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Lateral Drug Diffusion in Human Nails

Biji B. Palliyil,1 Cong Li,1 Suzan Owaisat,1 and David B. Lebo1,2,3

Received 19 March 2013; accepted 9 June 2014; published online 27 June 2014

Abstract. The main objective of the current work is to demonstrate the process of passive lateral diffusion
in the human nail plate and its effect on the passive transungual permeation of antifungal drug ciclopirox
olamine (CPO). A water soluble dye, methyl red sodium salt (MR) was used to visualize the process of
lateral diffusion using a novel suspended nail experiment. The decline in concentration of CPO correlates
with that of concentration of MR from the proximal to the distal end of the nail in suspended nail study.
Three toenails each were trimmed to 5 mm×5 mm (25 mm2), 7 mm×7 mm (49 mm2), and 9 mm×9 mm
(81 mm2) to study the extent and effect of lateral diffusion of the CPO on its in vitro transungual
permeation. The permeation flux of CPO decreased as the surface area of the toenail increased. There
was a positive correlation between the concentrations of CPO andMR in the area of application and in the
peripheral area of the toenails of the three surface areas, confirming the findings in the suspended nail
experiment. Profound lateral diffusion of CPO was demonstrated and shown to reduce the in vitro passive
transungual drug permeation and prolong the lag-time in human toenails. The study data implies that
during passive in vitro transungual permeation experiments, the peripheral nail around the area of drug
application has to be kept to a minimum, in order to get reliable data which mimics the in vivo situation.
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INTRODUCTION

The barrier properties of the nail plate and its thickness
pose the greatest challenge towards permeation of any topi-
cally applied antifungal drug (1–3). One of the approaches to
improve the passive transungual drug delivery is the use of
chemical penetration enhancers. Various methods have been
investigated and reported to screen these penetration en-
hancers (4–19). Although these screening methods are high
throughput and give reasonable estimate on the ability of the
penetration enhancers to increase drug delivery into and
across the human nail, the results have to be confirmed in a
transungual permeation study. This is achieved in vitro, using
the Franz diffusion cells with nail adapters. Human cadaver
toenails in the in vitro transungual permeation studies serve as
the best membrane to simulate the in vivo transungual per-
meation and determine the effect of the penetration en-
hancers on the nail barrier properties. It is expected that the
data generated in this in vitro study will reflect the perfor-
mance of the penetration enhancers in vivo. The lateral move-
ment of topically applied drug molecules is reported as an
observation in iontophoretic transungual permeation (20,21)
and in passive skin permeation (22,23). However, the effects

of lateral diffusion on passive transungual permeation of drugs
have not been investigated in detail. In case of iontophoresis,
the drug permeation is attained with the aid of electric current,
whereas in passive drug delivery the concentration gradient
across the thickness of the nail (from dorsal to ventral surface)
acts as the only driving force for drug permeation. Therefore,
the effect of lateral diffusion on the passive transungual per-
meation is profound.

It was hypothesized that the lateral movement of drug
molecules around the site of application on the nail or lateral
diffusion, during an in vitro experiment reduces the overall
permeation of the drug molecule across the nail plate (Fig. 1).
When there are simultaneous lateral and transungual perme-
ation during the in vitro permeation experiment, the generat-
ed data underestimates the potential of the penetration
enhancer or a prototype formulation. This data can therefore
lead to the early elimination of a potential penetration en-
hancer or formulation from further investigation. Therefore,
the main objective of the current work was to demonstrate the
process of passive lateral diffusion in the human nail plate and
determine its effect on the passive transungual permeation of
antifungal drug ciclopirox olamine (CPO). The studies were
performed in the presence of thiourea (TU), the nail penetra-
tion enhancer selected for CPO in our previous report (4).

