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Abstract
The objective of this study was to enhance oral mucosal permeation of fenretinide by co-
incorporation of propylene glycol (PG) and menthol in fenretinide/Eudragit® RL PO
mucoadhesive patches. Fenretinide is an extremely hydrophobic chemopreventive compound with
poor tissue permeability. Co-incorporation of 5-10 wt% PG (mean Js = 16-23 μg cm−2 h−1;
158-171 μg fenretinide/g tissue) or 1-10 wt% PG + 5 wt% menthol (mean Js = 18-40 μg cm−2 h−1;
172-241 μg fenretinide/g tissue) in fenretinide/Eudragit® RL PO patches led to significant ex vivo
fenretinide permeation enhancement (p < 0.001). Addition of PG above 2.5 wt% in the patch
resulted in significant cellular swelling in the buccal mucosal tissues. These alterations were
ameliorated by combining both enhancers and reducing PG level. After buccal administration of
patches in rabbits, in vivo permeation of fenretinide across the oral mucosa was greater (~43 μg
fenretinide/g tissue) from patches that contained optimized permeation enhancer content (2.5 wt%
PG + 5 wt% menthol) relative to permeation obtained from enhancer-free patch (~ 17 μg
fenretinide/g tissue) (p < 0.001). In vitro and in vivo release of fenretinide from patch was not
significantly increased by co-incorporation of permeation enhancers, indicating that mass transfer
across the tissue, and not the patch, largely determined the permeation rate control in vivo. As a
result of its improved permeation and its lack of deleterious local effects, the mucoadhesive
fenretinide patch co-incorporated with 2.5 wt% PG + 5 wt% menthol represents an important step
in the further preclinical evaluation of oral site-specific chemoprevention strategies with
fenretinide.
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INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC), which is a world-wide health problem,
will affect approximately 36,000 Americans with over 7,000 deaths this year.1 Despite
extensive research and introduction of therapeutic advances such as radiation-intensification,
prognosis for persons with HNSCC remains among the lowest of all solid tumors.2

Intervention with effective chemopreventive agents-to prevent progression or induce
regression- at the pre-cancerous stage would greatly improve clinical outcomes.3 Analogous
to other surface origin malignancies, initiated head and neck epithelium undergoes
progressive growth disturbances (grades of epithelial dysplasia) prior to conversion to overt
carcinoma.2-6 Furthermore, many of these dysplastic lesions arise in visible mucosa, making
topical application and direct clinical monitoring of lesion progression feasible. Despite
obtaining complete surgical excision, many of these dysplastic lesions recur; necessitating
sequential surgeries and increasing patient anxieties regarding cancer development.2-6

Vitamin A and its derivatives including fenretinide have been the mainstay of many
previous HNSCC chemopreventive trials.3,7,8 Their preferential usage reflects the abilities
of vitamin A compounds to therapeutically modulate epithelial cell growth by induction of
terminal differentiation and apoptosis of cultured keratinocytes.9,10 Despite promising in
vitro results, systemic delivery of fenretinide in oral cancer chemoprevention trials was
ineffective.8,11 These negative data largely reflect dose-limiting toxicities in conjunction
with an inability to achieve therapeutically relevant levels.8,11-14 Local drug delivery, on the
other hand, has proven to be highly effective in providing therapeutic drug concentration
directly at the site of numerous cancers, thereby improving the therapeutic efficacy of the
drug and patient compliance.15-20 Furthermore, topical application of a bioadhesive gel that
contained freeze dried black raspberries provided positive results19,21 which served as the
basis for our ongoing multicenter, placebo-controlled Phase 2 clinical trial. We have
observed, however, that topical berry gel is insufficient to manage some patients’
precancerous oral lesions.22 To help address this unmet clinical need, we have designed a
mucoadhesive patch to deliver a chemically and mechanistically distinct chemopreventive,
fenretinide. We envision that combination therapy will provide additive or synergistic
chemopreventive effects.

In our previous study,23 we developed a unique and optimal mucoadhesive patch
formulation that has the potential to provide site-specific continuous in vitro and in vivo
release of extremely hydrophobic and low water soluble fenretinide. Poor tissue
permeability of fenretinide,13,14 however, remained as a potential concern. The ultimate
dosing regimen anticipated for administration of fenretinide mucoadhesive patches to the
oral cavity is not yet known. Furthermore, many dysplastic lesions arise at sites critical for
function, e.g., lateral and ventral tongue, floor of mouth, soft palate and buccal mucosa,
which may make extended administrations times difficult.24 Therefore, in this study, we
sought to make further advancement on mucoadhesive fenretinide patch by investigating the
potential of co-incorporation of tissue enhancers (propylene glycol (PG) and menthol) in the
patch to enhance the permeation and tissue levels of fenretinide. Permeation enhancement
may also be helpful to optimize the time of patch application. We anticipate that
mucoadhesive patch formulations will enable clinical re-introduction of an effective
epithelial-relevant chemopreventive compound to treat head and neck dysplastic lesions.3

Menthol is a monocyclic terpene with a pleasant taste and odor.25 It is an effective, safe,
non-carcinogenic and widely used permeation enhancer in transdermal drug delivery.25

Propylene glycol, on the other hand, is commonly used cosolvent and increases the
permeability of hydrophobic drugs across biological membranes via solvent drag.26-28 When
PG is combined with another tissue enhancer, pronounced drug permeation can be expected
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as it acts as a cosolvent for both permeant and enhancer (e.g., menthol) and may facilitate
enhanced penetration of both the molecules.28,29 Herein, we evaluated fenretinide-
Eudragit® RL PO-solubilizer-containing patches with and without PG and menthol both in
vitro and in vivo.

Fenretinide-Eudragit® RL PO-solubilizers patches with and without permeation enhancers
were prepared as described previously.23 The objective of this study was to enhance buccal
mucosal permeation of fenretinide in vitro and in vivo by co-incorporation of PG and
menthol in the patch formulation.

EXPERIMENTAL SECTION
Chemicals, Tissue, and Animals

Fenretinide was received as a gift sample from Merck & Co., Inc. (Whitehouse Station, NJ).
Sodium deoxycholate, Tween® 80 and L-menthol were purchased from Sigma-Aldrich, Co.
(St. Louis, MO). Noveon® AA-1 polycarbophil (PC), hydroxypropyl methylcellulose
(HPMC) 4KM and Eudragit® RL-PO were all gifts from Lubrizol Corp. (Wickliffe, OH),
Colorcon®, Inc., (West point, PA), and Evonik Degussa Corp. (Piscataway, NJ),
respectively. Propylene glycol was purchased from MP Biomedicals, LLC (Solon, OH).
Teflon® overlay was purchased from Scientific Commodities, Inc., (Lake Havasu City, AZ).
Tegaderm™ roll was purchased from 3M Health Care (St. Paul, MN). Porcine buccal tissue
was obtained from slaughter house (Dunbar Meat Packing Company, Milan, MI, USA).
Rabbits were purchased from Harlan Laboratories (Indianapolis, IN, USA).

