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Abstract
Lipid nanoparticles are a successful carrier system for dermal drug delivery. They possess various beneficial properties, i.e., 
increased chemical stability for chemically labile compounds, increased dermal penetration of active compounds, or skin 
carrying properties after dermal application due to the formation of a so-called “invisible patch.” Despite manifold studies 
showing these properties individually, a study that investigates if one lipid nanoparticle formulation can really combine all 
the above-mentioned benefits at once is not yet available. In the present study, lipid nanoparticles (NLC) were produced 
and characterized regarding their physico-chemical properties. The chemical stability of the incorporated active ingredient 
(AI) was determined, as well as the dermal penetration efficacy of the AI, and the skin carrying properties of the NLC after 
dermal penetration. The properties of the NLC were compared to classical formulations, i.e., AI dissolved in pure oil, an 
o/w cream base and a nanoemulsion. All formulations contained similar lipids and emulsifiers, which allowed for a direct 
comparison of the different properties. NLC were shown to provide most efficient chemical stabilization and most efficient 
dermal penetration for the AI. The formation of the invisible patch was shown for the NLC but not for the other formulations. 
Skin hydration and skin carrying properties were also most pronounced for the NLC. Results provide evidence that NLC can 
combine all beneficial effects that were previously described in one formulation. Thus, providing evidence that NLC are a 
holistically superior formulation principle when compared to other formulation principles.

Keywords Dermal drug delivery · Skin care · Lipid nanoparticles · Nanostructured lipid carriers · Nanoemulsion · 
Occlusion

Introduction

Lipid nanoparticles are well-recognized drug delivery 
systems that were independently invented by Maria Rosa 
Gasco (Turin/Italy) and Rainer H. Müller (Berlin/Germany) 
in the early 1990ties. Lipid nanoparticles are characterized 
by a solid lipid matrix in which lipophilic active ingredi-
ents (AI) can be encapsulated. The encapsulation of AI into 
lipid nanoparticles (LN) increases the chemical stability 
of chemically labile AI [1]. After dermal application, the 
LN form a lipid film which is known as “invisible patch” 
[2]. The invisible patch re-enforces the natural lipid film 
of the stratum corneum (SC), increases skin hydration, and 

increases the dermal penetration of lipophilic AI (Fig. 1). 
Three different generations of lipid nanoparticles  (SLN®, 
 NLC®, and  smartLipids®) are known today, and manyfold 
scientific studies could already prove the superiority of lipid 
nanoparticles over other formulation strategies [3–13]. The 
lipid nanoparticles are exploited in various cosmeceutical 
products, and very recently, they were even described to be 
the most successful carrier for skin delivery [14].

Based on the massive number of scientific studies and 
products on the market, one would expect that a final proof 
of concept study showing that lipid nanoparticles are indeed 
superior in all above-mentioned aspects when compared 
to classical formulations, i.e., emulsions or creams, or to 
nanoemulsions (NE), which are much easier to develop, has 
long been conducted. Interestingly, based on our findings, 
this is not the case. Many studies investigate only one aspect, 
e.g., chemical stability of the AI, dermal penetration effi-
cacy, or skin carrying properties. In many cases, the efficacy 
of lipid nanoparticles is only compared to one other drug 

 * Cornelia M. Keck 
 cornelia.keck@pharmazie.uni-marburg.de

1 Department of Pharmaceutics and Biopharmaceutics, 
Philipps-Universität Marburg, Robert-Koch-Str. 4, 
35037 Marburg, Germany

/ Published online: 3 September 2021

Drug Delivery and Translational Research (2022) 12:1433–1444

http://orcid.org/0000-0001-8888-2340
http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-021-01021-5&domain=pdf


1 3

delivery system and/or to formulations that contain other 
ingredients than the lipid nanoparticles. Hence, a compre-
hensive study that compares the efficacy of lipid nanopar-
ticles in regard to all their beneficial properties to different 
formulation principles is not available today. This means 
a holistic study that investigates if lipid nanoparticles can 
really combine all these beneficial properties in only one 
formulation is not available.

