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Percutaneous Penetration of Methyl Nicotinate
from Ointments Using the Laser Doppler Technique:
Bioequivalence and Enhancer Effects
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Laser Doppler flowmetry (LDF) may be used to quantify erythema response as a result of
an increased cutaneous microcirculation induced by methyl nicotinate (MN). Bioequivalence
of a test and a standard preparation (vehicles: light mineral oil and medium chain trigly-
cerides, respectively) was confirmed according to the pilot study of the FDA Guidance for
Industry “Topical dermatologic corticosteroids: In Vivo bioequivalence” applying the staggered
application and synchronized removal method for one defined concentration. Furthermore, the
influence of penetration enhancers (5% w/w Dimethylsulfoxide (DMSO) and 10% w/w dieth-
ylene glycol monoethyl ether) on MN penetration was investigated. It was shown that DMSO
and diethylene glycol monoethyl ether altered cutaneous microcirculation and thus MN pen-
etration in comparison to the standard formulation. However, true penetration enhancement
could only be proved with diethylene glycol monoethyl ether resulting from an improved drug
solubility in the skin which was confirmed by attenuated total reflectance fourier transform
infrared spectroscopy (ATR-FTIR). Increased MN penetration by DMSO was only caused
by thermodynamic effects, i.e. a decreased drug solubility in the vehicle.

KEY WORDS: percutaneous penetration; laser Doppler flowmetry; methyl nicotinate; dime-
thyl sulfoxide; diethylene glycol monoethyl ether; bioequivalence; enhancement; attenuated
total reflectance fourier transform infrared spectroscopy.

INTRODUCTION

Laser Doppler flowmetry (LDF) is a widely used technique for
measurement of the cutaneous microcirculation and therefore, blood flow.
In the dermis, particularly in dermal papillae, an extensive capillary
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network exists. Blood flow can be affected by pathological conditions
such as arteriosclerosis, diabetes as well as Raynaud’s syndrome or by
application of drugs such as nicotinates (1–3). Within a few minutes
of application nicotinates cause a visible erythema including a change
in cutaneous blood flow due to vasodilation after prostaglandin release
(4–6). Furthermore, nicotinates penetrate rapidly through the stratum cor-
neum into the dermis. The change in blood flow depends upon the amount
of nicotinates reaching the cutaneous vessels (1). Therefore, nicotinates are
widely used as model drugs for quantification of cutaneous penetration (7–
9). The aim of the study was the noninvasive quantification of the cutaneous
methyl nicotinate (MN) penetration by pharmacodynamic measurements.
First, the bioavailability of MN formulations was determined employing
the LDF technique after removal of the formulations according to the
FDA Guidance for corticosteroid bioequivalence testing (10). Second, the
influence of penetration enhancers on drug penetration was investigated.
Enhancers interact with the stratum corneum in three ways. Either they dis-
rupt the lipid bilayer structure resulting in fluidisation, increase drug solubil-
ity in the barrier, or cause protein configuration changes, all effects assumed
to be reversible (11,12). Moreover, some enhancers such as Dimethylsulfox-
ide (DMSO) and ethanol can cause lipid extraction, which is an irrevers-
ible effect (13). Among others, attenuated total reflectance fourier transform
infrared spectroscopy (ATR-FTIR) may be used to analyse the mode of
action of penetration enhancers (14).

MATERIALS AND METHODS

Model Drug, Vehicles and Subjects

The MN (Merck Schuchardt, Germany) was selected as model drug
because of its rapid penetration via the intercellular pathway (5). DMSO
99% purity (Synopharm, Germany) and diethylene glycol monoethyl ether
(DGME; Transcutol P�, Gattefossé, France) were used as penetration
enhancers. This selection was due to their different modes of action. It
is postulated that DMSO induces changes in the configuration of keratin
from α-helix to β-sheet structure and may enhance the solvation process
by hydrogen bonding (15–17). Furthermore, DMSO may interact with the
stratum corneum lipids and may increase drug solubility within the bar-
rier. The concentrations of DMSO commonly used in enhancer studies is
above 50% (13). In this study it was investigated whether low concentra-
tions of DMSO (5% w/w) affect percutaneous drug penetration (13).



