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a b s t r a c t

The transdermal delivery of 2 fluorescent probes with similar molecular weight but different lipophilicity,
into and through the skin from 2 commercially available transdermal bases, pluronic lecithin organogel,
and Lipoderm® has been evaluated. First, in vitro penetration of fluorescein sodium and fluorescein (free
acid) through porcine skin was evaluated. Retention and depth distribution profiles in skin were obtained
by tape stripping and then followed by optical sectioning using multiphoton microscopy. The results
showed that Lipoderm® led to an enhanced penetration of the hydrophilic compound, fluorescein so-
dium. For the lipophilic compound fluorescein (free acid), Lipoderm® performed similar to pluronic
lecithin organogel base, where minimal drug was detected in either receptor phase. The skin retention
and depth distribution results also showed that the hydrophilic fluorescein sodium had high skin
retention with Lipoderm®, whereas fluorescein (free acid) had very low penetration and retention with
increasing skin depth. Moreover, optical sectioning by multiphoton microscopy revealed an uneven
distribution of probes across the skin in the x-y plane for both transdermal bases. This work showed that
a hydrophilic compound has significantly increased skin penetration and retentionwhen formulated with
Lipoderm®, and the skin retention of the probe was the main determinant of its skin flux.

© 2018 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Delivery of active ingredients through the skin has been an
exciting and challenging area of pharmaceutical research. The
well-known advantages of this route of administration include easy
application, avoidance of first-pass metabolism, and improved
patient compliances. Meanwhile, increasing demands for custom-
ized drug medications has led to an increase in the practice of
compounding in pharmacies.1 An elegant transdermal base should
be compatible with a variety of therapeutic agents and actively
transport the medication through the skin directly to the site of
action. Pluronic lecithin organogel (PLO) has been widely used as a
pharmaceutically acceptable transdermal drug delivery system
since its introduction in the 1990s.2-4 PLO is an opaque,
gel; PBS, phosphate-buffered
l sulfoxide; JSS, steady-state
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biocompatible preparation, commonly composed of phospholipids
(soya lecithin), isopropyl palmitate, and an aqueous phase (aqueous
solution of 20%-30% of Pluronic F127). In the recent years, Lip-
oderm® cream has become a popular base for compounding
transdermal needs, though its composition are not publicly known;
Lipoderm® shows good performance in product stability1 and
in vivo skin absorbance of prazosin5 and gabapentin.6 More inter-
estingly, Lipoderm® base outperformed PLO in transdermal de-
livery of promethazine hydrochloride7 and ketoprofen8 through
human skin in vitro. In addition, Lipoderm® base has been used to
include special combinations of multiple drugs and found to be
capable of delivering up to 4 analgesics (i.e., ketamine hydrochlo-
ride, gabapentin, clonidine hydrochloride, and baclofen) simulta-
neously.9 However, the effects of these 2 commercially available
transdermal bases on skin retention and absorption of formulated
agents have not yet been systematically compared.

Intact stratum corneum, the outermost layer of the skin,
provides the primary barrier to drug penetration into and through
the skin. Great efforts have beenmade in overcoming this barrier to
improve percutaneous drug penetration during the past several
decades, and the use of chemical penetration enhancers into topical
bases has been extensively investigated. Chemical penetration
hts reserved.
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enhancers employed in transdermal drug delivery systems offer
many advantages including relatively low cost, design flexibility,
ease of application, the possibility of self-administration, improved
patient compliance, and easy incorporation into formulations.10,11

These chemical agents enhance skin transport by a variety of
complex mechanisms while exerting their effect on drug
partitioning and diffusion phases.12,13 Both PLO and Lipoderm®

creams contain a range of chemical enhancers; thus, the perfor-
mance of these 2 transdermal bases on skin penetration and
retention of formulated agents with various lipophilicities should
be evaluated, respectively. Moreover, the use of advanced imaging
techniques has facilitated our understanding of the extent of
molecular penetration into the skin along transport pathways, as
evidenced by variations in fluorescence intensity.14-16 A key
component of this study was observing the depth distribution of
fluorescent probes in skin samples by optical sectioning using
multiphoton microscopy (MPM).