Therefore, the aim of this study was to produce lipid 
nanoparticles and to compare their properties to other for-
mulation principles (oil, macroemulsion (ME), NE) that 
contained similar excipients as the lipid nanoparticles. The 
similarity in chemical composition of the formulations 
allowed a direct comparison of the properties, i.e., chemi-
cal stability of the incorporated AI, dermal penetration effi-
cacy, and skin carrying properties, between the different 
formulations.

Materials and methods

Materials

The lipophilic fluorescent dye 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindo-carbocyanin perchlorate (DiI perchlorate, 
Biozol Diagnistica Vertrieb GmbH, Germany) was chosen 
as a surrogate of an incorporated lipophilic AI. All for-
mulations contained 0.005% (w/w) DiI. This concentra-
tion was chosen, because it enabled a sufficient autofluo-
rescence for the skin penetration experiments and ensured 

an efficient encapsulation of the dye into the lipid phase 
without expulsion into the water phase at the same time. 
Sea fish oil (SFO) was selected as omega-3-rich liquid lipid 
source and was kindly provided by San Omega GmbH, 
Germany. Glyceryl tristearate  (Dynasan® 118, kindly pro-
vided by IOI Oleo GmbH, Germany) was used as solid 
lipid and structure-forming component for the o/w cream 
(macroemulsion, ME) and the NLC. The formulations were 
stabilized by using a blend of four non-ionic surfactants, 
i.e., Poloxamer 188 (PLX 188, kindly provided by BASF, 
Germany), Polysorbate 80  (Tween® 80, VWR, Germany), 
Polyvinylpyrrolidone 10,000 (PVP, AppliChem GmbH, 
Germany), and d-α-tocopheryl polyethylene glycol 1,000 
succinate (TPGS, Antares Health Products Inc., USA). 
The selection was based on a previous study by Muchow 
et al. [15]. Purified water was used as dispersion medium 
and was freshly obtained from a PURELAB Flex 2 (ELGA 
LabWater, Veolia Water Technologies Deutschland GmbH, 
Germany). Unless otherwise specified, all other chemicals 
were used as received. Table 1 provides an overview of the 
compositions of the formulations that were produced and 
characterized in this study.

Methods

The study was divided into two parts. In the first part, ME, 
NE, and NLC were produced and characterized regarding 
their physico-chemical properties. In the second part, their 
biopharmaceutical properties (ex vivo dermal penetration 

Fig. 1  Scheme of invisible 
patch that is formed after der-
mal application of LN
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efficacy, influence on bio-physical skin parameters) were 
determined and compared to an oily solution (Table 1).

Production of the formulations

The oil formulation was produced by dissolving the dye 
in sea fish oil (SFO). ME, NE, and NLC were produced 
after a previously established protocol [15]. First, DiI per-
chlorate (0.005%(w/w)) was dissolved in the SFO. In the 
case of the ME and NLC, the solid lipid (Dynasan 188) 
was added. Next, the lipid phase of each colloidal formula-
tion was heated to 70 °C. For the aqueous phase, PLX 188, 
Tween 80, PVP, and TPGS were dissolved in purified water 
and likewise heated. Afterwards, the hot aqueous phase 
was slowly poured into the lipid phase while constant stir-
ring. The obtained mixture was high speed stirred for 30 s 
at 10,000 rpm by using an Ultra Turrax T25 (IKA-Werke 
GmbH & Co. KG, Germany). The pre-emulsion was then 
subjected to hot high-pressure homogenization (HPH) via 
a LAB 40 (APV Gaulin, Germany) by applying 3 cycles at 
500 bar in discontinuous mode. The production temperature 
was set to 70 °C. The obtained formulations were immedi-
ately cooled in an ice bath and stored in falcon tubes (50 mL) 
at room temperature until further use.