MATERIALS AND METHODS

CPO (99.0%) was purchased from Haorui Pharma-Chem
Inc., Edison, NJ, USA. Potassium phosphate monobasic
(99.99%), sodium hydroxide (ACS reagent, ≥97.0%), gen-
tamicin sulfate (Potency ≥590 μg Gentamicin base per
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milligrams of salt), methyl red sodium salt (MR) (95% dye
content), dimethyl sulfate (≥99.8%), and triethylamine (for
HPLC, 99.0%) were bought from Sigma Aldrich. TU (ACS
Grade, ≥99%) and sodium phosphate dibasic (Anhydrous,
ACS reagent, ≥99%) were obtained from Acros Organics.
Soft stainless steel wire with 0.02 gauge size was bought from
Malin Co. (Brookpark, OH). Franz diffusion cells and neoprene
nail adapters were purchased from PermeGear. The human nail
clippingswere donated by healthy volunteers (20–50 year) in the
department of pharmaceutical sciences, Temple University.
Human cadaver toenails were purchased from Anatomy Gifts
Registry (Hanover, MD). Nanopure water was used for prepa-
ration of 10 mM pH 7.4 phosphate buffered saline. HPLC grade
acetonitrile from Fischer scientific was used in preparation of
mobile phase. All the chemicals were used as received without
any additional purification.

Sample Preparation for HPLC and UV/Vis Analysis (4)

In order to quantify the amounts of CPO within the nail, a
modification of the reported derivatization method (24–26)
for CPO was used. The assay of CPO in the nail was per-
formed by first dissolving the nails in 0.5 mL of 1 M sodium
hydroxide (NaOH) solution. The nail solutions were filtered
through Restek® 0.45 μ syringe filters (cellulose acetate mem-
brane). These solutions were diluted sufficiently to reduce the
strength of 1 M NaOH to 0.1 M before derivatization. For the
derivatization of CPO, 25 μL of dimethyl sulfate was added to
0.2 mL of the dilute nail solution, and vortexed for 5 min.
These solutions were maintained at 37±1°C for 20 min.
Twenty five microliters of triethylamine were added and
vortexed for 1 min to terminate the reaction. The solutions
were then filtered through Restek® 0.22 μ syringe filters
(cellulose acetate membrane) and analyzed using the HPLC
method. In order to quantify the CPO in the buffer, a similar
pre-column derivatization process was used. To 0.2 mL of the
samples, 50 μL of 0.1 M NaOH and 25 μL of dimethyl sulfate
were added and vortexed for 5 min. The solutions were main-
tained at 37±1°C for 20 min prior to the addition of 25 μL of
triethylamine. The solutions were vortexed, filtered through

Restek® 0.22 μ syringe filters (cellulose acetate membrane),
and analyzed using HPLC.

High Pressure Liquid Chromatography

CPO in the derivatized samples was quantified using
HPLC (24–26). An Agilent 1100 series HPLC with
autosampler and dual wavelength detector was used. The
mobile phase was acetonitrile to water (50:50 v/v) with a flow
rate of 1 mL/min. The column was a 150 by 4.6 mm Eclipse
Plus C18 column (Agilent). The sample injection volume was
50 μL. The wavelength of detection for derivatized CPO was
298 nm. The calibration curve was constructed by injecting ten
concentrations (0.09, 0.18, 0.36, 0.73, 1.46, 2.92, 5.84, 11.68,
23.36, and 46.73 μg/mL) of derivatized CPO in triplicate. Six
different sample solutions of the concentration, 2.92 μg/mL,
were injected on the same day to determine the intra-day
precision. The inter-day precision was estimated by injecting
the same sample solution on three consecutive days. The
intra-day and inter-day precision values are expressed as %
CV.

UV/Vis Spectroscopy

MR level in the nail and the buffer was quantified using
visible spectroscopy at 480 nm. The absorbance of solution of
nails dissolved in 1 M NaOH, without MR was used to correct
the absorbance of the samples. A standard curve for MR in
the nail solution was obtained using a concentration range of
6.77 to 108.33 μg/mL.

Recovery of CPO from Human Nails (4)

Solutions of CPO in pH 7.4 phosphate buffered saline
(PBS) with concentrations 0.0253, 0.0505, 0.202, 0.809, 3.24,
and 6.47 mg/mL were prepared. Approximately 20 mg
(19–23 mg) of human nail clippings were weighed for each
sample. Each concentration was studied in triplicate. The nail
clippings were treated with 200 μL of each of these solutions for
3 h at 32±1°C. Two hundred microliters of 1 M NaOH were

Fig. 1. Theoretical representation of lateral diffusion of drug molecules in human nails. The
horizontal and the vertical arrows denote the lateral movement of the molecules and the

transungual diffusion, respectively

1430 Palliyil et al.



added to dissolve the nail clippings. The nail solutions were
diluted to reduce the concentration of NaOH solution from 1
to 0.1 M and the sample preparation method was followed
using the dilute nail solution to quantify the concentration
of CPO. The standard solutions were derivatized as shown
above and quantified using HPLC method described in
the previous section. The percent recovery was calculated
using the ratio of the recovered concentration of the nail
sample to that of the corresponding standard solution.
The use of human nail clippings in the study was approved
by the Temple University Institutional Review Board (Protocol
number 13671).

