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ABSTRACT

Retinyl acetate (RA) loaded polymeric nanoparticle (NP) carriers were prepared using two different
single polymers, ethyl cellulose (EC) and poly (ethylene glycol)-4-methoxycinnamoylphthaloylchitosan
(PCPLC). The stability of RA to aqueous solution and UVA light was significantly improved when encapsu-
lated with PCPLC, whilst EC encapsulation gave some improved stability in water but showed no improved
photostability. Ex vivo application of free RA and the RA-loaded PCPLC NPs onto the surface of the freshly
excised skin from a baby mouse indicated a significantly slower skin absorption rate for the encapsulated
RA. However, 100% retention of the encapsulated RA in the skin tissue was observed after 24 h. Confocal
fluorescent analysis of the skin pieces applied with the RA-loaded PCPLC NPs indicated likely entry and
accumulation of the PCPLC NPs and RA at the hair follicles. Release of RA from the PCPLC NP carriers was
confirmed through the detection of an increasingly higher RA/PCPLC fluorescent signal ratio deeper into

Polymeric carrier
Dermal penetration
Drug release

the dermis and away from the hair follicles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Vitamin A and many of its derivatives have been recognized as
high-potential substances for the prevention and treatment of pho-
toaging, severe acne and skin inflammation (Kligman et al., 1986;
Leyden et al., 1989; Kligman, 1997; Cunliffe et al., 1997; Yamaguchi
etal., 2005). Their biological activities include increasing the autol-
ysis of keratinocytes, glycogen deposition and synthesis of collagen
and elastin (Elias, 1986; Schwartz et al., 1991; Griffiths et al., 1993;
Randolph and Simon, 1993). However, their application in derma-
tology is strongly limited by their induction of skin irritations and
extreme instability (Isoe et al., 1972; Paquette and Kanaan, 1985;
Manan et al., 1991; Crank and Pardijanto, 1995; loele et al., 2005;
Xia et al., 2006). Since retinoic acid is classified as a drug in many
countries and cannot be used in non-prescriptive cosmetic prod-
ucts, and also because of the instability of retinoic acid itself, many
retinoic acid derivatives have been developed. Examples include
retinol, retinaldehyde, retinyl palmitate (RP) and all trans retinyl
acetate (RA). Amongst these many derivatives, RA is one of the pop-
ularly used derivatives in cosmetic products. However, the ability
to induce skin irritation and the possible photo-induced DNA dam-
age and photocytotoxicity of the ester form of retinoic acid, as well
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as its instability are known to exist (Yan et al., 2005). These fac-
tors then make the effective application without the use of high
doses an essential requirement. Association of vitamin A deriva-
tives with various delivery systems, such as liposomes (Sinico et al.,
2005; Diaz et al., 2006), niosomes (Manconi et al., 2006), solid lipid
nanoparticles (NPs) (Liu et al., 2007; Lim and Kim, 2002; Jee et al.,
2006) and polymeric NPs (Kim et al., 2006; Ourique et al., 2008), has
been proposed as methods to help improve their stability, solubil-
ity and efficiency. However, most reported systems showed only a
very limited loading ability (0.1-0.5%, 0.10-4.89% and 4.76-17.35%
(w/w) for liposomes, solid lipid NPs and polymeric NPs, respec-
tively) and a limited improvement in the vitamin A (derivative)
stability. Therefore, a carrier system with better RA loading char-
acteristics and an improved ability to protect the encapsulated RA
from photodegradation is still needed.

One of the many physiological functions of skin is protection,
for example, against water loss, invasion of microorganisms and
contamination from environmental substances. Therefore, percu-
taneous absorption of a drug without allowing other environmental
agents in and without damaging the skin is a challenge. Neverthe-
less, we believe that a new drug delivery system that can target drug
molecules to specific skin layers or even to the systemic circulation,
by simple topical application, can be developed. At present it is
known that (i) the stratum corneum is the least permeable layer of
mammalian skin (Scheuplein and Blank, 1971), (ii) the intercellular
pathway greatly predominates over the intracellular pathway for
the penetration of most topically applied substances except water,
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(iii) hair follicles are another important penetration route (Patzelt
et al., 2008). Domination amongst the three routes depends not
only on the drug’s physico-chemical properties, such as its solubil-
ity, diffuse-ability and molecular size, but also on the formulation
and delivery system used.