Physico‑chemical characterization

Size characterization

Particle sizes were analyzed by three independent measur-
ing principles: dynamic light scattering (DLS), laser dif-
fraction (LD), and light microscopy. DLS, also known as 
photon correlation spectroscopy (PCS), was used to exam-
ine the hydrodynamic particle diameter (z-average) and 
the polydispersity index (PdI) of the produced formula-
tions. The measurements were conducted with a Zetasizer 
Nano ZS (Malvern Panalytical Ltd, UK). Measurements 
were performed at 20 °C and were analyzed with the gen-
eral purpose mode built in into the software of the instru-
ment. LD was used to detect possible larger particles, 

since the measuring range of the Mastersizer  3000 
(Malvern Panalytical Ltd, UK) covers sizes up to 3 mm 
(3000 µm). Data analysis was performed by using Mie 
theory. The real refractive index was set to 1.5 and the 
imaginary refractive index to 0.001. Size and size distri-
bution obtained are expressed as median volumetric par-
ticle diameters (d(v)x [µm]) [16]. The formulations were 
characterized on the day of production and during storage 
over 35 days at room temperature. Light microscopy was 
performed to confirm the results obtained from LD [17] 
and by using an Olympus BX53 light microscope (Olym-
pus Corporation, Japan), equipped with an Olympus 
SC50 CMOS color camera (Olympus soft images solution 
GmbH, Germany). In addition, to gain a more detailed 
knowledge on the colloidal structure of the produced for-
mulations, their aqueous and lipophilic phases were visu-
alized with methylene blue (hydrophilic dye) and sudan 
(III) red (lipophilic dye). For this approximately 0.5 g of 
each formulation were placed on watch glass dishes and 
approximately 10 mg of each dye reagent was blended 
with each sample. After 5 min incubation period, the for-
mulations were analyzed by light microscopy.

Zeta potential analysis

The zeta potential (ZP) was determined by measuring the 
electrophoretic mobility (EM) via laser Doppler anemom-
etry (Zetasizer Nano ZS, Malvern Panalytical Ltd, UK). 
The samples were prepared for analysis by dispersing the 
produced formulations in original dispersion medium (i.e., 
aqueous phase; Table 1). Additionally, particles were also 
dispersed in purified water with adjusted conductivity 
(50 µS/cm). The analyses were carried out at 20 °C, and 
the EM was converted into the ZP by using the Helmholtz-
Smoluchowski equation [18].

Chemical stability

DiI is a chemically labile compound that changes its color 
upon oxidation from magenta to yellow. The chemical sta-
bility was therefore determined by observing and compar-
ing the changes in color from the different formulations 
over time. For this purpose, approx. 1 mL of each formula-
tion, i.e., oily solution and colloidal systems, was placed 
on a watch glass. Images of the formulations were taken 
immediately after sampling and after storage in an oven 
for 6 h at 32 °C. The storage conditions of the formula-
tions were chosen to mimic the skin penetration experi-
ments and were therefore set as minimum requirements for 
chemical stability of the surrogate AI.

Table 1  Composition of the oily solution (Oil), macroemulsion (ME), 
nanoemulsion (NE), and nanostructured lipid carriers (NLC) in % 
(w/w)

* The aqueous phase consisted of Poloxamer 188 (3.0%), Tween 80 
(0.1%), PVP (0.1%), TPGS (1.0%), and purified water (ad 100.0%)

Oil ME NE NLC

DiI perchlorate 0.005% 0.005% 0.005% 0.005%
Sea fish oil (SFO) 99.995% 55.995% 9.995% 3.995%
Glyceryl tristearate - 14.0% - 6.0%
Aqueous phase* - 30.0% 90.0% 90.0%
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Biopharmaceutical characterization

The biopharmaceutical properties were assessed by deter-
mining the dermal penetration efficacy of the dye from the 
different formulations and their influence on the bio-physical 
skin properties, i.e., skin hydration, transepidermal water 
loss (TEWL), and skin friction.