Preparation of Oral Mucoadhesive Patches for Enhanced Buccal Permeation of Fenretinide
Fenretinide/Eudragit® RL-PO/solubilizers patches with and without permeation enhancers
(PG and menthol) were prepared by a solvent casting and assembly techniques as described
previously (see detailed Methods in Supporting Information).23 Three steps were involved in
the preparation of fenretinide patch: formation of adhesive (hydroxypropyl methylcellulose
and polycarbophil at a weight ratio of 3:1) and drug release (5 wt% fenretinide/Eudragit®
RL-PO/40 wt% sodium deoxycholate/20wt% Tween® 80) layers, and assembly of adhesive
and drug release layers onto backing layer (Tegaderm™ film) (see Figure S1 and Method in
Supporting Information). In this study, drug release (fenretinide) layer consisted of
permeation enhancer(s) in addition to the composition given above. Eudragit® RL-PO/5 wt
% fenretinide/40 wt% sodium deoxycholate/20wt% Tween® 80 layer loaded with PG alone
(5 and 10 wt%) or menthol alone (5 and 10 wt%) or in combination (1 wt% PG + 5wt%
menthol, 2.5 wt% PG + 5wt% menthol, and 10 wt% PG + 5wt% menthol) were prepared in
a similar manner and used in the current investigations.

Fenretinide HPLC Assay
HPLC assays were performed on a Waters 2695 alliance system (Milford, MA, USA)
consisting of a 2996 Photodiode array detector and a personal computer with Empower 2
Software. A symmetry C18 column (4 μm, 150 mm × 4.6 mm) was used. Isocratic elution
with acetonitrile: 0.1 % (v/v) phosphoric acid (67:33 v/v) was employed at a flow rate of 1.0
mL/min and detection wavelength was set at 365 nm. Standard curve of fenretinide was
established in acetonitrile: ethanol (50:50) and concentration of unknown samples was
calculated from the standard curve.

Determination of Fenretinide Solubility in Bovine Serum
A known quantity (0.9, 2.26, 3.97, 8.03, and 20.5 mg) of fenretinide was added to
polypropylene tubes containing 15 mL fetal bovine serum. The samples were incubated at
37 °C under constant rotation using a rigged rotator and protection from light. At every 24 h
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till 7 days, the samples were centrifuged at 8000 rpm for 10 minutes and 200 μL of
supernatant was withdrawn. Withdrawn serum sample was replaced with fresh serum
sample, mixed properly, and incubated again under similar conditions. To the withdrawn
sample (200 μL), 2 mL of acetonitrile was added,30,31 agitated overnight on a mechanical
shaker with protection from light, passed through 0.45 μm PVDF filter units, and analyzed
by HPLC.

Determination of Fenretinide Loading
Fenretinide/Eudragit® films were digested in acetonitrile: ethanol (50:50), passed through
0.45 μm PVDF filter units, and analyzed by HPLC after suitable dilution. The fenretinide
loading was calculated as the percentage of the amount of fenretinide versus the total weight
of the film mixture (i.e., fenretinide, Eudragit®, and other excipients).

Evaluation of In Vitro Release of Fenretinide from Oral Mucoadhesive Patches
Simulated saliva comprised of 14.4, 16.1, 1.3, 0.55, and 2 mM sodium chloride, potassium
chloride, calcium chloride dihydrate, magnesium chloride hexahydrate, and dibasic
potassium phosphate and the pH was adjusted to 6.8. In vitro release studies were conducted
in simulated saliva containing 5% (w/v) sodium deoxycholate under perfect sink conditions.
Mucoadhesive patches were placed in 50 mL tubes (separate tubes for each sampling
interval) and 40 mL release medium was added to each tube. The tubes were placed in an
incubator maintained at 37 °C and shaken at 100 RPM. At predetermined time intervals (0.5,
3, and 6 h), tubes were taken out and the patches were immediately freeze-dried. The
amount of fenretinide remaining in the patch was determined as per the method described in
loading assay. The cumulative amount of fenretinide released was calculated by subtracting
the fraction remaining in the patches from the initial drug content.

Ex Vivo Permeation of Fenretinide across Porcine Buccal Mucosa
Ex vivo permeation of fenretinide across porcine buccal mucosa was conducted using side-
by-side flow-through diffusion cells (donor and receiver chamber volume = 3 mL).32 The
diffusional interface was a spherical shape with a diameter of 1 cm. Porcine buccal tissue
was obtained from a local slaughterhouse and used within 2 hours of slaughter. The tissue
was stored in Krebs buffer at 4 °C upon removal. The epithelium was separated from the
underlying connective tissue with a scalpel and mounted between the donor and the receiver
chambers. Fenretinide patch was then attached to the buccal mucosa (adhesive layer facing
mucosa and backing layer exposed to buffer) in donor chamber. Donor and receiver
chambers were filled with 3 mL degassed phosphate buffered saline (PBS, pH = 7.4)
containing 0.084% Tween® 80 (v/v) and simulated saliva (pH 6.8), respectively. Both the
chambers were maintained at 37 °C by circulating the water from a thermostatically
controlled water bath. The receiver chamber medium was stirred at 600 rpm. After specified
duration (1, 2, 3, 4, 5, 6, 7, 8 and 12 h), 1 mL sample was withdrawn from the receiver
chamber and immediately replaced with fresh medium. Fenretinide was quantified by
HPLC. At the end of permeation study, phenol red at a concentration of 300 μg/mL was
added to the donor chamber to check the integrity of buccal mucosa. Phenol red acts as a
marker compound, which does not permeate through an intact porcine buccal membrane.33

Upon the completion of ex vivo permeation study, porcine buccal tissue was removed and
fenretinide level in the tissue was determined as described below.

Determination of Fenretinide Levels in Buccal Tissue
Treated porcine buccal tissue was cut into small pieces and placed in 4-mL polypropylene
tubes. One milliliter of water was added to the tubes and homogenized for 1 minute. Then, 2
mL of acetonitrile was added to the tubes and vortexed for 1 hour. After 1 h, tubes were
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centrifuged at 2600 g at 25 °C for 20 min and the supernatant was analyzed by HPLC to
determine fenretinide content.

Haematoxylin and Eosin Staining
A portion of each tissue was fixed in buffered 10% formalin and embedded in paraffin wax.
Then, 5 μm sections were placed on microscope slides, deparaffinized using xylene, and
rehydrated using ethanol solutions in a gradient of 80% up to 100% and distilled water. The
tissue slices were placed in 0.7% w/w haematoxylin solution, rinsed twice in acid ethanol
(0.1 N HCl in 95% ethanol) to remove the excess stain. Subsequently, the tissue slices were
placed in 0.1% w/w eosin solution and dehydrated using solutions of ethanol in a gradient of
80% up to 100% and then xylene.

