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In the search for an optimal approach for the transcutaneous immunization (TCI) of hepatitis B surface
antigen (HBsAg), two vesicle formulations, L595 vesicles (composed of sucrose-laurate ester and octaoxy-
ethylene-laurate ester) and sPC vesicles (composed of soybean–phosphatidylcholine and Span-80) were
prepared and characterized in vitro and in vivo. HBsAg was associated to the vesicles, resulting in sPC–
HBsAg vesicles (±170 nm) with 79% HBsAg association and L595–HBsAg vesicles (±75 nm) with only
29% HBsAg association.

The vesicles induced in mice via TCI an antibody response only when the skin was pretreated with
microneedles. This response was improved by the adjuvant cholera toxin. The sPC–HBsAg vesicle formu-
lations showed to be the most immunogenic for TCI, which was related to the higher degree of HBsAg
association.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Most vaccines are delivered via conventional syringes and nee-
dles. Despite their common use, syringes and needles have draw-
backs. They can cause fear and pain and in developing countries
the spread of diseases due to the reuse of the needles and unsafe
injection practice is also an important drawback of conventional
needles. To address the limitations of needle injections, a lot of
effort is put into needle free delivery systems and routes (Amorij
et al., 2010; Bal et al., 2010a; Benson, 2010; Chadwick et al.,
2009; Heurtault et al., 2010; Hirschberg et al., 2010; Mann et al.,
2009; Prausnitz et al., 2009; Slutter et al., 2010). One very attrac-
tive route for vaccination is via the skin. This organ is the largest
organ of the body and loaded with immune competent cells. Lan-
gerhans cells and dendritic cells in the epidermis and dermis,
respectively, play an important role in the capture, uptake and pro-
cessing of antigens. Before reaching the epidermis and the dermis,
the antigen has to pass the outermost layer of the skin, the stratum
corneum, which is composed of dead keratinocytes embedded in a
lipid matrix. Overcoming this first line of defense is the main chal-
lenge in transcutaneous immunization (Bal et al., 2010b; Giudice
and Campbell, 2006).
ll rights reserved.

n).
One possible way to overcome the stratum corneum is to associ-
ate the antigen with specially designed vesicular systems such as
elastic vesicles. Elastic vesicles increase the transport of drugs
across the stratum corneum owing to the highly deformable bilay-
ers of these vesicles. The first generation elastic vesicles, transfer-
somes, were introduced by Cevc and Blume (1992). Transfersomes
are composed of phosphatidylcholine and a detergent, such as so-
dium cholate. Later on, elastic vesicles have also been prepared with
other detergents such as sodium deoxycholate, Span 60, Span 65,
Span 80, Tween 20, Tween 60 and Tween 80 (El Maghraby et al.,
1999, 2000; Oh et al., 2006; Trotta et al., 2004). Most work with
elastic vesicles has been done with therapeutic drugs although
some studies have been focusing on antigens such as BSA, gap junc-
tion protein (Paul et al., 1995, 1998), tetanus toxoid (Gupta et al.,
2005) and hepatitis B surface antigen (Mishra et al., 2006). These
studies showed, with a same dose of antigen, comparable or signif-
icantly higher antibody titers with transcutaneous immunization
(TCI) as compared to the conventional intramuscular injection.

In 1998, van den Bergh et al. (1999) introduced a new series of
elastic vesicles composed of only surfactants. The bilayer-forming
surfactant L595 (sucrose laurate ester) was combined with the
micelle forming surfactant PEG-8-L (octaoxyethylene laurate es-
ter). Drug-loaded vesicles showed high transport rates into the
stratum corneum (van den Bergh et al., 1999) compared to conven-
tional rigid vesicles making this carrier system promising for anti-
gen delivery. Ding et al. (2010) associated diphtheria toxoid to
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these vesicles and performed immunization studies. They showed
with these formulations a significant improvement in the immune
response when the skin was pretreated with microneedles (Ding
et al., 2010). Microneedles are used to create channels in the skin
allowing the passage of antigens through the stratum corneum
into the epidermis and the dermis. Ding et al. concluded that the
improvement of the immune response was attributed to the use
of the microneedles in combination with the use of cholera toxin
(CT) as an adjuvant.