Percutaneous Penetration of Methyl Nicotinate 721

The DGME leads to improved solubility of drugs in the skin with-
out changes in the phase transition temperatures associated with stratum
corneum lipids and thus penetration enhancement (18–21).

Medium chain triglycerides (MCT) were used as standard vehicle and
light mineral oil (LMO) (both Synopharm, Germany) as test vehicle both
containing 7.5% polypropylene (Sigma Aldrich, Germany) to achieve an
ointment-like consistency. The DMSO and DGME were added to the
standard vehicle in concentrations of 5–10% (w/w), respectively.

The MN solubility in the different liquid vehicles was measured spec-
trophotometrically (295 nm). The saturation level of MN amounted to
0.470, 0.066, 0.150, and 0.636 g/ml for MCT, LMO, MCT + 5% DMSO and
MCT + 10% DGME, respectively. It was assumed that the addition of poly-
propylene would not affect drug solubility.

The same thermodynamic drug activity of 0.1% of the solubility level
of MN was chosen for MCT and LMO. This means, that there were
equal drug escaping tendencies from both formulations into the stratum
corneum (see chapter results: enhancer effects). The same thermodynamic
drug activity in the formulations allows the quantification of true penetra-
tion enhancement. Formulations containing the enhancers were used with
the same drug concentration as the plain standard formulation. The for-
mulations were applied in polypropylene chambers (Hill Top�, Hill Top
Research, Cincinnati, Ohio, USA) to the volar aspect of the forearm of
28 healthy caucasian volunteers of both genders with no history of skin
disease (10 for the bioequivalence study, 10 for the enhancer study and
8 for the vehicle effect study). A subject number between 8 and 10 was
assumed to be consistent with earlier studies (22,23). Volunteer age ranged
from 18 to 58 years and the applied volume was 0.25 ml (corresponding to
0.20 mg for MCT, MCT + DMSO and MCT + DGME; 0.24 mg for LMO)
per 2.5 cm2 under occlusive conditions. Preliminary studies demonstrated
that this large application volume guaranteed infinite dose conditions: it
was found that after an exposure time period of 4 hours more than 95% of
the applied MN concentration was still detectable in the formulation (data
not published). Thus, zero order penetration kinetics (with a lag phase)
could be assumed.

Occlusions conditions were a result of the polypropylene chambers.
Occlusion leads to skin hydration and thus to an acceleration of percuta-
neous drug penetration (24).

Laser Doppler Flowmetry

The vascular response was determined with a laser Doppler DRT-4
(Moor Instruments, England) equipped with a laser and an optic fiber to
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emit light at 780 nm to the skin surface. Static tissues refract the mono-
chromatic light unchanged in frequency while moving blood cells cause
a frequency shift, which is the so-called Doppler effect (4,25,26). The
refracted light at the tissue surface is transmitted to photodetectors where
it is analyzed. The light penetration depth is 1–1.5 mm (24,27). Before
each study, the LDF system was calibrated against a standard reference
(Brownian motion of polystyrene microspheres in water) provided by the
manufacturer. With the LDF it is impossible to measure blood flow in
absolute units (e.g., ml/min). Usually, the “flux” is analyzed, which is the
product of the concentration of moving erythrocytes and the mean veloc-
ity of these red blood cells (2,6,28).

The LDF data is reproducible at temperatures between 17–28◦C.
Above or below this range a sudden marked increase or decrease of
blood flow, respectively, can be observed (28). Therefore, conditions were
adjusted to a temperature of 23 ± 2◦C and a relative humidity of 45–55%.
All volunteers had a 15–30 min period of adaptation in the room and were
seated comfortably for the entire period of investigation. Furthermore, the
volunteers were not allowed to smoke, had to avoid vasoactive substances
(caffeine, acetylsalicylic acid) and mental stress was minimized (7,28).

ATR-FTIR Spectroscopy

With the attenuated total reflectance fourier transform infrared spec-
troscopy (ATR-FTIR) investigations of the quality and quantity of per-
cutaneous drug penetration are feasible. Furthermore, the influence of
penetration enhancers on the distribution of a drug in the stratum cor-
neum can be quantified (14). The investigations were performed with the
ATR-FTIR spectrometer Tensor 37 (Bruker Optics, Billerica, MA, USA)
using the mid-range IR (4000–700 cm−1). The spectrometer was equipped
with a special kit for in vivo measurements. It contained a crystal of zinc
selenide (with an angle of 60◦) for the reflection of the IR beam. The fore-
arms were horizontally placed directly on the crystal to obtain the spec-
trum of the skin (29, 30). The penetration depth of the IR beam into the
skin was 1.5 µm. The measured data was evaluated by the spectroscopy
software Opus/IR V. 5.0.53 (Bruker Optics, Ettlingen, Germany).

Study Design

The studies were approved by the Ethics Committee of the Univer-
sity of California, San Francisco, USA. The bioequivalence and enhancer
studies were designed according to method A of the pilot study described
in the FDA Guidance for corticosteriod bioequivalence testing (10), which
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means staggered application with synchronized removal of the formula-
tions. Because of the short lag time of erythema onset, exposure time
periods for the MN formulations of 0.17, 0.5 and 1.5 h were chosen. In
addition, a control site was treated accordingly. After removal of the for-
mulations the blood flow renormalization was measured over one hour or
until baseline values were reached. Measurements were started 5 min after
formulation removal to allow the probes to adjust to the blood flow condi-
tions. All data was baseline adjusted and untreated control-site corrected.
For each exposure time period the area under the response vs. time after
removal curve (AUC) were calculated starting at seven minutes to exclude
the plateau phase (saturation of the flux of red blood cells and/or MN
receptors) and fitted to the well known Emax model using the curve fit-
ting software CurveExpert 1.37 (D. Hyans, Microsoft) (10,31). The Emax
model describes a sigmoidal dose response relationship mathematically,
where in this study the dose corresponds to the AUC and the response to
the exposure time period.

For the vehicle effect study the formulations were synchronically
applied to the forearms of the volunteers and removed after the expo-
sure time periods of 0.17, 0.5, 0.75 and 1.5 h. At the beginning of each
spectroscopic measurement a reference scan of the air had to be recorded
to reduce influences of athmospheric absorptions of moisture and carbon
dioxide on the in vivo skin spectrum (32). After removal of each formula-
tion 30 scans per measurement time point were automatically recorded. A
second spectrum was measured after stripping of the first layer of the skin
with a tape to remove leftovers of the formulation. For the tape stripping
D-Squame� (CuDerm, Dallas, Texas, USA) with a diameter of 25 mm
was used. The strips were applied with a constant pressure of 10 kPa for
15 sec to the skin and then removed (33).

Statistical analysis was done according to the FDA Guidance (bio-
equivalence study) and with a two-way ANOVA with subsequent DUN-
CAN test (enhancer study). All requirements for the ANOVA were
fulfilled.

RESULTS AND DISCUSSION

Bioavailability and Bioequivalence

Blood flow is a self-regulating physiological parameter. Therefore, a
wide and variable range of the blood flow can be observed under nor-
mal circumstances (34). After penetration of MN into skin blood flow
increases: It may reach values that are up to 20 times higher compared
to baseline values which are between 8 and 15 arbitrary units. Blood
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flow changes are measurable before any erythema is visible (35). This is
in contrast to Guy and Bugatto, who found a good correlation between
erythema onset and blood flow changes (8). Microcirculation renormali-
zes long before the erythema disappears; therefore, redness duration and
increase of blood flow cannot be correlated.