Light Microscopy Analysis
Light microscopy was performed using Olympus BX51 microscope (Olympus, Tokyo,
Japan) at 40 × magnification. Images of the sections were captured using a fitted camera
(Olympus DP70 digital camera, Tokyo, Japan), and software (Olympus DP controller,
Tokyo, Japan).

Evaluation of In Vivo Fenretinide Release and Permeation
Animal studies were approved by the Ohio State University Institutional Animal Care and
Use Committee and adhered to National Institute of Health guidelines. Female New Zealand
white rabbits (12 weeks old and weight ranging 2.7-3.1 kg) were anesthetized with
isoflurane (5% v/v in oxygen) via inhalation for patch placement and removal. Six
fenretinide oral mucoadhesive patches/time point were placed on the buccal mucosa of
individual rabbit’s oral cavity (drug + adhesive layers facing the mucosa). Slight pressure
was applied to the backing layer of the patch for 1 minute to establish mucoadhesion with
the rabbit buccal mucosa. After different attachment times (0.5, 3 and 6 h), the patches were
carefully removed and remaining fenretinide in patches was determined by HPLC. The
cumulative amount of fenretinide released was determined by subtracting the fraction
remaining in the patches from the initial drug content. To determine in vivo permeation and
tissue deposition of fenretinide, rabbits were sacrificed via intravenous potassium chloride
injection after 0.5, 3, and 6 h of patch attachment and then the buccal tissue was harvested.
Fenretinide levels in buccal tissue were then determined by assaying the tissue samples as
per the method described in the determination of fenretinide level in buccal tissue.

Statistical Analysis
The results are expressed as mean ± SE (n = 3/4 (in vitro) or 5 (ex vivo) or 6 (in vivo)). An
unpaired Student’s t-test and one-way ANOVA were used to compare the means of in vitro
and in vivo drug release, ex vivo porcine buccal mucosal permeation and tissue levels of
fenretinide, in vivo tissue levels of fenretinide and assess statistical significance. Results
were considered statistically significant if p<0.001.

RESULTS AND DISCUSSION
Mucoadhesive Fenretinide Patches with Enhanced Drug Permeability

In our previous study,23 we developed a novel mucoadhesive patch formulation of
fenretinide for site-specific chemoprevention of oral cancer. Solubilizer-free patches
exhibited poor in vitro and in vivo drug release behavior. Co-incorporation of either single
or mixed solubilizers (e.g., Tween® 20 and 80, sodium deoxycholate) in fenretinide/
Eudragit® patches led to significantly improved continuous in vitro and in vivo fenretinide
release.23 The use of fenretinide in chemoprevention of oral cancer has been hindered by
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several key limitations, e.g., poor solubility, biological membrane permeability and
bioavailability, and rapid elimination of drug from the body. Undesired effects are rendered
mainly by its extremely high hydrophobicity (log P = 8.03) and low water solubility (below
detection limit).11,13,14 In addition, preliminary in vitro and in vivo studies conducted in our
labs also suggested the necessity of permeation enhancers as the content of fenretinide was
higher on the outer surface of buccal mucosa compared to interior tissue (data not shown).
Hence, we made further improvements in this study by rendering to fenretinide patch
enhanced mucosal permeation of fenretinide.

Fenretinide-loaded Eudragit® RL PO layers with and without permeation enhancers were
prepared by a solvent casting method with drug loading efficiency of 90-95 %, as seen in
Table 1. The thickness of fenretinide and adhesive layers, and the Tegaderm™ adhesive film
were measured to be ~ 0.28, 0.28, and 0.05 mm, respectively. After assembling drug and
adhesive layers onto backing layer, the total thickness of the patch was measured to be ~
0.33 mm.

Determination of Optimal Quantity of Surfactant to Maintain Ex Vivo Sink Condition for
Fenretinide: Solubility of Fenretinide in Bovine Serum

Sink condition is one of the key features that govern in vitro release or ex vivo biological
membrane permeability of hydrophobic drugs.34,35 The process of ex vivo drug transport
from the patch (donor compartment) to receiver medium (receiver compartment) involves
release of drug from the patch to the buccal surface, permeation of drug into the buccal
tissue, and release (after dissolution if necessary) of drug from the tissue into the receiver
chamber medium. The patch we developed for extremely hydrophobic fenretinide comprises
of effective solubilizers to facilitate continuous in vitro and in vivo fenretinide release and
tissue permeation enhancers to improve fenretinide permeability across buccal mucosa. To
maintain a perfect sink condition in the release/receiver chamber medium, appropriate
quantity of suitable solubilizing agent is commonly incorporated.35 In this study, the optimal
quantity of non-ionic surfactant in the release media was selected by matching the drug
solubility to that in bovine serum.

The solubility of fenretinide in bovine serum at different fenretinide concentrations (0.9,
2.26, 3.97, 8.03 and 20.5 mg) and incubation times (1-7 days) is shown in Figure 1. The
solubility of fenretinide in bovine serum was found to be 21 ± 1 μg/mL (see Figure 1A).
Bovine serum comprises numerous proteins namely albumin, lipoproteins and serum retinol-
binding protein (RBP). Enhanced solubility of fenretinide in bovine serum can be attributed
to protein-drug binding or complexation.36-38

As expected, the time taken by fenretinide to reach equilibrium with bovine serum was
affected by the amount of fenretinide added in bovine serum. For example, when the amount
of fenretinide was increased from 0.9 to 8.03 mg, the time required to achieve equilibrium
was reduced from 7 to 4 days (see Figure 1B). Further increases in fenretinide quantity did
not reduce the time required for equilibration, thereby suggesting the necessity of minimum
~ 8 mg of fenretinide and 4 days incubation time to reach equilibrium state with 15 mL
serum. A concentration of 0.084% Tween® 80 required to reach equivalent solubility of
fenretinide (21 μg/mL in bovine serum) in test medium (receiver chamber medium i.e. PBS,
pH 7.4) was then determined from the perfect linear relationship of fenretinide solubility in
PBS versus Tween® 80 concentration above the surfactant critical micelle concentration.39

Hence, PBS + 0.084% Tween® 80 was then used to mimic physiological solubilization/sink
condition in the ex vivo drug permeation studies.
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Enhanced Ex Vivo Porcine Buccal Mucosal Permeation of Fenretinide by Co-incorporation
of Propylene Glycol and Menthol in Fenretinide/Eudragit® RL-PO Patches

The effect of co-incorporation of single (5 and 10 wt% PG or menthol) and mixed (1 wt%
PG + 5 wt% menthol, 2.5 wt% PG + 5 wt% menthol or 10 wt% PG + 5 wt% menthol)
permeation enhancers in fenretinide/Eudragit® RL PO mucoadhesive patches on ex vivo
porcine buccal mucosal permeation of fenretinide is shown in Figure 2. Ex vivo permeation
of fenretinide increased steadily over a period of 8 h and then reached a plateau thereafter
(see Figure 2). The both the flux (Js) at steady state and the enhancement factor (EF = Js
with enhancer/Js without enhancer) were calculated.

