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a b s t r a c t

The development of novel cutaneous delivery technologies that can produce micron-sized channels within
the outermost skin layers has stimulated interest in the skin as an interface for localised and systemic
delivery of macromolecular and nanoparticulate therapeutics. This investigation assesses the contribution
of physicochemical factors to the rate and extent of nanoparticle delivery through microchannels created
in a biological tissue, the skin, by novel delivery technologies such as the microneedle array.

The hydrodynamic diameter, zeta potential and surface morphology of a representative fluorescent
nanoparticle formulation were characterised. Permeation studies using static Franz-type diffusion cells
assessed (i) the diffusion of nanoparticle formulations through a model membrane containing uniform
cylindrical microchannels of variable diameter and (ii) nanoparticle penetration across microneedle
treated human skin.

Wet-etch microneedle array devices can be used to significantly enhance the intra/transdermal delivery
of nanoparticle formulations. However the physicochemical factors, microchannel size and particle sur-
face charge, have a significant influence on the permeation and subsequent distribution of a nanoparticle

formulation within the skin. Further work is required to understand the behaviour of nanoparticle formu-
lations within the biological environment and their interaction with the skin layers following disruption
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. Introduction

Significant developments in molecular biology and expansion
f the biotechnology industry has resulted in the advancement of
herapeutics from low molecular weight compounds to a diverse
ange of macromolecular agents including peptides, proteins and
ucleic acids. This has been accompanied by developments in
harmaceutical formulation technologies and the evolution of
umerous nanoparticle carrier systems that aim to improve the
ellular and sub-cellular targeting, stability and toxicity profiles
f the active agents. However the therapeutic usefulness of novel
anoparticle formulations is intrinsically linked to effective deliv-

ry of the formulation to its target tissue.

The skin is a lucrative interface for the delivery of therapeu-
ics for systemic or local effects. Conversely, the inherent function
f the outermost layer of this tissue, the stratum corneum (SC),

∗ Corresponding author. Tel.: +44 2920874538; fax: +44 2920874149.
E-mail address: coulmansa@cardiff.ac.uk (S.A. Coulman).
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elivery devices such as the microneedle array.
© 2008 Elsevier B.V. All rights reserved.

s to provide a barrier to the ingress of exogenous material and
he invasion of micro-organisms (Elias, 1983, 2005; Scheulplein
nd Blank, 1971). Investigations in recent years have assessed the
enetration of metal (Baroli et al., 2007), lipid-based (Kuntsche et
l., 2008; Papazoglou et al., 2008; Sanna et al., 2007), polymeric
Alvarez-Roman et al., 2004; Kohli and Alpar, 2004; Sheiheta et
l., 2008) and other (Lademann et al., 1999; Zhang and Monteiro-
iviere, 2008; Zhang et al., 2008) nanoparticles across the outer
kin layers in an attempt to determine (i) the potential therapeutic
enefits of nanoparticle delivery systems (Salata, 2004) and (ii) the
ossible health risks (Hoet et al., 2004) associated with the pen-
tration of nanoparticle material through the skin barrier. These
tudies indicate that topically applied nanoparticles are primar-
ly restricted to the uppermost stratum corneum layers (Kuntsche
t al., 2008; Lademann et al., 1999; Zhang et al., 2008) and the
air follicles (Alvarez-Roman et al., 2004; Lademann et al., 2007;

oll et al., 2003). However, it should be noted that the penetra-
ive abilities of nanoparticles through human skin are complex and
re determined by the material properties of the nanoparticle, the
ize of individual particles, their shape and other physicochemical
actors.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:coulmansa@cardiff.ac.uk
dx.doi.org/10.1016/j.ijpharm.2008.08.040
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Traditionally, transdermal delivery has been restricted to ele-
ant formulation strategies to enhance the delivery of potent
ipophilic molecules possessing a molecular weight of less than
00 Da (Bos and Meinardi, 2000; Mitragotri, 2004). However, in
he last decade a number of novel delivery devices have been engi-
eered to enhance the delivery of therapeutics across the skin
arrier (Barry, 2001, 2002; Chiarello, 2004; Coulman et al., 2006a;
ross and Roberts, 2004; Gadiraju et al., 2007; Lee et al., 2008; Liu
t al., 2008; Prausnitz et al., 2004; Schuetz et al., 2005; Ting et al.,
004). These include ‘physical’ delivery methods, e.g. microscis-
ion, thermal poration, radio-frequency ablation and microneedle
pplication which create micron-sized portals within the skin. Tem-
orary perforation of the SC therefore reduces the physical barrier
f the skin and may permit intra/transdermal delivery of a greater
umber of therapeutic compounds. In recent years the potential
pplicability of these devices to the vaccination process has been
ecognised, initiated in part by a rejuvenated interest in the intra-
ermal route of vaccination (Frerichs et al., 2008; Glenn and Kenney,
006; Hirschberg et al., 2008; Kenney et al., 2004; La Montagne and
auci, 2004). Novel delivery devices such as the microneedle array
re therefore being investigated as simple and minimally inva-
ive methods to deliver both existing and novel vaccine candidates
Giudice and Campbell, 2006; Mikszta et al., 2002, 2005; Prausnitz,
004; Widera et al., 2006), including nanoparticles (Combadiere
nd Mahe, 2008; Lawson et al., 2007; Manolova et al., 2008), to
uman subjects.