The most commonly used adjuvants for TCI are bacterial ADP-
ribosylating exotoxins, such as CT and LT (Glenn et al., 1998).
Although exact mechanisms of action have not been completely
elucidated, recent observations have shed some light on the mech-
anism behind the potent adjuvanticity of these toxins. When such
adjuvants are added at the site of antigen administration, they pro-
vide Langerhans cells with an activation signal to mature and be-
come potent antigen presenting cells (Belyakov et al., 2004). The
presence of these adjuvants elicit much higher antibody levels than
when antigens are delivered alone (Guebre-Xabier et al., 2003).

In the present study we investigated different TCI strategies for
transcutaneous vaccination against hepatitis B surface antigen
(HBsAg). HBsAg has been used as such, or associated to different
types of vesicles. The formulations were characterized in vitro
and evaluated by TCI of mice. Moreover, the enhancement of the
immune response against HBsAg after TCI by the use of micronee-
dle arrays, the addition of cholera toxin as adjuvant and the effect
of the level of HBsAg-vesicle association were evaluated.
2. Materials and methods

2.1. Materials

Hepatitis B surface antigen (HBsAg, 1.4 mg/ml) was purchased
from Serum Institute India. Soybean phosphatidylcholine (Lipoid
S100) was provided by Lipoid GmbH (Ludwigshafen, Germany).
Span 80 and cholera toxin were purchased from Sigma–Aldrich
(Zwijndrecht, The Netherlands). Sucrose-laurate ester (L-595; 30%
mono-, 40% di-, and 30% triesters, mean MW 734) was kindly sup-
plied by Mitsubishi Kaei (Tokyo, Japan), octaoxyethylene-laurate
ester (PEG-8-L; mean MW 552) was a gift from Lipo Chemicals
(Paterson, New Jersey, US) and sodium bistridecyl sulfo succinate
(TR70; mean MW 585) was a gift from Cytec B.V (Rotterdam, The
Netherlands).
2.2. Vesicle preparation

Two kinds of vesicles were prepared: vesicles containing the
synthetic surfactants L-595, PEG-8-L and TR70, further called
L595 vesicles, and vesicles containing soybean phosphatidylcho-
line and Span 80, further called sPC vesicles. Both kinds of vesicles
were prepared without (empty vesicles) and with HBsAg associ-
ated to the vesicles (L595–HBsAg and sPC–HBsAg). Empty sPC ves-
icles were also mixed with HBsAg (sPC–HBsAg-mixed).

L595 vesicles consist of the bilayer-forming surfactant L-595,
the micelle-forming surfactant PEG-8-L, and the stabilizing surfac-
tant TR70 in a molar ratio of 5:5:1 resulting in a final vesicle con-
centration of 4% w/w. Vesicles were prepared as described by Ding
et al. (2010). In brief, the surfactants L-595 and PEG-8-L were dis-
solved in ethanol and TR70 was dissolved in isopropanol. The solu-
tions were mixed in the proper ratio and the organic solvent was
subsequently evaporated overnight in an evaporator (Pierce Reac-
ti-VapTM III, Rockford, US) under a nitrogen flow to form a dry sur-
factant film. For the empty vesicles, the surfactant film was
dispersed in a 0.01 M phosphate buffer (pH 6.5). For the HBsAg
associated vesicles (L595–HBsAg), HBsAg diluted to 285 lg/ml in
a 0.01 M sodium phosphate pH (6.5), was used to disperse the
remaining surfactant film. The dispersion was sonicated 3 � 5 s
with a Branson 250 (Branson Ultrasonics, Danbury, UK) using a
1/8 in. microtip. The obtained vesicles were extruded 13 times
through a 100 nm polycarbonate filter (Avanti Polar Lipids, Ala-
bama, US).