Lateral Diffusion of CPO in the Nail

MR was used to visualize the lateral diffusion in human
cadaver toenails. A 5% w/w solution of TU was prepared
using 10 mM phosphate buffered saline (pH 7.4), containing
0.01%w/v gentamicin sulfate as the antimicrobial agent
(PBS-GS). This buffer was used to prepare a 3 mg/ml
solution of MR. An excess amount of CPO was added
to the above solution and equilibrated for 72 h to form a
saturated solution of CPO in presence of MR and TU (C-
MR-TU). Two cadaver toenails were hydrated at 100%
RH for 24 h prior to the start of the experiment. Each of
the toenails was cut longitudinally to produce two equal
pieces. Each nail piece was suspended vertically with the
proximal end suspended 2 mm into the C-MR-TU solu-
tion. Figure 2 shows the schematic of the experimental
method. The study was performed in duplicate. The dura-
tion of the experiment was determined by the time re-
quired for MR to diffuse to the distal end of the nail,
when observed visually. At the end of experiment, the
nails were dismounted and cut into different sections
(based on the color gradient of the dye). The weights,

thicknesses, and the lengths (x1 to x6) of each section
were measured. Each of the sections was dissolved in
0.2 mL of 1 M NaOH solution. The nail solution was
derivatized and analyzed using HPLC. The absorbance
of each of the undiluted nail solutions, prior to derivati-
zation of CPO, was quantified using the process described
in the previous sections.

In Vitro Transungual Permeation of CPO

The C-MR-TU solution was prepared as described in the
previous section. The cadaver toenails were pre-hydrated at
100% RH for 24 h. The thickness of the nails was measured
using digital calipers (Marathon), prior to mounting on 3 mm
diameter nail adapters (PermeGear) (Fig. 3a). Three toenails
each were trimmed to the sizes 5 mm×5 mm (25 mm2), 7 mm×
7 mm (49 mm2), and 9 mm×9 mm (81 mm2) (Fig. 4). These
different nail sizes were used to study the extent of lateral
diffusion of CPO during the in vitro transungual permeation.
The receiver compartment of the Franz cell (Fig. 3b) was filled
with 3 mL of PBS-GS (pH 7.4), and the temperature was
maintained at 32±1°C. To mimic daily dosing, the nails were
dosed with 21.4 μL of C-MR-TU and kept occluded for
40 days. The solution from the previous day was removed
from the donor compartment, prior to application of
subsequent doses of C-MR-TU. On days 5, 10, 15, 20, 25, 30,
35, and 40, a sample of 0.5 mL of receiver medium was
removed and an equal volume of fresh pH 7.4 PBS-GS was
added. Additionally on day 40, the nails were dismounted and
the area of drug application and the surrounding sections of
the nail periphery were cut (Fig. 4) for separate analysis.
These sections were separately dissolved in 0.1 mL of 1 M
NaOH. The levels of CPO and MR in the nail were quantified
using HPLC (298 nm) and visible light spectroscopy (480 nm),
respectively. Similarly, the samples withdrawn at the different

Fig. 2. Schematic of the suspended nail experiment to show lateral movement of CPO in
human nails
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time points were quantified for CPO. The experiment was
performed in triplicate for each nail size.

Statistical Analysis of Data

The transungual permeation studies were performed in
triplicate and one way analysis of variance (ANOVA) was
used to determine statistical difference (Minitab 16 software).
The Tukey’s post hoc test was used to make one-way multiple
comparisons and a p value<0.05 was considered to be signif-
icantly different.