Although it is intuitive to assume that microchannels cre-
ted through the SC will readily facilitate the intra-epidermal
enetration of nanoparticle formulations, the movement of a
harged colloidal system through micron-sized conduits within
he skin tissue is a complex and poorly understood process
hat has received limited investigation (Campbell, 2006; Florence,
007; Nasseri and Florence, 2005; Ruenraroengsak and Florence,
005). Increased understanding of nanoparticle dynamics fol-

owing their topical or intradermal deposition by novel drug
elivery devices will inform the development of both the device
nd the pharmaceutical formulation, thus facilitating optimisa-
ion of the delivery system. Predicted impediments to successful
ntradermal delivery of macromolecular and nanoparticle for-

ulations include (i) non-covalent interaction with the skin
urface and other components of the tissue, (ii) formulation
nstability/flocculation, (iii) steric hindrances and (iv) degradation
f the therapeutic/formulation within the biological environ-
ent.
The aims of this study are to investigate the influence of surface

harge and pore size on the penetration of a colloidal formulation
hrough well-defined microchannels and to facilitate delivery of a
uorescent polymeric nanoparticle formulation through micronee-
le treated human skin. These studies will contribute to the
rogressive development of formulation strategies for minimally

nvasive technologies, including the microneedle array, as meth-
ds for intra/transdermal delivery of nanoparticle/macromolecular
herapeutics.

. Materials and methods

.1. Materials

All reagents were obtained from Fisher (Loughborough, UK)

nless stated otherwise and were of analytical grade.

Fluorescent yellow/green polystyrene amine-modified
anospheres (L-1280), propranolol hydrochloride, chloroform
nd Greiner® 96-well polypropylene plates were obtained from
igma–Aldrich Chemical Company (Poole, UK).
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All histology materials including optimal cutting temperature
OCT) embedding media and Histobond® adhesive microscope
lides were obtained from RA Lamb Limited (Eastbourne, UK) or in
he case of toluidine blue, Harris’ haematoxylin, Gurrs’ eosin aque-
us solution 1%, Histomount® and xylene (low sulphur) from Lab 3
Bristol, UK).

The microneedle arrays used in this study were supplied by The
yndall National Institute, Cork, Ireland. Pyramidal microneedles
ere fabricated using wet-etching in potassium hydroxide and sub-

equent coating with a 0.3 �m layer of platinum (Birchall et al.,
005; Coulman et al., 2006b; Haq et al., 2008; Pearton et al., 2008;
ilke et al., 2005).

.2. Fluorescent nanoparticle characterisation

Fluorescent nanospheres possess a surface bound fluorophore
ossessing excitation and emission values of 470 and 505 nm,
espectively. These values were confirmed by excitation and emis-
ion scans using a U-300 spectrophotometer (Hitachi, Tokyo, Japan)
ith a slit width of 2 �m and a scan range of 200–800 nm. The
roprietary nanosphere preparation contains latex nanospheres,
urfactant and inorganic salts. These were diluted before measure-
ent using deionised water.

.2.1. Transmission electron microscopy (TEM)
A pioloform-coated 200-mesh nickel grid was fixed between

he tips of a metal forceps and 15 �l of the nanoparticle formula-
ion was applied to the grid. After 3 min, excess formulation was
emoved and the grid was then positioned on the surface of a fil-
ered 2% aqueous uranyl acetate drop for 30 s. Excess stain was then
wicked’ from the grid, which was subsequently rinsed in deionised

ater before visualisation using a Philips 208 Transmission Elec-
ron Microscope (Philips, Eindhoven, The Netherlands).

.2.2. Photon correlation spectroscopy (PCS) size analysis
Measurements were performed using the Coulter N4 Plus PCS

nstrument (Coulter electronics, Luton, UK). Unimodal analysis
rovided a mean particle size and standard deviation (S.D.) for
monodisperse suspension. However for more complex distri-

utions a size distribution processor (SDP) analysis was used.
luorescent nanosphere samples were prepared by dilution with
ltered deionised water in a clear-sided disposable cuvette.

.2.3. Zeta potential
The zeta potential was determined for the nanoparticle for-

ulation using a pre-calibrated Malvern 2000 Zetasizer (Malvern
nstruments, Malvern, UK). Briefly, the nanoparticle formulation
as diluted with deionised water and injected into a flow through

ell, allowed to equilibrate for 30 s and then analysed repeatedly
N = 5) before removal. The effect of progressive changes in pH on
he zeta potential of the nanosphere suspension was determined
sing a multi-purpose titrator (Malvern Instruments, Malvern, UK)
ith the pH adjusted progressively using 0.1 M hydrochloric acid

nd 0.1 M sodium hydroxide.

.3. Predictive nanoparticle diffusion studies using Isopore®

embranes

Isopore® membranes were mounted between the donor and
eceptor chambers of static Franz type diffusion cells of known

eceptor volume (mean volume 3.58 ml) and diffusional area. Each
embrane was 27 mm in diameter and possessed a pore size of

00 nm, 1.2 or 10 �m. The receptor compartment of each cell was
lled with degassed deionised water that was adjusted to a spe-
ific pH value (pH 3 or pH 7.4) using sodium hydroxide (1 M) or
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ydrochloric acid (1 M), and was maintained at 37 ◦C in a water
ath. The receptor phase, was continuously agitated and the recep-
or sampling arm of diffusion cells were covered with a foil cap.
ells were allowed to equilibrate for at least 30 min before appli-
ation of 500 �l of a nanoparticle formulation that consisted of
he proprietary preparation diluted with de-ionised water. This for-

ulation contained 10.9 × 106 nanoparticles. Following application
he donor chamber was occluded. The pH of each of the applied
uorescent nanosphere formulations was adjusted to complement
hat of the receptor phase.