It is generally believed that the free acid or free base of the drug
should be used for transdermal delivery; however, studies17,18 have
suggested that this premise was questionable. Thus, the present
study evaluated the functionality of Lipoderm® and PLO on the skin
permeation of 2 probes: the sodium salt of fluorescein and its free
acid. Flux and diffusivity of probes across excised porcine skinwere
generated from standard permeation experiments using Franz
cells. The stratum corneumwas collected by tape stripping, and the
compound in each tape and stripped skin was also quantified.
Depth distribution in the skin was then visualized by MPM. The
selected fluorescent probeswere fluorescein sodium (log p¼�1.52,
molecular weight¼ 376.27), as amodel for hydrophilic compounds,
and fluorescein (free acid, log p ¼ 3.4, molecular weight ¼ 332.31)
as a model for lipophilic compounds.

Experimental Section

Materials

Fluorescein sodium (98.5%-100.5%), fluorescein (free acid,
>95%), phosphate-buffered saline sachets, bovine serum albumin,
propylene glycol, and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (Castle Hill, NSW, Australia). PCCA Lipoderm®

base cream, diethylene glycol monoethyl ether, and excipients to
make the PLO including lecithin/isopropyl palmitate solution,
potassium sorbate, Pluronic F127 were supplied by a local
pharmacy. Methanol (99.8%) was supplied by Merck (LiChrosolv®;
Merck, Frenchs Forest NSW, Australia). High-purity (Milli-Q) water
was used throughout the study.

Analytical Method

Fluorescein sodium and fluorescein (free acid) concentrations
were determined using fluorescence spectroscopy.19,20 Three rep-
licates of 100 mL for each sample were pipetted into a black 96-well
plate, and fluorescence was measured in a microplate reader
(PerkinElmer Victor 3; PerkinElmer, Waltham, MA) at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm. The
calibration curve for both probes was in the range of 0.02-5 mg/mL.
The limit of detection and quantification was found to be 5 and 20
ng/mL, respectively.

Formulation Preparation

The blank PLO base was prepared as described elsewhere4: 20%
pluronic gel was first prepared by adding Pluronic F127 and
potassium sorbate into Milli-Q water (cooled to 4�C) with contin-
uous agitation for 30 min, and then refrigerated at 4�C until a clear
solution was obtained. PLO was made by mixing lecithin/isopropyl
palmitate solution and 20% pluronic gel in a ratio of 1:4.

PCCA Lipoderm® base is a blank cream provided ready to use;
therefore, no preparation was required.

Pilot studies were conducted to screen for a representative
control vehicle and an appropriate probe concentration. Selection
criteria were probe could dissolve in the vehicle, and there was
positive penetration through the skin at least in 24 h. Finally, 80%
DMSO was used as a positive control vehicle in this study. The drug
loading of fluorescent probes in all formulations was 10%. The PLO
with probes was prepared by loading fluorescein sodium or fluo-
rescein (free acid) into the preweighed blank base, and then
vigorously homogenizing by hand with a mortar and pestle. In the
case of Lipoderm® cream, fluorescein sodium or fluorescein (free
acid) was added to Lipoderm® base alongwith 10% propylene glycol
as a wetting agent. All formulations were kept at room temperature
before application and used within 2 weeks. The pH of blank 80%
DMSO, cream bases, drug-loaded 80% DMSO, and creams was also
measured by using a Mettler Toledo pH meter coupled with an
Orion Micro pH electrode (Thermo Fisher Scientific, Scoresby VIC,
Australia).

