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Abstract: Background: Capsaicin (CPS) is a highly selective agonist of the transient receptor potential
vanilloid type 1 (TRPV1) with a nanomolar affinity. High doses or prolonged exposure to CPS induces
TRPV1 defunctionalization and, although this effect is currently used for the treatment of thermal
hyperalgesia in chronic pain conditions, it is responsible of detrimental effects, such as denervation of
sensory fibers. The aim of the present study was to formulate CPS loaded lipid nanocarriers (CPS-LN)
in order to optimize CPS release, thus preventing TRPV1 internalization and degradation. Methods:
CPS-LNs were formulated and characterized by in vitro studies. The activation of TRPV1 receptors
after CPS-LN administration was evaluated by measuring spontaneous pain that was induced by local
injection into the plantar surface of the mouse hind-paw. Moreover, the expression of TRPV1 in the
skin was evaluated by western blot analysis in CPS-LN injected mice and then compared to a standard
CPS solution (CPS-STD). Results: CPS inclusion in LN induced a lower pain response when compared
to CPS-STD; further, it prevented TRPV1 down-regulation in the skin, while CPS-STD induced a
significant reduction of TRPV1 expression. Conclusions: Drug encapsulation in lipid nanoparticles
produced an optimization of CPS release, thus reducing mice pain behavior and avoiding the effects
that are caused by TRPV1 defunctionalization related to a prolonged activation of this receptor.

Keywords: capsaicin; TRPV1 agonist; lipid nanocarrier (LN); atomic force microscopy (AFM); in vitro
release; spontaneous pain; western blot analysis

1. Introduction

Capsaicin (CPS), which is the pungent ingredient of hot peppers, is a highly selective agonist of the
transient receptor potential vanilloid type 1 (TRPV1) with nanomolar affinity [1]. The capsaicin TRPV1
receptor is a non-selective ligand-gated cation channel that formed by six membrane-spanning domains
assembled as homo or hetero-tetramers activated by heat, low pH, and endogenous lipids [2-4]. TRPV1
receptors are widely expressed in areas that are involved in pain transmission, both in the central and
peripheral nervous system [5,6]. In the brain, TRPV1 receptors are also involved in the modulation
of synaptic plasticity as well as in epilepsy and cognition [7]. Within the peripheral nervous system,
the TRPV1 receptors are located in sensory ganglia and in small sensory C and A$ fibers [5,8], thus
representing a promising target for the modulation of pain sensitivity [9,10]. In this context, the up-
or down-regulation of TRPV1 receptors has been shown. In particular, the up-regulation of TRPV1
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expression occurs during inflammation and in pathological pain states, such as neuropathic pain [11].
On the contrary, a down-regulation of the TRPV1 expression has been observed in neuropathic pain
that is caused by injury [8]. TRPV1 receptors that are expressed in nociceptive sensory nerves (C and
Ab fibers) are targeted by topical capsaicin formulations, such as creams, lotions, or patches used
for the management of neuropathic pain [12,13]. Upon exposure to CPS, TRPV1 receptors might
undergo phosphorylation/dephosphorylation processes that contribute to phosphorylation-mediated
TRPV1 desensitization or tachyphylaxis, a mechanism that accounts for acute TRPV1 desensitization.
Moreover, high doses or prolonged exposure to CPS induces TRPV1 endocytosis and lysosomal
degradation, resulting in a loss of function known as “nociceptor defunctionalization”. TRPV1
defunctionalization is also characterized by a reversible reduction in intra-epidermal sensory nerve
fibers, a mechanism that contributes to long-term nociceptors desensitization [14,15]. Additionally,
CPS can induce TRPV1 internalization followed by nerve degeneration after local and systemic high
dose injection [16-18].

Although CPS-induced defunctionalization of TRPV1 receptors have been used for the treatment
of thermal hyperalgesia in chronic pain conditions, evidence points to a physiological role of TRPV1
receptors and detrimental effects have been associated after long-term blockade or the down-regulation
of these receptors. [19]. Therefore, it results in noteworthy interest the formulation of a drug delivery
system able to produce a CPS slow release, thus preventing TRPV1 internalization and degradation.