RESULTS

High Pressure Liquid Chromatography

A linear response was attained for CPO in the range of
0.09 to 46.73 μg/mL with a correlation coefficient of 0.9996.
The retention time for the derivatised CPO was 4.6 min. The
limit of detection (LOD) was 25 ng/mL and the limit of
quantification (LOQ) was 90 ng/mL. The intra-day and in-
ter-day precision was found to be 0.4 and 1.24%, respectively.

Visible Spectroscopy

A linear response with a correlation coefficient of 0.9981
was obtained for MR in the concentration range of 6.77 to
108.33 μg/mL.

Recovery of CPO from the Nail

A recovery of 86–97% was obtained for CPO in the
concentration range of 0.25 μg/mg nail to 64.7 μg/mg nail after
dissolving in 1 M NaOH and the derivatization process.

The Lateral Diffusion of Ciclopirox Olamine and Methyl Red
in Nail

Under saturated condition in pH 7.4 PBS, concentration
of CPO was 23.92±0.71 mg/mL. Figure 5a shows the lateral
diffusion of MR in the suspended toenail and the sectioning of
the toenails for analysis. The levels of CPO from the proximal
to the distal end revealed its migration along the lengths of the
two toenails A and B (Fig. 5b). The lines did not show any
standard deviation because the nails A and B had different
lengths. The difference in lengths would result in a different
concentration gradient for each nail. Therefore, the concen-
tration at each distance would be different as expected. A
positive correlation was observed between the concentrations
of CPO and MR in each of the toenails (Fig. 5c). This corre-
lation was not expected and it indicates that MR can be used
as a surrogate marker to visualize the lateral diffusion of CPO
in the human toenails. This was also validated in the in vitro
transungual permeation of CPO and MR.

In Vitro Transungual Permeation

Human cadaver toenails were trimmed to obtain three
different dimensions (5 mm×5 mm (25 mm2), 7 mm×7 mm
(49 mm2), and 9 mm×9 mm (81 mm2)) in order to study the
effect of the size of the peripheral areas (around a constant
area of drug application) on lateral diffusion. Transungual
permeation fluxes of 4.94±2.61, 1.16±0.57, and 0.81±
0.41 μg/cm2/day were attained for the toenails of the
dimensions 5 mm×5 mm (25 mm2), 7 mm×7 mm (49 mm2),
and 9 mm×9 mm (81 mm2), respectively (Fig. 6a). The
permeation fluxes attained with the 5 mm×5 mm (25 mm2)
and the 9 mm×9 mm (81 mm2) surface areas are significantly
different (p value<0.05). The lag-times for the 5 mm×5 mm
(25 mm2) and the 7 mm×7 mm (49 mm2) nail pieces were 6.4±
1.9 and 6.3±0.2 days, respectively. These values are not
significantly different (p value>0.05). A longer lag-time of
8.8±2.6 days was obtained for the nail surface area of

Fig. 3. a Neoprene nail adapters (PermeGear) with an orifice diame-
ter of 3 mm. b Franz diffusion cell with nail adapter

Fig. 4. Sectioning the nails after the transungual permeation with
section “a” under the orifice and peripheral sections “b”, “c” and

“d” around the orifice
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9 mm×9 mm (81 mm2). The concentrations of CPO in the area
of drug application and each of the subsequent sections of the
periphery are shown in Fig. 6b. The drug concentrations
within the area of drug application for each of the three
dimensions of the toenails are not significantly different
(p value>0.05). The CPO concentration in the section b
(shown in Fig. 4) for each of the three nail sizes was not
significantly different (p value>0.05). Similarly, the drug
concentration in the section c (Fig. 4) of the nails with sizes
7 mm×7 mm (49 mm2) and 9 mm×9 mm (81 mm2) are not
significantly different (p value>0.05).

Figure 6c shows the correlation between the log concen-
trations (μg/mg of nail) of CPO and MR in the area of drug
application and the sequential peripheral layers for each nail
dimension studied. This confirms our initial observation that
MR concentrations correlate with the CPO concentrations in
each section of the nail and that it acts as a surrogate marker
for CPO lateral diffusion.

DISCUSSION

The process of lateral diffusion was studied using MR as a
visual aid in a suspended nail experiment. The original

purpose for the use of the MR was to estimate the length of
time needed for the experiment. MR was selected to visualize
the process of lateral diffusion in the human toenail because it
is water soluble, has a molecular weight (291.62 g/mol) similar
to that of CPO (268.36 g/mol), and is readily taken up by the
nail. It did not affect the stability of the drug, and it remained
stable in presence of 5% w/w TU (unpublished data). Lateral
diffusion was studied in presence of TU because in the
preformulation screening studies 5% w/w TU had shown the
greatest enhancement in penetration of CPO into the nail (4).