The fraction of drug permeated across buccal mucosa and deposited in the buccal tissue, and
values of Js and EF are given in Table 2. Co-incorporation of single (see Figure 2A and B)
or mixed (see Figure 2C) permeation enhancers in the patch led to significant enhancement
(p < 0.001) in the rate and extent of fenretinide permeation across porcine buccal mucosa
(see Table 2). For example, the flux for permeation enhancer-free patch was found to be ~
10 μg cm−2 h−2. After co-incorporation of 10 wt% PG or 10 wt% PG + 5 wt% menthol, the
flux was increased to ~ 23 (EF = 2.3) and 40 (EF = 4) μg cm−2 h−2, respectively. In contrast,
a slight increase in the flux was observed with menthol patch formulations (Js = ~ 13 μg
cm−2 h−2). The levels of drug in tissue were in agreement with the values of flux (see Table
2). Fenretinide content in buccal tissue after 12 h of ex vivo permeation with permeation
enhancer-free patch was found to be ~ 44 μg/g. Co-incorporation of PG or PG + menthol led
significantly high amount of fenretinide recovery from the buccal tissue (~ 171 and 241 μg
fenretinide/g tissue with 10 wt% PG and 10 wt% PG + 5 wt% menthol formulation,
respectively), thereby indicating increased tissue localization/penetration of fenretinide in
the presence of PG or PG + menthol. A moderate enhancement effect was exhibited by
menthol alone.

Propylene glycol exerts its permeation enhancement effect by competing for the solvation
sites of the polar head groups of the lipid bilayers and occupying the hydrogen bonding
sites, thereby increasing the solubility of this site for the permeant.26-28 It has also been
hypothesized that PG may increase the lipid fluidity which in turn facilitates enhanced drug
permeation.26-28 Enhanced permeation of fenretinide in the presence of PG can be attributed
to one or both of these mechanisms. Menthol, on the other hand, has the ability to modify
the drug diffusivity and/or partitioning by disrupting the conformational order of the
intercellular lipids in bilayers.40 Menthol alone it did not provide significant permeation
enhancement of fenretinide (p > 0.001). This result can be attributed at least in part to non-
homogeneous distribution of menthol in fenretinide/Eudragit® RL PO matrix (see Figure S2
and Discussion in Supporting Information) due to crystallization and aggregation of menthol
during solvent evaporation.41 Interestingly, when PG was combined with menthol, this issue
was overcome (see Figure S2 in Supporting Information) and pronounced fenretinide
permeation enhancement was observed relative to menthol alone (see Figure 2C and Table
2). Better fenretinide permeation observed with mixed permeation enhancers (PG +
menthol) can be attributed to synergistic effect between menthol and PG.25,26,28,29,40 These
findings are in good agreement with report of Yamane et al.29 In their study, synergistic
enhancement of the ability of terpenes was observed in the presence of PG.

Although the specific oral mucosal permeation mechanism of fenretinide is not clear from
our ex vivo and in vivo permeation data, this data was beyond the scope of the manuscript.
Our goal was to apply known permeation enhancers and solubilizers toward delivery of very
important chemopreventive fenretinide, and to optimize their formulation composition to
enhance drug permeation in vitro and in vivo, while minimizing any histological changes.
We have further conducted pharmacokinetic and pharmacologic evaluation of fenretinide
mucoadhesive patches in rabbits and this data will be published elsewhere. In the future we
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hope to (a) delineate experimentally the expected contributions of enhanced permeation,
including solvation effects, fluidization of membrane lipid bilayers, and disruption of the
conformational order of the intercellular lipids in bilayers facilitating transcellular or
paracellular or combined pathways for fenretinide permeation enhancement, and (b) to
further rule out potential toxicity associated with the proposed low content of menthol and
PG in the fenretinide patch formulation.

Morphological and Histological Characteristics
Photomicrographs of the sections of porcine buccal tissue after 8 h buccal mucosal
attachment of permeation enhancer-free and permeation enhancers-loaded fenretinide
mucoadhesive patches are shown in Figure 3. The porcine buccal mucosa, similar to human
buccal mucosa,42 consists of an outermost layer of keratinized stratified squamous
epithelium, below which lies a basement membrane, a lamina propria followed by the
submucosa containing the buccinator muscle as the innermost layer.43 Regardless of patch
application, all sections showed an appropriately maturing stratified squamous epithelium.
Scattered mitotic figures were restricted to the basilar layers, and the outermost granular and
corneal layers showed appropriate terminal differentiation as reflected by surface
parakeratin production. No evidence of changes consistent with extensive epithelial
perturbations attributable to a contact mucositis e.g. hydropic degeneration of the basal cell
layer or acantholysis were noted.

Basal epithelial cells are tightly bound together in the control (no patch attachment) sample
(see Figure 3A). Noticeable morphological changes (e.g., prickle cells) in the underlying
layers and significant loss of superficial cell layers were not apparent after attachment of 5
(Figure 3B) and 10 (see Figure 3C) wt% PG loaded patches. An increase in intercellular
edema and swelling of buccal epithelium are visible, however, in Figure 3B and C when the
loading of PG is above 5 wt%.

The photomicrographs of buccal epithelium after treatment with 5 and 10 wt% menthol
loaded patches are respectively shown in Figure 3D and E. It is visible that the epithelium
layers were intact in both the samples. In addition, there was no sign of cellular swelling and
significant histological and ultrastructural changes. Similar results were observed in samples
treated with 1 wt% PG + 5 wt% menthol (see Figure 3F) and 2.5 wt% PG + 5 wt% menthol
(see Figure 3G) loaded patches. In contrast, tissue exposed to the 10 wt% PG + 5% menthol
loaded patch showed a moderate increases in intracellular space and intercellular edema (see
Figure 3H). Since menthol did not cause any epithelial cell alteration, it is likely that higher
(10 wt%) loading of PG in the patch resulted in increased intracellular space and
intercellular edema.