In this context, liposomes and lipid nanoparticles (LN) have become increasingly interesting for
scientists due to their potential to overcome drug delivery challenges [20,21]. The latter, in particular,
developed in the last decade as alternative systems to existing traditional carriers, possess a great
potential, and have generated a large interest in the industrial and academic worlds. In fact, they have
been proposed and investigated for many different applications through all administration routes [22].

In this work, we sought to investigate whether a controlled release of CPS obtained by the
inclusion of the drug in lipid nanoparticles might improve its pharmacokinetic profile, thus preventing
the long-term down-regulation of TRPV1 and preserving the physiologic role of this receptors.

To this aim, CPS-loaded lipid nanoparticles (CPS-LN) were formulated and characterized by
in vitro studies. The activation of TRPV1 receptors after CPS-LN administration was evaluated by
measuring spontaneous pain induced by local injection into the plantar surface of the mouse hind-paw.
Moreover, the expression of TRPV1 in the skin was evaluated by western blot analysis in CPS-LN
injected mice and then compared to a standard CPS solution.

2. Materials and Methods

2.1. Materials

Capsaicin (CPS) was provided from Sigma-Aldrich (St. Louis, MO, USA). Softisan© 100
(Hydrogenated Coco-Glycerides) was a gift of Sasol (Witten, Germany). Tween 80 was provided from
Polichimica S.r.1 (Bologna, Italy). HPLC grade solvents and water were purchased from Carlo Erba
reagents (CarloErba, Milan, Italy). When not specified, the chemicals and reagents were of the highest
purity grade commercially available.

2.2. LN Preparation

LNs that were loaded with CPS were prepared by the solvent injection method [23]. Softisan©
100 (0.2 g) and drug (0.016 g; 0.026%) were dissolved at 35 °C in ethanol (10 mL) and then added,
with continuous stirring at 500 rpm, by means of a Hei-Tec magnetic stirring hotplate (Heidolph
Instruments, Schwabach, Germany), to a Tween 80 solution (50 mL) using a syringe that was equipped
with a micro-needle. Stirring was continued overnight to allow for the complete evaporation of the
organic solvent. After that, the LN dispersion was filtered and stored at 4 °C until use. Blank LNs
were also prepared and characterized.
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2.3. Determination of Drug Loading

The amount of CPS loaded into LNs has been determined using a Pellicon XL™ tangential
ultrafiltration system (Millipore, Milan, Italy) that was equipped with a polyethersulfone Biomax 1000
membrane with a 1,000,000 molecular weight cut off (MWCO). The retained material was freeze-dried
and after solubilization in dichloromethane and analyzed by HPLC using the method reported below.
The calibration curves were performed on six solutions in the concentration range 10-100 pug/mL. The
correlation coefficient was >0.99. Each point represents the average of three measurements and the
error was calculated as standard deviation (+SD). CPS incorporation efficiency was expressed as drug
recovery and calculated from:

Drug recovery (%) = (mass of drug in nanoparticles/mass of nanoparticles fed to the system) x 100

Possible lipid interferences during UV determination of CPS were also investigated by comparing
the two standard curves of CPS alone and in the presence of lipids. The differences observed between
the standard curves were within the experimental error, thus inferring that no lipid interference
occurred (data not shown).

2.4. Particle Size Distribution

The mean particle size of the lipid dispersions was measured by Photon Correlation Spectroscopy
(PCS). Analyses were performed at 25 °C while using a Zetasizer Nano ZS (Malvern, UK; Laser 4
mW He-Ne, 633 nm, Laser attenuator Automatic, transmission 100-0.0003%, Detector Avalanche
photodiode, Q.E. > 50% at 633 nm, T = 25 °C). The results were also expressed as intensity Distribution
(Di), i.e., the size below which is placed the 10% [Di(10)], 50% [Di(50)], and 90% [Di(90)] of all
the particles.

All of the data are expressed as means of at least three determinations carried out for each
preparation lot (three lots for each sample).