The lateral diffusion of the CPO around the area of
application on the dorsal surface of the human nail was stud-
ied firstly using the suspended nail experiment. The utility of
MR to visualize the diffusion process along the length of the
nail was established in the suspended nail experiment. This
lateral movement of MR was also evident when it was applied
on the dorsal surface of the human nail during the transungual
permeation. The movement of CPO molecules (in solution)
along the length of the suspended nail is also speculated to be
due to the orientation of the keratin fibers in a single plane
and the hydrophilic nature of the nail. The intermediate layer
is the thickest and softest layer of nail plate (27,28). In the
intermediate layer, the keratin fibers are arranged in a single

Fig. 5. a Cadaver toenail showing the color gradient of MR from proximal to distal end. bDecline in
concentration (μg/mg nail) of CPO from the proximal to the distal end c Correlation between the

concentrations of CPO and MR salt in the suspended nail
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plane, parallel to the free end of the nail (29). The keratin
fibers orient in both parallel and perpendicular direction in
the dorsal and ventral layers of the nail (29).

The similarity in the trends of decline in concentrations of
CPO and MR laterally in the toenails indicates similar lateral
movement of CPO and MR. This was also evident from the
strong correlation between the concentrations of CPO and
MR in each of the two toenails suspended in the drug solution.
One of the contributors to this similarity in lateral movement
of MR and CPO is similarity in their respective binding

abilities with keratin (unpublished data). MR can therefore
be used to visualize the lateral diffusion of CPO. Previously,
Lucifer yellow (fluorescent dye) was used to show the pres-
ence of a lateral diffusion pathway in the skin, which is sug-
gested to have a physiological role in the transport of
lymphokines and inflammatory mediators (22). The physio-
logical role if any and effect lateral diffusion on antifungal
therapy in human nail needs to be explored further. Similar
study was performed using saturated solution of CPO in pH
7.4 PBS (in absence of 5% w/w TU) to evaluate the effect of

Fig. 6. a Transungual permeation of CPO through the three sizes of human toenails. b Concentra-
tion of CPO in the area of application (a) and subsequent peripheral nail sections (b, c, d) in each of
the three sizes of the nails after the transungual permeation study. c Correlation between the log
concentrations of CPO and MR in the nail sections (a, b, c, d) after transungual permeation study
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the penetration enhancer on the lateral movement of CPO in
the nail (unpublished data). There was no significant increase
in the lateral movement of CPO and MR in presence of 5%
TU in the suspended nail. This observation was different from
the literature report that in the presence of 5% urea as the skin
penetration enhancer for ibuprofen, there was increase in both
penetration and lateral distribution of ibuprofen in the skin (23).
This difference could be attributed to the difference of the
physical and chemical composition of the skin and the nail.

Lateral diffusion of drugs in nails has been reported as an
observation by researchers during iontophoretic transungual
drug delivery of terbinafine hydrochloride (13,19–21).
Because a higher drug flux is attained by iontophoresis com-
pared to passive diffusion across the nail, the effects of passive
lateral diffusion to reduce transungual drug permeation would
be expected to be minimal. However, in passive topical deliv-
ery, this lateral diffusion can have a significant impact on the
in vitro transungual permeation. It is therefore important to
understand the effect of lateral diffusion during passive
transungual permeation. To date, this is the only study on lateral
diffusion which provides an insight on its effect on passive
transungual permeation during in vitro studies. Longer lag-time
and lower permeation flux values were observed in the
transungual permeation of CPO through the nail dimension
9 mm×9 mm (81 mm2). This indicates that a longer lag-time is
obtained for a larger surface area of toenail using the same
donor solution and same area of drug exposure. Therefore, the
flux and the lag-times are a function of the extent of lateral
diffusion which in turn, depends on the surface area of the
toenail used. This indicates that lateral diffusion in the nail has
to be minimized to obtain permeation flux and lag-time values
from in vitro transungual permeation studies that are predictive
of in vivo performance.