The histological changes (e.g., increases in intracellular space and intercellular edema)
observed in the tissues treated with 5 and 10 wt% PG loaded patches (see Figure 3B, C and
H) are indicative of diffusion of PG into individual keratinocytes as well as the intercellular
spaces.26,44,45 Upon penetration and accumulation in cells, it is likely that PG interacted
with intercellular or membrane lipids,26,28 thereby increasing the permeability of fenretinide
through epithelium. These findings and hypotheses are in agreement with other
reports.26,45,46 Senel et al.45 investigated the potential of dihydroxy and trihydroxy bile salts
to enhance buccal penetration of fluorescein isothiocyanate. The findings obtained from
freeze-fracture electron microscopy suggested presence of bile salts in the cytoplasmic space
domain.45 Since 2.5 wt% PG + 5 wt% menthol loaded patches exhibited optimal drug
permeation enhancement with no morphological and histological changes, this formulation
was selected and used to further evaluate in vitro and in vivo release, and in vivo permeation
and tissue deposition kinetics of fenretinide, as described below.
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In Vitro and In Vivo Release Characteristics of Permeation Enhancers-Loaded Fenretinide/
Eudragit® RL-PO Patches

Evaluation of in vitro and in vivo drug release characteristics of optimized fenretinide patch
formulations (permeation enhancer-free and 2.5 wt% PG + 5 wt% menthol-loaded
fenretinide/Eudragit® RL-PO patches) was conducted in simulated saliva and rabbits,
respectively. To determine the cumulative amount of fenretinide released in vitro/in vivo,
drug fraction remaining in the patches after 0.5, 3, and 6 h of in vitro incubation or in vivo
attachment was determined and then subtracted from the initial drug content (see Figure 4
for in vitro and in vivo fenretinide release curves). Both the patch formulations provided
continuous in vitro and in vivo fenretinide release from Eudragit® polymeric matrices, and
the addition of PG and menthol did not significantly affect the release kinetics, indicating
further fenretinide solubilization26,28 and/or changes to the patch swelling behavior.
Therefore, the patch release characteristics were largely determined by sodium deoxycholate
and Tween® 80, which served as the effective solubilization role in the patch formulation.

Interestingly, there was a significant difference (p < 0.001) between in vitro and in vivo
fenretinide release characteristics of permeation enhancer-free and 2.5 wt% PG + 5 wt%
menthol-loaded fenretinide/Eudragit® RL-PO patches (see Figure 4), although the
continuous release trend was the same. This difference can be linked to dissimilarity in test
conditions (e.g., in vitro drug release in simulated saliva vs. in vivo drug release followed by
permeation across buccal mucosal membrane). The finding observed in the current study
was in agreement with the report of Junginger et al.46 Junginger et al. also found significant
differences between in vitro and in vivo permeation of FITC-labeled dextran across pig
buccal mucosa, and the permeability of this compound increased in the presence of a
penetration enhancer, sodium glycodexycholate.46

Enhanced In Vivo Rabbit Buccal Mucosal Permeation and Deposition of Fenretinide by Co-
incorporation of Propylene Glycol and Menthol in Fenretinide/Eudragit® RL-PO Patches

In vivo tissue levels of fenretinide after 0.5, 3, and 6 h of buccal administration of
permeation enhancer-free and 2.5 wt% PG + 5 wt% menthol-loaded fenretinide/Eudragit®
RL-PO patches in rabbits is shown in Figure 5. The level of fenretinide in rabbit buccal
tissue increased steadily as function of attachment time of both the patch (permeation
enhancer-free and permeation enhancers-loaded patches) formulations (see Figure 5),
thereby indicating excellent efficacy novel patch formulations to provide continuous in vivo
fenretinide permeation across the rabbit buccal mucosa. However, extent of fenretinide
permeation and tissue deposition provided by 2.5 wt% PG + 5 wt% menthol-loaded patches
was significantly higher (43.0 ± 7.7 μg fenretinide/g tissue after 6 h of attachment) than that
of permeation enhancer-free patch (17.3 ± 0.3 μg fenretinide/g tissue after 6 h of
attachment) (see Figure 5). These results indicate excellent effectiveness of co-incorporation
of PG and menthol to obtain improved oral mucosal permeation and tissue levels of
fenretinide. Different permeation and tissue deposition kinetics of fenretinide obtained with
ex vivo and in vivo studies can be attributed to dissimilarity in key test conditions (e.g.,
porcine vs. rabbit buccal mucosas, ex vivo vs. in vivo sink conditions).

Importantly, these data demonstrate the therapeutic advantage imparted by mucoadhesive
patch local delivery of fenretinide, i.e., obtaining pharmacologically active levels in the
target tissue. In vitro fenretinide concentrations between 1 and 10 μM have been established
as inducing desirable chemopreventive effects, e.g., cellular terminal differentiation (<3
μM) and apoptosis (>5 μM).47 As per previously published intra-tissue fenretinide mass to
molar conversions, the levels of fenretinide delivered to rabbit buccal mucosa from
permeation enhancers loaded patch ranged from 7.75 μg/g (0.5 hour; 19.8 μM) to 42.36 μg/
g (6 hours; 108.2 μM).48 Therefore, short duration patch application (i.e., less than 30
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minutes) will provide therapeutically relevant concentrations in the targeted oral epithelium,
and due to the decreased treatment time, should facilitate patient compliance.

CONCLUSIONS
The objective of this study was to further enhance intraoral site-specific fenretinide delivery
by developing mucoadhesive patches that can provide enhanced buccal mucosal permeation
and tissue levels of fenretinide. This hypothesis was tested by co-incorporating suitable
permeation enhancers (PG and menthol) in fenretinide/Eudragit® RL-PO patches.
Mucoadhesive patches containing well-designed drug delivery (fenretinide + solubilizers +
permeation enhancers), adhesive, and backing layers were prepared by solvent casting and
assembling techniques. Co-incorporation of PG or PG + menthol in patches led to
significant ex vivo and in vivo buccal mucosal permeation and tissue deposition of
fenretinide, a extremely hydrophobic and poorly tissue permeable chemopreventive agent.
Mucoadhesive patch co-incorporated with 2.5 wt% PG + 5 wt% menthol was found to be an
optimal fenretinide patch formulation for its oral mucosal permeation enhancement without
significantly affecting the observed histology of the oral mucosa.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This study was funded by Fanconi Anemia Research Fund and NIH grants: R01 CA129609, RC2 CA148099, R21
CA132138 to the labs of Susan R. Mallery and/or Steven P. Schwendeman, and F30 DE020992 and T32 DE14320
to Andrew S. Holpuch.

REFERENCES
(1). http://seer.cancer.gov/statfacts/html/oralcav.html

(2). Lefebvre JL. Current Clinical Outcomes Demand New Treatment Options for SCCHN. Ann.
Oncol. 2005; 16:VI7–VI12. [PubMed: 15987995]

(3). Holpuch A, Desai KGH, Schwendeman S, Mallery S. Optimizing Therapeutic Efficacy of
Chemopreventive Agents: A Critical Review of Delivery Strategies in Oral Cancer
Chemoprevention Clinical Trials. J. Carcinogenesis. 2011; 10:23–23.

(4). Dent J. Molecular Pathogenesis of Oral Squamous Cell Carcinoma: Implications for Therapy. J.
Dent. Res. 2008; 87:191–191.