2.5. Atomic Force Microscopy (AFM)

The morphology of the samples was evaluated by AFM observations (Atomic Force Microscope,
Park Instruments, Sunnyvale, CA, USA) at room temperature (about 20-25 °C) operating in air and
in noncontact mode. Triangular silicon tips were used for this analysis. The resonant frequencies
of this cantilever were found to be about 190 kHz. A drop of each sample was diluted with water
(about 1:100 v/v) before being applied on a small mica disk (1 cm X 1 cm); after 2 min., the excess of
water was removed using paper filter. “Height image” or “topographical image” was obtained from
the record of changes in Z-axis of the piezo necessary to maintain the fixed oscillation amplitude and
described the morphology and the macroscopical features of the sample. The “height profile” particles,
which were obtained by elaborating the “height images” and reported in x/y graphics, contributed
nicely to describing the samples. The images were flattened using second-order fitting to remove
sample tilt. The mean size of LN was carried out by processing the AFM images with the ProScan
Data Acquisition software that was developed under Windows. The sizes of the LN were determined
disassembling the images in arbitrary lines that cross the small vesicles. We chose a line and limited
each LN positioning two sliders to carry out the dimension. All of the data averaged measurements
for each experiments.

2.6. Differential Scanning Calorimetry (DSC) Analysis

Thermograms of samples (raw materials, empty and loaded capsaicin lipid nanoparticles were
carried out through Mettler DSC 12E that was equipped with a Haake thermocryostate model D8-G;
each measurement was performed three times. The correlated software permitted data acquisition.
The analyses were performed at a speed of 5 °C/min. in the range from 25 °C to 100 °C after calibration
of the equipment.
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2.7. In Vitro Release Study

Franz diffusion cells (LGA, Berkeley, CA) with an exposed surface area of 0.75 cm? and a receiver
compartment volume of 4.5 mL were used to determine the release profile of pure CPS and CPS-LN.
The receptor compartment was filled with a water-ethanol solution (50:50) to create the sink condition,
since CPS has a limited solubility in buffer. The solution has been stirred at 500 rpm and thermostated
at 32 + 1 °C during all of the experiments [24]. The testing samples (350 puL) were placed in the donor
cell maintaining a complete and intimate contact with the surface of a cellulose acetate membrane (0.2
um pore size, 25 mm diameter, Sartorius; Gottingen, Germany). Each experiment was run in duplicate
for 24 h. At predetermined intervals, samples (200 uL) of receiving solution were withdrawn and
replaced with fresh solution. The samples were analyzed for drug content by High Performance Lipid
Chromatography (HPLC), as described below.

2.8. In Vivo Study

2.8.1. Animals

Male CD1 mice aged between eight and nine weeks were used in the present study. The
institutional animal care and use committee approved all of the procedures (IACUC, ex art. 9 DL116-92,
9 September 2005). The animals were maintained on a 12-h light/dark cycle and allowed free access
to food and water. For behavioral experiments, mice were acclimated to the experimental room one
hour before testing. A researcher that was blind to the pharmacological treatment performed all of the
experimental procedures and tests.

2.8.2. In Vivo Administration

For the evaluation of spontaneous pain, ten microliters of a plain drug solution (CPS-STD) or an
LNs dispersion (CPS-LN) or the respective vehicles (VEH-STD and VEH-LN) were administered by
subcutaneous injection.

CPS-STD was formulated while using Tween 80 (10% w/w), ethanol (10% w/w), CPS (0.026%
w/w), and distilled water (79.97% w/w). Subcutaneous injection was performed in the right hind paw
(intraplantar administration, i.pl.) of the mouse immediately before the behavioral evaluation.

2.8.3. Spontaneous Pain

For the evaluation of spontaneous pain, the CD1 mice were placed in a transparent cage
immediately before the i.pl. injection of the two different drug formulations (CPS-STD and CPS-LN) or
the respective vehicles (VEH-STD and VEH-LN). The time (seconds) spent in nociceptive behavior
(paw liking, lifting, and shaking) was measured for up to five minutes after the injection by a researcher
that was blind to the treatment of the animals.

2.8.4. Preparation of Protein Extracts from Mouse Skin

After seven days from i.pl injection, the animals were sacrificed and skin biopsies that formed
the site of injection were removed. Skin homogenates were obtained, as previously described [25].
Protein concentration was measured by using the Bio-Rad Dc Protein Assay kit according to the
manufacturer’s protocol.