Stability Test

Stability testing was performed to monitor if these preparations
remain stable during the whole course of experiments. Thus,
conditions including samples left on the bench at room tempera-
ture up to 4 weeks and samples applied to skin for 30 h at 32�C
were tested. In detail, 2 batches of each formulation were stored in
amber-colored glass bottles in triplicate at room temperature up to
4 weeks and at 32�C (in a water bath) up to 30 h, respectively.
Samples were examined by observation for any phase separation,
change of color, and odor. In addition, probe concentrations were
measured using fluorescence spectroscopy to monitor their
chemical stability. The extraction solvent was 80% methanol.

In Vitro Skin Permeation Study

Porcine ear skin has developed as an accepted substitute for
human skin.21,22 Ears of large white pigs were collected from the
South Australian Health andMedical Research Institute laboratories
(Adelaide, SA, Australia) and used as an ex situ skin model. Full
thickness skin (800 ± 50 mm) was prepared by carefully removing
excess hair and adipose tissue. The skin was stored at �20�C and
thawed slowly at 4�C before cleaning with water. The skin integrity
was assessed by measuring electrical resistance as described in a
previous study.23

The skin sample was clamped in a vertical Franz cell
(PermeGear, Hellertown, PA) with a diffusion area of 0.785 cm2, and
the receptor chamber was filled with 5 mL of 4% bovine serum
albumin in phosphate-buffered saline to ensure sink condi-
tions.24,25 The receptor fluid was kept at 32 ± 1�C by a water jacket
and continuously mixed with a magnetic stirring bar. A 100-mg
quantity of each formulation was applied to the skin surface, and
a glass rod was used to spread the formulation evenly across the
diffusion area. The donor chamber was sealed using Parafilm M
(Bemis).

A 500 mL sample was drawn at 2, 4, 6, 8, 12, 24, and 28 h through
the sampling port and was replaced with fresh receptor medium.
Samples were either stored in a refrigerator and analyzed within 2
days or frozen at �20�C for subsequent high-performance liquid
chromatography analysis, within 1 month of sampling. On the day
of analysis, frozen samples were thawed to room temperature, and
100 mL of the sample was pipetted into a black 96-well plate for
assay. For samples with a detectable but unquantifiable



Figure 1. Skin permeation profiles of fluorescein sodium (a), and fluorescein (free acid)
(b) from different formulations (mean ± SD, n ¼ 6). Probe concentration in all for-
mulations was 10% (w/w).
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concentration of probe, 300 mL was taken and mixed with 100 mL of
methanol. Three hundred fifty microliters of supernatant was
collected and evaporated to dryness (nitrogen gas, 45�C) and
redissolved in 100 mL of methanol.

Skin Retention

After collection of the receptor fluid at the last time point, the
diffusion cells were disassembled, and excess formulation on the
skin was removed with a wet tissue. The skin was cleaned with a
mild liquid soap solution (Tork, Clayton South, VIC, Australia) using
2 cotton swabs, rinsed under running tap water for 5 s, and then
blotted dry with a tissue.

The stratum corneum at the treated site was removed by
sequentially tape stripping 20 times using D-Squame® sampling
discs (CuDerm Co.) as reported previously.26 The mass of stratum
corneum removed on each tape was determined by weighing the
tapes before and after application to the skin surface. After
weighing, the discs and the stripped skin were placed into vials
individually, and fluorescein probes were extracted with 0.6 mL of
80% methanol with gentle agitation for 24 h. Methanolic solutions
of the extracted blank tapes were used as controls for the tape-
stripping samples.

Depth Distribution by Multiphoton Microscopy

Skin samples formicroscopy imagingwere prepared in the same
manner as for in vitro Franz cell penetration studies. Negative
control samples were prepared by using the blank vehicle only on
the stratum corneum side. After cleaning the skin surface, each skin
sample was placed onto a microscope slide with 20 mL saline on the
stratum corneum surface and protected with a coverslip.

The distribution of florescent probe in the stratum corneumwas
examined with a MPM system (Zeiss LSM710; Carl Zeiss Micro-
Imaging GmbH, Jena, Germany), coupled to a MaiTai laser
(Spectra Physics, Mountain View, CA). A Plan-Apochromat 63X/1.40
oil objective (Carl Zeiss Micro-Imaging GmbH) was used for the
acquisition of all images. The samples were excited at 800 nm, and
fluorescence signals were recorded from 450 to 620 nm. Z stack
images were obtained every 2 mm from the skin surface.

Data Analysis

The cumulative amount (Q) of probe that permeated through
the skin into the receptor mediumwas calculated at each sampling
time. For an infinite-dose application, the flux (steady-state flux
[JSS]) of solutes through the epidermis was determined from the
steady-state portion of cumulative receptor concentration-time
plots.23

All data were analyzed using Graph Pad Prism 6 (GraphPad
Software Inc., La Jolla, CA). Data sets were expressed as mean values
± SD. Student t-test (paired) and 1-way ANOVA with Tukey's test
were used to determine the level of significance where applicable.
The value of p �0.05 was considered as a significant difference.

Results

Formulation Characteristics and Stability

Blank PLO base appears opaque and yellow due to the incor-
poration of soybean lecithin. It is an emulsion and feels soft, similar
to a gel cream. The preparation was easily made, and no heating
was required, which is advantageous in loading heat-sensitive
agents at room temperature or 4�C, such as peptides and natural
ingredients. Lipoderm® base is a white cream with no added
fragrance. Probes were mixed into the bases, and all preparations
spread readily when tested on skin. The hydrophilic 10% fluorescein
sodium dissolved fully in both bases, but the hydrophobic fluo-
rescein in the form of free acid reached its maximum solubility, but
dispersed well into the bases after milling in a mortar. During the 4
weeks after preparation, all formulations showed no physical
separation or notable change of odor or color when kept at room
temperature.

The pH of blank 80% DMSOwas 9.2 ± 0.1, whereas the pH of 80%
DMSO solution containing 10% fluorescein free acid and sodium salt
was 7.2 ± 0.1 and 11.3 ± 0.1, respectively. The pH of PLO and
Lipoderm® bases was 6.1 ± 0.1 and 5.2 ± 0.1, respectively. With
addition of 10% fluorescein (free acid), the pH was slightly changed
to 6.2 ± 0.1 and 5.5 ± 0.1, respectively. However, with addition of
10% fluorescein sodium, the pH of both probe-loaded creams was
changed to 8.0-8.3.

The chemical stability of both probes in each formulationwas also
evaluated. Probe percentages remaining in these bases after 4 weeks
were in the range of 98.8%-101.5%, which suggests that good stability
for these probes was achieved in 80% DMSO, PLO, and Lipoderm®

bases. In addition, no significant loss was found in the formulation
samples which were kept at 32�C (in a water bath) up to 30 h.
Skin Penetration Studies

The cumulative amount of permeation of the 2 probes through
skin over time is shown in Figure 1. The corresponding Jss after
completion of the in vitro Franz cell study is shown in Table 1. It is
evident that the skin penetration of fluorescein sodiumwas greatly
enhanced by Lipoderm® base compared to PLO base and to the



Table 1
Skin Steady-State Fluxes (Jss) of 2 Probes From 3 Formulations After 28 h permeation
Study Through Porcine Ear Skin

Solute Jss (ng/cm2/h, Mean ± SD, n ¼ 6)

80% DMSO PLO Lipoderm®

Fluorescein sodium 15.3 ± 5.2 6.1 ± 1.9 33.6 ± 13.6
Fluorescein (free acid) 32.3 ± 16.7 2.1 ± 0.7 6.0 ± 2.2
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control formulation, (i.e., 80% DMSO as the vehicle). The total
amount of fluorescein sodium that penetrated through the skin
from the 80% DMSO was greater compared to PLO base; however,
the difference was not significant (p ¼ 0.2).