Upon skin application, the stability of polymeric carriers differs
considerably from conventional small surfactant molecule micelles
(conventional emulsion systems) and vesicles (liposomes and nio-
somes). Polymeric NP carriers usually are not collapsible when dry
and so the active molecules typically stay in the polymeric NPs on
the surface of the skin after topical application and so should still
be protected from environmental threats (e.g. water and oxygen).
In contrast, with the small surfactant molecule carriers, the par-
ticles easily collapse upon drying and so the active molecules are
directly in contact with the skin and also are exposed to various
environmental threats. As a result, the skin penetration of drugs
loaded in polymeric NPs differs from those in the conventional sur-
factant systems. Recently, the accumulation of polymeric NPs with
adiameter of 20-320 nm was reported (Alvarez-Roman et al., 2004;
Lademann et al., 2007). Lademann et al. (2007) reported that the
NP-encapsulated dye stayed at the hair follicles of the porcine skin
for up to 10 days whilst the free dye could only be detected for up
to 4 days. These findings suggest that hair follicles could be used
as areservoir for the skin administration of active molecules. How-
ever, the release of drug molecules from the NP carriers situated at
the hair follicles is an essential requirement of this approach and
so whether it occurs and to what extent must be clarified.

Although the in vitro release of drugs encapsulated in poly-
meric NPs has been reported for many different carrier systems,
the actual release of the drug from the carriers trapped in the skin
tissue has never really been established in their unmodified state
(Wosicka and Cal, 2010; Alvarez-Roman et al., 2004). Rather, the
limited existing reports usually involve either fluorescent-labeled
carriers or fluorescent dyes used as model drugs or both (Stracke
etal., 2006). To start to address this, here we investigated the ex vivo
skin absorption of RA-encapsulated in polymeric NPs, together with
the release of RA from the NPs situated inside the skin. The work
reported here also includes the ability to fabricate RA loaded poly-
meric NP carriers with a high RA loading, and an improved aqueous
RA stability and RA photostabilty using UV absorptive chitosan. In
addition, the use of confocal fluorescent laser spectroscopy to sepa-
rately follow the drug and the polymeric carriers in the ex vivo skin
tissue is demonstrated.

2. Materials and methods
2.1. Materials

RA and ethyl cellulose with ethoxy content of 48%
and MW of 170,000 (EC, Fig. 1) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Poly (ethylene glycol)-4-
methoxycinnamoylphthaloylchitosan (PCPLC, Fig. 1) was prepared
as previously described from chitosan (Anumansirikul et al., 2008).

2.2. RA encapsulation

RA-loaded PCPLC NPs were prepared by solvent displacement
using dialysis under lightproof conditions. Thirty-milligrams of
PCPLC were dissolved in 10.0 ml of DMSO to which 30, 20 or 10 mg
of RAwas added so as to yield polymer: RA (w/w)ratiosof 1:1,1.5:1
and 3:1. Each solution was dialyzed against water (five changes
of 1L each) using a regenerated cellulose membrane (MWCO of
12,400) with a 75 mm flat width, 17.9mlcm~! volume capacity
(Membrane Filtration Products, Seguin, TX, USA). The suspension
in the dialysis bag was then collected and its final volume was

adjusted to 30 ml with water. The obtained RA-loaded NPs were
then subjected to scanning electron microscopy (SEM, JEM-6400,
JEOL, Japan), transmission electron microscopy (TEM, JEM-2100,
JEOL, Japan), dynamic light scattering (DLS, Mastersizer S, Nano
series model, Malvern Instruments, Worcestershire, UK) and sur-
face charge (¢, Zetasizer, Malvern Instruments) based analyses. Dry
particles were obtained by freeze-drying (Freeze-Dry/Shell Freeze
System Model 7753501, Labconco Corp., Kansus, MI, USA) the aque-
ous suspension. RA-loaded EC NPs were prepared similarly, except
with EC and acetone used in place of the PCPLC and DMSO, respec-
tively.

2.3. Encapsulation efficiency (EE) and RA loading

To extract the loaded RA out from the EC or PCPLC NP car-
riers, 1 ml of the freshly prepared RA-loaded NP suspension was
centrifugally filtered through a MWCO 100,000 membrane (Ami-
con Ultra-15, Millipore, Billerica, MA, USA) and the obtained
solid was soaked in 5 ml ethanol for 30 min at 25°C under light-
proof conditions, followed by 10min sonication (40kHz) at the
same temperature. The suspension was then centrifugally filtered
through a MWCO 100,000 membrane and the ethanol extract (lig-
uid filtrate) was collected and subjected to quantitative analysis by
UV-absorption spectrophotometry (UV 2500 UV-vis spectropho-
tometer, Shimadzu Corporation, Kyoto, Japan) with the aid of a
calibration curve constructed from freshly prepared RA standard
solutions. The encapsulation efficiency (%EE) and loading capacity
(%loading) were then calculated using Eqgs. (1) and (2), respectively.