Determination of dermal penetration efficacy

The dermal penetration efficacy was determined on the 
ex vivo porcine ear model. Fresh porcine ears were obtained 
from a local slaughterhouse, and the experiments were con-
ducted on the day of slaughter. The ears were washed with 
lukewarm water (approximately 23–25 °C) and gently dried 
with paper towels in dabbing movements without rubbing. 
Examination areas of 2 × 2 cm with no injuries were defined 
on the dorsal side of the ears. The hairs in these areas were 
carefully cut to a length of about 1–3 mm. Afterwards, 50 μL 
of each formulation were applied on the examination areas 
and massaged into the skin for 30 s using the saturated glove 
method [19]. Skin penetration was conducted for 1 h and 6 h 
at 32 °C. Afterwards, the skin surface was carefully wiped 
with wet paper towels to remove any sample residues on the 
skin surface. Subsequently, punch biopsies with a diameter 
of 15 mm were taken, embedded in Tissue-Tek® (Sakura 
Finetek Europe B.V., Netherlands) and immediately frozen 
at − 80 °C. Cryo-sectioning in 20 µm thick vertical cuts was 
performed with a cryomicrotome (Mod. 2700 Reichert-Jung, 
Germany). Images of skin sections obtained were taken by 
using an inverted epifluorescence microscope (Olympus 
CKX53) equipped with an Olympus DP22 color camera and 
an Olympus U-HGLGPS light source (Olympus Corpora-
tion, Japan). The intensity of the fluorescence light source 
was set to 100%, and the exposure time was set to 50 ms. The 
filter selected for analysis was the DAPI HC filter block sys-
tem (excitation filter 540–560 nm, dichroic mirror 570 nm, 
emission filter starting at 580 nm (LP)). Each formulation 
was tested in triplicate, i.e., on 3 different, independent 
porcine ears. From each skin area, at least 12 skin sections 
were obtained, and from each skin section, at least 3 images 
were obtained. Hence, for each skin area tested, at least 36 
images were obtained, which resulted in a total of at least 
108 images for each sample (n = 3). These images were used 
for subsequent digital image analysis.

Digital image analysis

Digital image analysis was performed with “ImageJ” soft-
ware [20, 21], and the epifluorescence images with 200-fold 
magnification were used for this. The penetration efficacy was 
assessed by determination of the total amount of penetrated 
dye (TAP) and by assessing the mean penetration depth (MPD) 

[22]. TAP and MPD were determined from the images after 
subjecting each image to an automated threshold algorithm 
(supplementary material Sect. 1) to eliminate the autofluo-
rescence of the skin [22]. The remaining light pixels corre-
sponded to the dye that penetrated the skin. The TAP was 
determined as mean grey value/pixel within each image, and 
the MPD was determined by measuring the distance between 
SC surface and penetrated dye [22]. The hydration of the stra-
tum corneum (SC) was also assessed by measuring the SC 
thicknesses (SCT) from the original non-processed images. 
The scale bar of the images corresponded to 50 µm and was set 
to 142 pixels in the software. The SCT was converted into the 
relative SCT by comparing the measured SCT of the treated 
skin to the SCT of untreated skin, which was set to 100%.

Determination of bio‑physical skin parameters

The influence of the formulations on the bio-physical skin 
properties, i.e., barrier protection, film formation, and skin 
hydration, were investigated by measuring transepidermal 
water loss (TEWL), skin hydration, and skin friction of the 
porcine skin. The parameters were assessed prior to the appli-
cation of the formulations and 1 h and 6 h after application. 
Prior to the measurements, excess formulation was carefully 
removed with a dry paper towel in dabbing movements. 
Measurements were performed with appropriate skin probes 
 (Tewameter® TM300 for TEWL,  Corneometer® CM825 for 
skin hydration and  Frictiometer® FR700 for skin friction). The 
probes were kindly provided by Courage & Khazaka Elec-
tronic GmbH, Germany. Experiments were performed in trip-
licate, i.e., on three different, independent porcine ears.

Statistical analysis

Statistical analysis was performed with JASP software (Ver-
sion 0.14.1). Normal distribution and variance homogene-
ity of the data were tested with the Shapiro–Wilk and the 
Levene’s test, respectively. For the normally distributed data, 
the mean values were compared by a one-way ANOVA, that 
was Welch-adopted in case of variance heterogeneity. Tukey 
or Games-Howell post hoc tests were performed to compare 
the mean values between each other. For the non-parametric 
data sets, a Kruskal–Wallis analysis of variance, followed 
by Dunn`s post hoc tests, was conducted [23]. P < 0.05 were 
considered statistically significant.

Results and discussion

Physico‑chemical properties of the formulations

The macroemulsion (ME) obtained was a semi-solid formu-
lation with a mean droplet size of about 10–15 µm (Fig. 2; 
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Table 2). Despite the large droplets, the formulation also 
contained small-sized droplets with sizes in the range of 
about 320 nm (PCS data). The colloidal structure of the 
ME was found to be not a simple, disperse system that rep-
resented an oil in water or water in oil emulsion but was 
rather a bi-coherent system that consisted of oil and water 
gel phases in which larger water droplets and small-sized 
lipid particles were dispersed (Fig. 2).

