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Abstract: (1) Background: The study systematically investigated the influence of dispersed particles
within a topical formulation on the dermal penetration efficacy of active compounds that are dis-
solved in the water phase of this formulation. The aim was to prove or disprove if particle-assisted
dermal penetration can be used for improved dermal drug delivery. (2) Methods: Fluorescein was
used as a surrogate for a hydrophilic active ingredient (Al). It was dissolved in the water phase of
different formulations with and without particles. Two different types of particles (titanium dioxide
and nanostructured lipid carriers (NLC)) were used. The influence of particle size and number of
particles and the influence of skin hydrating excipients was also investigated. (3) Results demon-
strate that the addition of particles can strongly increase the dermal penetration efficacy of AL The
effect depends on the size of the particles and the number of particles in the formulation, where
smaller sizes and higher numbers resulted in higher penetration parameters. Formulations with
NLC that contained 20% w/w or 40% wj/w particles resulted in an about 2-fold higher amount of
penetrated Al and increased the penetration depth about 2.5-fold. The penetration-enhancing effect
was highly significant (p <0.001) and allowed for an efficient delivery of the Alin the viable dermis.
In contrast, the penetration-enhancing effect of excipients that increase the skin hydration was
found to be very limited and not significant (<5%, p > 0.05). (4) Conclusions: Based on the results, it
can be concluded that particle-assisted dermal penetration can be considered to be a simple but
highly efficient and industrially feasible formulation principle for improved and tailor-made der-
mal drug delivery of active compounds.

Keywords: fluorescein; dermal penetration; ex vivo porcine ear model; digital image analysis;
stratum corneum thickness; skin hydration

1. Introduction

In addition to oral drug delivery, today, dermal drug delivery is one of the most often
exploited administration routes. In dermal drug delivery, the dermal penetration of active
ingredients (Al) is considered to take place by passive diffusion that can be explained by
Fick’s law. Hence, after topical application of a formulation, the Al is considered to diffuse
to the interface between the vehicle and the skin from where it enters the skin [1]. How-
ever, recent findings now demonstrated that the dermal penetration of chemical com-
pounds cannot only be explained by Fick’s law and showed that at least two additional
mechanisms must be considered when predicting the dermal penetration efficacy of Al
after topical application [2,3]. The first additional penetration mechanism is the penetra-
tion of Al via convection, and the second additional mechanism is particle-assisted pene-
tration (Figure 1).
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Figure 1. Proposed mechanisms of dermal penetration. First mechanism: penetration of low viscous
liquids—active compounds penetrate via convection (solvent drag mechanisms) into the skin. Sec-
ond mechanism: vehicle and skin are in equilibrium—AI penetrate via passive diffusion. Third
mechanism: transformation of vehicle creates passive penetration phenomena—one example is the
particle-assisted penetration enhancement, i.e., the formation of aqueous menisci below particulate
materials that increase the penetration of Al being dissolved in the liquid of the meniscus [3]. It is
likely that the different mechanisms occur not stepwise but superimpose each other. The figure and
the figure legend are re-printed from [2].

The penetration of Al via convection, i.e., via a solvent drag mechanism, means that
low viscous liquids from the vehicle can penetrate into the skin. Consequently, Al that are
dissolved in these liquids will enter the skin together with their solvent [2]. The second
new mechanism is particle-assisted penetration (mechanism 3, Figure 1). The mechanism
was recently shown for drug nanocrystals, i.e., nanosuspensions that are composed of
poorly water soluble Al that are dispersed as particles in submicron size in aqueous media
[4-9].

Particle-assisted dermal penetration is considered to occur if a topical formulation
contains particles that are dispersed in a liquid that can evaporate and/or penetrate the
skin after topical application. Hence, after topical application, the volume of dispersion
medium decreases over time and finally connects the particles to the surface of the skin
via an aqueous meniscus (Figure 2). The aqueous meniscus causes a prolonged attachment
of the particles on top of the skin. The increased retention time of the particles enhances
the dermal penetration for the active compounds that are released from these particles.
This is not only due to the longer retention time, but also due to the formation of a locally
high concentration gradient of dissolved Al within the aqueous meniscus, and in addition,
due to a local swelling, i.e., increased hydration of the stratum corneum (SC), which can
further foster the dermal penetration of the AI [3].

dispersion medium aqueous meniscus

_—
“ e, dbubub. S %

immediately after application time [h]

Figure 2. Scheme of aqueous meniscus formation after topical application of particle-containing der-
mal formulations.
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Until now, the improved dermal penetration of Al due to the formation of an aque-
ous meniscus was only shown for drug carriers, i.e., for dermal formulations that con-
tained particles with incorporated Al. However, based on the previous findings we hy-
pothesized that particle-assisted dermal penetration, i.e., the formation of an aqueous me-
niscus, should also allow for an improved dermal penetration of Al that are not incorpo-
rated into the particles but that are only dissolved in the dispersion medium. The aim of
this study was therefore to prove or disprove this theory and to investigate to which extent
dermal penetration of dissolved Al can be enhanced by particle-assisted dermal penetra-
tion, i.e., by the addition of particles to topical formulations.

The study was performed with two different types of particle dispersions (titanium
dioxide (TiO2) and nanostructured lipid carriers (NLC)) that were dispersed in different
aqueous dispersion media. Sodium fluorescein is a hydrophilic fluorescent dye. It was
dissolved in the water phase of the particle dispersions and served as a surrogate for a
hydrophilic Al The different formulations were prepared and characterized, and the der-
mal penetration efficacy of the Al surrogate from the different particle-containing formu-
lations was determined with the ex vivo porcine ear model [10,11]. The results obtained
were compared to the dermal penetration of the Al surrogate from formulations with
identical dispersion media without particles.