Samples (200 �l) were removed from the receptor arm at reg-
lar intervals over a period of 12 h and replaced with an equal
olume of receptor phase (37 ◦C). A sample was also removed from
he donor phase of each cell at the conclusion of the experiment.
amples were stored in a Greiner® black polypropylene 96-well
late and analysed using a Fluostar® fluorometer (BMG Labora-
ories, Offenburg, Germany). Fluorescence values were converted
o concentrations of fluorescent beads and the percentage of the
pplied formulation in each of the compartments (donor and recep-
or) was determined at the conclusion of the experiment. The sum
f these values was then used to calculate the amount of the applied
ormulation that was theoretically bound to the membrane and/or
iffusion cell surface.

Following removal of the final sample, diffusion cells were dis-
antled and the pH of receptor phases was determined. Isopore®

embranes were retained for microscopic evaluation using an
lympus IX-50 fluorescence microscope (Olympus Optical, London,
K) and were subsequently mounted on an aluminium stub, gold

putter coated (EM Scope, Kent, UK) and assessed by a Philips XL-20
canning Electron Microscope (Philips, Eindhoven, The Nether-
ands).

.4. Scanning electron microscopy (SEM) of silicon microneedle
rrays

Silicon microneedle structures can vary within and between
icrofabrication runs and therefore the shape and morphology

f each device was inspected prior to experimentation. It was not
ecessary to sputter coat the sample prior to SEM and so devices
ere simply mounted upon an aluminium stub and assessed using
Philips XL-20 Scanning Electron Microscope (Philips, Eindhoven,
he Netherlands).

.5. Propranolol diffusion through microneedle treated human
pidermal membranes

Human breast skin was obtained from mastectomy or breast
eduction procedures with full ethical committee approval and
nformed patient consent. In these studies, human skin from a 67-
ear-old female donor was removed from storage at −20 ◦C and
llowed to equilibrate over 1 h. Subcutaneous fat was removed by
lunt dissection and the epidermal membrane was isolated by heat
eparation (Christophers and Kligman, 1963) and collected on alu-
inium foil. The epidermal sheet was then replaced on the dermal

issue from which it was removed. A microneedle device (pointed
ipped, wet-etch) with an area of 1 cm2 was mounted on a steel
od and then applied to the epidermal sheet, by hand, using a force
f approximately 2 kg/cm2. This same area of tissue was treated
further four times, with an interval of 5 s between applications.

herefore a single area of the epidermal sheet was treated a total

f five times with the microneedle device. This treatment process
as repeated to produce a total of six microneedle treated areas

N = 6). Each treatment area, including a surrounding perimeter of
ntreated membrane, was then carefully isolated from the epider-
al sheet (total area 2.5 cm2) to ensure that the central treated
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egion of the membrane was not damaged in the process. Four
ntreated areas of membrane were also isolated. Individual mem-
ranes were then mounted in Franz-type diffusion cells (Section
.3). Finally, 0.5 ml of a 0.5 mg/ml (1.7 mM) propranolol hydrochlo-
ide formulation, containing the drug dissolved in de-ionised water,
as applied to the microneedle treated (N = 4) and untreated (N = 4)

pidermal membranes. Deionised water was applied to the remain-
ng two microneedle treated epidermal membranes as a control
N = 2).

Samples (200 �l) were removed from the receptor phase over a
4 h period and subsequently, upon conclusion of the experiment,
rom the donor phase (Section 2.3). All samples were analysed
y fluorescence spectrophotometry (BMG laboratories, Offenburg,
ermany), with excitation and emission filters set at 280 and
30 nm, respectively. This assay was sensitive to levels of at least
.001 mg/ml of propranolol hydrochloride, therefore enabling it to
etect up to 0.02% of the applied formulation.

.6. Nanoparticle diffusion through microneedle treated human
pidermal membrane

Human epidermal membranes were isolated from a 67-year-old
onor and either treated with a microneedle on five consecu-
ive occasions (N = 8), or were left untreated (N = 2), before being

ounted in static Franz-type diffusion cells as previously described
Section 2.5). Additionally, two 1 cm2 areas of epidermal membrane
ere treated ten times by manual vertical application of a 26 G
ypodermic needle (N = 2), ensuring that the needle penetrated
hrough the entire width of the tissue. These were also mounted
n Franz-type diffusion cells, in order to provide a positive control.
he diffusion of the fluorescent nanosphere formulation through
icroneedle treated and untreated epidermal membranes was

valuated following application of 200 �l of nanosphere formula-
ion to the donor phase (containing 5.44 × 108 nanoparticles). This
opical formulation contained a greater quantity of nanospheres
han the previous experiment (Section 2.3). This was necessitated
y the heightened levels of background fluorescence that were
easured upon employment of the human epidermal membrane

n the experimental set-up and hence the reduced assay sensitiv-
ty. Deionised water was applied to the donor phase of microneedle
reated membranes to serve as a negative control (N = 4).

