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A spectrofluorometric analysis to evaluate transcutaneous biodistribution
of fluorescent nanoparticulate gel formulations
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The investigation of the absorption of drug delivery systems, designed for the transport of therapeutic
molecules inside the body, could be relatively simplified by the fluorophore association and tracking by means
of bio-imaging techniques (i.e., optical in vivo imaging or confocal and multiphoton microscopy). However,
when a fluorescence signal comes out from the skin, its specific detection can be problematic. Skin high auto-
fluorescence can hinder the observation of administered exogenous fluorophores conjugated to drug delivery
systems, making it more challenging to detect their biodistribution. In the present study, we have developed a
method based on the spectrofluorometric analysis of skin samples to discriminate the fluorescent signal coming
from administered fluorescent molecules from the background. Moreover, we gave a semi-quantitative evalu-
ation of the signal intensity. Thus, we distinguished two gel formulations loading the fluorophore rhodamine B
(called GEL RHO and GEL SLN-RHO). The two formulations of gels, one of which containing solid lipid
nanoparticles (GEL RHO-SLN), were administered on skin explants incubated in a bioreactor, and the penetra-
tion was evaluated at different time points (2 and 6 hours). Cryostatic sections of skin samples were observed
with confocal laser scanning microscopy, and a spectrofluorometric analysis was performed. Significantly high-
er signal intensity in the samples administered with SLN-RHO GEL, with a preferential accumulation in the
hair bulbs, was found. Reaching also the deeper layers of the hair shaft after 6 hours, the solid lipid nanoparti-
cles thickened with polymer represent a suitable drug delivery system for transcutaneous administration.
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Introduction

Transcutaneous drug delivery is an interesting and widely
studied administration procedure for both local and systemic ther-
apeutic effects, which avoids the biotransformation and
metabolism through the gastrointestinal tract and liver in the case
of oral administration.! However, the skin mainly protects the
body from external stress and biological or chemical insults, thus
intrinsically limiting the transit of drugs to the underlying vascu-
larized connective tissue. To improve drug absorption, different
strategies may be followed. For example, appropriate penetration
enhancers may increase the hydration of the stratum corneum, thus
increasing the skin barrier fluidity? and/or the number of molecules
able to interact with the hydrolipidic film of the skin. Among the
most used delivery systems are gels that, by forming an occlusive
membrane, increase the hydration state of the skin. Gels are often
associated with nanovectors.>* In fact, over the past 20 years,
biomedical research has focused on studying nanotechnologies
applied to medicine, leading to the development of nanoparticles
(NPs) as drug delivery systems for diagnosis and/or treatment of
different pathologies.>® These NPs have amphiphilic chemical-
physical characteristics allowing them to carry both lipophilic and
hydrophilic molecules and facilitate a controlled release of the
drug. Notably, a novel approach developed to obtain NPs with a
suitable consistency for topical application is represented by the
direct addition of polymers. As previously published,” a nanopar-
ticulate gel has been produced by adding poloxamer 407 to
nanoparticle dispersions, giving rise to a delivery system with opti-
mal thermogelling properties.

A relatively simple way to evaluate the administration of a
compound is to label or associate it with fluorophore and track the
absorption by bio-imaging techniques®® using, for example, confo-
cal and multiphoton microscopy.'®!" However, the skin is charac-
terized by a high autofluorescence that can hinder the observation
of the exogenous fluorophore and the assessment of their accumu-
lation degree. Autofluorescence thus represents a background sig-
nal and is commonly defined as unwanted fluorescence.
Autofluorescence emission is generated from endogenous fluo-
rophores,'"'* such as collagen, elastin, beta-carotene, oils, pig-
ments, and proteins and also, with regard to the skin, keratin, and
vitamin D2 and D3, while melanin can act as an inner filter. All of
them can cover and affect the signal of fluorescent NPs,'"!415 in
particular in layers'® and eccrine sweat glands!’ of the skin where
autofluorescence is particularly higher as compared with other
organs of the body.

In the present investigation, we explored the potentialities of a
spectrofluorometric analysis of confocal images in discriminating
from the background and evaluating the fluorescent signal coming
from fluorescent molecules after transcutaneous administration on
explanted rat skin.