2. Materials and Methods
2.1. Materials

Fluorescein disodium salt as hydrophilic Al surrogate was obtained from JT Baker
Inc., Phillipsburg, NJ, USA. TiO: particles were obtained from Titan Kogyo Ltd., Ube, Ja-
pan. NLC were produced in house (cf. Section 2.2.3). The lipid matrix of the NLC consisted
of 60% w/w cetyl palmitate and 40% w/w medium-chain triglycerides (Miglyol® 812). Both
lipids were obtained from Caesar & Loretz GmbH, Hilden, Germany. Alkylpolygluco-
sides (Plantacare® 818 UP and Plantacare® 2000 UP, BASF AG, Ludwigshafen, Germany)
were used as stabilizers for the particles. The more hydrophilic Plantacare 818 was used
for the stabilization of the NLC and the more hydrophobic Plantacare 2000 was used for
the stabilization of the more hydrophobic TiO: particles, respectively. Glycerol (297 %) was
used as humectant and was obtained from VWR International GmbH, Leuven, Belgium.
Purified water was freshly obtained daily from a PURELAB® Flex 2 (ELGA LabWater,
Veolia Water Technologies GmbH, Celle, Germany).

2.2. Methods
2.2.1. Study Design

The study was performed in three steps. In the first step, particle-assisted dermal
penetration was investigated with titanium dioxide (TiO2) particles. For this, TiO: parti-
cles (2% w/w) were dispersed in water or surfactant solution (Plantacare 2000 3% w/w).
The Al surrogate (0.005% w/w) was dissolved in these formulations and particle-free for-
mulations with similar dispersion media served as controls (Table 1). The distribution of
the particles within the formulations was investigated with light microscopy. In addition,
the Feret diameter of the dispersed particles was determined. The formulations were ap-
plied on fresh porcine skin and the dermal penetration efficacy was determined.

Table 1. Overview of formulations and compositions of the formulations tested.

1.  Particle-assisted dermal penetration with titanium dioxide particles

Formulation code particles dispersion medium Al surrogate
1-water-control - water 0.005% w/w
1-TiOz2 in water TiO>-2% w/w water 0.005% w/w

1-surfactant control - surfactant 3% w/w 0.005% w/w

1-TiO2 in surfactant  TiO2>-2% w/w surfactant 3% w/w 0.005% w/w
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2.  Particle-assisted dermal penetration with NLC

Formulation code particles dispersion medium Al surrogate
2-NLC-control - surfactant 1% w/w 0.005% w/w
2-NLC 5% NLC *-5% w/w surfactant 1% w/w 0.005% w/w
2-NLC 10% NLC *-10% w/w surfactant 1% w/w 0.005% w/w
2-NLC 20% NLC *-20% w/w surfactant 1% w/w 0.005% w/w
2-NLC 40% NLC *-40% w/w surfactant 1% w/w 0.005% w/w

3.  Particle-assisted penetration and addition of humectants
Formulation code particles dispersion medium Al surrogate
3-surfactant control - surfactant 1% w/w 0.005% w/w
3-glycerol control - surfactant 1 /o;l;gu' glycerol 5% 0.005% w/w
3-NLC control ~ NLC *-10% w/w surfactant 1% w/w 0.005% w/w

factant 1% w/w, gl 1 5%

3-NLC with glycerol NLC*-10% wjw ° 122 1% ;‘;Z" glycerol5% 0 005% ww

* The lipid matrix of the NLC consisted of a mixture of cetyl palmitate and medium-chain triglycer-
ides in a ratio 6:4.

In the second step, particle-assisted dermal penetration was investigated with NLC.
The NLC were produced by high-pressure homogenization (HPH) and their physical—-
chemical properties, i.e., size and zeta potential, were analysed. NLC were produced with
different lipid contents (5%, 10%, 20%, 40%, Table 1) and 0.005% w/w Al surrogate was
dissolved in the water phase of these formulations. An NLC-free formulation (particle-
free formulation) that consisted of 1% w/w surfactant (Plantacare® 818 UP) and 0.005%
w/w Al surrogate served as benchmark control (Table 1). All formulations were applied
on fresh porcine skin and their dermal penetration efficacy was determined.

The last part of the study investigated if the addition of humectants that are known
to increase the skin hydration can be used to further improve the particle-assisted dermal
penetration efficacy. For this, 5% w/w glycerol was added to the NLC formulation with
10% lipid content and 0.005% w/w Al surrogate. The resulting physical-chemical proper-
ties, i.e., size and zeta potential of the formulation with and without glycerol, were ana-
lysed and the dermal penetration efficacy of the Al surrogate was determined ex vivo on
fresh porcine skin. Formulations without particles and glycerol served as controls (Table
1). A detailed description of the production of the formulations, their characterization,
and dermal penetration efficacy testing is provided below.