With this the ME possessed a colloidal structure being 
comparable to the structure described by H. Junginger for 
o/w creams. He found that o/w creams with crystalline gel 
structures, i.e., the water containing hydrophilic ointment 
(German pharmacopoeia, DAB 8), non-ionic hydrophilic 
ointment (German drug product codex, DAC), and a stea-
rate cream, do not contain finely dispersed oil droplets in 
an aqueous, continuous phase. Instead, they rather form a 
hydrophilic and lipophilic gel phase, which exist as a coher-
ent system in which coarse bulk water is immobilized [24]. 
Hence, the ME produced possessed a colloidal structure 
being comparable to the colloidal structure of o/w ointments 
that are often used as base for the production of prescription 
dermal formulations in today’s compounding pharmacies.

The NE was an o/w emulsion with droplet sizes of about 
150 nm (PCS data; Table 2). The formulation contained 
some larger sized droplets > 10 µm (Fig. 2), which could 
not be detected by LD analysis (Table 2). The reason for 
overlooking larger droplets in emulsions with a nanosized 
main droplet population is either due to the very low number 
of larger particles (< 1%) within the emulsion and/or due to 
the experimental setup of the LD instrument, e.g., the stirrer 

of the LD instrument that can destroy large oil droplets dur-
ing the measurement [25]. The NLC possessed a slightly 
larger particle PCS size of about 165 nm (Table 2), but light 
microscopy showed the absence of the larger sized droplets 
found for the NE (Fig. 2). The presence of larger sized par-
ticles and a broader size distribution typically results in less 
physically stable systems. Therefore, the NLC were found to 
be the most stable formulation during storage (no changes in 
size during 5 weeks of storage), followed by the NE (small 
increase in size after 7 days of storage) and the ME (pro-
nounced changes in size during storage—cf. supplementary 
material Sect. 2).

The differences in physical stability can also be seen in 
the different results obtained from ZP analysis (Table 2). 

Fig. 2  Light microscopic images of the formulations after staining with methylene blue and sudan (III) red. Upper: 200-fold magnification, 
lower: 1000-fold magnification

Table 2  Particle size analysis (PCS and LD) and zeta potentials 
(ZP—measured in original dispersion medium (OM) and water) of 
the formulations immediately after production. Mean values ± SD. 
For physical stability data—cf. supplementary material Sect. 2

ME NE NLC

PCS z-average 
(nm)

317 ± 71 151 ± 2 166 ± 5

PdI 0.44 ± 0.20 0.13 ± 0.04 0.13 ± 0.04
LD (µm) d(v)0.5 13 ± 0.98 0.08 ± 0.00 0.08 ± 0.00

d(v)0.9 42 ± 2.56 0.26 ± 0.00 0.27 ± 0.00
d(v)0.95 51 ± 3.21 0.34 ± 0.00 0.36 ± 0.00
d(v)0.99 69 ± 4.49 0.5 ± 0.00 0.6 ± 0.00

ZP (mV) in OM  − 3.0 ± 0.48  − 2.1 ± 0.54  − 1.5 ± 0.43
in water  − 12.7 ± 2.29  − 6.6 ± 0.89  − 5.5 ± 1.20
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The blend of non-ionic surfactants used for all formulations 
should lead to a thick steric layer of surfactant around the 
particles and thus should lead to low ZP values being close 
to 0 mV, when measured in the original dispersion medium 
(OM). If the surfactant layer is tightly bound to the surface 
of the particles, the ZP should not change when the particles 
are diluted and analyzed in water. Hence, a high ZP and/or 
a pronounced difference between the ZP measured in OM 
and water indicates less efficient steric stabilization and a 
less tightly bound layer that can be easily washed off upon 
dilution of the particles with water [18, 26, 27]. The highest 
ZP and the most pronounced difference between the ZP in 
water and OM was found for the ME, followed by the NE. 
The smallest ZP and the smallest difference between  ZPOM 
and  ZPwater was found for the NLC. Thus, fully supporting 
the findings from particle size analysis.