_ weightofencapsulated RA
" weight of RAinitially used x

[}

100 (1)

weight of encapsulated RA
weight of the RA-loaded particles x

%RAloading = 100 (2)

2.4. Stability of the encapsulated RA under lightproof condition

The stability of each encapsulated RA sample, and the free RA
solution, was evaluated under a normal aqueous environment by
monitoring the RA concentration of the freshly prepared RA-loaded
NP suspension over three months under lightproof conditions.
Twenty-five milliliters of each freshly prepared suspension of RA-
loaded EC or PCPLC NPs (RA concentration of 300 ppm), as well as
a 300-ppm free RA solution for comparison, were kept in a light-
proof glass container at 30 °C. At appropriate times, a 1.0 ml aliquot
was withdrawn and centrifugally filtered. The obtained solid was
soaked in ethanol, sonicated, filtered and the ethanol extract was
quantitatively analysed for RA content by UV-absorption spec-
trophotometry, all as detailed above. The experiments were done
in triplicate and the data were subjected to Kolmogorov-Smirnov
analysis.

2.5. Photostability of the encapsulated RA

The freshly prepared suspension of RA-loaded EC3 or PCPLC3
NPs (RA final concentration of 300 ppm) was exposed to broad-
band UVA radiation (320-400 nm, generated by an F24T12/BL/HO
PUVA lamp, irradiances measured using UVA-400 C power meter,
National Biological Corporation, Twinsburg, OH, USA) at 0, 7.8,
15.4,30.7 and 45.9] cm—2. At each exposure, the UV spectrum was
recorded. A freshly prepared free RA solution (300 ppm in ethanol)
was also subjected to the same UVA exposure treatment for com-
parison. To control for the effect of simple scattering of the UVA
light by the particles, the effect of adding empty (as in not RA-
loaded) PCPLC NPs (1120 ppm) to a free RA solution (300 ppm),
both at the same concentration as in the RA-loaded PCPLC NP tri-
als, on the photostability of free RA was evaluated in otherwise
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Fig. 1. Chemical structures of (a) PCPLC and (b) EC.

the same manner. The experiments were done in triplicate and a
Kolmogorov-Smirnov test was used to indicate if the photostability
of the samples was significantly different.

2.6. Ex vivo skin absorption of encapsulated RA

All animal experiments were performed under permission from
the National Laboratory Animal Centre (Nakhon Pathom, Thailand).

The abdominal skin was freshly excised surgically from a
nine-day-old-baby-mouse (M. musculus Linn.), purchased from the
National Laboratory Animal Centre. The mouse skin, comprises
epidermis and dermis and with a full thickness of approximately
450-600 pwm, was cut into approximately 2.0 cm x 2.0 cm pieces.

The ex vivo skin penetration study of the encapsulated RA was
conducted at 37°C using a Franz diffusion cell with a 13.0ml
capacity receptor compartment and a 2.27 cm? diffusion area. The
receptor medium was isotonic phosphate-buffered saline, pH 7.4
(PBS), supplemented with 1% (w/v) Tween 20, and it was con-
stantly stirred during the experiment. The experiment was initiated
by dropping 1.0 ml of the RA-loaded NP suspension (RA concen-
tration=999 ppm) into the upper compartment, directly onto the
mounted skin (RA final coverage=0.44mgcm2). At 1, 2, 4, 6, 18
and 24h later, 1.0ml of the receptor fluid was withdrawn and
replaced with fresh receptor medium. To eliminate variances due
to differences in the permeability of skin from different mice, the
penetration of each sample was compared to the penetration of the
free RA solution derived from using skin from the same mouse, to
standardize the results. To determine the amount of unabsorbed
RA on the skin at 2 h and 24 h post application, 5.0 ml of the fresh
receptor medium was dropped into the upper compartment of the
diffusion cell, directly onto the mounted skin. The Franz cell was
gently agitated and then the liquid was quickly withdrawn and sub-
jected to RA quantification. The stability of the RA solution (in the
receptor medium) was monitored for 24 h by periodically subject-
ing the solution to UV absorption analysis. The concentration of RA
in each aliquot of the withdrawn receptor fluid was determined by

UV/vis spectrophotometry at 325 nm, with the aid of a calibration
curve. The experiment was performed with triplicate replications
under light-proof conditions.

To distinguish between the RA absorbed into the skin from that
which was degraded, the stability of RA in the receptor medium
was also evaluated. The free RA solution and the RA-loaded PCPLC3
NP dispersion, both at a RA concentration of either 999 or 333 ppm,
in the receptor medium, was kept under lightproof conditions and
aliquots were periodically withdrawn and subjected to UV-visible
absorption spectrophotometric analysis.

