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Potential use of nanoparticles for transcutaneous vaccine delivery:
effect of particle size and charge
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Abstract

The aim of this study was to investigate the effect of size and charge on the permeation of nanoparticles through the skin as
the first step in designing a transdermal vaccine delivery system. Fluorescent particles ranging in size and charge were applied
to the surface of full thickness pig skin in a diffusion chamber and the receptor fluid was assayed to determine permeation.
Fluorescence microscopy was used to visualise the skin after experiments. The results showed that only 50 and 500 nm particles
that were negatively charged were able to permeate the skin. This provides evidence of the potential of nanoparticles as delivery
vectors for antigens and DNA for the purpose of transdermal vaccination protocols. The results would indicate that negative
particles with sufficient charge may be ideal carriers for this purpose.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The benefits of vaccination have been observed
globally for many years. Successful outcomes of ini-
tiatives such as those to eradicate smallpox, polio
and the world health organisations’ “Expanded Pro-
gramme on Immunisation” (Dittmann, 2001) are the
tip of an iceberg which remains still under exploited.
A major drawback with current vaccination regimes
lies in the method of administration, which generally
utilises the parenteral route. Factors such as the need
for trained personnel, needle-stick injuries, needle
disposal and cost all complicate the wide-spread use
of this method in less developed nations and areas
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of the population which may be financially deprived.
As a consequence alternative routes of vaccine ad-
ministration are being sought. Such routes include
administration via mucosal surfaces which include
the nasal, oral and vaginal route. In recent years the
skin has also been added to the list of sites studied
for the purpose of non-invasive vaccination.

The skin has been shown to be an active immune
organ (Bos, 1997) and several authors have now dis-
played its ability to stimulate an immune response.
In a series of papers, Glenn et al. showed that with
the use of enterotoxin or cholera toxin as adjuvants,
both mucosal and systemic responses can be elicited
to co-administered antigens (Glenn et al., 1996, 1998,
1999; Hammond et al., 2001). This success has been
extended to the delivery of DNA, in combination with
chitosan and liposomes to which both humoral and
cell-mediated responses have been elicited (Shi et al.,
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1999; Cui and Mumper, 2001, 2002). In our own labo-
ratories we have shown that the application ofYersinia
pestis in chitosan-pluronic carriers is capable of gen-
erating a significant response that can also be boosted
by the nasal route (Somavarapu et al., 2001). The suc-
cess of the aforementioned studies is thought to be due
to the antigen presenting Langerhans cells, which lie
in the viable epidermis, below the stratum corneum
(Bos, 1997) and have the ability to stimulate an im-
mune response with the uptake of nanomolar concen-
trations of antigen (Tuting et al., 1998; Banchereau
and Steinman, 1998). The stratum corneum is the prin-
ciple barrier to penetration through the skin, owing to
its “brick and mortar” structure of proteins and inter-
cellular lipids. Various methods have been employed
to overcome this barrier to deliver drugs and antigens
ranging from physical processes such as iontophoresis,
electroporation and sonophoresis to chemical perme-
ation enhancers and the use of delivery vectors such as
liposomes, transferosomes and nano/microparticles.

Our work aims to investigate the delivery of
nanoparticles through the skin to study the effect of
charge and size on permeation in vitro.

2. Materials and methods

Pig skin (Wingate Institute, UK) was used as a
model membrane owing to its close resemblance with
human skin with regards to permeability (Hammond
et al., 2000).

Skin was frozen as soon as it was excised from the
animal and stored at−20◦C until use. Prior to use the
subcutaneous fat was removed using forceps and scis-
sors and was inspected for damages using light mi-
croscopy after staining with haematoxylin and eosin
before being used for diffusion experiments. The sam-
ples were placed in a modified diffusion cell (Fig. 1).
The cell was based on the ORNL chamber used by
Holland et al. reviewed inKemppainen and Reifenrath
(1990). A static chamber was selected to allow accu-
mulation of the permeant in the receptor compartment.

Phosphate buffered saline (PBS) was used as the
receptor fluid and the cell was heated to 32◦C using
a water jacket. The tissue was allowed to acclimatise
to the conditions of the receptor phase by placing it
in PBS at 32◦C for 30 min. This was then applied be-
tween the two phases taking care not to induce any

air bubbles. Following this a 0.5 ml aliquot of recep-
tor fluid was removed from a sampling port by forcing
PBS into the system from a syringe which led into the
receptor phase. Since the system was air tight, this al-
lowed for the sampling of receptor fluid into another
syringe positioned at the other side of the compart-
ment. On applying the donor solution another sample
was withdrawn, with subsequent aliquots taken at 1, 2,
3, 4 and 6 hourly intervals. The donor phase consisted
of a 1% (v/v) dilution of fluorescent particles in wa-
ter. The particles tested were 50, 100, 200 and 500 nm
latex particles that were positively charged (Interfa-
cial Dynamics Corporation, Oregan, USA) negatively
charged and neutral (Polysciences, Inc., Warrington,
USA). The concentration of particles permeating was
established by detecting the fluorescence using a Wal-
lac Victor2TM multilabel counter in each of the sam-
ples withdrawn.

The concentrations obtained were corrected for the
autofluorescence of the skin and the dilution of each
sample due to the addition of replacement fluid after
each aliquot was also corrected for.