Skin explants were maintained and treated in a bioreactor able
to mimic physiological conditions thanks to the continuous culture
medium flow, also ensuring controlled conditions of sterility, tem-
perature and humidity during the whole experiment.!®

Two different gel formulations containing rhodamine, as a flu-
orophore, were administered on skin samples, and two time points
(2 and 6 h) were taken into consideration to evaluate the different
penetration efficacy in time of the two different gel formulations.
Both tested gels were made of poloxamer 407, a copolymer consti-
tuted of polyoxyethylene- polyoxypropylene units characterized
by thermogelling properties. Poloxamer 407 in water generates
micellar structures undergoing a sol-gel transition due to concen-
tration and temperature. Remarkably, at low temperatures (4°C),
the poloxamer 407 solution is low viscous, while above its transi-
tion temperature, it assumes a semisolid consistency allowing to
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control drug diffusion through the skin barrier.” In the first formu-
lation, rhodamine was suspended as a free molecule in a gel
matrix. In contrast, in the second, it was encapsulated in solid lipid
nanoparticles (SLNs), which were then viscosized by the addition
of poloxamer 407, to evaluate differences in the transcutaneous
administration with both formulations.

By thespectrofluorometric method presented in this study, we
could discriminate the rhodamine fluorescence signal from the
skin autofluorescence while obtaining quantitative estimates of the
fluorescence intensity in the different skin layers and cutaneous
annex. In particular, the hair bulbs were considered preferential
absorption pathways in the transcutaneous penetration of sub-
stances.!%2

Materials and Methods

Gel formulation

We investigated two different formulations loading rhodamine
B (Sigma-Aldrich, Milan, Italy) and based on poloxamer 407
(BASF, Ludwigshafen, Germany) as polymer gel matrix. For the
first formulation, called GEL RHO, poloxamer 407 gel was pre-
pared by the “cold method”,?! adding a weighed amount (15%
w/w) of polymer to cold water (5-10°C) under magnetic stirring.
Then, rthodamine B (0.2 mg/mL) was added to the produced gel
under vortex motion at 30 Hz. The container was sealed and left in
a refrigerator at 5°C. For the second formulation, SLNs containing
rhodamine B were firstly prepared and then thickened with polox-
amer 407. Briefly, the aqueous phase (4.75 mL) composed of
poloxamer 188 (BASF) (2.5% w/w) heated at 80°C has been added
to the molten lipid phase (250 mg) constituted of tristearin (Sigma-
Aldrich) and rhodamine B (0.2 mg/mL). The two phases were
mixed with ultra turrax (IKA T25 digital) at 15,000 rpm at 80°C
for 1 min and then homogenised by ultrasound at 6.75 kHz for 15
min and stored at 25°C. Finally, poloxamer 407 (15% w/w) was
directly added to SLNs and magnetically stirred for 3 h, obtaining
a nanoparticulate gel called GEL SLN-RHO. The container was
kept at 5°C to complete dispersion of poloxamer.” We found that
GEL-RHO and GEL-SLN-RHO maintained their macroscopical
aspect for 6 months from production, stored at 25 and 4°C. The
formulation aspect was homogeneous and free from separation
phenomena in all cases.

Sample preparation

Skin samples were explanted from the abdominal region of one
healthy 3-month-old male Wistar rat, previously sacrificed with an
overdose of CO, and shaved on the ventral region. All animal-
related procedures were applied according to the project approved
by the Italian Ministry of Health (code 56DC9. N.703), under the
regulations of the Italian Ministry of Health (DL March 4, 2014,
no. 26, directive implementation 2010/63/EU) and the European
Communities Council (Directive 63/2010/EU of the European
Parliament and of the Council) directives.

Freshly excised skin samples were rapidly washed in sterile
physiological solution (0.9% NaCl w/v) and pre-warmed culture
medium at 37°C. Culture medium was composed of DMEM
(Dulbecco’s Modified Eagle’s Medium) supplemented with 4.5
g/L of D-Glucose, 10.0% of FBS (Fetal Bovine Serum), 2.0% of
penicillin-streptomycin, 200 mM L-glutamine and 0.3 pg/mL of
Amphotericin B (Gibco, Waltham, MA, USA).

Samples with a diameter of 1.5 cm were mounted in culture
chambers (LiveBox2, [VTech, Massarosa, LU, Italy) suitably
modified to hold skin explants with the stratum corneum facing up,
in contact with air, and the hypodermis facing the lower side, in
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contact with the culture medium (Figure 1) (for a detailed descrip-
tion see'®).