(5). Forastiere AA. Head and Neck Cancer: Overview of Recent Dvelopments and Future Directions.
Semin. Oncol. 2000; 27:1–4. [PubMed: 10952432]

(6). Ganly I, Kaye SB. Recurrent Squamous-Cell Carcinoma of the Head and Neck: Overview of
Current Therapy and Future Prospects. Ann. Oncol. 2000; 11:11–16. [PubMed: 10690381]

(7). Lippman SM, Lee JJ, Martin JW, El-Naggar AK, Xu XC, Shin DM, Thomas M, Mao L, Fritsche
HA, Zhou X, et al. Fenretinide Activity in Retinoid-Resistant Oral Leukoplakia. Clin. Cancer
Res. 2006; 12:3109–3114. [PubMed: 16707609]

(8). Chiesa F, Tradati N, Grigolato R, Boracchi P, Biganzoli E, Crose N, Cavadini E, Formelli F, Costa
L, Giardini R, et al. Randomized Trial of Fenretinide (4-HPR) to Prevent Recurrences, New
Localizations and Carcinomas in Patients Operated on for Oral Leukoplakia: Long-Term Results.
Int. J. Cancer. 2005; 115:625–629. [PubMed: 15700313]

(9). Chen SY, Samuel W, Fariss RN, Duncan T, Kutty RK, Wiggert B. Differentiation of Human
Retinal Pigment Epithelial Cells into Neuronal Phenotype by N-(4-hydroxyphenyl)retinamide. J.
Neurochem. 2003; 84:972–981. [PubMed: 12603822]

(10). Hail N, Kim HJ, Lotan R. Mechanisms of Fenretinide-Induced Apoptosis. Apoptosis. 2006;
11:1677–1694. [PubMed: 16850162]

Wu et al. Page 10

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://seer.cancer.gov/statfacts/html/oralcav.html


(11). William WN, Lee JJ, Lippman SM, Martin JW, Chakravarti N, Tran HT, Sabichi AL, Kim ES,
Feng L, Lotan R, et al. High-Dose Fenretinide in Oral Leukoplakia. Cancer Prev. Res. 2009;
2:22–26.

(12). Conley B, O’Shaughnessy J, Prindiville S, Lawrence J, Chow C, Jones E, Merino MJ, Kaiser-
Kupfer MI, Caruso RC, Podger M, et al. Pilot Trial of the Safety, Tolerability, and Retinoid
Levels of N-(4-hydroxyphenyl) Retinamide in Combination with Tamoxifen in Patients at High
risk for Developing Invasive Breast Cancer. J. Clin. Oncol. 2000; 18:275–283. [PubMed:
10637240]

(13). Okuda T, Kawakami S, Higuchi Y, Satoh T, Oka Y, Yokoyama M, Yamashita F, Hashida M.
Enhanced In Vivo Antitumor Efficacy of Fenretinide Encapsulated in Polymeric Micelles. Int. J.
Pharm. 2009; 373:100–106. [PubMed: 19429294]

(14). Kokate A, Li X, Jasti B. Transport of a Novel Anti-Cancer Agent, Fenretinide Across Caco-2
Monolayers. Invest. New Drug. 2007; 25:197–203.

(15). Reddy LH. Drug Delivery to Tumours: Recent Strategies. J. Pharm. Pharmacol. 2005; 57:1231–
1242. [PubMed: 16259751]

(16). Desai KGH, Mallery SR, Schwendeman SP. Formulation and Characterization of Injectable
Poly(DL-lactide-co-glycolide) Implants Loaded with N-Acetylcysteine, a MMP Inhibitor. Pharm.
Res. 2008; 25:586–597. [PubMed: 17891553]

(17). Holpuch AS, Hummel GJ, Tong M, Seghi GA, Pei P, Ma P, Mumper RJ, Mallery SR.
Nanoparticles for Local Drug Delivery to the Oral Mucosa: Proof of Principle Studies. Pharm.
Res. 2010; 27:1224–1236. [PubMed: 20354767]

(18). Mallery SR, Stoner GD, Larsen PE, Fields HW, Rodrigo KA, Schwartz SJ, Tian Q.; Dai, J.
Mumper RJ. Formulation and In-Vitro and In-Vivo Evaluation of a Mucoadhesive Gel
Containing Freeze Dried Black Raspberries: Implications for Oral Cancer Chemoprevention.
Pharm. Res. 2007; 24:728–737. [PubMed: 17372698]

(19). Shumway BS, Kresty LA, Larsen PE, Zwick JC, Lu B, Field HW, Mumper RJ, Stoner GD,
Mallery SR. Effects of a Topically Applied Bioadhesive Berry Gel on Loss of Heterozygosity
Indices in Premalignant Oral Lesions. Clin. Cancer Res. 2008; 14:2421–2430. [PubMed:
18413833]

(20). Ugalde CM, Liu Z, Ren C, Chan KK, Rodrigo KA, Ling Y, Larsen PE, Chacon GE, Stoner GD,
Mumper RJ, et al. Distribution of Anthocyanins Delivered from a Bioadhesive Black Raspberry
Gel following Topical Intraoral Application in Normal Healthy Volunteers. Pharm. Res. 2009;
26:977–986. [PubMed: 19137418]

(21). Mallery SR, Zwick JC, Pei P, Tong M, Larsen PE, Shumway BS, Lu B, Fields HW, Mumper RJ,
Stoner GD. Topical Application of a Bioadhesive Black Raspberry Gel Modulates Gene
Expression and Reduces Cyclooxygenase 2 Protein in Human Premalignant Oral Lesions. Cancer
Res. 2008; 68:4945–4957. [PubMed: 18559542]

(22). Mallery SR, Budendorf DE, Larsen MP, Pei P, Tong M, Holpuch AS, Larsen PE, Stoner GD,
Fields HW, Chan KK, et al. Effects of Human Oral Mucosal Tissue, Saliva, and Oral Microflora
on Intraoral Metabolism and Bioactivation of Black Raspberry Anthocyanins. Cancer Prev. Res.
2011; 4:1209–1221.

(23). Desai KGH, Mallery SR, Holpuch AS, Schwendeman SP. Development and In Vitro-In Vivo
Evaluation of Fenretinide-Loaded Oral Mucoadhesive Patches for Site-Specific
Chemoprevention of Oral Cancer. Pharm. Res. 2011; 28:2599–2609. [PubMed: 21674264]

(24). Campo-Trapero J, Cano-Sanchez J, Palacios-Sanchez B, Sanchez-Gutierrez JJ, Gonzalez-Moles
MA, Bascones-Martinez A. Update on Molecular Pathology in Oral Cancer and Precancer.
Anticancer Res. 2008; 28:1197–1205. [PubMed: 18505056]

(25). Shojaei AH, Khan M, Lim G, Khosravan R. Transbuccal Permeation of a Nucleoside Analog,
Dideoxycytidine: Effects of Menthol as a Permeation Enhancer. Int. J. Pharm. 1999; 192:139–
146. [PubMed: 10567745]

(26). Asbill CS, El-Kattan AF, Michniak B. Enhancement of Transdermal Drug Delivery: Chemical
and Physical Approaches. Crit. Rev. Ther. Drug. 2000; 17:621–658.