Each section of skin was frozen at the end of the
permeation experiments in liquid nitrogen. They were
subsequently sectioned vertically using a cryotome
(Bright instu, Cambridge, UK) and inspected using flu-
orescence microscopy (Nikon Microphot FXA, UK).

3. Results and discussion

The permeation experiments showed that 50 and
500 nm particles that were negatively charged were
able to permeate the skin. The remaining particles that
were tested did not show any permeation.

Fig. 2 shows the delivery of the particles that
showed permeation through the skin, i.e., 50 and
500 nm negatively charged particles. The results show
that there is no real difference in the magnitude of
permeation between the two sizes except on first ap-
plying the particles.Fig. 3 shows the permeation ob-
served of the fluorescent latex particles that were able
to permeate the skin. The micrograph of the vertically
sliced skin after the application of 50 nm particles
shows an accumulation of fluorescence in the stratum
corneum and in the viable epidermis. There are no
visually defined particles owing to their small size.
In contrast the micrograph of the permeating 500 nm
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Fig. 1. (A) Vertical cross-section of the skin with no particles applied, (B) fluorescent micrograph of vertical cross-section of skin with no
particles applied, (C) vertical cross-section of the skin following application of 50 nm carboxylate particles, (D) fluorescent micrograph of
cross-section of skin following application of 50 nm carboxylate particles, (E) vertical section of the skin following application of 500 nm
particles, (F) fluorescent micrograph of cross-section of skin following application of 500 nm particles.
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Fig. 2. Diffusion chamber constructed for this study.

spheres shows discrete nanoparticles in the stratum
corneum and viable epidermis. Therefore, although it
appears that there is more fluorescence in the 50 nm
micrographs this is likely to be a consequence of the
poor resolution of these particles under the fluores-
cent microscope. Hence, these micrographs must not
be interpreted as quantitative measures of particle
permeation, but as a means of illustrating that the
process of permeation is occurring in these samples.

It is recognised that the major barrier to delivery
through the skin is the stratum corneum. From this
it is assumed that those particles that permeate this
layer encounter little resistance and so are quantified
in the receptor phase of the diffusion unit, explaining
why there is no fluorescence in the lower layers of the
skin on the micrographs. Additionally at the end of

Fig. 3. Permeation of 50 and 500 nm negatively charged particles
through full thickness pig skin over a 6 h time period (n = 5).

each experiment any particles that were in the lower
layers would have continued to diffuse to the posterior
surface of the skin and would be removed when the
samples were washed to remove any excess solution.

The particles that permeated were both negatively
charged and did not follow a size dependency. Pos-
itively charged and neutral particles of all sizes and
negatively charged 100 and 200 nm particles did not
penetrate. We believe this is due to the charge of the
particles playing an important role in overcoming the
skin’s barrier.

It is suggested that 50 and 500 nm nanoparticles that
are negatively charged allow a high charge density of
contact with the skin; 50 nm through their large sur-
face area stemming from their small size and 500 nm
from a high number of charged groups within the latex
copolymer that are required to charge such a large par-
ticle. The net effect of these characteristics may lead
to a greater concentration of charge from the 50 and
500 nm particles per unit area of skin as compared to
the other particle sizes.

The observed permeation of particles is contradic-
tory to the permselectivity of the skin which due to
its negative charge favours the crossing of cationic
species (Marro et al., 2001). We speculate the perme-
ation seen in the present of study to be a result of repul-
sive forces between negatively charged lipids within
the skin and particles at the surface. These forces may
result in the temporary initiation of channels within
the skin allowing for particle permeation. On the ba-
sis of these findings it is proposed that there maybe
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a threshold charge which must be reached to allow
adequate repulsion of lipids to permit permeation of
species through the skin explaining why only 50 and
500 nm particles were measured in the receptor cham-
ber. This favourable permeation of negative particles
is supported byCui and Mumper (2001, 2002)who
showed that negatively charged chitosan nanoparticles
were able to elicit higher immune titres and cytokine
proliferation compared to positive particles when ap-
plied to the skin. This phenomenon was not able to be
explained by the authors and it is difficult to establish
if this is due to the favourable permeation of negative
species or a superior stimulation of the immune sys-
tem by these particles. The results observed in this
study were proposed to be due to permeation via the
hair follicles and sweat glands. Studies have shown
that the administration of plasmid DNA can result
in antibody and cellular responses to the encoded
antigen (Shi et al., 1999; Cui and Mumper, 2001,
2002). Fan et al. (1999)showed that in hairless mice
no immune response to the delivered plasmid was
elicited. Taken together these studies indicate that the
permeation of plasmid may be through the hair fol-
licles. Alternatively work using PLGA microparticles
as delivery vehicles for anti-viral drugs has showed
that particles were able to permeate into the epidermis
showing permeation through the stratum corneum (Ga
de Jalon et al., 2001). This was displayed by fluores-
cence micrographs; however the same study was un-
able to show the presence of particles in the receptor
compartment.

The work carried out by the other groups discussed
shows that in addition to permeation via the hair fol-
licles particles can also permeate through the skin.
The findings of this work indicate that the charge of
particles plays an important role in this penetration,
although it is difficult to provide any conclusions as
to the mechanism by which this occurs. Despite this,
since particles were shown to permeate in the study,
we believe that this provides evidence for the potential
of particulate delivery of vaccines through the skin.
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