S-PC vesicles were prepared as described by Cevc et al. (1998)
with slight modifications. In short, soybean–phosphatidylcholine
and the surfactant Span 80, in a ratio (w/w) of 5.7:1, were dissolved
in an ethanol–chloroform mixture (1:2 v/v). The organic solvent
was evaporated overnight in an evaporator (Pierce Reacti-VapTM

III, Rockford, US) under a nitrogen flow. For empty vesicles, the ob-
tained film was dispersed in 0.01 M sodium phosphate (pH 6.5),
resulting in a final vesicle concentration of 1% w/v. For HBsAg asso-
ciated vesicles (sPC–HBsAg), HBsAg (285 lg/ml) was diluted in
0.01 M sodium phosphate (pH 6.5) and 10 ml was used to disperse
the film. After 1 h vortexing (ELMI Intelli-mixer), the dispersion
was incubated at room temperature for 2 h and subsequently son-
icated for 15 s by using a Branson sonifier 250 (Branson Ultrason-
ics, Danbury, UK), equipped with a 1/8 in. microtip. Finally the
sonificated dispersion was extruded (Avestin Inc., Mannheim,
Germany) 13 times through a 100 nm polycarbonate filter (Avanti
Polar Lipids, Alabama, US).

For the sPC–HBsAg-mixed formulations, empty sPC vesicles
were prepared as described above and HBsAg was added subse-
quently to a final concentration of 285 lg/ml. The sPC–HBsAg-
mixed formulations were used within 24 h after preparation.

2.3. Vesicle characterization

2.3.1. Particle size and zeta potential measurements
The Z-average size and polydispersity index (PDI) of 3 batches

of vesicles were measured by dynamic light scattering (DLS) using
a Malvern Zetasizer Nano ZS (Malvern, United Kingdom). All mea-
surements were performed at 25 �C in triplicate.

The zeta potential of three batches of vesicles was measured by
laser Doppler electrophoresis using the same device. Each sample
was measured three times in a folded capillary cell (Malvern, Uni-
ted Kingdom).

2.3.2. Size exclusion chromatography (SEC)
To determine the amount of HBsAg associated with the vesicles,

SEC was performed using a Sepharose 6 Fast Flow column of 80 cm
long and with a diameter of 1.6 cm. The column was connected to
an AKTA purifier (GE Healthcare, Germany). This automated sys-
tem was driven by the Windows software package UNICORN
5.11. The column was equilibrated with 0.01 M sodium phosphate
(pH 6.5). During elution the absorbance of the eluting volume was
measured at 215 nm and fractions of 8 ml were collected. HBsAg
and empty vesicles were first characterized by SEC to determine
the elution volume of their respective peak fractions in order to
characterize the HBsAg associated vesicles. The amount of associ-
ated- and free hepatitis B surface antigen in the HBsAg containing
vesicle formulations were determined by collection of the peak
fractions and subsequent measurement of these fraction in a hep-
atitis B antigen ELISA and a Lowry protein assay (Lowry et al.,
1951).

2.3.3. Hepatitis B surface antigen ELISA
For HBsAg quantification a commercial kit of Abbott, Murex

HBsAg version 3, was used according to the manufacturer’s
instructions. In short, the sample was pre-incubated in microwells
(3 or 4 dilutions) pre-coated with a mixture of mouse monoclonals
specific for different epitopes on the ‘a’ determinant of HBsAg.
Affinity purified goat antibody to HBsAg conjugated to horseradish
peroxidase was then added. After washing, to remove sample and



Table 1
Size and zeta potential (mean ± SD; n = 3) of L595 vesicles and sPC vesicles, with and
without hepatitis B surface antigen (associated or mixed).

Formulation Z-average size (nm) Zeta potential (mV)

L595 75.1 ± 7.6 �57.1 ± 1.4
L595–HBsAg 68.6 ± 9.7 �36.6 ± 4.4
sPC 170.0 ± 22.2 �17.9 ± 3.4
sPC–HBsAg 150.4 ± 12.9 �10.2 ± 2.9
sPC–HBsAg-mix 153.0 ± 2.7 �7.5 ± 1.7
HBsAg 29.2 ± 1.9 �14.1 ± 2.9
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unbound conjugate, peroxidase activity was detected by addition
of 3,30,5,50-tetramethylbenzidine (TMB) substrate and hydrogen
peroxide. The enzyme reaction was terminated with 100 ll sulfuric
acid. Substrate conversion was determined spectrophotometrically
at 450 nm. Each ELISA plate contained a reference HBsAg sample
for calculation of the antigen concentration in the samples.