In contrast, the lipophilic fluorescein (i.e., free acid) in 80%
DMSO, PLO, and Lipoderm® bases showed much lower skin pene-
tration profiles in comparison with fluorescein sodium. Among
these 3 formulations, 80% DMSO gave the maximum permeation.
Only minimal concentrations could be detected in the receptor
medium when PLO or Lipoderm® was used as the base. Multiple
Figure 2. (a) Distribution of fluorescein sodium, and (b) fluorescein (free acid) in stratum c
comparisons using Tukey's test showed that there was no signifi-
cant difference in the mean total amount of fluorescein (free acid)
that permeated through the skin and the corresponding Jss be-
tween PLO and Lipoderm® bases (p ¼ 0.7).
Skin Retention

Probe quantities were recovered from each tape strip collected at
the end of the skin penetration study with the different formulations
applied. In general, the recovered amount of both probes from each
of the formulations gradually reduced with increase in tape strip
number, corresponding to greater depth into the stratum corneum.
To compensate the difference in stratum corneum removal by each
tape strip, the stratum corneum thickness as removed by tapes was
calculated by using the weight difference of the tape strip and
assuming stratum conreum with a density of 1 g/cm3.27,28 For fluo-
rescein sodium, (as shown in Fig. 2a), distribution profiling in the
stratum corneum was quite similar between 80% DMSO and
Lipoderm® as the vehicle. Fluorescein (free acid) from 80%DMSO also
orneum (SC) as removed by tape strips. Values are presented as the mean ± SD, n ¼ 6.
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has an acceptable skin distribution; however, only a relatively small
amount could be recovered. In PLO and Lipoderm®, there was no
detectable amount after removal of the 12th tape strip from PLO and
the 15th tape strip from Lipoderm® (as shown in Fig. 2b).

Figure 3 shows the cumulative amount of probe retained in the
skin from different formulations as recovered from tape strips 1-5,
6-10, 11-15, 16-20, and from the stripped skin (viable
epidermis þ dermis). As indicated in Figure 3a, Lipoderm® cream
showed a comparable total skin uptake of fluorescein sodium to
80% DMSO as the vehicle, PLO, however, delivered the least quan-
tity of probe into the skin, especially for fluorescein (free acid)
(Fig. 3b). It is interesting to note that, the first 5 tape strips
accounted for the majority of the fluorescein sodium absorbed into
the stratum corneumwith 63.5%, 59.4%, and 60.1% from 80% DMSO,
PLO, and Lipoderm®, respectively. Similarly, fluorescein (free acid)
recovered from the first 5 tapes accounted for 63.4%, 69.7%, and
74.7% from 80% DMSO, PLO, and Lipoderm®, respectively. Total skin
retention of fluorescein sodium from the 3 formulations is in the
order of 80% DMSOz Lipoderm® > PLO, and fluorescein (free acid)
in the order of 80% DMSO > Lipoderm® > PLO.
Visualization of Probe Distribution in Skin

MPM images were employed to visualize the depth distribution
of fluorescence probes in skins treatedwith fluorescein sodium and
fluorescein (free acid) prepared in 80% DMSO, PLO, and Lipoderm®

base. The skin surface was defined as the imaging plane of the
brightest fluorescence, morphologically characteristic of stratum
corneum. Imaging settings were identical for all samples. Setting
conditions minimized autofluorescence of the skins, and blank
vehicles were confirmed to show no interfering fluorescence.
Figure 3. (a) Amounts of fluorescein sodium removed, and (b) amounts of fluorescein
(free acid) removed from tape strips 1-5, 6-10, 11-15, 16-20, and retained in the
stripped skin (including viable epidermis and dermis [VE þ D]) after 28 h permeation
study of 3 formulations in porcine ear skin (n ¼ 6).
As shown in Figure 4, the observed fluorescence distribution
across the skin surface after treatment with fluorescein sodium and
fluorescein (free acid) from 80% DMSO was relatively homogenous.
However, in most cases, the fluorescence intensity for both probes
diminished rapidly with depth when PLO was used as the vehicle
(Fig. 5).

Comparing the x-z images of both probes from PLO and Lip-
oderm® cream bases, overall, Lipoderm® showed brighter fluores-
cence intensity than PLO base for both probes in the skin. Indeed,
the surprisingly high skin penetration of fluorescein sodium from
Lipoderm® (Fig. 1a) was supported by the microscopically observed
data that fluorescein sodium could penetrate the skin from certain
spots on the skin surface, where a brighter fluorescence was
detected in the deeper layers of stratum corneum (Fig. 6a1).
However, the distribution of fluorescence was not homogenous
across the treated skin area; when scanning other parts of the skin,
the surface fluoresced weakly, and the intensity was found to
disappear rapidly (as shown in Fig. 6a2). In addition, little
fluorescence could be detected in the deeper stratum corneum
when Lipoderm® base was used (Fig. 6b).

Discussion

In this work, we compared the effects of 2 different transdermal
bases on skin permeation, diffusivity, and skin retention of
formulated agents. Two fluorescent probes of similar size but
different lipophilicity were chosen. It is well known that chemical
enhancers are commonly included to improve skin absorption and
penetration, where they exert various effects to alter or diminish
the barrier function of the stratum corneum. PLO contains lecithin
and isopropyl palmitate and is believed to facilitate the diffusion of
drug molecules through the stratum corneum by disrupting the
lipid layers of the stratum corneum but without damaging them.4 A
number of drugs have been incorporatedwithin PLO for human and
animal use as summarized in a previous review.3 The ingredients of
Lipoderm® however are not in the public domain, while the PCCA
web site29 suggests that Lipoderm® is a phospholipid base that
contains a proprietary liposomal component which may enhance
the skin permeation of a variety of drug actives. Lecithin in PLO also
consists primarily of phospholipids. The use of phospholipids or
liposomes has been widely investigated, with the suggestion that
certain types of phospholipids can diffuse into the stratum
corneum to fluidize the highly ordered bilayer structure.30,31 In this
study, we used 80% DMSO as the control vehicle, since DMSO
increases skin penetration of drugs by dissolving the stratum
corneum lipids.4

Lipoderm® base showed better transdermal delivery of fluores-
cein sodium than 80% DMSO and PLO. It worked similarly when
compared to PLO for the delivery of the more lipophilic probe:
fluorescein (free acid), where only very minimal amounts crossed
the skin. On the other hand, the skin retention of fluorescein (free
acid) with Lipoderm® and PLOwas also low compared to 80% DMSO.

When correlating the steady-state flux with skin retention,
confirmation that each probe's partitioning and thermodynamic
activity (as described by skin retention in this study) were highly
related to its corresponding skin flux (Fig. 7), which was consistent
with previous work.16,23,32 Skin retention of the probe, as revealed
by tape stripping, reflected a reasonable skin penetration through
different skin layers, where a certain quantity of the probe is not
only retained in superficial layers but also penetrates to a greater
depth. Different skin surface cleaning procedures could cause
variations in the results, for instance, some formulations were quite
viscous and unlikely to be washed off entirely by water, and the
residue on the skin would contribute to the total skin retention,
though retained only on the surface. We used soapy water to wash



Figure 4. (a) MPM images of porcine skin treated with fluorescein sodium, and (b) fluorescein (free acid) in 80% DMSO, where the serial z stacks of the marked area at different skin
depths are presented (the scale bar represents 50 mm).
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each skin sample the same way to minimize the superficial resi-
due's influence on the final result. In addition, the use of tape
stripping allows monitoring of the probe in deeper layers in
contrast to the method of soaking the whole skin disc in an
extraction solution. Moreover, tape stripping generates more
samples to be processed and analyzed.

It is evident that skin absorption and penetration are highly
dependent on the physicochemical properties of the drug active
and vehicle or formulation inwhich it is prepared. As such, it should
be noted that the low skin penetration of fluorescein (free acid)
may be due to its poor solubility in PLO and Lipoderm® bases,
which was 0.12 ± 0.03% and 0.23 ± 0.05%, respectively. Therefore,
with a 10% loading, most of the probe incorporated into the cream
base remained as a suspension; thus, poor thermodynamic activity
would lead to a low skin flux. According to Fick's law, the flux is
proportional to the drug concentration in the donor phase, and
high solubility usually permits a high drug concentration in the
vehicle which can enhance the permeation flux.33,34

Another important aspect of the formulation is its pH, and for
fluorescein sodium-loaded creams, we found that the pH was
increased to 8.0-8.3, and in 80% DMSO, the pH was also increased
from 9.2 to 11.3. In contrast, the pH of free acideloaded creams was
only slightly changed and remained in the range of 5.4-6.5, which
was close to the pH of the normal skin's surface (i.e., in the range of
5.4-5.9).35 The pH of the formulation is important and can have a
number of effects on the delivery. For example, a disruption of the
skin barrier function by alkaline vehicles as reported by other
studies36-38 and the difference of formulation pH could also explain
the smaller lag time and higher skin flux of fluorescein sodium
when compared to fluorescein (free acid) in both bases. Further-
more, the relative fractions of the free acid and ionized forms in the
aqueous phase will vary with pH. It should be noted that the
amount of fluorescein free acid is in excess of its intrinsic solubility
Figure 5. (a) MPM images of porcine skin treated with fluorescein sodium, and (b) fluorescei
are presented (the scale bar represents 50 mm).
in these creams, and so the unionized free acid concentration
would actually be at its solubility limit. For creams prepared using
the fluorescein sodium salt and having relatively high pH, more
than 97% of the fluoresceinwould remain ionized based on a pKa of
6.43.39 However, in lower pH formulations prepared using the
fluorescein free acid, 85.5% of dissolved fluorescein free acid
becomes ionized in 80% DMSO, 37.1% becomes ionized in the
aqueous phase of PLO, and only 10.5% was ionized in the aqueous
phase of Lipoderm® cream. Given the low solubility of the free acid
in the cream bases and the reduced fraction of the ionized form at
low pH, ultimate concentrations of the ionized form would be
0.04% and 0.02% in the free acid-loaded PLO and Lipoderm® creams,
respectively, which was far below the concentration of ions in the
sodium salteloaded PLO and Lipoderm® creams. This higher con-
centration of the ions in the sodium salteloaded cream bases
explains its higher thermodynamic activity.

In addition, the physiological pH environment of the skin could
change the form of fluorescein acid, and when the free acid pene-
trates into the dermis facing the receptor medium, the majority of
fluorescein should be in its conjugate base form under that envi-
ronment. Unfortunately, the current setting for microscopy exper-
iments was not able to differentiate which form has been detected.
From the estimated fractions and concentration values, there were
no substantial ions formed in these 2 creams. Our data also showed
that fluorescein free acid had a poor skin penetration compared to
its sodium salt; thus, we believe that the ionized form would most
likely permeate through the skin. This is in agreement with the
study of a series of nonsteroidal anti-inflammatory agents, where
most of the drugs were ionized in the donor.17 In addition, several
published studies have shown evidence that for some drug candi-
dates, salt formation could improve permeability through the skin,
including biphenylacetic acid,40 diclofenac,41 and buprenorphine.42

Therefore, we think that a suitable salt former with desirable
n (free acid) in PLO, where the serial z stacks of the marked area at different skin depths



Figure 6. (a) MPM images of porcine skin treated with fluorescein sodium (1 and 2 represent images of different sections of the skin), and (b) fluorescein (free acid) in Lipoderm®,
where the serial z stacks of the marked area at different skin depths are presented (the scale bar represents 50 mm).
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solubility properties41 was one of the main factors for an enhanced
skin penetration.

Besides tape stripping, MPM was also undertaken to obtain the
depth distribution of probes in the skin, mainly in the stratum
corneum. Imaging data for fluorescein (free acid) in these vehicles
were consistent with the results from the skin penetration study,
where more molecules from 80% DMSO diffused through the skin
with time, leading to much higher fluorescence intensity observ-
able deeper into the skin (Fig. 4b). In contrast, only minimal fluo-
rescein (free acid) penetrated when PLO and Lipoderm® bases were
used; indeed, not much fluorescence was detected in the skin
except within a bright surface layer (Figs. 5b and 6b). We also
observed uneven distribution of probes across the skin surface and
deeper layers in the x-y planewhen these 2 cream bases were used.
It seems that the affinity between the skin surface and the bases
may affect skin absorption and penetration. While a fluidized
vehicle, for example, 80% DMSO, showed a much more homoge-
nous distribution of probes in the x-y plane. Imaging data were
relatively comparable between skin samples with different treat-
ments. We kept settings the same while performing z stacks for all
skin samples, as high laser power could easily photo bleach the
surface where most of the probe remained. We also found some
“hot spots” in skin samples treated by fluorescein sodium in
Lipoderm® with some fluorescence observed deep into the skin.
This may be due to some defects in the skin surface; however, all
these skin samples passed the integrity testing while setting up the
Figure 7. Linear relationship between ln (Jss) and ln (skin retention), r2 ¼ 0.80.
Franz cell diffusion tests. Overall, fluorescence intensity was not
evenly distributed across the treated skin area.

A suitable transdermal base features good stability, low skin
irritancy, compatibility with drug actives, and most importantly,
ability to transport the active deep into the skin. The skin is a highly
attractive application site for directed drug delivery, but delivery
through skin is still very challenging. The excipients incorporated
into the transdermal base need to be carefully selected, with con-
centration also playing an important role. PLO consists of lecithin
and Pluronic F127; one study showed that increasing lecithin,
decreases the cumulative amount of flurbiprofen released from the
base. This may be due to the high viscosity produced by the
extensive formation of a network-like structure.43 A better under-
standing of drug-vehicle-skin interaction is quite useful in formu-
lating such bases. Several studies have advocated that solubility
parameters should be considered as numerical indicators to show
the extent of interaction.44-47 Studies by Dias et al.48,49 showed that
decanol and octanol which have 2D solubility parameters close to
that of the stratum corneum, enhanced the flux of 3 selected per-
meants; however, there was no simple correlation between flux
across epidermis and the values previously reported for silicone.
Abbott50 proposed to use 3D Hansen solubility parameters, which
characterize the dispersion, polarity, and hydrogen-bonding com-
ponents to cover any polar or hydrogen-bonding interactions
between drug-vehicle-skin. However, this hypothesis remains to be
examined when applied to a complex base which contains many
and various excipients. Our results suggest that solubility charac-
teristics of the probe: effective concentration in the transdermal
base and in the skin as expressed by skin retention and the pH of
the probe-loaded formulation should be well characterized to
achieve a successful transdermal preparation.

Conclusion

This work systematically examined the effects of PLO and
Lipoderm® on skin permeation, diffusivity, and skin retention of 2
probes. This is the first investigation of transdermal delivery of 2
similar-sized probes: the sodium salt form and free acid of fluo-
rescein as prepared in 2 popular transdermal bases. This work
suggests that the use of different transdermal bases can lead to
significantly different skin penetration, absorption, and retention of
the formulated agents with various lipophilicities. These results
show that with the same concentration of fluorescein sodium in
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these 2 bases, Lipoderm® leads to greater skin penetration and
absorption of fluorescein sodium compared to PLO base, while
there was no significant difference in transdermal delivery of
fluorescein (free acid), which was more lipophilic and had poor
solubility when incorporated into either base. The solubility of the
active pharmaceutical ingredient in the base and in the skin would
be key factors governing its percutaneous absorption.
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