Chemical stability

The chemical stability of the formulations followed the same 
trend (Fig. 3). A very fast change in color, indicating oxi-
dation and thus chemical degradation of the AI surrogate, 
was observed when the dye was dissolved in oil and stored 
at 32 °C for 6 h. The loading of the dye in the ME already 
resulted in a pronounced change in color, indicating that the 
production of the dye-loaded ME led to a chemical degrada-
tion of the AI surrogate. In contrast, no changes in color were 
observed for the NE and the NLC (Fig. 3—upper). After 6 h 
of storage, the color of AI surrogate was completely changed 

when it was dissolved in oil and formulated as ME. A slight 
change in color was seen for the NE, and no changes were 
observed for the NLC (Fig. 3—lower). Data indicate that 
the chemically labile AI surrogate was not protected from 
oxidation when dissolved in oil or formulated as ME. The 
AI surrogate was slightly protected when formulated as NE 
but was most protected when formulated as NLC. Results of 
this study therefore fully support multiple previous findings, 
where an increased chemical stability of AI was shown for 
NLC and explained by a firm incorporation of the AI in the 
solid lipid matrix of the lipid nanoparticles [1, 4, 11, 28–34].

Biopharmaceutical properties

Dermal penetration efficacy

The penetration efficacy depended on the type of formula-
tion and on the penetration time (Fig. 4). After 1 h penetra-
tion time, the most effective penetration of the AI surro-
gate was found for the ME and the NLC. Both formulations 
enabled not only a pronounced penetration of the dye into 
the stratum corneum but also into the viable dermis, i.e., 
MPD values > 50 µm. The penetration was less efficient from 
the NE and least efficient from the pure oil. With increas-
ing time, the penetration efficacy increased for the NE and 
became less efficient for the ME. After 6 h penetration time, 
the NLC remained most efficient and resulted in the highest 
TAP and MPD. The NE was the second-best formulation, 
oil the third-best, and the ME the least efficient formulation 

Fig. 3  Macroscopic images from stability testing—initial and after 6 h at 32 °C, showing a fast change in color for the oil and the ME (= insta-
bility), little change for the NE and no change for the NLC (= stable)
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(Fig. 4B/C). Results indicate that non-linear and different 
parameters contribute to the amount of penetrated AI into 
or through the skin. One major parameter is the chemical 
stability of the AI in the formulation. DiI, when formulated 
in oil or the ME, degraded completely within 6 h, which 
hampered the penetration of intact DiI into the skin from 
the oil and the ME. Another parameter is skin hydration, 
which is known to increase the dermal penetration efficacy 
of AI [35]. Skin hydration is associated with a swelling of 
the SC that causes an increase in intercellular space between 
the corneocytes, thus, increasing the diffusion coefficient for 
the AI into the skin. A swelling of the SC was also observed 
upon the treatment with the different formulations (Figs. 4A 
and 5).

The most pronounced swelling of the SC was observed 
1 h after application which declined over time. This indicates 
that water hydrates the skin immediately after application 

of the formulations but evaporates over time, thus, lead-
ing to a decrease in SCT with on-going penetration time 
(Fig. 5A). The application of oil increased the SCT by about 
30% (Fig. 5B). The formulation contained no water. Hence, 
the increase is due to occlusion, i.e., the water in the skin 
was prevented from evaporating, thus causing the SC to 
swell [36, 37]. The ME, NE, and NLC increased the rela-
tive SCT to about 175%. The twofold increase in SCT after 
the application of ME, NE, and NLC when compared to the 
pure oil indicates that the water (and surfactant, cf. Table 1) 
containing formulations cause a swelling of the SC not only 
due to occlusion but also by a direct hydration of the SC 
with water from the formulations. The hydrating effect is 
lost when the water evaporates which results in a decrease 
in SCT after 6 h.