Wu et al. Page 11

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(27). Duracher L, Blasco L, Hubaud J-C, Vian L, Marti-Mestres G. The Influence of Alcohol,
Propylene Glycol and 1,2-Pentanediol on the Permeability of Hydrophilic Model Drug through
Excised Pig Skin. Int. J. Pharm. 2009; 374:39–45. [PubMed: 19446757]

(28). Trommer H, Neubert RHH. Overcoming the Stratum Corneum: The Modulation of Skin
Penetration-A Review. Skin Pharmacol. Physiol. 2006; 19:106–121. [PubMed: 16685150]

(29). Yamane MA, Williams AC, Barry BW. Terpene Penetration Enhancers in Propylene Glycol
Water Co-Solvent Systems: Effectiveness and Mechanism of Action. J. Pharm. Pharmacol. 1995;
47:978–989. [PubMed: 8932680]

(30). Formelli F, Carsana R, Costa A. N-(4-hydroxyphenyl)retinamide (4-HPR) Lowers Plasma
Retinol Levels in Rats. Med. Sci. Res-Biochem. 1987; 15:843–844.

(31). Formelli F, Carsana R, Costa A, Buranelli F, Campa T, Dossena G, Magni A, Pizzichetta M.
Plasma Retinol Level Reduction by the Synthetic Retinoid Fenretinide-A One-Year Follow-up-
Study of Breast-Cancer Patients. Cancer Res. 1989; 49:6149–6152. [PubMed: 2529028]

(32). Shojaei AH, Berner B, Li XL. Transbuccal Delivery of Acyclovir: I. In Vitro Determination of
Routes of Buccal Transport. Pharm. Res. 1998; 15:1182–1188. [PubMed: 9706047]

(33). Sekhar KC, Naidu KVS, Vishnu YV, Gannu R, Kishan V, Rao YM. Transbuccal Delivery of
Chlorpheniramine Maleate from Mucoadhesive Buccal Patches. Drug Deliv. 2008; 15:185–191.
[PubMed: 18379931]

(34). Shi Y, Gao P, Gong Y, Ping H. Application of a Biphasic Test for Characterization of In Vitro
Drug Release of Immediate Release Formulations of Celecoxib and Its Relevance to In Vivo
Absorption. Mol. Pharmaceutics. 2010; 7:1458–1465.

(35). Cho YW, Lee J, Lee SC, Huh KM, Park K. Hydrotropic Agents for Study of In Vitro Paclitaxel
Release from Polymeric Micelles. J. Control. Release. 2004; 97:249–257. [PubMed: 15196752]

(36). Berni R, Formelli F. Invitro Interaction of Fenretinide with Plasma Retinol-Binding Protein and
Its Functional Consequences. Febs Lett. 1992; 308:43–45. [PubMed: 1386578]

(37). Zanotti G, Marcello M, Malpeli G, Folli C, Sartori G, Berni R. Crystallographic Studies on
Complexes Between Retinoids and Plasma Retinol-Binding Protein. J. Biol. Chem. 1994;
269:29613–29620. [PubMed: 7961949]

(38). Schaffer EM, Ritter SJ, Smith JE. N-(4-hydroxyphenyl)retinamide (Fenretinide) Induces Retinol-
Binding Protein Secretion from Liver and Accumulation in the Kidneys in Rats. J. Nutr. 1993;
123:1497–1503. [PubMed: 8360775]

(39). Wischke C, Zhang Y, Mittal S, Schwendeman SP. Development of PLGA-Based Injectable
Delivery Systems for Hydrophobic Fenretinide. Pharm. Res. 2010; 27:2063–2074. [PubMed:
20668921]

(40). Watanabe H, Obata Y, Onuki Y, Ishida K, Takayama K. Different Effects of L- and D-Menthol
on the Microstructure of Ceramide 5/Cholesterol/Palmitic Acid Bilayers. Int. J. Pharm. 2010;
402:146–152. [PubMed: 20932885]

(41). Albrecht M, Will J, Suhm MA. Chirality Recognition in Menthol and Neomenthol: Preference
for Homoconfigurational Aggregation. Angew. Chem. Int. Edit. 2010; 49:6203–6206.

(42). Del Consuelo ID, Pizzolato GP, Falson F, Guy RH, Jacques Y. Evaluation of Pig Esophageal
Mucosa as a Permeability Barrier Model for Buccal Tissue. J. Pharm. Sci. 2005; 94:2777–2788.
[PubMed: 16258996]

(43). Griffin CJ, Jolly M, Smythe JD. Fine-Structure of Epithelial-Cells in Normal and Pathological
Buccal Mucosa .1. Early Changes in Basal Epithelial-Cells in Erosive type of Lichens Planus.
Aust. Dent. J. 1977; 22:436–445. [PubMed: 417708]

(44). Hoogstraate AJ, Senel S, Cullander C, Verhoef J, Junginger HE, Bodde HE. Effects of Bile Salts
on Transport Rates and Routes of FITC-Labelled Compounds Across Porcine Buccal Epithelium
In Vitro. J. Control. Release. 1996; 40:211–221.

(45). Senel S, Hoogstraate AJ, Spies F, Verhoef JC, Bosvangeest A, Junginger HE, Bodde HE.
Enhancement of In-Vitro Permeability of Porcine Buccal Mucosa by Bile-Salts-Kinetic and
Histological Studies. J. Control. Release. 1994; 32:45–56.

(46). Junginger HE, Hoogstraate JA, Verhoef JC. Recent Advances in Buccal Drug Delivery and
Absorption-In Vitro and In Vivo Studies. J. Control. Release. 1999; 62:149–159. [PubMed:
10518646]

Wu et al. Page 12

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(47). Clifford JL, Menter DG, Wang M, Lotan R, Lippman SM. Retinoid Receptor-Dependent and -
Independent Effects of N-(4-hydroxyphenyl)retinamide in F9 Embryonal Carcinoma Cells.
Cancer Res. 1999; 59:14–18. [PubMed: 9892176]

(48). Vaishampayan U, Heilbrun LK, Parchment RE, Jain V, Zwiebel J, Boinpally RR, LoRusso P,
Hussain M. Phase II Trial of Fenretinide in Advanced Renal Carcinoma. Invest. New Drugs.
2005; 23:179–185. [PubMed: 15744595]

Wu et al. Page 13

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Solubilization of fenretinide in bovine serum. The effect of quantity (0.9 (•), 2.26 (○), 3.97
(▼), 8.03 (△), and 20.05 (■)) of fenretinide added in 15-mL bovine serum and incubation
time on the solubility of fenretinide (A) and the relationship between the quantity of
fenretinide added and time required to reach equilibration (B). Solubility study was
conducted at 37 °C under the protection from light.