The orifice diameter of the nail adapters is only 3 mm and
therefore the constant area of drug exposure is 7.07 mm2. The
nail piece with ameasurement of 5mm×5mm(25mm2) helps to
attain the smallest peripheral area while maintaining a leak
proof seal within the nail adapter. The other extreme, 9 mm×
9mm (81mm2) is the largest measurement of toenails which can
be used to maintain the duration of the experiments within
practical limits. A strong correlation exists between the
permeation flux of CPO and ratio of drug exposure area to
total nail area (Ao/An) (Fig. 7a). The 5 mm×5 mm (25 mm2)
nail has the highest Ao/An and also shows the greatest
permeation flux for CPO. If a toenail with dimension of
11 mm×11 mm (121 mm2) is used, this ratio falls to 0.0584.
Based on the correlation in Fig. 7a, the increase in nail area
will lead to a significant drop in permeation of CPO through the
nail. In order to get a measurable quantity of the drug, the
experiment may have to be continued for an extended
duration of time. In a preliminary experiment (unpublished
data), when untrimmed nails were used, no permeation was
observed after 27 days (The duration of the experiment).
Hence, the largest surface area of toenail in the study was
limited to 9 mm×9 mm (81 mm2).

The CPO concentrations at the site of application on all
the three nail surface areas were much greater than the re-
ported minimum inhibitory concentration (MIC) of CPO

against the dermatophytes (0.004 to 1.0 μg/mL) (30–34).
The 3 mm orifice provides 7.065 mm2 of surface area for
permeation of the drug and the dye. This area is 28.26,
14.42, and 8.72% of the total area of the nail piece with
dimensions 5 mm×5 mm (25 mm2), 7 mm×7 mm (49 mm2),
and 9 mm×9 mm (81 mm2), respectively. When cadaver skin is
placed between the donor and the receiver compartments of
the Franz diffusion cell, there is a tight seal and the
pressure exerted by the clamp on the skin greatly limits the
lateral diffusion of the molecules beyond the area of drug
application. However, the human nail plate is a hard, rigid
structure which does not get compressed within the nail
adapter. Hence, lateral diffusion cannot be prevented in the
nail in vitro. CPO and MR showed lateral diffusion around the
area of application in the in vitro transungual permeation
studies. Previously, a photothermal imaging technique was
reported to show the lateral distribution of the drug into the
proximal end of the nail when the formulation was applied on
the proximal nail fold (35).

When the nail under the orifice is treated with the drug,
some drug molecules diffuse into the upper layers of the nail
plate. Ideally, if there is no lateral diffusion, the drug mole-
cules should diffuse through the entire thickness of the nail (h)
under the orifice (Fig. 7b). As the permeation process con-
tinues, a concentration gradient of the drug is formed in this
cylinder with the height of h and diameter of 3 mm and
eventually CPO diffuses out from the ventral side of the nail
plate. However, it is evident from Fig. 6b that, as the drug fills
up the upper layers of the nail under the orifice, it also moves
laterally from the cylinder to the periphery. The drug from the
upper saturated layers of the nail then diffuses into the layers
underneath. Simultaneously, the drug is also moving from the
central part of cylinder towards the periphery. Thus, lateral
diffusion, which itself is a passive diffusion process, is depen-
dent on the concentration gradient formed between the cylin-
der and the area surrounding the cylinder. As this process
continues, there is formation of a three dimensional figure
which can be best approximated as a pyramid (Fig. 7c).

The volume of this pyramid (Vp) is given by:

Vp ¼ 1
3
�Area of base� height ð1Þ

where area of base = total area of nail and height = thickness
of nail.

The volume of the ideal cylinder (Vc) is given by:

Vc ¼ 1
3
� πr2 � height ð2Þ

where radius of the nail adapter orifice, r=1.5 mm and height =
thickness of nail.