After 6 h of incubation, the occlusive effect of the oil 
formulation is still visible (approximately + 20% when 

Fig. 4  Dermal penetration efficacy of AI surrogate DiI from different 
formulations (oil, ME, NE and NLC) after 1 and 6 h penetration time. 
A Microscopic images obtained from epifluorescence microscopy 

(200-fold magnification—detailed microscopic images—cf. supple-
mentary material Sect. 3). B Mean penetration depth (MPD). C Total 
amount of penetrated dye (TAP)
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compared to untreated skin; Fig. 5B) but is higher for the 
ME and the NE (approximately + 30% when compared to 
untreated skin; Fig. 5B). The SCT of the skin treated with 
the NLC was still thicker (approximately + 50% when com-
pared to untreated skin; Fig. 5B), indicating that the NLC 
formulation was most effective in retaining the water in the 
SC.

Influence of formulations on bio‑physical skin properties

Film formation of formulations on top of the skin causes 
not only a swelling of the SC but can also change the bio-
physical skin properties, e.g., skin hydration, TEWL, or skin 
friction [32, 37, 38]. Therefore, to gain further knowledge on 
the skin effects of the different formulations, these properties 
were also assessed (Fig. 6).

Skin hydration

The skin hydration was determined by using a Corneometer. 
The probe determines the capacitance of the SC. High cor-
neometer values typically correspond to a high skin hydra-
tion and vice versa [38], but previous studies already showed 
that NLC upon dermal application can form an invisible 
lipid film on top of the skin. Consequently, as lipids pos-
sess a low dielectric constant, NLC formulations that form 
such a film on top of the skin result in low corneometer val-
ues [2]. In this study, the skin hydration was increased after 
the application of the oil and the NE 1 h after application. 

No changes in skin hydration were found for the ME and 
a decrease in corneometer values was seen for the NLC 
(Fig. 6A). The decrease in corneometer values for the NLC 
confirms the formation of the invisible patch, that was previ-
ously reported for various other NLC formulations [1, 2, 39, 
40]. Six hour after application, no significant differences in 
skin hydration were found between oil, ME, and NE. The 
corneometer values of the NLC however were significantly 
lower, indicating that the invisible patch was still present 
6 h after the application of the NLC but not for the other 
formulations tested.

TEWL measurements

The TEWL represents the water evaporation rate from the 
skin in g/cm2/h and is a measure of the skin’s barrier func-
tion [38]. High TEWL values indicate an increased water 
loss and thus an impaired skin barrier. A decreased TEWL 
after application of a formulation indicates a barrier pro-
tecting effect of the formulation. Barrier protecting effects, 
i.e., slightly decreased TEWL values when compared to 
the untreated skin, were found for all formulations 1 h after 
application (Fig. 6B). The effect lasted for 6 h for the ME 
and the NLC but was not seen for the oil and the NE. Hence, 
long-lasting barrier protecting properties were only found 
for the ME and the NLC but not for the oil and the NE. 
After 6 h, the TEWL of the untreated skin was decreased, 
indicating—similar to the skin hydration measurements 

Fig. 5  Influence of formula-
tion principle and penetration 
time on skin hydration. Data 
represent A the absolute stratum 
corneum thickness (SCT) and 
B the relative stratum corneum 
thickness (rel. SCT) 1 h and 6 h 
after application
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(Fig.  6A)—a slight dehydration of the skin during the 
experiment.

Skin friction

Skin friction is measured with a rotating disc on the skin 
surface with constant speed and pressure. Consequently, a 
higher resistance of the skin results in a high skin friction 
[38]. A high skin friction can be caused by dry skin and/
or by sticky formulations on top of the skin. In the present 
study, all formulations increased the skin friction at least 
eightfold (Fig. 6C). This suggests that all samples formed a 
lipid film on top of the skin. After 1 h, the effect was most 
pronounced for the ME and the NLC and least pronounced 
for the NE. Thus, supporting the TEWL and corneometer 
values that also suggested a more pronounced film formation 
for ME and NLC.