2.3.4. Elasticity measurements
The elasticity was evaluated by extrusion, as described by Ding

et al. (2010) with slight modifications. A fixed volume (0.5 ml) of
the sample was pushed through a 30-nm polycarbonate filter by
using an extruder (Avanti Polar Lipids Inc., Delftzijl, The
Netherlands) at a constant pressure of 1 bar. Every minute, for a
time period of 15 min, the volume of vesicle formulation that
was pushed through the filter was measured. This volume was
plotted in a graph against the time.

Three freshly prepared samples were measured in duplo.

2.3.5. Immunizations
Female BALB/c mice (BALB/cOlaHsd), weight 18–20 g at the

start of the experiment were purchased from Harlan (Horst, The
Netherlands), and maintained under standardized conditions in
the animal facility of the NVI (Netherlands Vaccine Institute,
Bilthoven, The Netherlands). All studies have been approved by
the Animal Ethical Committee of the RIVM.

Mice of the transcutaneous immunization groups were immu-
nized topically on either intact skin or microneedle pretreated skin.
The immunizations were performed as described by Ding et al.
(2010). In short, the abdominal skin of the mice was shaved one
day before immunization. Just before immunization, mice were
anesthesized by intraperitoneal injection of 150 mg/kg ketamine
and 10 mg/kg xylazine. The shaved skins of the TCI groups, were
first wiped with 70% ethanol and left to dry. The skin was then
pierced using a 4 � 4 microneedle array of 300 lm needles. A me-
tal ring was placed over the pierced area and 70 ll of the formula-
tion was spread equally over this fixed area of 2 cm2. For the TCI
groups without a microneedle pretreatment, a same metal ring
was placed on dry shaved with ethanol wiped skin and 70 ll of
the formulation was spread equally over the fixed area. A metal
lid was placed on top of the metal ring for occlusive application.
After 1 h application, the mice were washed under the tap with
lukewarm water and placed back in their cages. The HBsAg dose
used for transcutaneous immunization was 20 lg. When cholera
toxin was used, 100 lg of the toxin was added to the formulation
prior to application.

In all in vivo experiments a control group was included receiv-
ing an intramuscular injection (500 ll) with hepatitis B surface
antigen (2 lg) adjuvanted with 144 lg aluminum hydroxide. Two
weeks after primary immunization, blood was collected prior to a
booster vaccination by an orbitapunction under isofluran/O2 anes-
thesia. Four weeks after the booster vaccination, all mice were sac-
rificed by bleeding under isofluran/O2 anesthesia.

2.3.6. Serum antibody levels measured by ELISA
Polystyrene 96-well microtiter plates were coated with 0.2 lg/

well HBsAg diluted in 8 mM phosphate buffered saline (PBS), pH
7.2 (Gibco, Paisly, UK). The plates were incubated overnight at
room temperature. The plates were washed with tap water con-
taining 0.1% (w/v) Tween 80. Serum was added in series of three
fold dilutions. All dilutions of serum were prepared in PBS contain-
ing 0.5% (w/v) BSA and 0.05% (w/v) Tween 80. After 2 h incubation
at 37 �C the plates were washed and goat anti mouse immunoglob-
ulin conjugated to horse radish peroxidase (IgG–HRP, IgG1–HRP or
IgG2a–HRP) from Southern Biotech, Birmingham, Ala, USA) was
added in the concentration that was given by the manufacturer
(1/5000) and the plates were incubated for 1.5 h at 37 �C. After
washing the plates, 100 ll TMB substrate solution (see above)
was added to each well. After 10 min 50 ll 2 M H2SO4 was added
to each well and absorbance measured at 450 nm. The titer was
determined as the dilution factor at which the absorbance was
50% of maximum absorbance (plateau value).

2.3.7. Statistics
Antibody titers are expressed as the mean log10 titer of the

responding mice plus the standard errors of the means. Statistical
evaluations are done with a Student t-test (one way ANOVA) by
using a two tailed distribution and a two sample unequal variance.

3. Results

3.1. Characterization

3.1.1. Size and zeta potential
Empty vesicles (L595 and sPC) and hepatitis B associated vesi-

cles (L595–HBsAg and sPC–HBsAg) were prepared. Empty sPC ves-
icles have also been mixed with HBsAg (sPC–HBsAg-mix). The
vesicle size and the zeta potential of all formulations are shown
in Table 1.

The sPC vesicles were larger than the L595 surfactant vesicles
and showed a less negative zeta potential (see Table 1). For both
kinds of vesicles, the association of HBsAg with the vesicles re-
sulted in a decrease of the (negative) zeta potential and no signif-
icant changes in the vesicle sizes. For all formulations the
polydispersity index (data not shown) was smaller than 0.3, on a
scale from 0 to 1, and only one size population was detected.

In addition, sPC–HBsAg and sPC–HBsAg-mix formulations ana-
lyzed by DLS showed a similar size and zeta potential.

3.1.2. HBsAg incorporation
Free and associated HBsAg in the vesicle based formulations

were separated by SEC (Fig. 1) and the HBsAg content in the peak
fractions was determined by ELISA. Empty vesicles showed a main
peak eluting at about 60 ml, whereas HBsAg showed a main peak
at about 80 ml (Fig. 1A). As determined by ELISA, 22% of the applied
HBsAg was recovered in the 60 ml peak and 62% in the 80 ml peak
(see Fig. 1A), resulting in a total recovery of 84%. With DLS a Z-
average of �30 ± 3 nm was measured in the 80 ml fraction and of
120 ± 10 nm in the 60 ml fraction. This indicates the presence of
HBsAg aggregates, eluting in the 60 ml fraction.

L595–HBsAg vesicles showed 2 peaks (Fig. 1B), one correspond-
ing to the vesicle peak (60 ml) and one to the HBsAg peak (80 ml).
ELISA showed that the vesicle and HBsAg peak contained 29% and
50% of the formulated HBsAg, respectively.

sPC–HBsAg eluted in one peak (Fig. 1C), corresponding to the
vesicle peak (60 ml) containing 79% HBsAg. In contrast, empty
sPC vesicles mixed with HBsAg, sPC–HBsAg-mix, eluted in two
peaks with 7% HBsAg recovery in the 60 ml peak and 75% HBsAg
recovery in the 80 ml peak (Fig. 1D).

In summary, the results of SEC and ELISA of the SEC-fractions
showed different HBsAg association for the different HBsAg



Fig. 1. SEC elution pattern of empty sPC vesicles, empty L595 vesicles and HBsAg (A), L595–HBsAg vesicles (B), sPC–HBsAg (C) and sPC–HBsAg-mix vesicles (D). mAU (milli-
absorption units measured at 215 nm) are shown as a function of the eluted volume (mL). Percentages above the peaks in the figure represent the HBsAg recovery, as
measured with an ELISA, in the 60 ml and 80 ml peak fractions of the HBsAg elution pattern (A) and of the vesicle elution patterns (B–D).
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formulations. L595 vesicles had a low HBsAg association and a con-
siderable amount of free HBsAg. In contrast sPC–HBsAg vesicles
had a high HBsAg association and a low amount of free HBsAg.
Moreover, mixing of empty sPC vesicles with HBsAg resulted in
very low association of HBsAg, even lower than that shown for
the HBsAg–L595 vesicles. In the ‘‘vesicle peak’’ (60 ml) of the
sPC–HBsAg-mix (1D), an even lower recovery of HBsAg was found
as compared to HBsAg (Fig. 1A).

3.1.3. Elasticity of vesicles
The elasticity of the vesicles was measured by extrusion

through a 30 nm filter (as shown in Fig. 2). Fig. 2 shows that empty
sPC- and L595 vesicle formulations and plain HBsAg passed within
10 min through the 30 nm filter. The sPC–HBsAg-mix formulation
too, was extruded within 10 min. On the contrary, when HBsAg
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Fig. 2. Elasticity measurements of L595- and sPC-Sp80 vesicles. A fixed volume of
500 ll formulation was extruded under a constant pressure of 1 bar through a
30 nm filter. The volume extruded was measured in time. At least three samples
were freshly prepared and measured in duplicate (standard deviation of extruded
volume of all measurements <10%). For clarity reasons, results of only one
measurement are shown.
was associated to the vesicles, (sPC–HBsAg and L595–HBsAg vesi-
cles) more than 50 min were needed to pass through the filter.
Apparently the association of HBsAg to the vesicles decreased the
extrusion speed.

DLS measurements of the samples before and after extrusion re-
vealed an increase in size of all samples containing HBsAg after
extrusion. For L595–HBsAg, sPC–HBsAg and sPC–HBsAg-mix, an in-
crease in size of respectively 87%, 37% and 60% was found after
extrusion. This increase in size can most probably be explained
by the aggregation of HBsAg after extrusion. With the HBsAg sam-
ple, an increase in size was also measured (from 30 to 150 nm).
Fig. 2 shows that the aggregates of the HBsAg sample do not block
the filter. Therefore, the slower extrusion speed of the HBsAg asso-
ciated vesicles was not attributed to the obstruction of the filter
caused by aggregation of HBsAg.

Empty vesicles in contrary showed the same size before and
after extrusion. These vesicles can be considered as elastic.

3.2. Immunization

3.2.1. TCI with HBsAg
Before we investigated the use of vesicle formulations for TCI, an

in vivo study with plain HBsAg was performed to evaluate whether
new formulations are needed for TCI. In this in vivo experiment,
HBsAg, non-adjuvanted or adjuvanted with cholera toxin (CT),
was applied on intact skin or on microneedle pretreated skin. Only
when the skin was pretreated with microneedles (see Fig. 3), prior
to the occlusive application of the formulations, a HBsAg-specific
antibody titer was observed. In the group without adjuvant but with
microneedle pretreatment, three animals responded with detect-
able IgG and IgG1 antibodies. In one animal, IgG2a was detected.
In the presence of cholera toxin, significant higher anti-HBsAg anti-
body responses (p = 0.0012) were induced as compared to the non-
adjuvanted formulations and more responders were observed. The
titers were, however, still significantly lower (p < 0.001 for IgG and
IgG1, p = 0.036 for IgG2a) than those induced after intramuscular



Fig. 3. TCI with HBsAg: Antibody titers against HBsAg and cholera toxin (CT) in
mice (n = 10) after 45 days (two immunizations). Mice were immunized intramus-
cularly or transcutaneously. Intramuscular immunization was done with alum
adjuvanted HBsAg. The transcutaneous immunization was done by topical dermal
application of HBsAg formulations on either intact skin or microneedle pretreated
skin. HBsAg was applied transcutaneously in the presence and absence of cholera
toxin (CT) as an adjuvant. Numbers above the bars indicate the number of
responders. Groups depicted with less than 10 animals were groups in which some
animals died as a result of the narrow therapeutic window of the anesthesia used
during transcutaneous application.
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injection with an alum adjuvanted HBsAg formulation. TCI with the
combination of HBsAg and CT did not result in 100% of the mice
responding with detectable HBsAg specific IgG titers.

The serum of the immunized mice was additionally screened for
IgG antibodies against CT. Antibody responses against CT were in-
duced in the TCI groups irrespective of the microneedle pretreat-
ment of the skin.

So, TCI of HBsAg resulted in an immune response only when the
skin was pretreated with microneedles. This immune response was
however still inferior to the response obtained with i.m injection of
the conventional alum-adjuvanted vaccine formulation. In order to
improve the immune response via TCI, vesicle formulations have
been prepared.

3.2.2. TCI via intact skin with hepatitis B surface antigen associated to
vesicles

sPC–HBsAg formulations and L595–HBsAg formulations were
prepared and applied occlusively with and without CT on intact
skin in the absence of microneedle pretreatment. The serum was
analyzed for IgG titers against HBsAg. As shown in Fig. 4, the ves-
icle formulations did not induce IgG responses against HBsAg via
TCI on intact skin. Since no response against HBsAg was measured
with the TCI groups, the antibody response against CT was also
measured. The high IgG responses against CT indicate that an im-
mune response in these mice was possible after TCI.

The absence of an immune response against HBsAg and the
strong immune response against CT might be attributed to a higher
immunogenicity of CT and/or a higher permeability of the skin for
CT compared to HBsAg. Since TCI on intact skin with the CT adju-
vanted vesicle formulations of HBsAg did not contribute to the im-
mune response against HBsAg, the usefulness of vesicle
formulation in combination with microneedles was assessed.

3.2.3. TCI on microneedle pretreated skin with HBsAg associated to
vesicles

When CT adjuvanted vesicle formulations were occlusively ap-
plied on microneedle pretreated skin, detectable IgG titers were in-
duced (see Fig. 5). After prime immunization, sPC–HBsAg
formulations induced similar IgG titers as compared to those
induced by intramuscular injections of alum adjuvanted HBsAg
vaccine. In contrary, L595–HBsAg formulations did not yet induce
IgG titers after prime immunization. For L595–HBsAg an immune
response was only measured after booster immunization. Not only
the immune response that was measured after 14 days, but also
the higher IgG titers after 45 days indicate the better performance
of the sPC–HBsAg vesicles as compared to the L595–HBsAg vesi-
cles. In addition, the highest IgG2a/IgG1 ratio was found with the
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sPC–HBsAg vesicles indicating a more Th1 skewed response as
compared to the i.m. injection or the L595–HBsAg vesicles.

Fig. 5 demonstrates the better performance of the sPC–HBsAg
vesicles as compared to the L595–HBsAg vesicles. Beside a differ-
ent vesicle composition, these vesicles also differ in the amount
of HBsAg association. The HBsAg association for sPC–HBsAg vesi-
cles was at least 75% compared to 25% for the L595–HBsAg vesicles.
Since the sPC–HBsAg formulations performed better than the
L595–HBsAg vesicles, further research was performed with the
sPC–HBsAg vesicles.

In order to determine the effect of the association degree of
HBsAg on the immune response against HBsAg upon TCI, formula-
tions were prepared with HBsAg associated to the vesicles (sPC–
HBsAg) and with empty sPC vesicles mixed with HBsAg (sPC–
HBsAg-mix). In the first formulation, 75% of HBsAg was associated
to the vesicles whereas in the latter formulation, less than 10% of
HBsAg was associated to the vesicles. The formulations were occlu-
sively applied on microneedle pretreated skin in the absence and
presence of cholera toxin.

Fig. 6 shows that TCI with sPC–HBsAg formulations resulted in
more responders than the sPC–HBsAg-mix formulations after
prime (resp. 3 out of 8 and 0 out of 10) and booster (resp. 5 out
of 6 and 6 out of 8) vaccination, indicating the superior perfor-
mance of the sPC–HBsAg formulations over the sPC–HBsAg-mix
formulations. When CT was included, a better performance (more
responders) after TCI with sPC–HBsAg, as compared to sPC–HBsAg-
mix, was only seen after the prime immunization (respectively 9/
10 and 1/10). In the presence of CT after boost vaccination, the
sPC–HBsAg formulations with higher HBsAg association, did not
perform better than the sPC–HBsAg formulations with a lower
HBsAg association.

In line with previous experiments (see Fig. 3) TCI with HBsAg
formulations without and in combination with CT resulted in
non-responders, even after booster vaccination. The surplus value
of the sPC–HBsAg vesicle formulations over the HBsAg formula-
Fig. 6. TCI with HBsAg and sPC–HBsAg formulations, with and without CT, on
microneedle pretreated skin: HBsAg antibody responses (IgG) in mice (n = 10) after
intramuscular, and transcutaneous immunization after microneedle pretreatment.
Responses were measured after 14 days (one immunization) and 45 days (two
immunizations). HBsAg: hepatitis B surface antigen, Al: aluminum hydroxide, CT:
Cholera toxin, sPC–HBsAg: sPC vesicles with HBsAg associated to the vesicles, sPC–
HBsAg-mix: empty sPC vesicles mixed with HBsAg. The skin of mice from the
transcutaneous groups, was treated with microneedles prior to occlusive dermal
application. Numbers above the bars indicate the numbers of responders out of the
total number of animals. Groups with less than 10 animals were groups in which
animals died during the experiment due to the long anesthesia time. The averages
shown in the figure are averages of only the responders. (⁄) indicate IgG responses
after 14 days that were significantly (p < 0.05) different from the IgG response after
intramuscular injection at day 14. (⁄⁄) indicate IgG responses after 45 days that
were significant (p < 0.05) different from the IgG response after intramuscular
injection at day 45.
tions for TCI is expressed in the higher number of responder ani-
mals both after prime and booster vaccination.
4. Discussion

The objective of the current study was to optimize the TCI ap-
proach for vaccination with HBsAg. We investigated approaches
based on vaccine application on intact skin or microneedle pre-
treated skin. Furthermore different types of vesicle formulations
as well as the role of HBsAg association level to the vesicles and
the immune potentiation by CT were investigated.

Overcoming the skin barrier by microneedle pretreatment was
crucial for the induction of HBsAg specific IgG titers which is in line
with previous studies with other antigens (Bal et al., 2010b; Ding
et al., 2009). In contrast, microneedle pretreatment was not critical
for the induction of IgG antibody response against CT. Both groups,
with the skin left intact and with microneedle pretreated skin,
showed comparable CT-specific antibody responses. Ding et al.
hypothesized that, although the size of CT is above 500 Da, a part
of the CT might have entered the (epi)dermis via hair follicles
resulting in antibody responses against CT (Ding et al., 2009).
Apparently, CT is a very potent antigen when applied via the skin.
Pre-existing immunity may hamper repeated use of CT adjuvanted
vaccines. Although not clear yet, it has to be taken into account
when considering CT as an adjuvant for human vaccines. The low
responses and low numbers of HBsAg responders might be a result
of several factors, such as a low intrinsic immunogenicity of HBsAg.
DC studies in our lab confirm that HBsAg is not able to induce DC
maturation at concentrations as high as 100ug/ml while CT is able
to induce DC maturation at concentrations as low as 2 lg/ml. An-
other explanation, although not measured, is the limited amount
of HBsAg reaching the APC’s as a result of a limiting application
time (only 1 h), the antigen concentration (Ding et al., 2008) and/
or the large size of HBsAg (Bal et al., 2010c).

In the search for an optimal approach for TCI with HBsAg, two
vesicle formulations, L595 and sPC vesicles, were studied. Both
HBsAg vesicle formulations did not result in detectable antibody re-
sponses in mice without microneedle pretreatment. For L595 vesi-
cle formulations of diphtheria toxoid, comparable results were
shown by Ding et al. They related the absence of an antibody re-
sponse to the limited elasticity of the L595 vesicle formulations.
On the other hand, Mishra et al. (2006) obtained good HBsAg anti-
body responses with their sPC vesicles. There are several differences
between our study and that of Mishra, such as the different dose of
HBsAg in the two studies, the way of application and most probably
also the preparation method of the vesicle formulation. The latter
was not described in detail in the previous study.

Cholera toxin had no adjuvant effect on the HBsAg titers when
the formulations were applied on intact skin. On microneedle pre-
treated skin, CT did show an adjuvant effect when included in
HBsAg and HBsAg-vesicle formulations. The best adjuvant effect
of CT was shown with the sPC–HBsAg formulations as compared
to the HBsAg and the sPC–HBsAg-mix formulations. This might
be caused by the co-association of both CT and HBsAg to the vesi-
cles in the sPC–HBsAg formulations. An adjuvant effect of CT, co-
administered with hepatitis B, was also found by Isaka et al.
(2001) with an intranasal vaccine. Masheswari et al., 2011 showed
a mixed Th1/Th2-like immune response when CT was co-adminis-
tered with HbsAg encapsulated niosomes. CT is believed to activate
Langerhans cells to mature and become potent antigen presenting
cells (Belyakov et al., 2004; Glenn et al., 2007) although the exact
mechanism of action of CT is not clear yet.

The potency for hepatitis B vaccines is determined by serocon-
version as a function of the dose. In this study the most promising
TCI procedure includes the use of sPC–HBsAg vesicles adjuvanted
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with CT and application on microneedle pretreated skin. In mice,
this resulted in comparable seroconversion as compared to the
conventional i.m. vaccination.

Several other TCI approaches have been investigated for hepatitis
B vaccination (Lebre et al., 2011), such as particle mediated epider-
mal delivery (DNA-coated gold microparticles are used to transfect
target tissues), epidermal powder immunization, and vesicular ap-
proaches (ethosomes, cationic transfersomes and niosomes). All
these approaches resulted in a combined Th1/Th2-like response.
Our results also indicate a more balanced Th response, compared
to the Th2 biased aluminum hydroxide adjuvated vaccine.

To have this TCI procedure fully optimized, future research
should include investigation of seroconversion as function of dose
and application time.
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