2.7. Ex vivo skin penetration and in-tissue-release of RA from
PCPLC spheres

Confocal fluorescent microscopy (CFM) was used to capture the
fluorescent signals of the PCPLC and the RA in the skin samples.
The CFM system used was a Nikon Digital Eclipse C1-Si (Tokyo,
Japan) equipped with Plan Apochromat VC 100x, BD Laser (408 nm,
Melles Griot, Carlsbad, CA, USA), a Nikon TE2000-U microscope, a
32-channel-PMT-spectral-detector and Nikon-C1-Si software.

The experiment was started by placing 10 pl of the RA-loaded
NP suspension (1000 ppm PCPLC and 333 ppm RA) onto the
stratum corneum surface of a mouse skin piece (0.25cm? area).
The final coverage of PCPLC and RA on the skin was ~40 and
~13 pgcm—2, respectively. The sample was then kept at 25 °C for
2 h before being subjected to CFM analysis. Fluorescent spectral
signals at 420-750nm were collected from the skin tissue at
various depths starting from ~40 pm (from the stratum corneum
surface) down to ~45 pum depth. The obtained spectra of each
pixel were then unmixed into RA, PCPLC and skin auto-fluorescent
components using chemometric analysis (image algorithms) based
on the spectral database constructed from fluorescent spectra of
standard PCPLC, standard RA and the skin tissue, through the
Nikon-C1-Si software (Nikon, Tokyo, Japan). Images indicating
locations of RA and PCPLC in the skin tissue were then constructed
using the obtained resolved signals.
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3. Results and discussion
3.1. RA encapsulation

The encapsulation of RA within EC and PCPLC NPs (Fig. 1) was
successfully achieved by solvent displacement to obtain NPs of vari-
ous RA loadings (Table 1). The SEM and TEM based images revealed
spherical NPs (Fig. 2), and from these images the dry NP diame-
ters were evaluated (Table 1). As the RA:polymer (w/w) ratio, and
so the resultant %RA loading levels, increased then so the EE and
the absolute value of the negative ¢ decreased, whilst, as expected,
the size of the NPs (both dry and hydrodynamic) increased. The
result clearly indicated that the higher loading capacity afforded
by increasing the RA to polymer (w/w) ratio during the encapsula-
tion process was offset by the increased size of the NPs obtained and
the decreased EE (%) and ¢ of the NPs. To obtain RA-loaded PCPLC
NPs with an acceptable ¢ (<—20mV), so as to result in minimal
aggregation in water, would required the RA loading to not exceed
~21% (PCPLC3, Table 1). However, with EC as the polymeric shell
material, NPs with as high a RA-loading of 45.7% (w/w) still showed
acceptable ¢ values (—26 to —32 mV). In this case, the effective and
stably water dispersion of PCPLC3 and EC3 NPs agreed well with
their highly negative ¢ values observed in aqueous medium. Inter-
estingly, but expectedly, as the polymer wall material was changed
from EC to PCPLC, so the discrepancy between the dry (SEM) and
hydrated NP size (obtained from DLS) estimates increased, suggest-
ing a greater swelling in an aqueous environment for the PCPLC
encapsulated NPs than that for the EC ones (Table 1). In fact, the
swelling of chitosan and modified chitosan polymers in water is
well known, whilst EC polymer is known to show very low amounts
of swelling in water.

3.2. Stability of the encapsulated RA under lightproof conditions

Unencapsulated (free) RA showed an extreme instability in
water under ambient conditions. However, after being encapsu-
lated, the RA stability increased significantly (Fig. 3). As confirmed
by Kolmogorov-Smirnov statistical analysis at the 99% significance
level, within the PCPLC polymer types, the degradation kinetics of
NPs with different RA loadings (PCPLC1-3) were significantly dif-
ferent, with the lowest RA loading level (PCPLC3) giving the slowest
RA degradation rate. All three RA-loaded PCPLC NPs showed a sig-
nificantly increased RA stability from the free RA. The increased
stability of RA upon encapsulation under lightproof conditions was
likely to be the result of RA being shielded from reactive oxygen
species. With lower RA loadings, the protection of RA molecules
should be greater as the polymer shield would be thicker.

In contrast, the same statistical analysis indicated that the three
RA-loaded EC NPs (EC1-3) gave a similar RA stability, but they
showed a significantly higher RA stability compared to that seen
for the free RA. This implied that although the encapsulation into
EC NPs could give some protection to RA, the protection was not
load dependent. When comparing between the RA-loaded EC3 and
PCPLC3 NPs, PCPLC3 obviously out performed EC3. Amongst the
six RA-loaded NPs tested (EC1-3 and PCPLC1-3), only PCPLC3 NPs
could retain approximately 40% of the loaded RA when kept as a
water suspension for a period of 60-90 days, compared to 15-0%
for the same time period for the other five samples. Of these five
NP preparations, EC1-3 and PCPLC2 showed good RA protection
during the first week as compared to the free RA, whilst PCPLC1
showed significant protection for only one day. The low protection
of PCPLC1 could be attributed to its high RA-loading, since a lower
RA-loading level would mean more polymer chains to shield the
RA molecules from being attacked by the surrounding water and
oxidizing agents, such as oxygen molecules, which can cause chem-
ical degradation of the RA molecules [15]. It should be noted here

that, the stability experiment was carried out with the test material
being suspended in water medium, since this is typically the most
appropriate medium for skincare applications. The result is encour-
aging that the PCPLC NP carrier could be used to encapsulate RA and
the RA-loaded NPs with a RA loading of 21% could be dispersed in
water with an approximately 40% RA stability improvement over a
three month without the use of any antioxidant or surfactant.

The very basic “like dissolves like” rule could be used to explain
the formation and aqueous stability of the prepared encapsulated
RA. During the self-assembling of RA-loaded PCPLC NPs, hydropho-
bic RA molecules would try to position themselves to have minimal
interaction with the polar water molecules, thus they should be
directed towards the center of the PCPLC spheres. The PCPLC chains
then organized themselves in such a way that the hydrophobic moi-
eties have minimal contact with water, whilst their hydrophilic
counterparts have a maximum interaction with the polar water
medium. This arrangement not only pushed the RA molecules
inside the spheres, but also made the spheres dispersible in water.
Thus, a hydrophobic-hydrophilic gradient would be created with
the hydrophobicity being more pronounced at the center of the
spheres and the hydrophilicity more pronounced towards the sur-
face of the spheres in an aqueous medium. The swelling of PCPLC
should, therefore, be more pronounced towards the surface of the
spheres. With higher RA loadings, there would not be enough
hydrophobic moieties of the polymer to interact with them. There-
fore, the RA molecules left in contact with the swelling PCPLC chain
segments would increase, leading to the load-dependent stability
observed above. The RA molecules with good contacts with the
swelling PCPLC chains could then be easily and quickly attacked
by the water soluble reactive oxygen species. As a result, a sharp
drop in the amount of RA was observed during the first few days
(Fig. 3b). In contrast, those RA molecules at the hydrophobic cen-
ter were quite stable because the aqueous reactive oxygen species
were not able to reach them.

The scenario was quite different for the EC NP carriers where
a load-independent RA stability was observed (Fig. 3a). With the
smaller hydrophobic moieties of the EC polymer compared to
those of the PCPLC polymer (ethoxy moieties in EC versus N-
phathaloyl and p-methoxycinnamoyl moieties in PCPLC, Fig. 1), the
hydrophobic shielding of the loaded RA in the PCPLC NPs was more
pronounced than that in the EC NPs. The load-independent stability
of RA implied that the RA molecules in the EC1-3 NPs had similar
protection (interaction) from the ethoxy groups of the EC chains.
The steady degradation of RA over time supports the notion of a
steady but slow access of reactive oxygen species to the encapsu-
lated RA molecules, and this agreed well with the model of a similar
interaction between RA and the ethoxy groups regardless of the RA
position in the spheres.

3.3. Photostability of the encapsulated RA

Since it is known that RA degrades quickly with UVA radiation,
we investigated if encapsulation could lessen such photodegra-
dation. Because RA-loaded PCPLC3 NPs showed the highest
improvement in RA stability under lightproof conditions, their pho-
toprotection ability was investigated. For comparison, RA-loaded
EC3 NPs, which has a similar RA-loading level to PCPLC3, were
also tested. Since the experiment was carried out with the sam-
ples in the form of an aqueous suspension, it should be noted here
that the duration of the photostability test of 90 min should allow
observation of the degradation caused by the UVA radiation only,
without the added effect of aqueous instability. This is because
under the lightproof, but otherwise the same conditions, both EC3
and PCPLC3 NPs showed insignificant RA degradation over a 90 min
period (Fig. 3).
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Table 1

Characteristics of RA encapsulated particles prepared at various polymer: RA (w/w) ratios.

Polymer RA:polymer Diameter (nm) Hydrodynamic ¢ (mV) %EE %RA loading
(w/w) ratio (dry particles) diameter (nm) mean +S.D. mean +S.D. mean +S.D.
mean+S.D.
EC1 1:1 705.3 + 141.9 673.9 -25.7 £ 0.1 84.7 £ 5.5 457 + 1.8
EC2 1:1.5 602.7 + 89.7 418.1 —27.6 £ 0.2 85.7 £ 10.5 363 £28
EC3 1:3 3304 + 50.6 406.1 -31.7+£03 90.1 +£8.2 230+ 16
PCPLC1 1:1 169.6 + 43.7 519.9 -10.9 + 0.9 61.0 +£ 0.1 379 +0.1
PCPLC2 1:15 1215 +£13.9 446.7 -139+13 65.3 + 3.1 303 +£09
PCPLC3 1:3 113.2 £ 271 226.9 —22.7+23 779 £ 25 211+ 0.2

Kolmogorov-Smirnov analysis at the 99% significance level indi-
cated no difference in the RA degradation between the free RA and
the RA encapsulated in EC3 NPs, whilst a significantly slower RA
degradation rate was observed in the PCPLC3 sample (Z=2.000,
Sig.=0.0005, Fig. 4). Comparing between the EC and the PCPLC
NP carriers, it was obvious that the latter provided a signifi-
cantly higher level of RA photostability, which can be explained
through the UVA absorption property of the PCPLC polymer itself
(Anumansirikul et al., 2008). In other words, the PCPLC polymeric
matrix could significantly screen out the UVA light from reaching
the encapsulated RA. To make sure that the improvement of RA
photostability in the PCPLC3 was not the result of light scattering
caused simply by the presence of the NPs, an aqueous solution of
RA added with empty PCPLC NPs (free RA+PCPLC), to the same
amount each as in the tested RA-loaded-PCPLC NPs, was also eval-
uated. Kolmogorov-Smirnov analysis indicated a similar degree of
photostability amongst the free RA, the EC3 and the free RA + PCPLC
samples at the 99% confidence level (Fig. 4). Therefore, the observed
improvement in the photostability of RA upon encapsulation into
the UV absorptive polymeric PCPLC NPs is likely to be authentic
rather than an artifact of, for example, light scattering by the PCPLC
NPs in suspension.

Although the photodegradation products of RA, together with
the genotoxic and cytotoxic effects of RA, have not been reported,
retinyl palmiate (RP, structure closely similar to RA) was reported
to produce anhydroretinol and 5,6-epoxy-retinyl palmitate upon
exposure to UVA radiation (Cherng et al., 2005). These two photo-
degradation products together with RP itself could induce DNA
damage and were cytotoxic upon UVA exposure (Yan et al., 2005).
Therefore, it is of great importance to ensure that the topically
applied RA or RP is still well protected from light after being applied
onto the skin. Therefore, the use of a UV-absorptive polymeric car-
rier should be beneficial.

100 4
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60 -
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Relative RA percentages
w
o

50
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Fig. 4. Photostability profiles of free RA and RA encapsulated in NPs of either PCPLC
at a 21.1% RA-loading (PCPLC3), or EC at 23.0% RA-loading (EC3), and free RA con-
taining unloaded PCPLC NPs (free RA +PCPLC) in aqueous medium, when subject to
the indicated UVA light exposure dose over 90 min. Data are shown as the mean+ 1
S.D. and are derived from at least three repeats.

3.4. Ex vivo skin absorption of encapsulated RA

Using a Franz diffusion cell set up, an ex vivo experiment was
carried out to compare the transdermal penetration of the free RA,
and the PCPLC encapsulated RA (PCPLC3), through the abdominal
skin (composed of both dermis and epidermis) freshly excised from
a nine-day-old baby mouse (M. musculus Linn.). First, the stability
of the free RA and the encapsulated RA in the medium (isotonic PBS,
with 1% (w/v) Tween 20) used in the experiment under lightproof
conditions, was investigated. After 24 h, a 12 +1.3% degradation
of the total amount of RA was observed for the free RA whilst no
degradation at all was seen in the PCPLC3 encapsulated RA NPs.
It is obvious that the free RA was significantly more stable in the
PBS/Tween 20 release medium compared to that in pure water
(compare above to Fig. 3), and this was likely to be the result
of the non-ionic surfactant molecules (polysorbate or Tween 20)
(Hwang et al., 2004). The encapsulation of the RA molecules into
the polysorbate micelles could help shielding the RA from var-
ious water-soluble reactive species, thus making the compound
more stable. The stability of the free RA in this medium allowed
the Franz cell diffusion experiment to be conducted for a period
of 24 h.

It should be mentioned here that, although surfactant micelles
can help increase the stability of RA (Hwang et al., 2004), such
micelles are not physically stable and will usually disintegrate upon
drying (skin application), leaving the RA prone to photodegrada-
tion. The RA-loaded polymeric NPs (PCPLC3), however, are stable
upon drying and, therefore, after skin application, RA should still
be well protected from light.

The results of the Franz cell experiment under lightproof condi-
tions clearly indicated that, at 0.44 mg cm~—2 skin coverage, neither
the free RA nor the RA in PCPLC3 NPs could significantly, if at all,
penetrate fully across this full thickness skin, as no RA could be
detected in the receptor fluid at 1, 2, 4, 6, 18 and 24 h post appli-
cation. The surface of the skin was washed with fresh receptor
medium at 2 and 24 h after the application, and the wash liquid was
analysed for RA. For the free RA, no RA was found in the washes at
2 h after application. For the RA-loaded PCPLC3 NPs, 77.7 4+ 5.1% of
the applied amount of RA could be detected at 2 h after application
but after 24 h no RA could be detected. With the pre-experiment of
RA stability in the receptor medium discussed above, degradation
of RAin the medium could be excluded and so it was concluded that
by 24 h after application, all of the encapsulated RA was absorbed
into the skin tissue. This assumes there is no significant degrada-
tion of RA on the skin by other means not present in the aqueous
solution alone. If correct, this result indicated that the skin absorp-
tion of the encapsulated RA was slower than that of the free RA. The
UV absorption profile of the wash fluid also indicated an insignifi-
cant amount of PCPLC polymer, thus it was possible that some of the
encapsulated RA molecules absorbed into the skin were still encap-
sulated in the NP carriers. The absorbed but still encapsulated RA
in the skin might not be available for the cells’ uses, and so whether
release from the NP carriers in the skin tissue occurred and to what
extent requires clarification.
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fluorescent intensity

depth  fluorescent intensity (I)
(BM)  Tpeprc Ira

40.0 2053.63 617.03
41.5 683.83 336.37
43.0 289.65 164.49
450 15416 9352

IRA/IPCPLC

0.30
0.49
0.57
0.61

Fig. 5. Confocal fluorescent microscopy images showing skin penetration of RA-
loaded PCPLC3 NPs and the release of RA into the tissue: (a) unresolved fluorescent
image of the skin tissue at ~40 wm depth from the stratum corneum surface, 2h
after the RA-loaded PCPLC3 NP suspension was applied; (b) fluorescent spectrum of
unencapsulated PCPLC NPs (red), RA (blue) and skin tissue (green); (c) superimposed
image of the three resolved fluorescent images; (d) similar to (c) but only the PCPLC
NPs (red) and RA (blue) signals are displayed. Fluorescent intensity of RA (Ira) and
that of PCPLC (Ipcpic) at the area indicated in the dashed line-box in (d), at various
depths from the stratum corneum, are shown in the table.

3.5. Ex vivo skin penetration and in-tissue-release of RA from
RA-loaded PCPLC NPs

To further investigate the location of the penetrating PCPLC3 NPs
and the release of the loaded RA in the skin tissue, RA-loaded PCPLC
NPs (PCPLC3) were applied onto the stratum corneum surface of
a nine day old baby mouse skin tissue at an average coverage of
~53 g cm~2, and then left at 25 °C for 2 h. The skin sample was then
subjected to CFM analysis in which the fluorescent spectral signals
from 420 to 750 nm at various skin depths were recorded (Fig. 5a).
Since the fluorescent spectrum of RA is significantly different from
that of the PCPLC polymer (Fig. 5b), it is possible to discriminate
between them using chemometric analysis (image algorithm), and
so be able to differentiate the location of the RA from the location
of the PCPLC polymer. In addition, the auto-fluorescent spectrum
of the tissue was significantly different from those of the two
materials, allowing this signal component to be easily and clearly
subtracted out in a similar manner. Therefore, the recorded fluo-
rescent spectral signals of each pixel could be unmixed into RA,
PCPLC and skin tissue signal components (Fig. 5c and d). The image
of the resolved signals clearly indicated the presence of PCPLC and
RA in the tissue. The highest intensity of fluorescent signals from
both PCPLC and RA were found at the hair follicles, at ~40 wm depth
from the stratum corneum surface. Accumulation of both the PCPLC
polymer and RA at the hair follicle was very obvious. In addition,
fluorescent signals from PCPLC and RA were also found at a high

relative intensity at the internal root sheath along the hair shaft,
suggesting that the hair follicle was the penetration route of the
RA-loaded PCPLC NPs.