Receptor phase samples were removed from the sampling arm
t specific time-points over the duration of the experiment (72 h)
nd subsequently analysed by fluorescence spectrophotometry, as
reviously detailed (Section 2.3).

Upon conclusion of diffusive studies, the Franz-type cells were
ismantled and the human epidermal membrane was retained for
icroscopic inspection. The tissue was fixed (2.5% glutaraldehyde)

nd subsequently dehydrated (ethanol gradient 70%, 90%, 100%). A
al-Tec CPD030 Critical Pont Drier (Bal-Tec, Balzers, Lichenstein)
as used to complete dehydration of the specimen, which was
nally mounted on an aluminium stub and gold sputter coated in
reparation for SEM analysis.

. Results and discussion

.1. Fluorescent nanoparticle characterisation

In order to investigate the influence of physicochemical param-

ters on nanoparticle delivery, great care was taken not only to
evelop a model system with biological relevance but also to

mpose reasonable limits on how resulting data would be extrap-
lated to biological systems. A series of predictive studies, using
synthetic membrane (Section 3.2), were designed to determine
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Fig. 1. A TEM image of a fluorescent nanosphere. Scale bar = 100 nm.

he importance of particle size and surface charge (zeta potential)
n the permeation of nanoparticles through microchannels cre-
ted within the skin surface by novel transdermal delivery devices.
luorescent nanospheres, used previously as model nanoparticles
Alvarez-Roman et al., 2004; Kohli and Alpar, 2004), were selected
s a simple, well-defined, detectable and quantifiable representa-
ion of a nanoparticle delivery system.

TEM images indicated that the fluorescent spherical nanopar-
icles possess a diameter of between 100 and 150 nm (Fig. 1).
his was confirmed by PCS analysis (mean nanoparticle diameter
38 ± 25.1 nm; N = 5). It might be anticipated that microconduits
reated in the skin surface by novel transdermal delivery devices
ust be greater than this measured nanoparticle diameter to

nsure successful transdermal permeation.
Zeta potential provides a measure of the charge that a colloidal

article adopts within a defined aqueous media. The zeta potential
f nanoparticle formulations was measured at discriminate pH val-
es between 2 and 12 (Fig. 2). This illustrated the direct influence of
H on the zeta potential of a colloidal particle and from this data an

soelectric point (the pH value of a colloidal formulation at which
he zeta potential becomes 0 mV) of approximately pH 5 was cal-
ulated (Fig. 2). In simple terms, an isoelectric value of pH 5 means
hat within this particular aqueous environment hydrogen ions are

equired to neutralise what must be a dominant negative charge on
he surface of the nanoparticle. Therefore although the nanoparti-
les have been functionalized to include reactive amine groups, it is
egatively charged sulphate groups (created on the surface of the

ig. 2. The zeta potential of an aqueous suspension of nanospheres with pH values
djusted between 2 and 12. Dashed arrows indicate the pH range between which
he zeta potential of the nanoparticle formulation falls between +30 and −30 mV.

ean ± S.D. (N = 3).
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anoparticle during the polymerization process) which contribute
ore significantly to the surface potential of the particle. The abil-

ty to reverse the zeta potential of nanoparticles, by adjustment of
H, was utilised to investigate the influence of a particles surface
otential on its permeation through microconduits.

Electrostatic repulsion between particles is often used as a
ethod to maintain the stability of an aqueous colloidal suspen-

ion. Therefore in the design of such formulations the pH of the
urrounding medium must be controlled to ensure that particles do
ot adopt zeta potential values between −30 and +30 mV (colloidal
uspensions within this range are considered unstable (Sugrue,
992)). In this investigation, adjustment of the nanoparticle formu-
ation pH to between 3.5 and 6 induced the progressive aggregation
f nanoparticles (data not shown) due to the reduction in repulsive
orces between particles (Fig. 2). Effective control of the formu-
ation pH when delivering a colloidal system through conduits
reated by microneedles will therefore be critical to prevent par-
icle aggregation and subsequent entrapment of large aggregates
n the skin surface. Such factors should be considered when using
ovel transdermal delivery devices to promote delivery of colloidal

ormulations through microchannels that have been created in the
kin barrier.

.2. Predictive nanoparticle diffusion studies using Isopore®

embranes

The presence of uniform, well-characterised micropores was
principle selection criterion for the synthetic membranes

sed to study nanoparticle movement through microchannels.
sopore® polycarbonate track-etched membranes possess cylindri-
al microchannels of measurable diameter and length (Apel, 2001;
rendler et al., 1995; Diez et al., 1989) and negative surface poten-
ials (Brendler et al., 1995), attributable to carboxylic acid groups
hat are created on the pore surface during membrane manufacture
Huismann et al., 2000; Keesom et al., 1988). The magnitude of this
egative surface potential is relatively low, much like the skin sur-

ace, a membrane with a net negative charge which is imparted
y the dominance of negatively charged amino acids (Burnette
nd Ongpipattanakul, 1987) and the presence of electron dense
esmosomes (Wertz and Van Den Bergh, 1998). However, both the

sopore® membrane and the skin barrier retain a general hydropho-
ic character (Keesom et al., 1988).

