating appearance of a hexagonal and a liquid state associated with high permeability
(center illustration). Hexagonal lateral packing of lipids show spacings *4.1, **4.1, ***4.1 Å and liquid phase shows spacings
*4.6, **4.6, ***4.1 Å (WAXS data and ref 78) (right illustration). (c) Biphasic vesicles induce increased disorder of SC lipid
channels and possibly enlarge the lipid spacings through which vesicles/vesicle fragments and encapsulated drug are
delivered into the skin (left illustration). Biphasic vesicles induce a polymorphic change within the SC (supported by SAXS
data). A Miller plot analysis of the position of the reflections as a function of the Miller indices (�2, �3, �4, �6, �8, �9,
and �10 reflections) indicates the presence of a Pn3m bicontinuous cubic phase (center illustration; 3-D representation of
D surface Pn3m cubic phase (adapted from ref 79) (right illustration).

rw ) (-A0/2π�)1/2R - l (1)

Dw ) 2rw ) 0.391R - l (2)

φl ) 2A0(l/R) + 4π�/3(l/R)3 (3)
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20 °C). These two parameters are assumed to be independent
of composition and minimally dependent on temperature and
pressure.62 The calculated lattice constant for the induced
cubic phase by biphasic vesicles (without IFN R) is 101 Å
and by biphasic vesicles encapsulating IFN R is 106 Å. The
resulting estimates for the diameter of the aqueous channels
for each of these two phases are 44.98 and 48.89 Å,
respectively, when using 17 Å for lipid length.61 The
hydrodynamic radius (RH) of IFN R with a molecular weight
(MW) of 19.4 kDa, calculated from the equation MW )
(1.6800RH)2.3398, is 2.11 nm (diameter ) 4.22 nm). The radius
of gyration (Rg) for IFN R, which would describe its effective
size, is not known in the absence of crystallography data;
however, based on estimates of similarly sized proteins it
may be around 18 Å.66 Considering the aqueous channel and
IFN R molecular dimensions as calculated above, the

transport of IFN R appears feasible. This is further supported
by results of Clogston et al.,66 who showed that the diffusion
characteristics of a protein depend on the size of the aqueous
channels. However, as the cubic phase is quite flexible, it
can accommodate somewhat larger sized molecules.

The transformation between lamellar (LR) and cubic
phases was described previously.67,68 Chung and Caffrey69

as well as other research groups66,70 have demonstrated that
relatively minor changes in molecular compositions within
small regions of lipids and resulting changes in curvature
energies will contribute to polymorphic phase changes. The
lipids in mitochondria, for example, are arranged in a cubic
array system during inactivity,71 and bilayer-to-cubic or
cubic-to-bilayer organizational switching may be a form of
cellular functioning such as an on-off mechanism of
membrane continuity or intracellular trafficking and trans-
portation.72 According to Anderson et al.63 the transformation
of a lamellar phase into a cubic phase is more likely than to
an inverted hexagonal phase because of the geometrical
considerations related to κm (bending rigidity constant of a
lipid monolayer) and l0 (length of the lipid molecule).

The ability of SC lipids to rearrange from a bilayer
configuration to other polymorphic phases has been dem-
onstrated previously. The two prominent models explaining
the formation and molecular organization of SC lipids
indicate two possibilities: a lamellar-to-lamellar transition
and a cubic-to-lamellar transition between the as-produced
lipids by granulocytes and the intercellular lipid barrier layer
in the SC. The Landmann model73 postulates that lamellar
granules produced by granular cells in the upper viable
epidermis fuse with the cell membranes and extrude into the
extracellular spaces to form uninterrupted bilayer sheets.
Hence, the Landmann model represents a lamellar-to-lamellar
phase transition. Research on liposomal topical drug delivery
systems supports the possibility that lamellar-to-lamellar
phase interaction could take place between liposomes and
SC lipids and could create some disorder, which results in

(53) Belrhali, H.; Nollert, P.; Royant, A.; Menzel, C.; Rosenbusch,
J. P.; Landau, E. M.; Pebay-Peyroula, E. Protein, lipid and water
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(7), 1472–5.

(61) Briggs, J.; Chung, H.; Caffrey, M. The temperature-composition
phase diagram and mesophase structure characterization of the
monoolein/water system. J. Phys. II 1996, 6, 723–51.
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enhanced drug delivery. More recent studies indicate that
the lipids extruded by granular cells during lipid barrier
formation may be in other polymorphic states such as a cubic
phase, which merges into the lamellar intercellular space.74

The membrane folding model by Norlen74 implies the
flexibility of lipid structural arrangement and suggests that
intercellular lipid formation via cubic-lamellar phase transi-
tion is more energetically favorable than is lamellar granule
fusion,75 which further supports that intercellular lipids can
rearrange into a cubic phase under specific circumstances.

Mathematical modeling of the bilayer-to-cubic phase
transformation that may take place upon biphasic vesicle
application to the SC is shown in Figure 5. The formation
of cubic phase configuration could occur in two ways:
(1) by regional fusion of the lamellar lipid layers in the
SC, resulting in a series of molecular reorganization steps
(shown here as a seven-step process) and re-forming as a
3-dimensional cubic phase with aqueous channels (induc-
tion model; Figure 5a), or (2) by the merging of lamellar
phases between the biphasic vesicle lamellar structures
and SC lamellar structures to form a cubic phase (merging
model; Figure 5b).
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(75) Norlen, L. Skin barrier structure and function: the single gel phase
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Figure 5. Simulation of cubic phase formation in SC lipids: hypothetical models. (a) Induction model: The lamellar lipid
phase in the SC undergoes a series of molecular reorganization steps (shown here as a seven-step process)
including possible fusogenic processes as a result of biphasic vesicle interaction and reform as a 3-dimensional cubic
phase with aqueous channels (modeled using Mathematica version 6). The diamond surface (D-surface) Pn3m
(space group no. 227) is described by the following equation: cos(2x) cos(2y) + cos(2y) cos(2z) + cos(2z) cos(2x) +
sin(2x) sin(2y) sin(2z) ) 0. (b) Merging model: Hypothetical merging of lamellar phases between the biphasic vesicle
lamellar structures and SC lamellar structures to form a cubic phase. L(x,y,z) represent the equation for the lamellar
phase, and Q(x,y,z) represent the equation for the Pn3m cubic phase. The equation describing the merging of the two
phases as shown is given by H(-3 - z)L(x,y,z) + H((z + 3)(5 - z))[T(z,-3,5,4)L(x,y,z) + (1 - T(z,-3,5,4))Q(x,y,z)]
+ H(z - 5)Q(x,y,z) ) 0.
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Conclusion
The interaction of biphasic vesicles with SC lipids results

in the formation of a three-dimensional cubic Pn3m poly-
morphic phase by the molecular rearrangement of intercel-
lular lipids. This is the first instance demonstrating the
induction of a cubic phase in the SC by an external
formulation. This observation is significant because most
previous literature data that describe intercellular permeation
of compounds attribute the enhanced permeation to the
disordering, disturbance, fluidization or extraction of lipids
in the stratum corneum. The results reported here suggest
that enhanced dermal and transdermal delivery of proteins
may not depend on a disordered state; rather, it may depend
on a different order of the lipids. This novel nanopathway
through the SC induced by biphasic vesicles could make
delivery of large proteins into the skin possible.
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