To investigate the release of RA from PCPLC NPs, the intensity
of RA (Ira) and PCPLC (Ipcpic) fluorescent signals in the tissue area
near the hair follicle (dashed line-box in Fig. 5d) at various depths,
starting from 40 to 45 p.m depth from the stratum corneum surface,
were recorded (Table in Fig. 5). With increasing depth, the fluores-
cent signals from the two materials became weaker, corresponding
well with the expectations of their slow diffusion into and through
the dermis tissue. However, when the Iga/Ipcpic ratios were anal-
ysed, it was obvious that with increasing depth from the surface,
the ratio increased significantly, e.g., the ratio at 45 wm depth was
more than double that at 40 wm. This directly indicated a higher
concentration ratio between RA and PCPLC with increasing depth,
and implies the release of RA from the PCPLC NPs and the diffusion
of the released RA molecules at a faster rate than the big and bulky
PCPLC polymeric NPs (with or without RA loading).

It should be noted here that the free RA was more prone to
photodegradation than that of the RA encapsulated in PCPLC NPs
(as well as PCPLC itself), and this resulted in more photobleach-
ing of free RA than RA-PCPLC or PCPLC NPs from the laser during
the CFM acquisition. Nevertheless, under these experimental con-
ditions, clear fluorescent signals from both the encapsulated and
the released RA could still be obtained. Therefore, the increased
RA:PCPLC signals at deeper dermis locations, in which the acquisi-
tion was carried out at later times than the upper dermis locations,
truly indicates the release of the RA from the PCPLC spheres and a
faster diffusion of the released RA molecules over the PCPLC.

The point should be made here that the observation was carried
out at 2 h after the initial application time in order to minimize the
interference from the RA released from the PCPLC3 NPs situated on
the skin surface. Although it was concluded that the PCPLC3 NPs
with RA inside could penetrate through the hair follicles, this did
not mean that the release of the RA from the NPs situated on the
skin could not happen. Moreover, the lower coverage of the PCPLC3
NPs used here (~53 wgcm—2) compared to that in the Franz cell
experiment (0.44 mg cm~2) described above, was to ascertain that
there would not be a lot of PCPLC3 left on the stratum corneum
that would steadily release out RA into skin to interfere with the
RAreleased from the skin absorbed PCPLC3 spheres. Although these
scenarios are unlikely, since it was reported previously thatan accu-
mulation of retinyl ester in the dermis through topical application
of unencapsulated material was negligible (Yan et al., 2006), this
precaution was still taken. These careful conditions increase the
confidence of the conclusion that RA-loaded PCPLC NPs could pen-
etrate into the dermis, most likely via the hair follicles, and that
the accumulated spheres at the hair follicles can release the encap-
sulated RA into the surrounding tissue. The released RA can then
diffuse through the skin tissue at a faster rate than their polymeric
carriers. This result agrees well with some recent reports that have
stated that hair follicles represent a highly relevant and efficient
penetration pathway and reservoir for topically applied substances
(Wosicka and Cal, 2010; Lademann et al., 2008; Teichmann et al.,
2007).

Taking into account the results from the Franz cell experiment
and the CFM experiment, it can be concluded that (i) RA loaded
PCPLC spheres can penetrate into the dermis layer via hair folli-
cles, (ii) RA can be released from the PCPLC NPs trapped at the
hair follicles, (iii) the RA release was slow as no RA could cross
the full skin by 24 h after their application (see above comment).
Nevertheless, the results here indicate that, with the use of proper
polymeric NP carriers, drug delivery to the dermis layer can be
achieved. Given that the dermis layer is usually vascularlized then
the confirmation of the release of the encapsulated compound
from the carriers accumulated at the hair follicles thus suggests a
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possible systemic administration of the drug (in this case RA) via
topical application.

4. Conclusion

We have shown that the improved RA stability through nanoen-
capsulation was subject to the type of carrier used. The UV
absorptive PCPLC NPs could improve both the aqueous stability
and the photostability of RA and this improvement was load-
dependent, whilst the EC NPs could improve only the aqueous
stability. The Franz cell experiment indicated that the RA-loaded
PCPLC NPs could be absorbed into the freshly excised skin of baby
mice, albeit at a slower rate than the free RA. Since the PCPLC poly-
mer and RA molecules possess a different fluorescent spectrum,
chemometric analysis could be employed to resolve the two spec-
tral signals from one another. As a result, the release of RA from the
PCPLC NP carriers could be confirmed through the detection of an
increasingly higher RA/PCPLC fluorescent signal ratio deeper into
the dermis away from the hair follicles.
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