After 6 h, the skin friction was slightly increased for 
the untreated skin, indicating—similar to corneometer and 
TEWL measurements—a slight dehydration of the skin 
during the experiment. The skin friction of the treated skin 

areas was decreased when compared to the friction values 
after 1 h, indicating that the film forming properties of the 
formulations decreased over time. The decrease in skin fric-
tion was most pronounced for the oil and the ME and was 
almost neglectable for the NLC and the NE (Fig. 6C). Data 
therefore indicate a less intense substantivity for oil and ME, 
when compared to the NE and the NLC. The reason is the 
smaller particle size of the NE and the NLC, which results 
in an increased adhesiveness of particles. This results in less 
weight per particle per attaching point to the skin due to an 
increased surface area/particle weight ratio when compared 
to larger sized particles. After 6 h, the skin friction was not 
significantly different between ME and NE. Hence, after 6 h, 
the film forming effects were similar for both formulations. 
The NLC possessed a slightly higher skin friction than ME 
and NE, indicating that NLC possess the highest substantiv-
ity from all formulations tested. Results are therefore in line 
with the data obtained for SCT, skin hydration, and TEWL 
which also confirmed the presence of the invisible patch for 
the NLC, that resulted in an increased SCT and the most 
effective dermal penetration of the AI surrogate.

Fig. 6  Influence of formulations 
on bio-physical skin parameters. 
A skin hydration, B TEWL, C 
skin friction. Measurements 
were taken prior to applica-
tion and after 1 and 6 h after 
application. Excess formula-
tions were wiped off prior to the 
measurements
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Synopsis of biopharmaceutical properties

A link between dermal penetration efficacy and skin 
hydration is often proposed and can also be confirmed 
with the data of the present study, which show a positive 
correlation between dermal penetration efficacy (TAP and 
MPD) and SCT (Fig. 7).

A high penetration efficacy was also correlated with a 
high skin friction and no correlation was found between 
penetration efficacy and skin hydration or TEWL (Fig. 7). 

Only after 6 h, TEWL and skin hydration became nega-
tively correlated to the SCT. Hence, low corneometer 
values and low TEWL values were associated with an 
increased SCT, which was associated with an increased 
penetration efficacy. This means low TEWL values and 
low corneometer values can be indirectly linked via the 
SCT to a good dermal penetration efficacy and vice versa. 
Data therefore provide a significant evidence that film 
formation, which results in low TEWL and low corneom-
eter values, results in a swelling of the SC, which than 
causes in improved dermal penetration of the AI (cf. 
Fig. 1).

The influence of the formulation on the chemical sta-
bility and the positive correlations between dermal pen-
etration efficacy, SCT, and bio-physical skin parameters 
enable a more detailed and mechanistic understanding 
about the influence of the formulation on the penetra-
tion efficacy of AI into or through the skin. The results 
demonstrate that both chemical stability and film forma-
tion after dermal application are major prerequisites for 
effective dermal penetration. Data show that chemical 
stability of the AI must be ensured not only in the pack-
aging container but also during the entire penetration time 
after dermal application. Film formation increases the 
skin hydration and thus the penetration efficacy. Dry skin 
will therefore result in poor penetration. Therefore, only 
long-lasting, durable films can provide an effective and 
long-lasting dermal penetration [37, 39–41]. Data of this 
study show that after dermal application of the different 
formulations, the NLC provided the best protection from 
chemical degradation for the AI surrogate and resulted 
in the most effective and durable film on top of the skin. 
Consequently, NLC led to the most effective penetration 
of the AI surrogate into the skin. Future studies are now 
needed to investigate also the influence of excipients, for 
example, type and amount of lipids or type and amount 
of surfactants on the penetration efficacy of active com-
pounds from different formulations in more detail. This 
will provide more detailed knowledge and can then be the 
base for the development of NLC with tailor-made skin 
properties and penetration profiles.

Conclusion

The proposed advantages of lipid nanoparticles, i.e., 
increased chemical stability for chemically labile AI, 
improved and longer lasting skin hydration due to the forma-
tion of an invisible patch, and an improved dermal penetra-
tion of lipophilic AI, when compared to classical formula-
tion principles, were confirmed in this study. Data confirm 
that lipid nanoparticles can really combine all these benefi-
cial properties in only one formulation, thus allowing the 

Fig. 7  Spearman’s rank correlation coefficients for TAP, MPD, SCT, 
skin hydration, TEWL, and skin friction 1 h (upper) and 6 h (lower) 
after application of the dermal formulations. Explanations cf. text
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conclusion that NLC are a holistically superior formulation 
principle for dermal drug products that combines effective 
drug delivery and skin carrying properties (an approach that 
is known as “advanced corneotherapy” [42]) at the same 
time.
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