2.2.2. Production and Characterization of TiO2 Dispersions

Purified water and a 3% Plantacare 2000 solution served as dispersion media for TiOs.
The latter was prepared by adding the emulsifier to purified water by constant stirring at
room temperature for 10 min. The Al surrogate fluorescein was added to both media and
stirred until it was completely dissolved. For the suspensions, TiO2 was placed in a beaker,
the respective aqueous phase was added, and the mixture was stirred (150 rpm) for 5 min.
The particle dispersions were analysed by light microscopy equipped with a polarization
filter (Olympus BX53, Olympus Corporation, Shinjuku, Japan; magnification: 200-fold).
Subsequently, the images obtained were subjected to digital image analysis (Image ] soft-
ware, version 1.53 a, National Institute of Health, Gaithersburg, MD, USA) [12,13] to esti-
mate the particle size, i.e., the Feret diameter, of the dispersed particles. For this, the scale
of the software was set to 3.3 um/px. The images were converted into 8-bit images and
subjected to a black/white threshold that allowed to discriminate and select particles from
the background of the image. The selected threshold included all pixels with a brightness
> 80 grey values. Finally, the marked particles were analysed by the Image] software [14].
Only particles > 0.4 um were included in the analysis, as smaller areas were considered to
be not concrete particles but artefacts, because such small particles cannot be detected by
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ordinary light microscopy. The Feret diameters for all particles obtained were transferred
into JASP software (version 14.1., Universiteit van Amsterdam, Amsterdam, The Nether-
lands [15]) to calculate the mean Feret diameters [16].

2.2.3. Production of the NLC Dispersions

The NLC are a well-known drug delivery system with superior properties on skin
[17-24]. In this study, they were produced after a previously established production pro-
tocol [25]. The lipids were molten at 75 °C while stirring constantly. The aqueous phase
was heated likewise and added to the lipid phase while stirring. The obtained pre-disper-
sion was subjected to high-speed stirring (Ultra Turrax T25, IKA-Werke GmbH & Co. KG,
Staufen im Breisgau, Germany) for 30 s at 10,000 rpm and subsequently to hot high-pres-
sure homogenization by using a LAB 40 (APV Gaulin GmbH, Liibeck, Germany) in dis-
continuous mode for 3 cycles at 500 bar and at a temperature set to 75 °C. The so obtained
hot nanoemulsions were filled into Falcon tubes that were immediately placed in an ice
bath to cool the dispersions to yield the NLC. The NLC were characterized and used for
dermal penetration testing within 24 h of production.

2.2.4. Characterization of the NLC Dispersions

The particle size of the NLC was determined by three independent techniques [26].
Dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern,
UK, data analysis in general purpose mode) was used to determine the mean particle size,
i.e., the hydrodynamic diameter, of the NLC dispersions. Laser diffractometry (LD, Mas-
tersizer 3000, Malvern Panalytical Ltd., Malvern, UK, data analysis with Mie theory with
optical parameters set to 1.5 (real refractive index) and 0.001 (imaginary refractive index))
was used to prove or disprove the absence of possible larger particles that cannot be de-
termined by DLS measurements [26]. In addition, light microscopy (Olympus BX53,
Olympus Corporation, Shinjuku, Japan; magnification: 400-fold and 1000-fold) was used
to confirm the data obtained by LD measurements [26]. In addition to size, the zeta poten-
tial (ZP, Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern, UK) was analysed. The
analysis was performed at 20 °C in the original dispersion medium (surfactant solution)
and in purified water with adjusted conductivity with sodium chloride (50 puS/cm, 20 °C).
The zeta potential was determined by measuring the electrophoretic mobility (EM) by
Laser Doppler Anemometry. The EM obtained was then converted into the ZP by using
the Helmholtz—-Smoluchowski equation [27].

2.2.5. Determination of Dermal Penetration Efficacy

The influence of the particles on the dermal penetration efficacy was investigated by
using the ex vivo pig ear model [10,11]. Fresh pig ears were obtained from a local slaugh-
terhouse from pigs that were slaughtered for food industry. Ears were washed with luke-
warm water and gently dried with a paper towel. The hairs were carefully trimmed to 1-
3 mm with scissors without touching the skin. To ensure skin integrity, the transepidermal
water loss was measured (TEWL, Tewameter® TM300, Courage + Khazaka Electronic
GmbH, K&ln, Germany). A TEWL value of >15 g/cm?/h was defined as an exclusion crite-
rion. Subsequently, examination areas of 2 x 2 cm, which showed no visible injuries, were
marked on the ears. An amount of 50 pL of the respective formulation (cf. Table 1) were
applied and evenly distributed over the area using the saturated finger method [28]. The
ears were incubated for 1 h in a pre-heated oven at 32 °C. After the penetration time, the
excess formulation was carefully removed with rinsing water, and the ears were carefully
blotted dry in dabbing movements with a lint free tissue. Punch biopsies (& 15 mm) were
taken from each examination area, embedded in Tissue Tec® (Sakura Finetek Europe BV,
Alphen aan den Rijn, The Netherlands), and frozen at -80 °C. For further analysis, the
punch biopsies were cut into 20 um thick vertical skin sections using a cryomicrotome
(Mod. 2700 Reichert-Jung, Nuflloch, Germany).
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The skin cuts were placed on microscopic slides and the dermal penetration of the Al
surrogate was evaluated by inverted epifluorescence microscopy (Olympus CKX53,
equipped with an Olympus DP22 colour camera, Olympus Life Science Solutions GmbH,
Hamburg, Germany). The filter block system DAPI HC was used for analysis (excitation
filter: 460-490 nm (BP), dichroic mirror 500 nm, emission filter: starting at 500 nm (LP)).
The exposure time was set to 50 ms, and the intensity of the fluorescent light source (130
W U-HGLGPS illumination system, Olympus Deutschland GmbH, Hamburg, Germany)
to 50%. The magnification of the microscope was 200-fold. All settings were kept constant
throughout the study.