Two skin samples were treated with 300 pL of GEL RHO, and
two samples were treated with 300 uL of GEL SLN-RHO. Gels
were applied on the skin surface from the upper route of adminis-
tration of the culture chambers (Figure 1). Skin samples were
maintained inside the bioreactor under fluid dynamic conditions in
the incubator, at 37°C in a 5% CO, humidified atmosphere, for 2
and 6 h.

Two and 6 h after administration, skin samples were washed in
physiological solution and processed for brightfield and fluores-
cence microscopy. Control skin samples, collected immediately
after excision, were processed in the same way.

Histological analysis

For histological analysis at brightfield microscopy, skin sam-
ples were fixed overnight with 4% (v/v) paraformaldehyde in 0.1
M phosphate buffer at room temperature, dehydrated in ethanol,
treated with xylene, and finally embedded in paraffin wax. Seven-
um-thick sections were de-waxed, rehydrated in graded ethanol
and distilled water, and routinely stained with hematoxylin and
eosin solution (BioOptica, Milan, Italy) to be observed with an
Olympus BX51 microscope equipped with an Olympus Camedia
5050 digital camera (Olympus, Italia Srl, Segrate, MI, Italy).

Confocal images

For confocal microscopy, skin samples were fixed overnight
with 4% (v/v) paraformaldehyde in 0.1 M phosphate buffer at
room temperature, immersed in a 30% (w/v) sucrose solution in
PBS, frozen in methyl butane cooled in liquid nitrogen, and final-
ly stored at -80°C. Seven-pm-thick cryostatic sections were
observed with an inverted confocal microscope (TCS SP5 AOBS
CMS; Leica GmbH, Wetzlar, Germany). Confocal images were
acquired with 543 nm excitation in the 555-765 nm wavelength
region.

Spectrofluorometric images and analysis

For the spectrofluorometric analysis, confocal images were
performed after excitation at 543 nm in the 555-765 nm range, sub-
dividing the range into 21 detection steps width 10 nm of detection
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band each. Confocal images were analysed with LASX software
(Leica Microsystems). Regions of interests (ROIs) were drawn on
the images acquired at 600 nm (595-605 nm) from the stratum
corneum to the papillary dermis up to a depth of 300 um, as well
as at the level of the hair bulbs arbitrarily distinguishing between
superficial and deep bulbs cutting planes to exemplify a different
level of penetration of the formulations through the bulb itself
(Figure 2). It is noteworthy that acquisition at 560 nm (555-665
nm) is dominated by laser signal and was used to normalise the flu-
orescent signal intensity measured in different ROIs and different
samples.

Gel

Culture
Chamber

>

Figure 1. Skin explants were mounted with the stratum corneum
facing up in culture chambers to form a lower side, in which cul-
ture medium flows, and an upper side, in contact with air and
from which the gels were administered.
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Figure 2. A) Optical micrograph of skin samples incubated for 6 h inside the bioreactor, stained with H&E; scale bar: 500 pum. B)
Comparison between spectra of eccrine sweat glands (data obtained from'), skin autofluorescence and rhodamine normalised at 600 nm.
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Results

Histological analysis at brightfield microscopy (Figure 2A)
demonstrated the good preservation of the skin samples incubated
in the bioreactor up to 6 h after treatment with GEL RHO or GEL
SLN-RHO. The two gel formulations did not alter the structural
features of the skin; in fact, the layer continuity of epidermis, der-
mis, and subcutaneous connective tissue, as well as the skin
appendages (hair structures, sweat, and sebaceous glands), were all
well preserved.

Fluorescence analysis on the samples, performed with a confo-
cal microscope, did not give the expected results, as no significant
differences are observed between the control samples and the
experimental groups, as regards signal intensity and biodistribu-
tion: in all the samples, a signal emission is observed coming from
the skin surface, glands and hair bulbs (Figure 3).

In order to assess the skin autofluorescence emission, a spec-
tral analysis was done on control samples as explained in the
Materials and Methods section and on rhodamine solution. The
spectra are shown in Figure 2B together with the eccrine sweat

Figure 3. Fluorescent micrographs of control skin samples (A)
and after GEL SLN-RHO (B) and GEL RHO (C) administration.
Brightfield (left column), and fluorescence images (right col-
umn) at 600 nm. It is worth noting the marked autofluorescence
in the control skin (A2). No significant differences are observed
between the control samples and the experimental groups regard-
ing signal intensity and biodistribution. SC, stratum corneums
arrows, hair bulbs/hair shafts; asterisks, sebaceous glands; scale
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gland autofluorescence spectrum in the same wavelength region.!’
In particular, the fluorescent signal of the rhodamine solution was
visible and peaked around 600 nm.

Confocal images of control samples revealed a strong autoflu-
orescence signal as visible in Figure 2B, in the range 555-765nm,
i.e., the same range of rhodamine emission.

Epidermis

At confocal fluorescence microscopy, autofluorescence was
observed in the epidermis of control samples under excitation at
543 nm (Figure 2B) and emission in the range 555-765 nm.

Due to the possible overlap between rhodamine emission and
autofluorescence, the acquisition at 560 nm was included in the
spectral acquisition in order to normalise the fluorescent signal
with respect to the laser emission. After normalization, the spec-
trofluorometric measurements showed that fluorescence emission
in control samples in the explored wavelength region was negligi-
ble compared to the emission observed in treated samples (Figure
4). The spectrofluorometric analysis showed that the fluorescence
signal was peaked at 600 nm, being higher in the GEL SLN-RHO
samples than in the GEL RHO ones. Moreover, the signal intensity
increased in relation to the administration time with both gel for-
mulations.

Papillary dermis

The emission intensity was measured from the epidermal sur-
face up to 300 um. Confocal images showed that, under the kera-
tinized stratum corneum, the fluorescence intensity immediately
decreased to the background level with both gel formulations and
at both time points (Figure 5).

Glands and bulbs

We arbitrarily distinguished superficial and deep bulb cutting
planes to exemplify two different levels of penetration of the for-
mulations through the bulb itself (“superficial hair bulb” up to 150
pum and “deeper hair bulb” beyond 150 pm). In the GEL RHO sam-
ples, after 2h, the rhodamine fluorescence was present in the super-
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Figure 4. Fluorescence signal in epidermis obtained in 21 wave-
length step from 555 to 765 nm 10 nm bandwidth each. GEL
SLN-RHO shows a higher signal than GEL RHO. The signal is
higher at 6 h after administration with both gel formulations
compared to 2 h. Normalization of the fluorescence signal at 560
nm, as explained in the text. Error bars correspond to standard

deviation.
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ficial hair bulbs only, while after 6h, the fluorescence signal was
found in the deeper hair bulbs (Figure 6). On the contrary, in the
GEL SLN-RHO samples, a stronger signal was detected in the
deeper bulbs of the skin already after 2 h, the intensity being sim-
ilar at 6 h.

In superficial bulbs, fluorescence signal intensity was signifi-
cantly different between control and administered samples
(p<0.001). Moreover, statistically significant differences were
found between samples administered with GEL RHO and GEL
SLN-RHO after both 2 and 6 h (p<0.005 and p<0.006, respective-
ly). In the case of GEL RHO formulation, superficial bulbs showed
a higher fluorescence signal at 6 h compared to 2 h (p<0.03).
Analogously, deep bulbs showed more fluorescent signals in
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administered samples compared to the control ones (p<0.001).
Furthermore, statistically significant differences were found
between samples administered with GEL RHO and GEL SLN-
RHO after both 2 and 6 h (p<0.001 in both cases). Finally, deep
bulbs administered with GEL SLN-RHO showed a higher fluores-
cence signal at 6 h in relation to 2 h (p<0.003).

Discussion

In this work, we investigated the suitability of a new approach
for semi-quantitative analysis of fluorescent samples. In particular,
we first transcutaneously administered two different gel formula-
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Figure 5. A) Representative image acquired at 600 nm showing the decrease of fluorescence intensity under the stratum corneum (SC);
sample treated with GEL SLN-RHO, 6 h. B) Line profile from P1 and P2 (indicated in A) of fluorescence intensity.

A ] Superficial HB
[__IcTRL
— |GELRHO 2h
2 | | GEL SLN 2h *
[ GEL RHO 6h L 4
- I GEL SLN6h
=2 3 .
L) 5y *
=15/ * T
w0
[ =
i) +
£
=
2 1 —=—
w
e
s
=]
i
05
CTRL 2 hours 6 hours

B ) Deep HB
45} [C—JcmL
[ 1GEL RHO 2h ; * )
4 - | GEL SLN 2h . i
[ GEL RHO 6h
~ 35! I GEL SLN 6h
= 3
&
2 3
% .
*
g [ J.-
e
- ¥
c
o 2 z
2 =
o
g 151
(58
1 s
05¢
0 i i A i i
CTRL 2 hours 6 hours

Figure 6. Average signal intensity (normalised at 560 nm) at 600 nm in superficial (A) and deep (B) hair bulbs after 2 and 6 h after
administration. The error bars correspond to the standard error of the mean.
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tions carrying rhodamine to skin explants maintained in a bioreac-
tor. After 2 and 6 h, the samples were analysed with bright field
and fluorescence microscopy, and a spectrofluorometric analysis
was performed.

Morphological results at bright microscopy confirmed that this
bioreactor is a noteworthy device capable of preserving skin
explants in vitro in good conditions, maintaining barrier integrity,
and constituting a possible technique for the study of the transcu-
taneous penetration of molecules.!®

Fluorescence microscopy was used to evaluate signal distribu-
tion in skin samples, looking for differences between the two types
of formulations in the specific cutaneous regions: epidermis, pap-
illary dermis, and appendages (sweat and sebaceous glands and
hair bulbs). Both samples showed a fluorescence signal located in
the stratum corneum and hair bulbs, with no apparent difference
between the two types of formulations. However, observation at
fluorescence microscopy alone cannot provide sufficiently accu-
rate data on the biodistribution of fluorophore in tissues. In fact, an
observer cannot subjectively evaluate minor differences in fluores-
cence intensity, which makes a precise comparison between two or
more treatments almost impossible. On the contrary, the spec-
trofluorometric analysis is an effective semi-quantitative method,
which provides the researcher with objective and reliable informa-
tion and allows detecting even small changes in the fluorescence
signals in different tissue layers. Furthermore, the spectral analysis
makes it possible to identify specific fluorophores and overcome
the autofluorescence issue, which is typically present in some
organs, such as the skin.!'"13

The spectrofluorometric analysis at the epidermis level
revealed a higher signal intensity in the upper layer of samples
treated with GEL SLN-RHO. However, no passage towards the
papillary dermis was seen for both formulations (GEL RHO and
GEL SLN-RHO). The above indicates that there is no penetration
through the epidermis. Conversely, both formulations proved to
pass through the trans-appendages pathway and, again, higher sig-
nal intensity was found for GEL SLN-RHO, even at the deeper
level of the bulb, indicating that already after 2 h, this formulation
can reach the deep layers of the skin dermis better than the GEL
RHO.

In sum, the GEL SLN-RHO formulation gave better results
than GEL RHO. We can advance two hypotheses to explain this
finding: i) SLNs are able to protect the fluorophore from enzymat-
ic and chemical degradation and/or quenching, as widely reported
in the literature;®??; ii) SLNs are a more effective and faster carrier
for transporting molecules through skin layers than a pure gel.
From a technical point of view, our spectrofluorimetric analysis
proved to be a reliable method to identify a fluorophore and study
its biodistribution into an organ characterised by a high autofluo-
rescence by using its own emission spectrum to distinguish the flu-
orophore signal from the background. Moreover, this method is
also suitable for any type of fluorophore; in fact, the autofluores-
cence spectrum covers a broad wavelength overlapping the rho-
damine signaland other fluorophores. Furthermore, this method
was particularly useful because it allowed us to distinguish tran-
scutaneous penetration capacities of the two formulations thanks to
normalization with a constant signal, represented by the laser’s
intensity at a fixed wavelength. Generally, the parameters of the
laser and photomultipliers are modified to optimise the observation
and the image, providing a reliable method for comparing different
samples.

In conclusion, the association between histological techniques
and spectrofluorometry may be particularly suitable in
nanomedicine for studying the distribution of diagnostic or thera-
peutic agents. By this approach, we were able to identify different
biodistributions between the used formulations and demonstrate
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that SLNs thickened with polymer, resulting in a nanoparticulate
gel, are suitable drug carriers for transcutaneous administration.
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