Volume of the nail outside the central cylinder, which
contains the laterally diffused drug, is given by:

Vn ¼ Vp−Vc: ð3Þ

The area of drug application was found to contain the
same amounts of drug in all the three nail sizes (Fig. 6b). The
volume Vn was used to calculate the concentration of CPO in
the nail around the central cylinder. The flux of transungual
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permeation of CPO correlates positively with the concentra-
tion of CPO in the nail surrounding the cylinder (Fig. 7d). This
correlation shows that the highest flux is observed in the nail
dimension, where the concentration developing in the periph-
eral layer immediately outside the central cylinder is highest.
This concentration decreases drastically as the peripheral area
and Vn increases. In the presence of lateral diffusion, the
required driving force for transungual permeation is the high
CPO concentration in the orifice and the periphery. As the
size of the nail increases from 5 mm×5 mm (25 mm2) to
7 mm×7 mm (49 mm2) and finally to 9 mm×9 mm (81 mm2),
the concentration of CPO in the peripheral area of the nail
drops significantly due to increased value of Vn, resulting in
decline in transungual permeation. The concentration drop
may be caused by the gradient that forms between the

treated area and the peripheral area of the nail. A large
peripheral area would lengthen the gradient and drop the
peripheral concentration.

Lateral diffusion in human nail plate cannot be complete-
ly prevented, only its effect on in vitro transungual permeation
of drugs can be controlled by minimizing the available periph-
eral surface area. The lag-times for 5 mm×5 mm (25 mm2) and
7 mm×7 mm (49 mm2) nail pieces were not significantly
different. This indicates that the two dimensions did not
affect the lag-time as much as it affected the permeation of
CPO. However, when 9 mm×9 mm (81 mm2) nail size was
used, the lag-time increased by 2 days relative to the two
smaller nail sizes. Additionally, untrimmed nails used in a
similar experimental design showed the lag-times greater
than the duration of the experiment (27 days). There was no

Fig. 7. a Correlation between the permeation flux value and the ratio (Ao/An). b The ideal cylinder
formed under the orifice during passive transungual permeation in absence of lateral diffusion. c The
pyramid formed due to lateral diffusion of the drug molecules around the area of drug application. d
Correlation between permeation flux and the concentration in the nail around the area of application
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measurable amount of drug permeating the nails during the
27 days. A similar increase in lag-time as a consequence of
lateral diffusion was seen with ibuprofen in the skin (23).
Longer lag-times mean longer time before detectable levels
of CPO can reach the receiver compartment.

These results show that lateral diffusion occurs in the nail,
and this can have a profound impact on the experimental data
acquired from in vitro drug permeation studies. The decision
of selecting a penetration enhancer or elimination of a poten-
tial formulation from further studies is dependent on this
in vitro experimental data. If lateral diffusion overrides the
permeation process, an enhancer or an optimum formulation
may be falsely eliminated from the future experiments. Hence,
it is important to select the appropriate size of nails, consider-
ing the area of the orifice on the nail adapters for the in vitro
experiments. When the patient applies the topical transungual
formulation, it covers the entire surface area of the nail and
greatly reduces the area available for lateral diffusion. The
lateral diffusion that would occur in the nail during therapy
would actually be advantageous because this would increase
the drug concentration in the unexposed nail underneath the
nail folds. It is expected that the passive transungual perme-
ation in vivo will be closer to the ideal cylinder in Fig. 7b. This
in vivo scenario can be mimicked in the in vitro setting by
using the appropriate size of the nail which is just enough to
provide a tight, leak-proof seal around the orifice in the nail
adapter. However, if there is no control on the nail sizes used
in an experiment, the passive lateral diffusion competes with
the passive transungual permeation, causing a shift from the
cylinder to the pyramid. This leads to an overestimation of lag-
time and underestimation of permeation flux. Thus, under-
standing the effect of lateral diffusion on passive transungual
permeation of drugs will help to better relate to the perme-
ation flux in vivo, aid in selection of penetration enhancers,
and to optimize formulations.

CONCLUSION

It was shown that lateral diffusion occurs in the nail and can
reduce the in vitro passive transungual drug permeation.MR is a
useful surrogate marker for drugs such as CPO for visualizing
their lateral diffusion in the human nail. The effect of lateral
diffusion in in vitro transungual experiments can result in mark-
edly lower drug permeation and underestimation of drug per-
meation in vivo. It is important to control the dimension of the
toenails during in vitro passive drug delivery experiments to
minimize variability in the permeation data and to obtain results
which best relate to the in vivo permeation. It is therefore
recommended that the cadaver toenails used for the permeation
experiments be trimmed just enough to cover the orifice in the
nail adapter and provide a leak-proof seal.
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