In this study, infinite dose conditions were chosen to guarantee the
same available drug quantity over the entire time course of the experi-
ment. Therefore, the measured flux of red blood cells only depends on the
thermodynamic drug activity level in the formulation and on the expo-
sure time period. The flux of erythrocytes is displayed in Fig. 1 as a
function of the time after removal of the formulation for different dura-
tions of exposure of skin to MN. The profiles are characterised by a first-
order elimination process as the corresponding semilogarithmic plots are
linear. Therefore, an open one-compartment model with the drug recep-
tors representing the main compartment may be assumed (33). This was
expected because MN is a hydrophilic substance and should be released
quickly into the underlying tissues. With increasing exposure time peri-
ods the flux curves approach each other due to the zero order drug input
kinetic. Zero order penetration kinetics lead to a logarithmic curve shape
of the drug concentration at the receptor site vs. time profiles. Therefore,
with increasing exposure time periods the drug concentration in the main
compartment, does not increase in a linear manner, which explains the
decrease in the distances between the flux curves observed here (Fig. 1).
No significant difference in the flux vs. time curves was found between
0.5 and 1.5 h duration of exposure suggesting that the maximum flux
of erythrocytes has been reached within this time frame. The flux pla-
teau observed right after the removal of the formulations supports this
hypothesis.

In Fig. 2 the area under the flux vs. exposure time curves are dis-
played. The exposure time period corresponding to 50% of the maximum
area value, and thus to the traditional E D50 value, was estimated to be
0.45 h with both formulations using the Emax model (10). No significant
difference between MCT and LMO formulations was found as a result
of the same thermodynamic drug activity of MN in both ointments and
negligible penetration enhancing effects of the vehicles. This indicates the
same bioavailability of the two investigated formulations and thus bio-
equivalence. However, according to the bioequivalence test of the FDA
Guidance, the lower value of the confidence interval (56%) was not within
the Westlake limits, probably because of the smaller number of 8 subjects
compared to 12 subjects recommended in the FDA guidance.
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Fig. 1. � Flux of blood flow vs. time after formulation removal (a) MCT and (b) LMO;
means ± SD, n = 10 subjects, measurement interval 1 min.

Enhancer Effects

Drug penetration into skin can be enhanced either by physical tech-
niques (such as iontophoresis, electroporation or ultrasound) or by various
chemical substances (36–38). An enhancement of percutaneous skin pene-
tration using chemicals can be achieved by increasing the thermodynamic
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Fig. 2. Log AUC of the curves displayed in Fig. 1 vs. exposure time periods, means ± SD,
n = 10 subjects.

drug activity. This can be achieved by using inactive prodrugs, that are
converted to the active drug within the skin or by structural changes of
the stratum corneum (13,15,39). The latter can either be the result of a
change in configuration of keratin, lipid fluidisation or effects of improved
solvation and therefore increased drug solubility in the skin (15,17,19).
DMSO enhances permeation of many drugs having a molecular weight
under 3000 Da at concentrations over 50% (w/w) (13,18,40). However, in
the present study DMSO concentrations of only 5% (w/w) had to be
used because of the limited miscibility of DMSO with lipophilic vehicles
(MCT). According to the literature only high concentrations of DMSO
significantly enhance cutaneous drug penetration, but, in turn, this causes
irritations (13). In contrast to DMSO the commonly used concentration
of DGME is between 10 and 50% (w/w) (40,41). Therefore, in the present
study a concentration of 10% (w/w) was selected. Flux of red blood cells
vs. the time after formulation removal profiles depend on the drug con-
centration and the exposure time period (Fig. 3). Again, an exponential
decrease of the flux of red blood cells was measured. Maximum flux val-
ues reached were highest with DGME followed by DMSO. Interestingly,
the flux curves of the penetration enhancers do not differ significantly at
exposure time periods of 0.5–1.5 h. This may be explained by the nonlin-
ear drug concentration increase in the receptor compartment approaching
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Fig. 3. � Flux of blood flow vs. time after formulation removal (a) MCT, (b) MCT + 5%
DMSO and (c) MCT + 10% DGME, means ± SD, n = 10 subjects; measurement interval
1 min.
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a plateau at long exposure time periods but also by reaching the maximum
possible blood flow resulting in a limitation in erythema and microcircula-
tory response because of saturation of receptors at the capillary wall (8).

Calculation of the elimination rate constants from the flux curves led
to the data shown in Table I. The increase of the elimination rate con-
stants with increasing exposure time periods may be explained by a more
rapid elimination of MN as a result of increased blood flow (4).

According to Fig. 4 percutaneous penetration of MN appears to be
enhanced by DMSO and DGME. Analysis of these curves show that the
exposure time period, where AUC is 50%, was calculated again to 0.45 h
for the plain standard formulation and to 0.17 h for formulations contain-
ing enhancers. Thus, test formulations reach tAUC50% 2.6 times earlier than
the standard. This indicates enhanced drug penetration.

To compare drug penetration from the standard ointment with that
from formulations containing enhancers, enhancement factors (EF) were
calculated according to Eq. 1.

EF = f

γ T/ST
. (1)

The enhancement factor is the quotient of the relative bioavailability
factor ( f ) and the relative effective activity coefficient of a test and a stan-
dard formulation (γ T/ST) (Table II).

The relative effective activity coefficients γT/ST were calculated as the
ratio of the vehicle/10% sodium chloride solution partition coefficient of
the standard vehicle (PCST/NaCl) and the test vehicles (PCT/NaCl):

γT/ST = PCST/NaCl

PCT/NaCl
= PCST/T. (2)

The aqueous phase consisted of a 10% (w/v) sodium chloride solution to
lower the high water solubility of MN (42).

Table I. Elimination Rate Constants Estimated With the Curve Fitting Software CurveExpert
1.37 (D. Hyans, Microsoft)

Exposure ke MCT ke MCT + 5% DMSO ke MCT + 10% DGME
time [h] [h−1] [h−1] [h−1]

0.17 n. d.a 3.860 (R = 0.980) 3.396 (R = 0.951)
0.5 4.453 (R = 0.989) 2.730 (R = 0.967) 4.619 (R = 0.993)
1.5 5.630 (R = 0.993) 3.867 (R = 0.996) 5.003 (R = 0.996)

aNondeterminable.
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Table II. Partition Coefficient Vehicle/10% Sodium Chloride Solution, Relative Effective
Activity Coefficient and Bioavailability Factor of MCT + 5% DMSO and MCT + 10% DGME

Vehicle Partition coefficient γT/ST
a Bioavailability

PCV/10% NaCl solution factor ( f )

MCT (standard) 7.447 – –
MCT + 5% DMSO (test) 2.637 2.824 2.847
MCT + 10% DGME (test) 11.25 0.662 3.050

aCalculated according to Eq. (2).

For calculation of the relative bioavailability factors the AUC of
test and standard formulation at the exposure time period of 0.5 h were
used because at longer exposure time periods saturation of the recep-
tors in the main compartment is expected (Fig. 4). Calculation of the
EF resulted in values of 1.133 ± 0.387 for DMSO and 4.607 ± 2.679 for
DGME. Therefore, cutaneous MN penetration was significantly enhanced
by only DGME (ANOVA, Duncan test, p ≤ 1%).

Interestingly, solubility data showed a pronounced decrease of the sat-
uration level of MN in MCT containing 5% (w/w) DMSO (approximately
three times). Thus, an increase of the thermodynamic drug activity occurs.
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Therefore, the higher bioavailability observed with MCT + 5% DMSO is
mainly caused by penetration enhancement resulting from thermodynamic
effects. With regard to penetration enhancement low DMSO concentra-
tions may be subject to type 2 errors. Higher subject numbers are needed
to eliminate this error. DMSO is well known as a good solubilizer and
penetration enhancer. An explanation for the decreased MN solubility
might be the relatively high solution capacity of MCT for lipophilic as
well as hydrophilic compounds compared to water.

Vehicle Effects

Occlusion conditions lead to a hydration of the stratum corneum by
reducing the transepidermal water loss. Under these conditions the FTIR
spectrum of the skin shows additional bands between 3000 and 3600 cm−1,
representing the hydroxyl (OH) resonance vibration of water (Fig. 5) (43).

The spectrum of the stratum corneum shows two amide bands at
1645 and 1545 cm−1. In the presence of water the amide band II (NH-
vibration) at 1545 cm−1 is not significantly changed. However, the inten-
sity of amide band I (carbonyl stretch vibration in the CO-NH group)
at 1645 cm−1 is increased (Fig. 5) (44,45). The degree of hydration of
the stratum corneum can be determined using the area under the water
absorption band as well as the quotient of the areas of both amide bands
(Figs. 6 and 7) (45,46). With plain MCT an increase of the intensity of

Fig. 5. Spectrum of hydrated stratum corneum after a 90 min application of MCT + 5%
DMSO.
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the amide bands could be observed while the OH resonance vibrations
remained unchanged. Therefore, no effect on the stratum corneum can be
postulated with regard to protein interactions. The addition of the pene-
tration enhancers DMSO and DGME to MCT led to a slightly increased
water binding capacity. The DMSO has hygroscopic properties and the
ability to hydrogen bonding. Therefore, it builds up a strong hydration
sheath with water because of hydrogen bonding and dipol-dipol inter-
actions (46). These DMSO-water-bondings are 1.33 times stronger than
water-water-bondings (13). Furthermore, DMSO binds to the polar head
groups of the lipids of the stratum corneum and replaces water molecules
(46). The described changes in the configuration of proteins could not be
confirmed, probably because of the low DMSO concentration used. How-
ever, it may act as a drug solubilizer in the stratum corneum.
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The DGME, similar to DMSO, has hygroscopic properties and
enhances the transport of water through the skin (19,20), which is
assumed in this study, too. Furthermore, it was shown, that after the
removal of the first skin layer, the process of hydration was quickly revers-
ible, as can be seen by the lower quotient of the areas of the amide bands
(Fig. 7).

CONCLUSION

The LDF technique can be used for bioequivalence testing of differ-
ent formulations using nicotinates as model drugs, because of an increase
of cutaneous microcirculation caused by these compounds. Method A
of the FDA Guidance for corticosteroid bioequivalence testing cannot
only be used for chromametric measurements but also for the determi-
nation of cutaneous blood flow using the LDF technique. In this study
bioequivalence of test LMO and standard MCT formulation was shown
using the same thermodynamic drug activity level of MN. The DGME in
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concentrations of 10% (w/w) enhances percutaneous drug penetration sig-
nificantly (ANOVA, Duncan test, P ≤ 1%) by increasing the water content
in the stratum corneum. In contrast to DGME, DMSO decreases the sol-
ubility of MN in MCT, which results in an increase of the thermodynamic
drug activity and explains the increased drug penetration from this vehi-
cle. The effects of DMSO are concentration dependent and the low con-
centrations used in this study (<50%) do not influence drug penetration
significantly, but lead to a slight increase in the water binding capacity of
the skin. Only DMSO concentrations of 50% and above act primarly as
drug penetration enhancer and change the configuration of stratum cor-
neum proteins (13). However, these high DMSO concentrations may lead
to an increase of unwanted irritation, which in turn increases cutaneous
microcirculation and thus influences blood flow measurements (13).
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