2.2.6. Digital Image Analysis

Digital image analysis was used to assess the penetration parameters, i.e., the relative
amount of penetrated Al surrogate and the corresponding penetration depth from the
microscopic images [11]. For this, the images from fluorescence microscopy were sub-
jected to an automated RGB threshold algorithm (Supplementary Material Section S1) that
subtracted the autofluorescence of the skin from the fluorescence of the Al surrogate by
using Image] software (version 1.53 a, National Institute of Health, USA) [12,13]. The re-
maining autofluorescence of the images after the RGB threshold (ART) is expressed as
mean grey value per pixel (MGV/px). The ART corresponds to the amount of penetrated
Al surrogate and is therefore used to evaluate the amount of penetrated active compounds
into the skin semi-quantitatively [11]. The penetration depth of the Al surrogate was de-
termined from the thresholded images with the scale function of Image] software. The
scale was set to 2.84 px/um and the penetration depth was measured for each image. The
mean penetration depth (MPD) is the average of all measured images and is expressed as
mean =* standard deviation (SD). Like the MPD, the stratum corneum thickness (SCT) was
assessed from the original images. From the SCT, the relative SCT (rel. SCT in %) was
calculated by setting the SCT of untreated skin (control) to 100%.

2.2.7. Statistical Analysis

Statistical analysis was performed with JASP software (version 14.1., Universiteit van
Amsterdam, Amsterdam, The Netherlands [15]). Normal distribution of the data was
checked with the Shapiro-Wilk test and variance homogeneity was determined with the
Levene’s test. One-way analysis of variance (ANOVA) with Welch adoption in case of
variance inhomogeneity was conducted for normally distributed data. A Kruskal-Wallis
H test was performed for non-parametric data sets. Appropriate post hoc tests (Tukey,
Games-Howell or Dunn’s post hoc test [29]) and independent t-tests were also performed
to determine significant differences between the different mean values. All p-values <0.05
were considered statistically significant.

3. Results
3.1. Particle-Assisted Dermal Penetration with Titanium Dioxide Particles

Dispersion of the TiO:z in water resulted in the formation of an inhomogeneous sus-
pension with large TiO: aggregates (Figure 3A). The dispersion of the TiO2 particles in the
surfactant solution resulted in a more homogenous distribution of the particles with
smaller agglomerates (Figure 3B). The Feret diameter of the TiOz2/water dispersion was
3.84 um and was 2.98 um for the TiOz/surfactant dispersion, and both dispersions pos-
sessed very broad size distributions. The differences in size were significant (independent
t-test, p < 0.001).
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Figure 3. Microscopic images of the TiOz/water dispersion (A) and the TiOz/surfactant dispersion
(B). Images were taken with the polarization filter and with a 200-fold magnification.

The dermal penetration efficacy of the Al surrogate was affected by the type of dis-
persion medium and by the addition of the particles (Figure 4). The addition of surfactant
increased the penetration of the Al surrogate significantly by about 35% and the penetra-
tion depth was increased by about 15%. The addition of TiO: particles to the water did not
affect the penetration efficacy of the Al surrogate but was significantly increased when
the TiO: particles were dispersed in the surfactant solution (Figure 4). The increase was
about 30% for the total amount of penetrated Al and about 20% for the penetration depth
(Figure 4B,C).

The penetration-enhancing effect of the surfactants on the dermal penetration effi-
cacy was expected, because surfactants are considered to modify the structure of the SC,
which can cause an enhanced permeability and penetration efficacy of AI[30-35]. Particle-
assisted penetration was not observed for the large-sized TiO: particles in water but was
nicely demonstrated for the smaller sized and more homogenously distributed TiO: par-
ticles in the surfactant solution. The controversial results for the particle-assisted dermal
penetration are also reasonable. The aqueous meniscus connects the particles to the skin.
The curvature of the meniscus that is created between skin and particle and the resulting
adhesive forces between particle and skin depend on the size of the particles [36]. Based
on the Kelvin equation, with decreasing particle size, the radius of curvature decreases
and the adhesive forces increase. Hence, the large size of the TiO: particles in water can
be considered to hamper particle-assisted penetration, whereas the size of the TiO: parti-
cles in the surfactant solution seemed to be sufficiently small to allow for effective particle-
assisted dermal penetration. In addition to the size, the total number of particles within
the dispersion also might impact the dermal penetration efficacy, i.e., less particles can be
considered to create less menisci and thus will result in less effective particle-assisted der-
mal penetration. The large agglomerates of TiO: in water resulted in a much smaller num-
ber of particles in the dispersion and thus caused a much smaller number of particles that
were connected to the skin. Hence, both parameters, the low number and the larger size
of the particles in water, can be considered to be responsible for the non-observed particle-
assisted penetration when TiO: particles were dispersed in water.

3.2. Particle-Assisted Dermal Penetration with NLC

The data obtained from the TiO: particles already showed that the dermal penetra-
tion efficacy of hydrophilic Al can be enhanced by the addition of particles. Data indicated
that the size and number of the particles impact the particle-assisted dermal penetration.
Therefore, the next part of the study aimed at investigating these effects in more detail.
For this, NLC with different lipid concentrations, i.e., particle contents, were produced,
and their dermal penetration efficacy was investigated and compared to a formulation
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without particles. An increase in lipid concentration from 5 to 40% resulted in a significant
increase in particle size and size distribution but had no significant impact on the ZP (Fig-
ure 5). Particle-assisted dermal penetration was observed for all NLC formulations (Fig-

ure 6).

untreated skin 50 Hm

untreated skin Al-S in surfactant

2 -
1,
l T T 1

untreated skin water water + TiO2 surfactant surfactant + TiO2
% X %k
|

ART [MGV/px]
w
1

65

|
60
55
50 -
45 - T
40

35 - ——

[ T T 1
water water + TiO2 surfactant surfactant + TiO2

MPD [um]

Figure 4. Dermal penetration efficacy of skin treated with sodium fluorescein solution (in water or
surfactant) with and without TiO: particles. (A) images of vertical skin sections obtained by inverted
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epifluorescence microscopy, (B) ART values as surrogate for the total amount of penetrated Al (C)
mean penetration depth (MPD). AI-S = Al surrogate = fluorescein. Untreated was significant in re-
lation to all measured values. The asterisks indicate the following p-values: * <0.05; *** <0.001.
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Figure 5. Influence of lipid content of NLC on particle size and zeta potential (ZP) of the NLC for-
mulations. The particle size was assessed with dynamic light scattering which yields the hydrody-
namic diameter (z-average). Laser diffraction was used to determine the volume-based size distri-
bution of the particle dispersions. The obtained median volumetric diameters d(v)0.1-d(v)0.99 (um)
represent the percentage of the volume of the particles within the dispersion that are equal or below
the given size. Zeta potentials (mV) were analysed in the original medium and in conductivity wa-
ter, respectively.
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Figure 6. Dermal penetration efficacy of skin treated with sodium fluorescein solution with and
without NLC particles. (A) Images of vertical skin sections obtained by inverted epifluorescence
microscopy, (B) ART values as surrogate for the total amount of penetrated Al, (C) mean penetra-
tion depth (MPD). AI-S = Al surrogate = fluorescein. NLC = nanostructured lipid carriers. Untreated
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was significant in relation to all measured values. The asterisks indicate the following p-values: *
<0.05; **<0.01; *** <0.001.

The addition of 5% NLC increased the amount of penetrated Al surrogate by about
60% and the penetration depth was increased by about 80%. Addition of 10% particles
increased the amount of penetrated Al surrogate by about 60% and increased the pene-
tration depth by about 90%. The addition of 20% NLC increased the amount of penetrated
Al surrogate by about 95% and resulted in an increase in the penetration depth to about
265% when compared to the formulation without particles. Addition of 40% NLC resulted
in an increase in the amount of penetrated Al surrogate by about 110% and increased the
penetration depth to about 255%. The results between 5% and 10% and between 20% and
40% are not significantly different. This means that the results can be clustered into three
groups. Group I is the formulation without particles. Group II clusters the formulations
with low particle content in the range between 5-10%, and group III clusters the formula-
tions with high particle content, i.e., formulations with particle concentrations in the range
between 20-40%. Significant differences in both, the amount of penetrated Al surrogate
and the penetration depth, were found between these groups. The results clearly demon-
strate that an increasing number of particles results in an increased dermal penetration of
active compounds. They also show that the effect is not only limited to the total amount
of penetrated Al but is also affecting its penetration depth.

The application of fluorescein solution without particles led to a mean penetration
depth of about 43 um. This corresponds approximately to the thickness of the stratum
corneum. Hence, the application of fluorescein solution without particles (group I) only
enabled a penetration of fluorescein into the SC. The addition of low particle concentra-
tions (group II) resulted in a mean penetration depth of about 80 pm, and the addition of
high particle concentrations (group III) resulted in a mean penetration depth of about 110
pum. The average thickness of the epidermis is about 100 pm. Hence, low particle concen-
trations allowed the fluorescein to penetrate into the epidermis and the addition of high
particle concentrations even allowed for a transdermal penetration. Data therefore show
that the addition of particles not only affects the total amount of penetrated Al but also
the region in the skin to which the active compound can be delivered. Data therefore sug-
gest that the addition of particles cannot only be used for enhanced dermal drug delivery
but also to produce formulations with tailor-made penetration profiles.

3.3. Particle-Assisted Penetration and Addition of Humectants

The first parts of the study clearly showed that particles in dermal formulations can
strongly affect the dermal penetration of active compounds that are dissolved in the water
phase of the formulation. In addition to particle-assisted dermal penetration, which was
demonstrated in this study, other parameters can also affect the dermal penetration effi-
cacy. One important parameter that is known to improve the dermal penetration efficacy
is the skin hydration [37]. As effective dermal penetration of the Al is desired for most of
the topical formulations, it was interesting to investigate if an increase in skin hydration
due to the addition of humectants can further increase the dermal penetration of particle-
containing formulations. Therefore, in the last part of the study, glycerol (which is a nat-
ural moisturizing factor and well-known humectant) was added to the dispersion me-
dium with and without particles and the dermal penetration efficacy was determined ac-
cordingly.

The addition of glycerol to the particles had no influence on the particle size. The ZP
seemed to be slightly affected but the changes were not significant (Figure 7).
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Figure 7. Influence of glycerol on particle size and zeta potential of the NLC dispersion. The particle
size was assessed with dynamic light scattering which yields the hydrodynamic diameter (z-aver-
age). Laser diffraction was used to determine the volume-based size distribution of the particle dis-
persions. The obtained median volumetric diameters d(v)0.1-d(v)0.99 (um) represent the percent-
age of the volume of the particles within the dispersion that are equal or below the given size. Zeta
potentials (mV) were analysed in the original medium and in conductivity water, respectively.

The addition of glycerol to the surfactant solution without particles increased the
amount of penetrated Al surrogate by about 5% (Mann-Whitney test, p > 0.05) and had
no influence on the penetration depth (Figure 8). The addition of particles increased the
amount of penetrated Al surrogate by about 60% and the penetration depth by about
130%. The addition of glycerol to the particle-containing formulation increased the pene-
trated amount of the Al surrogate by about 5% (Mann-Whitney test, p > 0.05) and had no
influence on the penetration depth.
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Figure 8. Dermal penetration efficacy of skin treated with sodium fluorescein surfactant solution
with and without NLC particles and with and without glycerol. (A) Images of vertical skin sections
obtained by inverted epifluorescence microscopy, (B) ART values as surrogate for the total amount
of penetrated Al (C) mean penetration depth (MPD). AI-S = Al surrogate = fluorescein. NLC =
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nanostructured lipid carriers. Untreated was significant in relation to all measured values. The as-
terisks indicate the following p-value: *** <0.001.

Therefore, data indicate the addition of humectants and particles is additive but not
synergistic. Data also demonstrate that the particle-assisted penetration has a much
greater impact on the all-over dermal penetration of active compounds than the addition
of moisturizers (Figure 8).

The weak influence of glycerol on the dermal penetration efficacy was not expected
and it was therefore speculated that the expected skin hydrating effect of glycerol was
maybe not achieved in this experiment. Therefore, to investigate this assumption and to
provide a more detailed understanding on the influence of glycerol and the particles on
the dermal penetration efficacy, the stratum corneum thickness of the differently treated
skin sections was analysed (Figure 9).

XK XK X ¥ % % Xk

r

T T 1

T
untreated skin surfactant surfactant + glycerol NLC NLC + glycerol

Figure 9. Relative stratum corneum thickness of skin treated with sodium fluorescein in surfactant
solution with and without NLC particles and with and without glycerol. The asterisks indicate the
following p-values: * <0.05; ** <0.01; *** <0.001.

The surfactant solution had no influence on the SCT. The addition of glycerol in-
creased the SCT by about 10% and the addition of particles increased the SCT by about
5%. The addition of particles and glycerol increased the SCT by about 15%. Data show
that the addition of glycerol caused a strong increase in skin hydration that was evidenced
by the increase in SCT. The addition of particles also caused an increase in skin hydration.
However, the effect was only half as strong as the addition of glycerol. The addition of
glycerol and particles caused an additive hydration effect.

A possible explanation why the strong hydration of glycerol was not effective to im-
prove the dermal penetration of the Al surrogate might be related to the hygroscopic
properties of glycerol. If glycerol is only able to penetrate into the SC but not into deeper
layers of the skin, it might hold water in the SC but at the same time it might soak water
from deeper layers of the skin or at least prevent the penetration of water from the formu-
lation into deeper layers of the skin. Consequently, the hydrophilic Al surrogate that is
dissolved in the water also cannot penetrate deeper into the skin. More research is needed
to understand these mechanisms in more detail.

4. Conclusions

The results prove that particles in a topical formulation can tremendously increase
the dermal penetration efficacy of active compounds that are dissolved in the water phase
of this formulation. The so-called particle-assisted penetration depends on the particle size
and the number of particles within the formulation. Higher numbers and smaller sizes
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increase the total amount of penetrated active compound. The increase in penetration ef-
ficacy seems to reach a plateau once the skin surface is fully covered with particles. In this
case, higher numbers of particles cannot further improve the penetration efficacy of the
active compound. In this study, NLC with particle concentrations between 20% w/w—-40%
w/w in the formulation were identified to be most effective. They resulted in an about 2-
fold higher penetration when compared to the formulation without particles.

Particles in topical formulations were also found to strongly impact, i.e., increase, the
penetration depth. This means active compounds that only penetrate into upper skin lay-
ers if formulated in classical, particle-free formulations can be efficiently transported into
deeper layers of the viable dermis with the help of particles that are added to these classi-
cal formulations. The use of different numbers of particles and or particle sizes might even
allow for the formulation of topical products with tailor-made penetration depth in the
future. More research is needed to address these findings in more detail.

The addition of humectants (glycerol) resulted in a significant increase in skin hydra-
tion but had only a limited effect on the dermal penetration efficacy of the Al surrogate.
The penetration-enhancing effect of glycerol was additive to the particle-assisted dermal
penetration enhancement but not synergistic. Finally, the data obtained allowed for a di-
rect comparison between the penetration-enhancing effects that are caused by skin hydra-
tion (addition of humectant) and the addition of particles. The limited effect of the humec-
tant (approx. +5%, no effects on the penetration depth) and the pronounced increase in
dermal penetration efficacy (approx. +100%, approx. 2.5-fold deeper penetration) upon
the addition of particles provide sound evidence that particle-assisted dermal penetration
can be considered to be a novel, simple, and super-effective formulation principle for im-
proved and tailor-made dermal drug delivery of active compounds. The principle is in-
dustrially feasible. It requires no additional equipment and is easily scalable. On the other
hand, it should also be considered that the addition of particles might also foster the pen-
etration of other compounds, i.e., preservatives, perfumes, etc., that can promote allergic
and/or toxic reactions. More research is now needed to exploit and investigate the princi-
ple and potential of particle-assisted penetration to real world formulations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics14051039/s1, Section S1: Macros used for the
automated RGB threshold for the digital image analysis.

Author Contributions: Conceptualization, S.W. and C.M.K; methodology, S.W. and C.M.K.; vali-
dation, S.W. and C.M.K,; formal analysis, S.W. and C.M.K.; investigation, S.W.; resources, CM.K.;
data curation, S.W. and C.M.K,; writing—original draft preparation, C.M.K.; writing—review and
editing, S.W. and C.M.K,; visualization, S.W. and C.M.K.; supervision, CM.K,; project administra-
tion, CM.K.; funding acquisition, C.M.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partly funded by ZIM-AIF grant number KF ZF4114903A]8. Open
Access funding provided by the Open Acess Publication Fund of Philipps-Universitat Marburg
with support of the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Material
Section S1.

Acknowledgments: The authors thank Courage + Khazaka electronic GmbH for providing the skin
probes.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2022, 14, 1039 16 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Idson, B. Vehicle effects in  percutaneous absorption. Drug  Metab. Rev. 1983, 14, 207-222.
https://doi.org/10.3109/03602538308991389.

Kaushik, V.; Ganashalingam, Y.; Schesny, R.; Raab, C.; Sengupta, S.; Keck, C.M. Influence of Massage and Skin Hydration on
Dermal Penetration Efficacy of Nile Red from Petroleum Jelly-An Unexpected Outcome. Pharmaceutics 2021, 13, 2190.
https://doi.org/10.3390/pharmaceutics13122190.

Eckert, RW.; Wiemann, S.; Keck, C.M. Improved Dermal and Transdermal Delivery of Curcumin with SmartFilms and Nano-
crystals. Molecules 2021, 26, 1633. https://doi.org/10.3390/molecules26061633.

Mauludin, R.; Miiller, R.H.; Keck, C.M. Development of an oral rutin nanocrystal formulation. Int. ]. Pharm. 2009, 370, 202-209.
https://doi.org/10.1016/j.ijpharm.2008.11.029.

Mauludin, R.; Miiller, R.H.; Keck, C.M. Kinetic solubility and dissolution velocity of rutin nanocrystals. Eur. |. Pharm. Biopharm.
2009, 36, 502-510. https://doi.org/10.1016/j.ejps.2008.12.002.

Miiller, R.H.; Gohla, S.; Keck, C.M. State of the art of nanocrystals--special features, production, nanotoxicology aspects and
intracellular delivery. Eur. ]. Pharm. Biopharm. 2011, 78, 1-9. https://doi.org/10.1016/j.ejpb.2011.01.007.

Keck, C.M.; Miiller, R.H. Drug nanocrystals of poorly soluble drugs produced by high pressure homogenisation. Eur. |. Pharm.
Biopharm. 2006, 62, 3-16. https://doi.org/10.1016/j.ejpb.2005.05.009.

Pelikh, O.; Hartmann, S.F.; Abraham, A.M.; Keck, C.M. Nanocrystals for Dermal Application. In Nanocosmetics—From Ideas to
Products; Cornier, J., Keck, C.M., van der Voorde, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 161-177.

Pelikh, O.; Stahr, P.-L.; Huang, J.; Gerst, M.; Scholz, P.; Dietrich, H.; Geisel, N.; Keck, C.M. Nanocrystals for improved dermal
drug delivery. Eur. ]. Pharm. Biopharm. 2018, 128, 170-178. https://doi.org/10.1016/j.ejpb.2018.04.020.

Keck, C.M.; Abdelkader, A.; Pelikh, O.; Wiemann, S.; Kaushik, V.; Specht, D.; Eckert, R.W.; Alnemari, R.M.; Dietrich, H.; Briifsler,
J. Assessing the Dermal Penetration Efficacy of Chemical Compounds with the Ex-Vivo Porcine Ear Model. Pharmaceutics 2022,
14, 678. https://doi.org/10.3390/pharmaceutics14030678.

Pelikh, O.; Pinnapireddy, S.R.; Keck, C.M. Dermal Penetration Analysis of Curcumin in an ex vivo Porcine Ear Model Using
Epifluorescence Microscopy and Digital Image Processing. Skin Pharmacol. Physiol. 2021, 34, 281-299.
https://doi.org/10.1159/000514498.

Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. Image]2: Image] for the next
generation of scientific image data. BMC Bioinform. 2017, 18, 529. https://doi.org/10.1186/s12859-017-1934-z.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]J: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
https://doi.org/10.1038/nmeth.2089.

Pelikh, O.; Keck, C.M. Hair Follicle Targeting and Dermal Drug Delivery with Curcumin Drug Nanocrystals-Essential Influence
of Excipients. Nanomaterials 2020, 10, 2323. https://doi.org/10.3390/nan010112323.

JASP Team. JASP (Version 0.14.1). 2020. Available online: https://jasp-stats.org/2020/07/02/introducing-jasp-0-13/ (accessed on

24 March 2022).

Pelikh, O.; Eckert, R.W.; Pinnapireddy, S.R.; Keck, C.M. Hair follicle targeting with curcumin nanocrystals: Influence of the
formulation properties on the penetration efficacy. J. Control. Release 2021, 329, 598-613. https://doi.org/10.1016/j.jcon-
rel.2020.09.053.

Miiller, R.H.; Sinambela, P.; Keck, C.M. NLC—The invisible dermal patch for moisturizing & skin protection. EURO COSMET-
ICS 2013, 6, 20-22.

Miiller, R.H.; Shegokar, R.; Keck, C.M. 20 years of lipid nanoparticles (SLN and NLC): Present state of development and indus-
trial applications. Curr. Drug Discov. Technol. 2011, 8, 207-227.

Keck, C.M.; Specht, D.; Briifiler, J. Influence of lipid matrix composition on biopharmaceutical properties of lipid nanoparticles.
J. Control. Release 2021, 338, 149-163. https://doi.org/10.1016/j.jconrel.2021.08.016.

Keck, C.M,; Baisaeng, N.; Durand, P.; Prost, M.; Meinke, M.C.; Miiller, R.H. Oil-enriched, ultra-small nanostructured lipid car-
riers (usNLC): A novel delivery system based on flip-flop structure. Int. | Pharm. 2014, 477, 227-235.
https://doi.org/10.1016/j.ijpharm.2014.10.029.

Keck, C.M.; Anantaworasakul, P.; Patel, M.; Okonogi, S.; Singh, K.K.; Roessner, D.; Scherrers, R.; Schwabe, K.; Rimpler, C.;
Muller, R.H. A new concept for the treatment of atopic dermatitis: Silver-nanolipid complex (sNLC). Int. |. Pharm. 2014, 462, 44—
51. https://doi.org/10.1016/j.ijpharm.2013.12.044.

Junyaprasert, V.B.; Teeranachaideekul, V.; Souto, E.B.; Boonme, P.; Miiller, R. H. Q10-loaded NLC versus nanoemulsions: Sta-
bility, rtheology and in vitro skin permeation. Int. ]. Pharm. 2009, 377, 207-214. https://doi.org/10.1016/j.ijjpharm.2009.05.020.
Das, S.; Ng, W.K,; Tan, R.B.H. Are nanostructured lipid carriers (NLCs) better than solid lipid nanoparticles (SLNs): Develop-
ment, characterizations and comparative evaluations of clotrimazole-loaded SLNs and NLCs? Eur. ]. Pharm. Sci. 2012, 47, 139—
151. https://doi.org/10.1016/j.ejps.2012.05.010.

Bondi, M.L.; Craparo, E.F.; Giammona, G.; Cervello, M.; Azzolina, A.; Diana, P.; Martorana, A.; Cirrincione, G. Nanostructured
lipid carriers-containing anticancer compounds: Preparation, characterization, and cytotoxicity studies. Drug Deliv. 2007, 14,
61-67.

Wiemann, S.; Keck, C.M. Are lipid nanoparticles really superior? A holistic proof of concept study. Drug Deliv. Transl. Res. 2021,
12, 1433-1444. https://doi.org/10.1007/s13346-021-01021-5.



Pharmaceutics 2022, 14, 1039 17 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Keck, C.M.; Miiller, R.H. Size analysis of submicron particles by laser diffractometry--90% of the published measurements are
false. Int. |. Pharm. 2008, 355, 150-163. https://doi.org/10.1016/j.ijpharm.2007.12.004.

Miiller, RH. Zetapotential und Partikelladung in der Laborpraxis: Einfiihrung in die Theorie, Praktische Mefidurchfiihrung,
Dateninterpretation; Wissenschaftliche Verlagsgesellschaft: Stuttgart, Germany, 1996; ISBN 380471465X.

Nagelreiter, C.; Mahrhauser, D.; Wiatschka, K.; Skipiol, S.; Valenta, C. Importance of a suitable working protocol for tape strip-
ping experiments on porcine ear skin: Influence of lipophilic formulations and strip adhesion impairment. Int. J. Pharm. 2015,
491, 162-169. https://doi.org/10.1016/j.ijpharm.2015.06.031.

Dinno, A. Nonparametric pairwise multiple comparisons in independent groups using Dunn’s test. Stata J. 2015, 15, 292-300.
Williams, A.C; Barry, B.W. Penetration enhancers. Adv. Drug Deliv. Rev. 2012, 64, 128-137.
https://doi.org/10.1016/j.addr.2012.09.032.

Som, I; Bhatia, K.; Yasir, M. Status of surfactants as penetration enhancers in transdermal drug delivery. ]. Pharm. Bioallied Sci.
2012, 4, 2-9. https://doi.org/10.4103/0975-7406.92724.

Pandey, A. Role of Surfactants as Penetration Enhancer in Transdermal Drug Delivery System. ]. Mol. Pharm. Org. Process. Res.
2014, 2, 113. https://doi.org/10.4172/2329-9053.1000113.

Dragicevic, N.; Atkinson, ].P.; Maibach, H.I. Chemical Penetration Enhancers: Classification and Mode of Action. In Percutaneous
Penetration Enhancers Chemical Methods in Penetration Enhancement; Dragicevic, N., Maibach, H.I., Eds.; Springer: Berlin/Heidel-
berg, Germany, 2015; pp. 11-27, ISBN 978-3-662-47038-1.

Strati, F.; Neubert, R H.H.; Opalka, L.; Kerth, A.; Brezesinski, G. Non-ionic surfactants as innovative skin penetration enhancers:
Insight in the mechanism of interaction with simple 2D stratum corneum model system. Eur. J. Pharm. Sci. 2021, 157, 105620.
https://doi.org/10.1016/j.ejps.2020.105620.

Lemery, E.; Briangon, S.; Chevalier, Y.; Oddos, T.; Gohier, A.; Boyron, O.; Bolzinger, M.-A. Surfactants have multi-fold effects
on skin barrier function. Eur. J. Dermatol. 2015, 25, 424-435. https://doi.org/10.1684/ejd.2015.2587.

Pakarinen, O.H.; Foster, A.S.; Paajanen, M.; Kalinainen, T.; Katainen, J.; Makkonen, I.; Lahtinen, J.; Nieminen R.M. Towards an
accurate description of the capillary force in nanoparticle-surface interactions. Model. Simul. Mater. Sci. Eng. 2005, 13, 1175-1186.
https://doi.org/10.1088/0965-0393/13/7/012.

Yu, Y.-Q,; Yang, X.; Wu, X.-F.; Fan, Y.-B. Enhancing Permeation of Drug Molecules Across the Skin via Delivery in Nanocarriers:
Novel Strategies for Effective Transdermal Applications. Front. Bioeng.  Biotechnol. 2021, 9, 646554.
https://doi.org/10.3389/fbioe.2021.646554.