2.8.5. Western Blot Analysis

For the western blot analysis of the TRPV1 expression, ten pug of total protein extracted form skin
biopsies were separated by SDS-PAGE (Sodium Dodecyl Sulphate—polyacrylamide gel electrophoresis)
and transferred onto nitrocellulose membranes for antibody detection (Criterion blotter; Bio-Rad
Laboratories, Hercules, CA, USA). The nitrocellulose membranes were blocked at room temperature in
Odyssey blocker (LI-COR Biosciences, Lincoln, NE) for 1 h, and then incubated with the following
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primary antibodies: anti-TRPV1 polyclonal antibody (1:1000, Santa Cruz); anti-actin monoclonal
antibody (1:1000, Sigma) over night at 4 °C. Secondary antibodies were: goat anti-rabbit IRD800CW)
and goat anti-mouse (Alexa 680, LI-COR, Bioscience) antibodies, being concomitantly incubated for
1 h at room temperature. The proteins were detected and quantified with the Odyssey Infrared
Fluorescence Imaging System (LI-COR). The values were expressed as integrated intensity.

2.9. HPLC Analysis

The HPLC apparatus consisted of a Shimadzu LC10 AT Vp (Milan, Italy) that was equipped with a
20 pL loop injector and a SPD-M 10 A Vp Shimadzu photodiode array UV detector. The HPLC method
used for CPS determination was a slight modification of a method that was reported in literature [26].
In particular, the chromatography was performed using a Symmetry Shield Waters C18 RP column
(particle size, 5 pm; 25 cm X 4.6 mm i.d.; Waters S.P.A, Italy). The chromatographic method provided a
mobile phase that was composed of acetonitrile (80%) and a water solution (20%) containing 1% acetic
acid. The flow rate was set at 1 mL/min. and the detection was effected at 284 nm, while the CPS
retention time was 8.4 min.

2.10. Statistical Analysis

Statistical analysis of in vivo data was performed while using the one-way ANOVA, followed
by two different post hoc tests: the Bonferroni’s Multiple Comparison test for the determination
of the spontaneous pain due to CPS i.pl. injection and the Fisher’s test to determine the TRPV1
skin expression.

3. Results and Discussion

3.1. LN Formulation and Characterization

The solvent injection method that was used in this work appeared to be suitable for LN preparation.
CPS-LN were prepared with Softisan@©100 (Hydrogenated Coco-Glycerides) as lipid and Tween 80 as
surfactant. We decided to use this material after a lipid screening for the identification of matrices for
CPS incorporation. Particularly, we chose hydrogenated Coco-Glycerides to prepare lipid nanoparticles,
since, in preliminary studies, it showed a high affinity toward the active. This evidence justifies the
high encapsulation efficiency found for CPS-LN formulation (97.3 + 2.53%).

Table 1 reports PCS analysis. Free LNs were characterized by particles with diameters ranging
about 250-300 nm and with a polydispersity index (PDI) of about 0.3.

Table 1. Particle size, intensity distribution (Di), and polydispersity index (PDI) of LN
based formulations.

Sample Z Average PDI Peak1 (%) Peak?2 (nm) (%) Di(10) Di(50) Di(90) (nm)
(nm) (nm) (nm) (nm)
empty LN 296 + 26 0.282 +0.007 356 + 51 98 + 50 1420 + 14 16+2 64+23 330+43 1112 + 58
CPS-LN 287 + 86 0.410+0.004 387+30 76+15 876 + 54 28 +2 112+32 342+72 780 + 68

When considering the PDI values, which correctly describe the size distribution of the samples,
CPS-LN showed the same median diameter Di(50) of unloaded LN (about 340 nm), but a greater
presence of a population of LN with diameter proximally to 1 um (30% vs. 2% of empty LN), with the
evidence of a marked increase in sample complexity.

These results were confirmed by AFM analysis on mica, as reported in Figure 1. All of the samples
presented nanoparticles with a spherical shape and well-defined contours. AFM “height images”
(scansion of about eight-micron) described the major heterogeneity of CPS-LN if compared to unloaded
LN, even if particles that were sized from 200 to 400 nm remained representative of this sample.
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Figure 1. Atomic Force Microscopy (AFM) images, height profile and elaboration of (a) unloaded LN
and (b) Capsaicin loaded lipid nanocarriers (CPS-LN).

The xy graphics describing the “height” profile of LN (Figure 1a) nicely contributed to describing
the regular shape (symmetry) of the LN, also after CPS encapsulation (Figure 1b).

Moreover, the LN can be described as flattened-platelet shaped carriers since the diameters of LN
were higher than the related heights with a height (H)/width (W) ratio close to 1/10 [27]. In agreement
with the studies that were reported in literature, the difference between width and height could be
partially due to the interaction between the sample and the substrate, as well as to the continuous
movement of the cantilever probe of the AFM that, by pushing and warming the particles, might
determinate a deformation of their original morphology [28].

The physical state of lipids affects the permeability and the stability of the LN. DSC studies
provide insight into the phase transition in LN that is responsible for the change in physical state of the
system. DSC analysis characterized unloaded and loaded LN. Figure 2 shows the DSC thermograms
of the component of unloaded LN and CPS-LN.

The calorimetric curves of raw materials showed a melting point of 39 °C for Softisan© 100 and
65 °C for CPS, respectively. Unloaded LN and CPS-LN both showed a slight decrease of melting
point correlated to lipid constituent (36.2 °C for LN and 36.5 for CPS-LN) and a modification of the
endothermic peak that appeared broader. The depression of endothermic peak is often observed when
the bulk lipid is transformed into LN.
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Figure 2. Differential Scanning Calorimetry (DSC) thermogram scans of components, unloaded
and CPS-LN.

3.2. In vitro Release Study

The CPS release profile from CPS-LN (Figure 3) exhibits a minimum burst effect within the
first 2-3 h. CPS-LN continued to release its content until the 24th hour, at which it released 70% of
encapsulated drug, exhibiting a steep increase in the amount of the released CAP when compared to
that of pure CAP (Figure 3).

Therefore, it could be concluded that drug incorporation in CPS-LN can prolong drug release,
owing to the time that is required for the drug to diffuse into the release medium from LN matrix.
This result is consistent with the findings of other researchers regarding drug release from lipid
nanoparticles [29-31].
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Figure 3. Percentage of cumulative CPS released from pure CPS and CPS-LN. Each point represents
the mean value + S.D. (n = 3).

3.3. In Vivo Study

The acute activation of TRPV1 receptors by CPS is known to lower pain threshold [32]. In
this experiment, CPS was locally administrated in the plantar surface or the right hind-paw. The
intradermal injection of CPS was selected to rapidly deposit a precise amount of drug directly into
the site of injection. This procedure is known to produce a sensation of intense pain at the site of
injection [33]. In our experiments, spontaneous pain that is induced by intraplantar injection of CPS
has been evaluated in mice for five minutes after administration and measured as liking, lifting, and
shaking behavior of the injected paw (Figure 4).

As expected, the activation of TRPV1 receptors by both CPS formulations tested induces
spontaneous pain. The inclusion of CPS in LN-lipid matrix induced a lower pain response when
compared to drug dissolved in a standard vehicle (CPS-STD), according to western blot results. No
differences in pain behavior after VEH-STD and VEH-LN administration were observed (Figure 4),
showing that neither the standard vehicle nor the unloaded LN-lipid matrix induce a pain response
per se. Thus, the nociceptive behavior observed in CPS-STD and CPS-LN groups has to be related to
the presence of CPS that is able to activate TRPV1 receptors. Moreover, no pain response was observed
in the contralateral uninjected paw (data not shown), thus excluding the systemic effect of the drug.

3.4. TRPV1 Skin Expression

Prolonged exposure to CPS can desensitize the TRPV1 receptor or induce its internalization and
degradation [14,15]. Consistent with data from the literature, the local i.pl. injection of CPS-STD
induced a significant reduction of TRPV1 expression in the mouse skin at the site of injection, as shown
in Figure 5. Interestingly enough, CPS inclusion in LN prevented from TRPV1 down-regulation in the
skin, an effect that is probably due to a slow release of the drug, thus preventing TRPV1 internalization
and degradation.

Agonist-induced defunctionalization of TRPV1 receptors is the underlying mechanism for
long-term nociceptors desensitization. CPS-induced down regulation of membrane TRPV1 levels has
been used as a strategy for pain treatment in a variety of formulations, such as creams, lotions, or high
concentration capsaicin patches [12,13]. However, different functions of TRPV1 receptors other that
pain perceptions have emerged. For example, a number of studies indicate a role for TRPV1 receptors
in carcinogenesis [34-36].
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Some studies indicate that TRPV1 receptor antagonist promote skin carcinogenesis through
the EGFR, thus a role for TRPV1 receptors as tumor suppressors have been proposed [37]. This
section might be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.
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Licking behavior (sec)
[ =]
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VEH-STD CPS-STD  VEH-LN CPSLN

Figure 4. Intraplantar (i.pl.) injection of CPS induces spontaneous pain. The nocifensive response to
i.pl. injection of CPS (0.125%/10 pL) dissolved in standard vehicle or included in LN in naive mice is
shown. Data are means + S.E.M of 6 mice, and refer to the number of sec spent in licking behavior in
the first 5 min. following injection. * p < 0.05 vs. mice injected with vehicle, # p < 0.05 vs. mice injected
with LN, © p < 0.05 vs. mice injected with capsaicin (one-way ANOVA followed by “Bonferroni’s
Multiple Comparison Test”).
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Figure 5. Expression of TRPV1 receptor in the skin of CD1 mice after seven days from the i.pl. injection
of CPS included in standard vehicle or LN. L.pl. injection of CPS induces a significative downregulation
of TRPV1 receptors that is blocked by LN inclusion. A representative immunoblot of TRPV1 in the skin
of naive mice and mice injected with capsaicin (0.125%j/10 pL) in the absence or presence of LN is shown
in (a). Densitometric analysis is shown in (b), where values are means + S.E.M. of four determinations.
* p < 0.05 vs. vehicle mice; © p < 0.05 vs. mice injected with capsaicin (one-way ANOVA followed by
Fisher’s post hoc test).
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4. Conclusions

This study provides important evidence regarding the efficacy of LNs as carriers for
CPS administration.

CPS-LNs were formulated by using the solvent injection method, which appeared to be suitable for
LN preparation. In fact, the particles were in the nanometric range, showing good homogeneity and high
encapsulation efficiency. The AFM study revealed a regular shape of LN, also after CPS encapsulation.

The in vivo study pointed out that CPS inclusion in LN-lipid matrix induced a lower pain response
when compared to drug dissolved in a standard vehicle (CPS-STD).

The lack of TRPV1 receptor down regulation in the site of CPS-LN application might be due to a
slower release of CPS from the lipid matrix that could prevent TRPV1 internalization and degradation.
Thus, while the agonist-induced TRPV1 reduction in the intra-epidermal nerve fibers is useful for
inducing long-term nociceptors desensitization for pain relief, the chronic blockade or the absence
of TRPV1 receptors might increase the risk of tumorigenesis. With this in mind, we studied a
CPS-containing formulation able to provide long-term activation of TRPV1 receptors without the
unwanted reduction of TRPV1 receptor expression.

In conclusion, LNs could be useful as a valid alternative to conventional vehicles when a
controlled release of CPS is required to prevent TRPV1 defunctionalization after prolonged activation
of the receptor.

Author Contributions: Conceptualization, C.P. (Carmelo Puglia) and S.C.; methodology, C.P. (Carmelo Puglia),
S.C,BR, TM,, C.C,;software, BR., TM., C.C, D.S., A.B.; validation, C.P. (Carmelo Puglia), S.C., R.P, TM., C.C;
formal analysis, B.R., TM., C.C., D.S., A.B,; investigation, C.P. (Carmelo Puglia), S.C., R.P, TM., C.C.; Behavioral
experiments, C.P. (Carmela Parenti) and S.C.; resources, R.P. and B.R.; data curation, C.P. (Carmela Parenti), B.R.,
TM.,, C.C, DS, A.B,; writing—original draft preparation, C.P. (Carmelo Puglia), S.C., T.M., B.R.; writing—review
and editing, C.P. (Carmelo Puglia), S.C., TM., B.R., R.P; visualization, TM., C.C., D.S., A.B.; supervision, R.P,, S.C.,
C.P. (Carmelo Puglia); project administration, R.P., C.P. (Carmelo Puglia), S.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

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

References

1.  Yang, F; Zheng, J. Understand spiciness: Mechanism of TRPV1 channel activation by capsaicin. Protein Cell
2017, 8, 169-177. [CrossRef] [PubMed]

2. Clapham, D.E,; Runnels, L.W,; Strubing, C. The TRP ion channel family. Nat. Rev. Neurosci. 2001, 2, 387-396.
[CrossRef] [PubMed]

3. Kedei, N.; Szabo, T.; Lile, ].D.; Treanor, J.J.; Olah, Z.; Iadarola, M.].; Blumberg, PM. Analysis of the native
quaternary structure of vanilloid receptor 1. J. Biol. Chem. 2001, 276, 28613-28619. [CrossRef] [PubMed]

4.  Ferrer-Montiel, A.; Garcia-Martinez, C.; Morenilla-Palao, C.; Garcia-Sanz, N.; Fernandez-Carvajal, A;
Fernandez-Ballester, G.; Planells-Cases, R. Molecular architecture of the vanilloid receptor. Insights for drug
design. Eur. J. Biochem. 2004, 271, 1820-1826. [CrossRef]

5. Caterina, M.J. Transient receptor potential ion channels as participants in thermosensation and
thermoregulation. Am. |. Physiol. Requl. Integr. Comp. Physiol. 2007, 292, R64-R76. [CrossRef]

6. Spampinato, S.; Trabucco, A.; Biasiotta, A.; Biagioni, F.; Cruccu, G.; Copani, A.; Colledge, W.H.; Sortino, M.A;
Nicoletti, F.; Chiechio, S. Hyperalgesic activity of kisspeptin in mice. Mol. Pain 2011, 7, 1744-8069. [CrossRef]

7. Fu,M,; Xie, Z.; Zuo, H. TRPV1: A potential target for antiepileptogenesis. Med. Hypotheses 2009, 73, 100-102.
[CrossRef]

8.  Michael, GJ; Priestley, J.V. Differential expression of the mRNA for the vanilloid receptor subtype 1 in cells
of the adult rat dorsal root and nodose ganglia and its downregulation by axotomy. J. Neurosci. 1999, 19,
1844-1854. [CrossRef]

9. Basso, L.; Aboushousha, R.; Fan, C.Y,; Iftinca, M.; Melo, H.; Flynn, R.; Agosti, F; Hollenberg, M.D.;
Thompson, R.; Bourinet, E.; et al. TRPV1 promotes opioid analgesia during inflammation. Sci. Signal 2019,
12, eaav0711. [CrossRef]


http://dx.doi.org/10.1007/s13238-016-0353-7
http://www.ncbi.nlm.nih.gov/pubmed/28044278
http://dx.doi.org/10.1038/35077544
http://www.ncbi.nlm.nih.gov/pubmed/11389472
http://dx.doi.org/10.1074/jbc.M103272200
http://www.ncbi.nlm.nih.gov/pubmed/11358970
http://dx.doi.org/10.1111/j.1432-1033.2004.04083.x
http://dx.doi.org/10.1152/ajpregu.00446.2006
http://dx.doi.org/10.1186/1744-8069-7-90
http://dx.doi.org/10.1016/j.mehy.2009.01.005
http://dx.doi.org/10.1523/JNEUROSCI.19-05-01844.1999
http://dx.doi.org/10.1126/scisignal.aav0711

Pharmaceutics 2020, 12, 339 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lee, H,; Ahn, S.; Ann, J.; Ha, H.; Yoo, Y.D.; Kim, Y.H.; Hwang, ].Y.; Hur, KH.; Jang, C.G.; Pearce, L.V,; et al.
Discovery of dual-acting opioid ligand and TRPV1 antagonists as novel therapeutic agents for pain. Eur. J.
Med. Chem. 2019, 182, 111634. [CrossRef]

Vilceanu, D.; Honore, P.; Hogan, Q.H.; Stucky, C.L. