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ABSTRACT

Loading ‘difficult to deliver’ therapeutic agents into lipid nanoparticles (LN) is an attractive means to
administer them to the skin. However, employing colloidal carriers to administer therapeutic agents from
semi-solid preparations adds an extra dimension to the already complex process of topical drug delivery.
The aim of this work was to understand how the mobility of nanoparticles influenced the delivery of
a model drug when the carriers were suspended in a hyaluronic acid (HA) vehicle. Tocopheryl acetate
(TA) was loaded into lipid nanoparticles (TAy) that were <100 nm in size and physically stable for more
than 28 days. The TAy interacted with the HA polymeric chains to increase formulation macroviscosity.
Nanoparticle tracking analysis confirmed that the gel hindered the TA;y mobility. However, deliberate
manipulation of the particle mobility in the gel by varying the concentration of HA had little effect on TA
delivery. Only ca. 10 pg/cm? of administered TA was delivered into porcine skin regardless of the vehicle
characteristics and this suggested that drug release from the LN was the rate limiting step in the delivery
process and not the nanoparticle-vehicle-skin interactions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There have been several reports that loading therapeutic agents
into nanoparticles can enhance drug delivery into skin (Kreuter et
al., 1983; Scherer, 1992; Santos Maia et al., 2000). However, in most
cases, compared to when a drug is solubilised in a topical vehi-
cle, the drug delivery rate is reduced when a particulate carrier is
employed. This is because enclosing a therapeutic agent within a
particle adds a second rate limiting step that retards the drug pre-
sentation to its intended site of delivery (Muller and Kreuter, 1999;
Ricci et al., 2005). As a consequence of their greater complexity and
slower drug release, particulate systems are usually only employed
for topical delivery when attempting to deliver ‘difficult to formu-
late’ agents. Such compounds require the delivery system to be
carefully designed in order to resolve a particular problem. In this
context nanocarriers have been shown to be particularly effective
at promoting: skin occlusion (Jenning etal., 1999); chemical protec-
tion (Dingler et al., 1998); controlled release (Jenning et al., 2000a);
colour/odour masking and drug loading in topical vehicles (Dingler
et al., 1996).

It is now widely accepted that nanoparticles with a size of
greater than 10 nm do not penetrate the skin to any great extent
(Baroli et al., 2007; Ryman-Rasmussen et al., 2006). However,
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the question of whether particle-skin interactions influence drug
release from nanocarriers has yet to be answered. Very little is
known about the rate of particle diffusion in topical formulations.
As a consequence it is unclear if altering the diffusion of particles in
semi-solid vehicles influences drug delivery. A good understand-
ing of the nanoparticle-vehicle-skin interaction is important as it
will dictate the size of the nanoparticles and the properties of the
vehicles that should be used in topical preparations to achieve the
desired release profile. For example, smaller particles may release a
drug more rapidly due to a higher surface area, but if held immobile
in a gel they may never reach the skin surface. As it is not known
if the presentation of a particle at the lipid skin surface encour-
ages drug release, it is unclear if viscous vehicles pose a problem to
effective delivery of drugs from semi-solid preparations containing
nanocarriers (Jenning et al., 2000b).

Nanoparticle mobility in simple matrices has been assessed by
spectroscopic techniques but such methods have not been applied
to topical gels (Spiedel et al., 2003). The current knowledge of par-
ticle mobility through gels is derived from traditional diffusion cell
experiments. For example, Sanders et al. (2000), used sputum from
cystic fibrosis patients to show that nanoparticle diffusion was
extremely slow (<0.5% of particles diffused through the barrier).
Nanoparticle diffusion in mucus demonstrates a strong dependence
on particle size with the smallest sized particles being retarded the
least by the complex crosslinked gel network of this viscous excre-
tion. The gel network of semi-solid drug delivery vehicles is more
homogeneous than respiratory mucus, but the rate of nanoparticle
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permeation will be dependent upon similar properties such as the
gel viscosity, type and extent of cross linking and polymeric chain
chemistry of the semi-solid vehicles.

Loading poorly water soluble compounds in an aqueous topi-
cal gel can be facilitated by encapsulation within nanoparticles. A
nanocarrier system is preferable to an ointment, which would tra-
ditionally be employed to solubilise a hydrophobic agent, in terms
of cosmetic acceptability. Previous work has shown that nanoparti-
cles can alter the viscosity of a gel as a consequence of the particles
facilitating association of the macromolecular chains in the matrix
(ChiandJun, 1991; Rafiee-Tehrani and Mehramizi, 2000). How such
changes in the gel macroviscosity influence drug delivery has not
been elucidated. Therefore, the aim of this study was to characterise
the interactions of loaded lipid nanoparticle with a hydrophilic gel
suitable for topical drug delivery. In order to achieve this aim, TA
was chosen as a model lipophilic active; the active was loaded
into lipid nanoparticles (LN) and formed into a homogeneous HA
gel. HA-nanoparticle interactions were characterised by traditional
‘cone and plate’ rheometry, while nanoparticle tracking analysis
(NTA) measured the nanoparticle mobility in the gel. TA deliv-
ery from two gels that restricted the freedom of the drug loaded
nanoparticles to very different degrees was assessed using porcine
skin as a model.

2. Materials

A mixture of medium chain acid triglycerides (Labrafac® WL
1349) was provided by Gattefossé S.A. (France). Soybean lecithin
(Lipoid® S75-3) was donated by Lipoid Gmbh (Germany), a mix-
ture of free polyethylene glycol 660 and polyethylene glycol 660
hydroxystearate (Solutol® HS 15) were provided by BASF (Uni-
var, UK) and p-a tocopheryl acetate (96.0-102.0% purity) by Roche
(Adina chemicals, UK). Sodium chloride, ethanol and methanol
(high performance liquid chromatography, HPLC grade) were pur-
chased from VWR (UK). Sodium hyaluronate powder (HA) (average
molecular weight of 550,000 Da), and caprylic-capric acid triglyc-
erides (Miglyol 810) were generous gifts from MedPharm (UK) and
SBlack (UK), respectively.

3. Methods
3.1. Nanoparticle production and loading

Both placebo (Pyy) and TA loaded LN (TA;y) were prepared by a
phase-inversion process described previously by Heurtault et al.
(2002). Briefly, TA oil (4%, w/w, if required) was dissolved in a
Labrafac(16.5%, w/w), Lipoid S-75(1.75%, w/w) and Solutol (16.25%,
w/w) mixture that was dispersed in an aqueous phase (NaCl in
water, at 61.5%, w/w). The dispersion was heated and stirred to
just above the phase inversion temperature (PIT) of the system
(ca.90°C). The emulsion was homogenised by repeating this heat-
ing process between 55°C and 90°C at a rate of approximately
4°C/min, 3 times. The LN were generated from the o/w emulsion by
adding cool water (0 °C) to the mixture at the end of the last of the
three heating cycles. The TA y were purified by ultracentrifugation
(L7 ultracentrifuge, Beckman, USA) at 40,000 rpm for 1 h using tem-
perature of 20 °C to generate TA n_pure. Three layers were produced
and the nanoparticles extracted from the middle layer of the three.
The purified solution was used for all the topical formulations. TA
content of the particles was determined using a HPLC assay and the
TA loading and the total TA recovery were calculated (Egs. (1) and
(2)):

C2(mg)
C1(mg)

TAloading (%) = x 100 (1)

TArecovery (%) = %ﬂg)g)

x 100 (2)
where C1 was the initial amount of TA added, C2 was the amount
of TA recovered from the nanoparticles and Ctotal was total sum of
the TA recovered from the loading process.

3.2. Conductivity measurements

Phase inversion was monitored by measuring the conductivity
of the emulsion external phase as a function of temperature using a
conductivity meter (Jenway 4330, UK). Measurements were made
at 1°Cintervals, starting at 55 °C. The phase inversion process and
conductivity measurements were repeated at three concentrations
of NaCl (2%, 3%, and 5%, w/w) to assess the effect of ionic strength
upon the particle production process.

3.3. High performance liquid chromatography

The HPLC analysis of TA was performed using a system consist-
ing of a 200 LC pump, a 200 LC autosampler and a 284 UV detector
(Perkin-Elmer, UK). Separation was achieved using a Kromasil C18,
(250 mm x 4.6 mm, pore size: 100 A, surface area: 340 m?/g, carbon
load 19.0%) column at room temperature. The mobile phase con-
sisted of a degassed and filtered 50:50 mixture of ethanol/methanol
which was pumped through the column at a rate of 1 ml/min. The
sample injection volume was 50 .l and TA was detected at 284 nm
over a 15min run time. The TA peak eluted at 8.3040.11 min
(n=108) and the solvent front at approximately 4 min.

3.4. Particle size analysis

The mean effective volume diameters (Mgyp) and the polydis-
persity index of nanoparticles were determined by photon correla-
tion spectroscopy (PCS) using a Zetasizer 90plus (Brookhaven, USA)
fitted with a 488 nm fixed angle (90°) laser beam at 25°C. A mean
polydispersity index and size was calculated by the average of three
nanoparticle batches. All batches were diluted with deionised fil-
tered water (0.45 pm Nalgene filter, BDH, UK) to produce dilutions
of up to 1:200 prior to measurement (also performed in a triplicate).
The actual size of the nanoparticles were estimated by extrapo-
lating a graph of size vs. particle concentration to determine the
MEyp.

3.5. Physical stability

The fabricated placebo nanoparticles (P n) and the TA loaded
nanoparticle both pre (TAyy) and post purification (TA N.purg) Were
divided into different batches, protected from light and stored at
three different temperature conditions (4 °C, 25 °C, and 40 °C). Par-
ticles size measurements were performed using PCS after 7, 14, and
28 days of storage for each sample, at each temperature.

3.6. Formulation preparation and rheological measurement

The gel was prepared by adding HA powder (2%, and 1.5 w/w) to
the purified TA nanoparticles (80%, w/w) and allowing the system
to hydrate for 24 h at 24°C. The rheological testing was performed
using CSL a cone and plate rheometer (Carri-med, USA) with plate
diameter of 4.0 cm and cone angle of 1.510° at a 100 pm fixed gap.
The test was performed over a 1-10Hz frequency range (shown
not to irreversibly damage the gel structure, data not shown) at
constant stress amplitude of 0.789 Pa. All the measurements were
carried out at 20°C. Twenty data points were recorded for each
rheogram; three replicates were performed for each formulation.
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3.7. Nanoparticle tracking analysis (NANOSIGHT LM10™)

A 250 pl sample containing the particles at a theoretical concen-
tration in the range 1 x 107-2/mL was introduced into a scattering
cell through which a focused laser beam (40 mW at either 404 or
635nm) was passed. Particles within the path of the laser beam
were observed via a microscope-based system (Brunel Microscopes
UK) onto which was fitted a CCD camera (Marlin CCD, Allied Vision
Technologies). The motion of the particles in the field of view
(approx. 100 x 100 wm) was recorded at 30 frames per second and
the subsequent video analysed using the NanoSight Nanoparti-
cle Tracking Analysis Software ‘NTA 2.0. Build 0122’ (NanoSight,
UK). Each particle visible in the image was individually, but simul-
taneously tracked from frame to frame and the mean square
displacement particle, diffusion coefficient and particle size was
calculated using the NanoSight software (NanoSight, UK). The dif-
fusion coefficient (Dt) and hence sphere equivalent, hydrodynamic
radius (rh) was determined using the Stokes-Einstein equation (Eq.

(3)):

_ KBT
~ 6mnrh

(3)

where KB is Boltzmann'’s constant, T is temperature and 7 is viscos-
ity.

3.8. Invitro permeation studies

Permeation studies were conducted using pre-calibrated,
upright Franz diffusion cells with an average surface area of 0.5 cm?
and an average receiver compartment volume of 2.5mL (Med-
Pharm Ltd, Surrey UK). The pig skin membrane was prepared by
removing the subcutaneous fat from the pig cheek using forceps
and a scalpel. Individual sections of fat-free skin (of adequate size
to fit in the Franz diffusion cells) were cut using a cork borer and
washed using distilled water. Full thickness pig skin was sealed
between the donor and receiver chamber of the Franz diffusion
cells using parafilm and the cells were partially submerged in
a water bath on a magnetic stirrer plate (Varimag, Telesystem
HP15, Daytona, FL, USA) at 37°C. Triglyceride oil Miglyol 810
(SBlack, UK) was selected as a receiver fluid (in vitro method
previously described in Moddaresi et al., 2010). The cells were
allowed to equilibrate in the water bath for 1h prior to experi-
ment initiation. They were inverted for 1 min to check for leakage,
after which an equivalent finite dose (377.7 wg/cm?) was applied
on the apical surface of the skin using a pre-calibrated positive
displacement pipette (Gilson, US). After 24h, a 0.5mL sample
was taken from the receiver fluid and a mass balance recovery
from the SC, epidermis and dermis was performed. The Franz
cells were dismantled and both receiver and donor compartments
washed with ethanol. The washings were collected, made up to
a known volume and assayed by HPLC. The skin was cleaned
with cotton buds and mounted on a firm base. Tape stripping
was performed using Ultra clear Scotch tape (Sellotape, UK). Each
piece of tape was placed on the whole area, a defined pressure
was applied (using 300 mg weight) for 10s and the tape was
peeled from the test site with forceps. The first 2 strips were
considered as containing residual formulation and were added
to the cotton buds, soaked in ethanol for 24 h, the solution fil-
tered and assayed by HPLC. The 22 subsequent strips removed
from the skin were collected and defined as containing the TA that
had permeated into the SC. TA was extracted from the tapes by
adding ethanol, shaking for 6h, filtering and assaying by HPLC.
The TA-skin extraction method was shown to have a recovery
of 104.9% + 12.4%.

3.9. Statistical analysis

All data were presented as a mean + standard deviation (SD).
After conducting normality test, a parametric one-way ANOVA
test was used for normally distributed data and a nonparametric
ANOVA for non-Gaussian distributed data. For all pair-wise com-
parisons of means, t-test was applied. The significance level was
0.05 throughout.

4. Results
4.1. Nanoparticle production

The phase inversion process of the emulsions was monitored
by measuring the conductivity of the emulsion’s external phase
as a function of temperature. At the start of the heating cycles,
i.e. at 55°C, the emulsions displayed high conductivity values
(3000 pS/cm for 2% NaCl, 4000 p.S/cm for 3% NaCl, 5000 p.S/cm
for 5%), which was indicative of the mixture components form-
ing an o/w emulsion. Increasing the temperature of the emulsion
resulted in arapid decrease in conductivity. For example, in the last
temperature cycle at ca. 90°C all the conductivity measurements
were lower than ca. 100 wS/cm irrespective of NaCl concentration
(Fig. 1). The phase inversion temperature (PIT), defined as the mid-
point of the exponential region of the temperature vs. conductance
graph for an emulsion in the last cycle of the manufacturing process
(Walde etal., 1997), was 84.5°C, 86.5 °C, and 87.0 °C when using 5%,
3%, and 2% NaCl, respectively.

4.2. Nanoparticle characterisation

The Py displayed a Mgyp (n=3) of 53.2 4+ 2.0 nm with a poly-
dispersity of 0.05+0.01 prior to purification, and 50.8+0.5 nm
with a polydispersity of 0.02 4 0.01 after the purification process
(data not shown graphically). TA;y displayed a size of 55.1 + 1.0 nm
(polydispersity of 0.08 4-0.02), and 54.0 + 1.40 nm (polydispersity
of 0.05+0.01), before and after purification, respectively (n=3). A
lack of significant difference (t-test, p>0.05) in LN size before and
after purification for both the Py and the TA;y batches indicated
that the nanoparticles remained intact during the centrifugation
process. In addition, the significant reduction (t-test, p<0.05) in
particle size polydispersity for both the placebo and TA loaded
nanoparticles after purification indicated that the excess manu-
facturing excipients were successfully being isolated from the LN.
Determining the TA content of the LN after loading using the HPLC
method showed that the TA loading process was both efficient and
reproducible (57.7 +4.9% loading efficiency).

4.3. Physical stability

Upon storage, the mean Mgyp of the Py at 4°C, 25°C, and 40°C
did not increase significantly (one-way ANOVA, p <0.05). This was
also found to be the case after loading TA into the LN, and storing
the particles at 25°C and 40°C for 28 days. However, at 4°C, the
MEyp of the TAy significantly increased by 5.0% + 0.01. After purifi-
cation the LN were more susceptible to size changes. The purified
TAy increased significantly in size (p > 0.05, t-test) by 11.9% + 0.01,
10.1%+0.02, and 9.0% £ 0.01 at 4°C, 25°C, and 40 °C, respectively
during 28 days of storage (Table 1).

4.4, Nanoparticle-vehicle interactions

The change in rheological properties of the semi-solid formu-
lations in response to nanoparticle addition was measured using
a constant strain in the linear viscoelastic regions for the materi-
als (previously determined, data not shown). The storage (elastic)
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modulus (G') and loss (viscous) modulus (G”) were measured for
two HA gels containing 1.5 and 2% (w/w) HA, with and without the
addition of the TA loaded LN (TAr N and TAn-purg)- The addition of
the LN to the HA gels affected their rheological behaviour, mea-
sured as a function of frequency (Fig. 2). The 2% HA gel displayed
a higher storage modulus (G’) at low stress frequencies, compared

Table 1

Average effective lipid nanoparticle diameter of placebo lipid nanoparticles (Prn),
TA-loaded nanoparticles (TA.n) and purified TA-loaded nanoparticles (TA;n-pure) at
different storage temperatures. Data represent the mean =+ standard deviation of 3
independent batches of nanoparticles.

Average effective diameters (nm)

4°C 25°C 40°C
1 day Pin 580+ 1.5 584 + 15 589 + 0.4
TAN 55.6 £ 0.5 55.8 + 0.4 56.6 + 0.7
TALN-PURE 544 £ 04 545 + 04 5511 2k 112
7 days Pin 58.6 + 1.6 612+ 0.3 61.0 + 0.4
TAN 56.5 £ 0.7 56.8 £ 0.8 57.5 + 0.6
TALN-PURE 5B =k 1.3 583 =k 03 585 + 04
14 days Pin 60.5 + 0.6 60.8 + 0.1 60.7 + 2.1
TAN 585 + 1.0 575+ 05 57.7 £ 0.6
TALN-PURE 56.5 +£ 0.8 589+ 1.0 60.7 + 2.2
21 days Pin 61.3 £ 04 61.5 £ 0.1 60.7 £ 2.2
TAN 58.6 +£ 0.7 58.6 + 0.7 59.8 + 1.2
TALN-PURE 61.7 £ 0.7 60.6 + 0.8 60.5 + 0.6

to the loss modulus (G”), however the addition of the purified LN
dispersion to the gel inverted the storage vs. loss modulus trend
(Fig.2A). Anincremental increase in the concentration of LN disper-
sionresulted in incrementally reduced cross over frequency (Fig. 3).
For example, adding 80% TA-LN to 1.5% and 2% HA gels significantly
(p<0.05)decreased the crossover frequency in both cases (7.3 + 0.4
to 4.8 £ 0.2 Hz and from 2.96 + 0.2 to 1.97 £ 0.5, respectively, n=3,
Fig. 3). Alower crossover frequency indicates a greater system sta-
bility, and an increase in viscoelasticity hence these results suggest
the presence of a strong HA-nanoparticle interaction. Altering the
concentration of HA in the gel dramatically altered the viscoelas-
tic properties of the gel. Increasing the percentage of HA in the gel
from 1.5% to 2% approximately doubled the G’ and G” values and
halved the cross over frequency indices.

The absolute size of the nanoparticles, when measured by the
NTA system, was slightly larger than the PCS size at ca. 100 nm.
Although the particle size did vary significantly (p =0.036, ANOVA),
when the particle concentration was altered these changes had
no pattern and thus it was assumed to be a consequence of the
sample-sample error. In general, the nanoparticle diffusion coef-
ficient increased as the HA gel samples were diluted, that is, the
particle and HA concentration was reduced. At similar particle con-
centrations (5 x 10~8 particles per mL) the diffusion coefficients for
the LN in the HA matrix were lower at 324.0+23.0 (cm?2/s) than
when the LN were suspended in water 478.0 + 80.0 (cm?/s) (t-test,
p<0.05; n=3, Table 2).
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Table 2

Average size and diffusion coefficient of purified TA-loaded nanoparticles (TAN-puRre )
at different particle concentrations, with and without hyaluronic acid (HA). Data
represent mean =+ standard deviation of 3 independent nanoparticle samples.

Sample Concentration Size (nm) Diffusion coefficient
(1 x 108 per mL) (1 x10-2 cm?/s)
TAIN-PURE 7.5+ 0.8 1013 £2.5 384.0 &+ 20.2
3.8 +05 90.7 £ 5.5 420.3 + 62.2
49 + 4.0 1203 £21.2 478.0 + 80.0
HA + TAN-pURE 52 +04 117.7 £ 9.3 324.0 £ 28.2
25+03 128.0 £+ 9.8 360.0 + 43.3
20+22 91.3 £ 5.7 494.3 + 25.0

Table 3

Skin deposition of tochopheryl acetate (TA) from hyaluronic acid gels (1.5% vs. 2%)
with 80% (w/w) purified tochopheryl acetate loaded nanoparticles (TA-LN). TA was
recovered after 24 h of administration (mean + standard deviation, n=6).

Compartment (pg/cm?) Formulation

TAN-pure 2% HA TAin-pure 1.5% HA

Applied dose 377.65 + 29.6 372.0 + 13.7
Donor compartment 29.50 £+ 19.8 54.8 +£ 15.5
Skin surface 263.90 + 42.1 289.7 £25.2
SC, tape strips 3.15+23 43+ 40
Viable epidermis 6.51 + 2.6 6.1+1.6

Receptor fluid 0 0
Total recovery, % 79.5 +£9.3 955 + 59

4.5. Permeation studies

Using a tape-stripping technique on pig skin to assess the deliv-
ery of TA from TAn.pure (80%, w/w) when loaded in both 1.5%
and 2% HA gels demonstrated that 1.15+1.07%, and 0.84 4+ 0.65%
of the applied dose, respectively was deposited in the SC (no sig-
nificant difference, t-test, p=0.56). In addition, 1.65 +0.47% and
1.73 4+ 0.77% of applied TA dose was found in the epidermis/dermis
when delivering the active using 1.5% and 2% HA gels, respectively
(no significant difference, t-test, p=0.83). The total TA recovery
(mass balance) was 95.83 +5.86% and 79.52 £9.26%, for 2% and
1.5% HA gel, respectively, with standard deviations of below 4%
(n=6) for each compartment (Table 3).

5. Discussion

Nanoparticle production is often problematic as it is difficult
to generate particles with a size of <100 nm that efficiently incor-
porate an active molecule, whilst retaining their physical stability
during manufacture, storage and use. The phase inversion method,
previously described by Heurtault et al. (2002), is a very robust
means to fabricate nanoparticles. It generates nanosized parti-
cles from a highly stable nanoemulsion in a ‘one pot’ reaction.
The specific nanoemulsion employed in this work was composed
of medium chain triglycerides, phospholipids and the surfactant
Solutol®. The hydrophilic/lipophilic balance (HLB) of Solutol®, a
non-ionic ethoxylated surfactant, is known to be temperature
dependant; it becomes less hydrophilic upon heating (Miller et al.,
2001). The change in HLB of Solutol when heated promotes the
conversion of w/o emulsion to o/w emulsion during temperature
cycling and this can be used to homogenise the emulsion. It has pre-
viously been suggested that addition of NaCl to the aqueous phase
dehydrates the polyoxyethylene chain of the Solutol and conse-
quently affects its solvency and the PIT point (Selker and Sleicher,
1965; Enever, 1976). However, in the current study, the monitor-
ing of the phase inversion process using conductivity demonstrated
that the addition of increasing concentrations of electrolytes to the
aqueous phase of the emulsion had a minor effect on PIT point
(Fig.1).For example, increasing the NaCl levels from 2% to 5% shifted
the phase inversion temperature from 87.0°C to 84.5°C.

The solid shell of the LN, which has previously been reported to
form around the particles generated from this process (Heurtault et
al.,, 2002), facilitated the separation of the LN from the excess drug
and excipients in the mixture. Particle aggregation which is usu-
ally driven by van der Waals attraction was presumably prevented
in the non purified suspensions by the non-ionic surfactant that
was proposed to adsorb to the surface of the solid shell (Cevc and
Richardsen, 1999). The negative effect of the purification process
on the physical stability could have been a result of the impurities
in the surfactant that were lost during purification or due to the
removal of large amounts of the surfactant molecules during cen-
trifugation. Regardless of the cause the aggregation was minimal
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and not considered to have a significant effect on results from this
work (Westesen and Siekmann, 1997).

It is important to note that, in the context of particle size mea-
surement, the limitations of the photon correlation spectroscopy
(PCS) technique may have influenced the data derived in this study.
PCS produces inaccurate results if the sample is too concentrated,
due to back scattering effects, therefore the nanosuspensions
require significant dilution prior to measurement. Nanosuspen-
sion dilution can cause changes in the particle size as a result of
swelling or desorption of surfactants from the nanoparticle sur-
face, if the system shows poor stability (Muller, 1990). However, by
deriving the size of the particulates from the intercept of the size
vs. concentration graphs the concentration/stability effects were
minimised.

The rheological properties of semi-solid vehicles are important
as they have the potential to affect the sensory feeling of formula-
tions and the contact of any incorporated active with the surface
of the skin (Rafiee-Tehrani and Mehramizi, 2000). Furthermore, in
a delivery system where a nanocarrier is employed to adminis-
ter an active, the viscoelastic properties of a topical formulation
could also have a pronounced influence on the movement of the
nanocarrier. The mobility of the nanoparticles in the formulation
will be dependent upon the nanoparticle-vehicle interactions, if
any are present. It is important when considering the resistance
of a semi-solid material to flow to understand where the resis-
tance originates, so that the measurements can be interpreted in
the correct context.

HA, a naturally occurring polysaccharide, has been shown to
form a gel-like system without any additives (Cowman et al., 1998).
It forms strong intra and inter-molecular interactions even at low
concentrations. Previously, it was reported that inclusion of small
molecules such as phospholipids disturb the inter-molecular inter-
action in HA gel network, reduce the entanglement between the
molecules and decrease both the viscous and elastic moduli (Ghosh
et al., 1994; Kobayashi et al., 1994; Pasquali Ronchetti et al., 1997;
Mo et al,, 1999). Adding LN to the gels in this study not only
increased both the elastic (G’) and viscous (G”) moduli of the HA
gel network over the measured frequency range, but also decreased
the crossover frequencies. An increase in macroviscosity of the HA
gels in response to LN addition was indicative of the LN interacting
with the HA chains. Nanoparticles improving the extent or strength
of the crosslinking within the gel is a phenomenon that has been
reported previously (Lippacher et al., 2001; Souto et al., 2004). In
addition, it has been previously demonstrated that the strengthen-
ing of the HA network can be related to immobilisation of water
in the HA gel (Kobayashi et al., 1994). Adding NP to HA gel cer-
tainly enhances the amount of amphiphilic surfaces upon which
water can bind (due to small size of TA-LN, <60 nm) and as such a
similar water immobilisation hypothesis may be the reason for the
strengthening of the gel structure herein.

Given the innate ability of HA to form extensive cross links, it
was not surprising that the particle diffusion coefficients generated
in this work were dependent on the HA concentration. Increas-
ing the concentration of HA in aqueous solutions is known to alter
solution microviscosity and to lead to decrease in particle mobility
(Scottetal,, 1991; Balzer et al., 1995). The nanoparticle gels required
dilution beyond the range normally employed to form a semi-solid
preparation to facilitate NTA to be performed, however HA is known
to be a polymer that modifies both micro and macroviscosity at
extremely dilute concentrations (Scott, 1989). The purpose of NTA
in this study was to asses if the addition of HA to the LN suspen-
sions altered particle mobility and if this was dependant on HA
concentration. The absolute concentration of the HA gel present
during the NTA therefore was not considered to be critical. Com-
bining the results from the traditional cone and plate rheological
measurements and the NTA led to the conclusion that increasing

either the LN concentration or the HA concentration in the gel led
to the reduction in LN mobility (Balzer et al., 1995). Varying the HA
concentration when the LN concentration was high was selected
as the most appropriate test system to evaluate the influence of NP
mobility upon drug delivery, as this presented significant drug to
the surface of the skin whilst modifying the particle mobility in the
gels.

There was no statistical difference in the amount of TArecovered
from the strips and viable epidermis/dermis, regardless of type of
HA formulation applied to the pig skin. Traditional theory suggests
that for compounds with low aqueous solubility an increase in a
formulation’s viscosity (adding gelling polymers) leads to decrease
in drug release rate and hence a corresponding drop in skin perme-
ation (Welin-Berger et al., 2001). However, this is only the case if
release rate maintains an adequate concentration of drug in the
solution state to allow diffusion through the semi-solid vehicle
to be rate limiting (Petit et al., 1996). As reducing the LN particle
mobility in the HA gel did not effect TA lipid penetration, it must be
concluded that the delivery of hydrophobic therapeutic agents from
NP suspended in semi-solid vehicles is dictated by drug release and
not particle mobility.

6. Conclusions

The phase-inversion method used here was suitable for produc-
ing monodisperesed TA lipid nanoparticles of less than 100 nm in
diameter. Adding purified TA nanoparticles to sodium hyaloranate
led to a one step production system of a gel without any additives.
Rheology measurements showed that LN interacted with the HA
gel network and this reduced the LN mobility. However, reduc-
ing the mobility of the LN by increasing the HA gel viscosity did
not affect the TA permeation. Drug release from lipid nanoparticles
was the rate limiting step that hindered hydrophobic drug per-
meation into the skin and for such systems to deliver therapeutic
agents to into or through this biological barrier an active strategy is
required to enhance the availability of the agent at the vehicle-skin
interface.
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