Isopore® membranes were considered to be a gross represen-
ation of human skin containing microchannels, such as those
reated by a skin puncturing device, e.g. microneedle array device.
arly studies by Prausnitz and co-workers used silicon micronee-
les, possessing sharp tips and a length of 150 �m, to produce
�m diameter conduits in the skin surface (Henry et al., 1998).
owever subsequent studies have demonstrated that microchan-
els with significantly greater diameters, e.g. 50–100 �m, can be
reated (Coulman et al., 2006b). Isopore® membranes possessing
icrochannel diameters of 1.2 �m (based on the findings of Henry

nd co-workers (Henry et al., 1998)), 10 �m (to determine the influ-
nce of increased pore size on diffusion) and 100 nm diameter (as
size restrictive control) were therefore selected for nanoparticle
iffusion studies.

Experiments were also designed to determine the influence
f nanoparticle surface potential on permeation. A pH of 7.4 was
elected to represent physiological pH and to ensure that fluores-
ent nanospheres possessed a negative zeta potential (−40 mV)

hilst at pH 3 the surface potential of fluorescent nanospheres was

eversed, i.e. the zeta potential was approximately +40 mV (Fig. 2).
raditional buffer salts were not used to control pH due to their
npredictable effects on the measurement of zeta potential. How-
ver the pH of the receptor phase in all Franz-type diffusion cells
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Fig. 3. Diffusion profiles illustrating the percentage of the applied nanoparticle for-
mulation detected within the receptor phase of Franz-type diffusion cells over a
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experiments conducted at pH 3 also suggests that there is greater
eriod of 12 h. Isopore® membranes possessing three different pore sizes were used
nd the nanosphere formulation and receptor phases were maintained at either ∼pH
.4 or ∼pH 3. (A) pH 7.4 mean ± S.D. (N = 4); (B) pH 3 mean ± S.D. (N = 4).

as measured both before and after each experiment and indi-
ated that the desired pH was maintained for the duration of the
xperiment (data not shown).

At pH 7.4, where both the nanospheres and the membrane
urface possess negative zeta potentials, diffusion through 10 �m
ores occurred rapidly (Fig. 3A). After 4 h almost 80% of the
pplied formulation was detected in the receptor phase. At this
tage the concentration of nanoparticles is approaching equiva-
ence across the membrane, suggesting that permeation in this

odel is a simple diffusive process and that equilibrium can be
eached in a relatively short period of time. Such rapid diffusion,
acilitated by the significant difference between the microchannel
nd nanoparticle diameters, is particularly important for the cuta-
eous delivery of novel nanoparticle/macromolecular therapeutic

ormulations, particularly those from the biotechnology industry.
xtended residency of these formulations within the superficial
kin layers may result in interaction with extracellular tissue com-
onents, enzymatic degradation, immunological inactivation or
nother time-dependent process that impedes effective delivery
f the therapeutic to the target region (Barry et al., 1999; Ruponen

t al., 2003).

The rate of diffusion through 1.2 �m pores was significantly
educed, resulting in a failure to reach equilibrium between the
onor and receptor phases and penetration of only 60% of the

n
d
d
3
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pplied formulation during the 12 h experimental period (Fig. 3A).
t is likely that the reduction in the rate of diffusion was directly
ttributable to the decrease in pore size, although a variation in
harge density within the pores may have also contributed. The
harge density on the internal surface of individual microchannels
s determined by the surface area and the number of exposed car-
oxylic acid groups (during manufacture, longer etching times are
sed to create larger pore sizes and this exposes a greater num-
er of carboxylic acid groups). Failure to detect nanoparticles in
he receptor compartment of cells containing membranes with
00 nm pores suggested a simple size exclusion event and acted as
negative control to confirm the validity of the analytical method

Fig. 3A).
Reversal of the zeta potential, induced by reduction of the

ormulation pH to 3, resulted in considerable changes to the per-
eation characteristics of the nanoparticle formulation (Fig. 3B). At
h after topical application to the 10 �m pore membrane only 50%
f the formulation was detected in the receptor phase (Fig. 3B),
hereas at pH 7.4 over 70% of the applied formulation had per-
eated (Fig. 3A). Further, at pH 3 trans-membrane permeation

ppeared to halt at the 2 h time point and subsequent to this fluo-
escence levels in the receptor phase appeared to diminish (Fig. 3B).
he modification in diffusion characteristics, induced by the reduc-
ion in pH, was even more dramatic for the 1.2 �m pores (Fig. 3B).
nder these conditions any nanoparticle migration was below the
etection limit of the analytical method.

This gross change in permeation characteristics was attributed
o reversal of the nanoparticles surface potential and its resultant
lectrostatic interaction with the membrane surface. For 10 �m
ores, the high pore diameter: particle diameter ratio (1 0 0) was

nsufficient to prevent particle migration. However permeation was
ignificantly retarded and appeared to stop after the 2 h time-point,
ossibly due to the blockage of pores (Fig. 3B). The subsequent
eduction in receptor phase concentrations may be explained by
lectrostatic interaction of the positively charged nanoparticles
ith the underside of the membrane or the walls of the diffusion

ell. For 1.2 �m pores, the significant impediment to nanoparticle
ermeation was attributed to immediate adsorption of nanoparti-
les to the membrane surface and rapid accumulation, resulting in
cclusion of microchannels (Fig. 3B).

Mass balance data aimed to calculate the percentage of the
pplied formulation that was bound to the membrane and/or
he surface of the diffusion cell (Table 1). At the conclusion of
xperiments conducted at pH 7.4 more than 90% of the applied
anoparticle formulation was present in either the donor or recep-
or phase of the Franz-type diffusion cell. However for experiments
onducted at pH 3 up to 56% of the applied formulation was not
etected in either the donor or receptor phases and thus was pre-
icted to be bound to the membrane and/or the surface of the
iffusion cell (Table 1). Interestingly, a significantly greater per-
entage of the formulation was determined to be membrane bound
hen the pores exceeded 100 nm. This may be explained by the

bility of nanoparticle to penetrate into the 1.2 and 10 �m mem-
rane pores and to subsequently interact with the underside of the
embrane, thus increasing the surface area available for nanopar-

icle adsorption. Fluorescent images of the membranes, recovered
t the conclusion of the experiment, confirmed a marked differ-
nce in the interaction of nanoparticles with the membrane surface
t the two studied pH values (Fig. 4). Significantly greater lev-
ls of observable fluorescence on the membranes isolated from
anoparticle interaction with the membrane under these con-
itions. Further, SEM images also depict a significantly greater
ensity of nanoparticles on those membranes maintained at pH
(Fig. 5). Together these results therefore support the hypothesis
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Table 1
A summary of the distribution of the fluorescent nanosphere within the Franz-type diffusion cell at the conclusion of diffusion experiments

Latex
nanosphere

Zeta potential
(mV)

Percentage in DONOR phase
at 12 h

Percentage in RECEPTOR phase
at 12 h

Calculated BOUND percentage

100 nm 1.2 �m 10 �m 100 nm 1.2 �m 10 �m 100 nm 1.2 �m 10 �m

p 0 ± 0
p 0 ± 0

V

t
p
s

o

F
a

F
p

H ∼3 39.1 ± 4.6 70.1 ± 8.4 50.5 ± 7.6 4.1 ± 1.5
H ∼7.4 −39.0 ± 5.7 91.2 ± 7.4 37.9 ± 16.2 8.9 ± 0.2

alues are expressed as mean ± S.D. (N = 4).
hat reversal of the nanoparticles zeta potential, from negative to
ositive, encourages electrostatic interaction with the membrane
urface.

The permeation of a nanoparticle formulation through a microp-
rous membrane is therefore dictated, at least in part, by the surface

p
m
a
t
e

ig. 4. Fluorescent images of Isopore® membranes isolated from Franz-type diffusion cell
nd pH are indicated within the table structure and magnifications are detailed as inserts

ig. 5. SEM images of Isopore® membranes isolated from Franz-type diffusion cells subs
H are indicated within the table structure. Scale bar = 1 �m.
0.1 ± 0 39.6 ± 6.4 29.9 ± 8.4 49.5 ± 7.7 56.3 ± 7.5
58.3 ± 11.7 82.3 ± 1.2 8.8 ± 7.4 3.8 ± 4.6 8.8 ± 1.3
otential of nanoparticles and the magnitude and charge of the
icrochannels that traverse the membrane structure. Therefore

lthough marked differences between synthetic membranes and
he skin tissue are acknowledged, such physicochemical param-
ters must be considered during development of nanoparticle

s subsequent to diffusion experiments conducted at both pH 3 and pH 7.4. Pore size
.

equent to diffusion experiments conducted at both pH 3 and pH 7.4. Pore size and
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and/or dimensions of skin punctures on microneedle applica-
tion. Some of these inconsistencies could potentially be overcome
through using a more standardised microneedle application proce-
dure.
ig. 6. SEM images of solid silicon pointed (A and B) and frustum (C and D) tipped
B and D) scale bar = 100 �m.

ormulations that are to be delivered across the skin using such
ovel delivery devices such as the microneedle array.

.3. Scanning electron microscopy of silicon microneedle arrays

Silicon microneedle array devices have been extensively studied
s a means of creating trans-SC microconduits in order to increase
he permeability of the skin barrier to low molecular weight com-
ounds and macromolecules (Birchall et al., 2005; Coulman et
l., 2006b). Microneedle devices were therefore manufactured to
nvestigate the capability of nanoparticles to permeate through a
erforated human epidermal membrane. Pyramidal microneedles,
ith both pointed (Fig. 6A and B) and ‘frustum’ (Fig. 6C and D)

haped tips were created by wet-etch microfabrication techniques
nd employed as a means to create microdisruptions in the skin
arrier (Wilke et al., 2005). Arrays were ∼0.5 cm2 and consisted of
ixteen individual microneedles, approximately 280 �m in length
nd with base diameters of up to 200 �m (Fig. 6).

.4. Propranolol diffusion through microneedle treated human
pidermal membrane

The permeation of a low molecular weight drug through
icroneedle treated human epidermal membrane was initially

ssessed to confirm the penetrative capabilities of the man-
factured microneedle devices. Propranolol, an easily analysed
olecule examined previously in transdermal permeation stud-

es (Modamio et al., 2000; Rama Rao et al., 2003; Stott et al.,
001), was selected as the model drug to validate the per-
ormance of microneedle devices. Recent published work from

rausnitz and colleagues has shown that a hydrochloride salt
f naltrexone is delivered more efficiently through microneedle-
reated skin when compared with unionised variants (Banks et al.,
008). The hydrochloride salt of propranolol was selected for this
tudy.

F
h
c
m
d
m

needles, created by wet-etch engineering methods. (A and C) scale bar = 1000 �m;

Results indicate that less than 2% of a topically applied pro-
ranolol hydrochloride formulation was able to permeate through
ntreated human epidermal membrane (Fig. 7). However creation
f microconduits by the microneedle device increased epidermal
enetration to more than 15% of the applied dose (Fig. 7). This
onfirmed the functionality of the microneedle device, although
ignificant standard deviation values indicated that the rate of
ermeation between diffusion cells was variable. Inconsistent pen-
tration of the epidermal membrane would contribute to this
ariability, and may arise as a result of minor differences in thick-
ess of the separated membrane or divergence in the number
ig. 7. Diffusion profiles detailing the percentage of the applied propranolol
ydrochloride dose detected within the receptor phase of Franz-type diffusion
ells. Diffusion of propranolol hydrochloride through untreated human epidermal
embrane and human epidermal membranes treated with pointed microneedle

evices was compared. Mean ± S.D. (N = 4 for untreated and microneedle treated
embranes).
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Fig. 8. Diffusion profiles detailing the percentage of the applied nanosphere for-
mulation detected within the receptor phase of Franz-type diffusion cells over a
p
e
t
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eriod of 48 h. Diffusion of nanosphere formulations through untreated human
pidermal membrane and human epidermal membranes treated with frustum
ipped microneedle devices or a hypodermic needle (10 punctures) was compared.

ean ± S.D. (N = 4 for treated membranes).

.5. Nanoparticle diffusion through microneedle treated human
pidermal membrane

Few studies have investigated latex nanoparticle permeation
hrough intact human skin tissue. Kohli et al (Kohli and Alpar, 2004)
sed porcine skin to investigate the permeation of nanoparticles
cross the untreated barrier and suggest that 50 and 500 nm nega-

ively charged fluorescent latex nanoparticles can permeate across
he SC and into the epidermal layer. However, in the same study,
00 and 300 nm nanoparticles failed to demonstrate such penetra-
ive capabilities (Kohli and Alpar, 2004). In a more recent study,
sing confocal laser scanning microscopy to examine the pene-

R
e
n

u

ig. 9. Scanning electron micrographs of human epidermal membranes used in nanosph
reated with a hypodermic needle (C and D) following topical nanosphere application are
Pharmaceutics 366 (2009) 190–200 197

ration of topically applied negatively charged nanoparticles (20
nd 200 nm in diameter) across porcine skin (Alvarez-Roman et al.,
004), investigators acknowledged that although particle size, sur-
ace charge and hydrophobicity affect nanoparticle penetration and
eposition in a biological tissue, there was no evidence of penetra-
ion through intact SC.

Microneedle array devices have been investigated as a means
o facilitate trans/intradermal delivery of macromolecular thera-
eutics (Birchall et al., 2005; Cormier et al., 2004; Coulman et al.,
006b; Gonzalez et al., 2008; Martanto et al., 2004; Mcallister et
l., 1999, 2000, 2003; Roxhed et al., 2008; Smart and Subramanian,
000). However nanoparticle permeation and distribution within
icroneedle treated skin is less well documented (Mcallister et al.,

003) and poorly characterised.
In this study, the permeation of 100 nm nanoparticles across

ntreated, microneedle treated and hypodermic needle treated
uman epidermal membrane was compared to investigate the pen-
trative enhancement induced by microneedle treatment of the
kin. Negative controls served to determine minor ‘background’ lev-
ls of fluorescence in the receptor phase, most likely contributed
y autofluorescent biological components leaching from the epi-
ermal membrane into the receptor phase (equivalent to 2% of
he applied dose at 48 h) (Fig. 8). Topical application of fluores-
ent nanospheres to untreated skin produced comparable levels of
uorescence to the negative control (2.6% of the applied dose at
8 h) (Fig. 8). Further to this, high-resolution SEM images of the
ntreated epidermal membrane, post-experimentation, illustrated
he closely packed arrangement of corneocytes in the SC barrier
Fig. 9A) and permitted identification of individual nanospheres
dhering to the skin surface and collecting within dermatoglyphics
Fig. 9B). These results support previous observations (Alvarez-

oman et al., 2004) and confirm the resistance of the outer
pidermal barrier to passive diffusion of 100 nm negatively charged
anoparticles.

Perforation of the epidermal membrane by 10 punctures
sing a hypodermic needle created a number of uniform circular

ere diffusion experiments. Untreated epidermal membranes (A and B) and those
pictured. (A and D) scale bar = 50 �m; (B) scale bar = 2 �m; (C) scale bar = 100 �m.



1 rnal of

m
a
o
c
s
p
s
i
o
p
m
p
t
l
m
c
w
n
b

s
m
H
d

fl
i
i
t
d
g
a
p
i
t
m
s
m
o
c
(
l

o
e

F
a

98 S.A. Coulman et al. / International Jou

icrochannels, 50–100 �m in diameter, in the skin surface (Fig. 9C
nd D). The compromised barrier permitted epidermal permeation
f ∼10% of the applied nanosphere formulation within 3 h of topi-
al application (Fig. 8). However in a manner comparable to those
tudies conducted using model membranes (Section 3.2), receptor
hase fluorescence decreased over the remaining time. In model
tudies the cessation in permeation and the subsequent reduction
n fluorescence levels were attributed to electrostatic interaction
f nanoparticles with the synthetic membrane surface, leading to
rogressive blockage of micropores, and interaction of those per-
eated nanoparticles with the underside of the membrane. This

henomenon may also influence nanoparticle permeation through
he skin barrier although human epidermal membrane, a bio-
ogical tissue, is considerably more complex and it is therefore

ore difficult to rationalise the data. However, physicochemi-
al factors, including size exclusion and electrostatic interaction
ith one or more of the skin components, will contribute to the
anoparticle permeation through the treated epidermal mem-
rane.

The application of frustum tipped microneedles to the skin

urface resulted in more than 20% of the applied nanosphere for-
ulation traversing the epidermal barrier over a 6 h period (Fig. 8).
owever in a manner synonymous to that observed with hypo-
ermic needle treated tissue, permeation appeared to halt and

t
v
F
t

ig. 10. Scanning electron micrographs of those human epidermal membranes treated w
fluorescent nanosphere formulation in diffusion experiments. (A and D) scale bar = 50 �
Pharmaceutics 366 (2009) 190–200

uorescence levels in the receptor phase subsequently dimin-
shed during the remainder of the experimental time (Fig. 8). SEM
mages of epidermal membranes used in diffusive studies indicate
hat microneedle induced micro-disruptions were of comparable
iameter to those created by the hypodermic needle but were
reater in number (Fig. 10). These preliminary studies suggest that
greater population of microchannels may enhance nanoparticle
ermeation through the treated tissue, although more extensive

nvestigations with greater sample numbers are required in order
o confirm this observation (Fig. 8). The most notable feature of

icroneedle permeation data was the recurrence of significant
tandard deviations associated with the data points (Fig. 8). This
ay be explained by inconsistencies in the quantity and geometry

f microchannels both between and within samples. Microchannels
reated by the device were visualised as simple circular conduits
Fig. 10D) and also less symmetrical microdisruptions displaying
ateral ‘tares’ in the membrane (Fig. 10A).

Closer inspection of the skin surface revealed the multi-layered
rganisation of corneocytes surrounding microchannels and, inter-
stingly, the presence of surface adsorbed nanospheres between

he disrupted corneocytes (Fig. 10E and F). Nanoparticles were also
isible on the interior surface of microchannels (Fig. 10A, C and
) and in associated lateral disruptions (Fig. 10A and B). Interac-
ion of the formulation with the viable epidermal tissue in this

ith a frustum tipped wet-etch microneedle device following topical application of
m; (B and C) scale bar = 10 �m; (E and F) scale bar = 2 �m.
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anner may retard transdermal delivery for systemic therapeu-
ic application. However for therapeutic applications that required
ntradermal localisation, interaction of the formulation with the
ells of the viable epidermis may prove beneficial, e.g. cutaneous
ene delivery and vaccination. The monodisperse nanoparticle
ormulation remained stable in those studies using untreated epi-
ermal membranes (Fig. 9). However, microneedle treatment of the
kin appeared to stimulate aggregation of nanoparticles (Fig. 10B,

and F). Exposure of the underlying epidermal cells and/or the
elease of cellular components into the extracellular milieu may
ave contributed to destabilisation of the colloidal formulation.

combination of nanoparticle adherence to the tissue surface
nd aggregation of the colloidal system may therefore explain the
rogressive retardation and finally obstruction to effective trans-
pidermal permeation (Fig. 8).

. Conclusions

The model system described in these studies has demonstrated
he significant impact of surface charge and pore size on the
ermeation characteristics of a nanoparticle formulation through
icrochannels, such as those created in microneedle treated skin.

esults support the intuitive principle that maximising the diam-
ter of those conduits that are created in the skin surface will
acilitate more rapid and complete nanoparticle permeation. How-
ver the maximum dimensions of those conduits created in the
kin for drug delivery purposes will also be governed by the
esire for limited invasiveness from a pain and safety perspec-
ive. Electrostatic interaction of the nanoparticle formulation with
he membrane or microchannel surface can also influence per-

eation characteristics and therefore surface charge of particles
ithin a colloidal formulation must be carefully controlled to opti-
ise delivery. Although the microneedle device has demonstrated

ptitude in the localised delivery of a nanoparticle formulation
cross the human epidermal barrier, results showed a significant
evel of variability. High-resolution SEM images illustrated some of
he complexities that are associated with microneedle mediated
elivery of a nanoparticle formulation across a multi-layered tis-
ue structure. Inconsistencies in microneedle penetration of the
kin (i.e. not all microneedles on a single array piercing the skin
pon each application and a difference in the structural charac-
eristics of the created microconduits), the unpredictable stability
f the colloidal formulation in the extracellular milieu and direct
nteraction of nanoparticles with the exposed tissue were identified
s key determinants of nanoparticle permeation in this investiga-
ion.

These studies have demonstrated microneedle functionality for
he trans/intradermal delivery of nanoparticle formulations. How-
ver, further work is required to characterise the physicochemical
nd biological barriers that influence both the permeation prop-
rties and, importantly for cutaneous delivery, the distribution
f nanoparticle therapeutics within the skin strata. The devel-
pment of a reliable and effective non-invasive delivery system
or therapeutic applications such as cutaneous vaccination should
herefore ensure synchronous development of the delivery plat-
orm, i.e. the microneedle device, and also the pharmaceutical
ormulation.
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