Wu et al. Page 14

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Co-incorporation of propylene glycol (PG) or PG + menthol in fenretinide/Eudragit® RL
PO patches significantly enhance fenretinide permeation across porcine buccal mucosa. The
effect of co-incorporation of 0 (•), 5 (○) and 10 (▼) wt% PG (A), 5 (▲) and 10 (□) wt%
menthol (B), and 1 wt% PG + 5 wt% menthol (■), 2.5 wt% PG + 5 wt% menthol (◇) and
10 wt% PG + 5 wt% menthol (◆) (C) in patches on ex vivo permeation of fenretinide
across porcine buccal mucosa. Ex vivo permeation studies were conducted using side-by-
side flow-through diffusion cells at 37 °C. Permeation enhancer-free patch comprised of 5
wt% fenretinide, 20 wt% Tween® 80, and 40 wt% sodium deoxycholate. Symbols represent
mean ± SE, n = 5.

Wu et al. Page 15

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Histological examination of porcine buccal tissue after 8 h buccal mucosal attachment of
permeation enhancer-free and permeation enhancers-loaded fenretinide mucoadhesive
patches. The effect of co-incorporation of 0 (A), 5 (B) or 10 (C) wt% propylene glycol (PG),
5 (D) or 10 (E) wt% menthol, and 1 wt% PG + 5 wt% menthol (F) or 2.5 wt% PG + 5 wt%
menthol (G) or 10 wt% PG + 5 wt% menthol (H) in fenretinide/Eudragit RL PO
mucoadhesive patches on histological changes of porcine buccal tissue. As is apparent from
these photomicrographs, patch application (with or without permeation enhancers) did not
dramatically perturb porcine buccal mucosa. All sections demonstrate a preserved basement
membrane and basal cell layer, an intact stratified squamous surface epithelium with an
overlying parakeratotic layer. Notably, no evidence of changes consistent with extensive
epithelial damage e.g. hydropic degeneration of the basal cell layer or acantholysis were
observed in multiple sections. The evidence of increased intracellular and intercellular
edema observed in epithelia exposed to increased levels PG (C and H.) likely reflects
diffusion of PG into individual keratinocytes as well as the intercellular spaces. Images were
taken by a light microscope. Permeation enhancer-free patch comprised of 5 wt%
fenretinide, 20 wt% Tween® 80, and 40 wt% sodium deoxycholate.
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Figure 4.
In vitro and in vivo release characteristics of permeation enhancers-free and permeation
enhancers-loaded fenretinide/Eudragit® RL PO mucoadhesive patches. Cumulative amount
of fenretinide released in vitro/in vivo from permeation enhancers-free (○: in vitro; △: in
vivo) and permeation enhancers (2.5 wt% propylene glycol + 5 wt% menthol)-loaded (•: in
vitro; ▲: in vivo) patches as a function of time. In vitro and in vivo release studies were
conducted in simulated saliva containing 5% w/v sodium deoxycholate (pH 6.8) at 37 °C
and rabbits, respectively. Permeation enhancer-free patch comprised of 5 wt% fenretinide,
20 wt% Tween® 80, and 40 wt% sodium deoxycholate. Symbols represent mean ± SE, n =
4 (in vitro) or 6 (in vivo).
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Figure 5.
Co-incorporation of permeation enhancers (2.5 wt% propylene glycol + 5 wt% menthol) in
fenretinide/Eudragit® RL PO patch enhances in vivo buccal mucosal permeation of
fenretinide. Tissue levels of fenretinide as a function of buccal administration time of
permeation enhancer-free (filled bars) and permeation enhancers-loaded (open bars) patches
in rabbits. Permeation enhancer-free patch comprised of 5 wt% fenretinide, 20 wt% Tween®
80, and 40 wt% sodium deoxycholate. Bars represent mean ± SE, n = 6).
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Figure 6.

Wu et al. Page 19

Mol Pharm. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 20

Table 1

Evaluation of Microencapsulation of Fenretinide in Permeation Enhancer-Free and Permeation Enhancers-
Loaded Eudragit® RL-PO Films.

Patch formulation Fenretinide loading (wt%) Loading
efficiency (%)*Theoreticala Actual*

Permeation enhancer-free 5.26 4.76 ± 0.06 90.44 ± 1.14

5 wt% PG 5.00 4.59 ± 0.07 91.81 ± 1.40

10 wt% PG 4.76 4.52 ± 0.12 94.94 ± 2.52

5 wt% Menthol 5.00 4.62 ± 0.06 92.40 ± 1.20

10 wt% Menthol 4.76 4.51 ± 0.11 94.71 ± 2.31

1 wt% PG + 5 wt% Menthol 4.95 4.48 ± 0.13 90.50 ± 2.63

2.5 wt% PG + 5 wt% Menthol 4.88 4.53 ± 0.11 92.87 ± 2.26

10 wt% PG + 5 wt% Menthol 4.54 4.14 ± 0.05 91.10 ± 1.10

*
Mean ± SE, n = 3;

a
Based on polymer + excipients weight
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Table 2

Evaluation of Potential of Co-incorporation of Permeation Enhancers (Propylene Glycol (PG), Menthol or PG
+ Menthol) in Fenretinide/Eudragit® RL PO Patches to Enhance Porcine Buccal Mucosal Permeation of
Fenretinide Ex Vivo.

Patch formulation
Flux (Js)

(μg cm−2 h−1)a

Fenretinide in
the receptor

medium (μg/mL)

Fenretinide in
the tissue

(μg/g)
EFb

Permeation enhancer-free 10.0 ± 0.5 22.3 ± 0.5 43.8 ± 6.1 1.0

5 wt% PG 16.2 ± 0.9 28.8 ± 0.8 158.5 ± 4.7 1.6

10 wt% PG 22.8 ± 1.3 37.4 ± 0.5 170.7 ± 5.3 2.3

5 wt% Menthol 12.4 ± 0.6 22.8 ± 0.5 61.7 ± 5.1 1.2

10 wt% Menthol 12.7 ± 0.7 23.5 ± 0.7 65.3 ± 4.7 1.3

1 wt% PG + 5 wt% Menthol 17.9 ± 0.6 35.8 ± 1.0 172.1 ± 7.6 1.8

2.5 wt% PG + 5 wt% Menthol 20.2 ± 0.8 39.4 ± 0.8 175.6 ± 7.0 2.0

10 wt% PG + 5 wt% Menthol 39.8 ± 0.9 43.9 ± 0.6 241.1 ± 9.8 4.0

a
Js Steady state flux was calculated from linear regression of cumulative amount permeated vs. time (linear portion of the permeated amount of

fenretinide vs. time profile);

b
Enhancement factor (EF) = Js in the presence of permeation enhancer/Js in the absence of permeation enhancer; Values represent mean ± SE, n =

5.
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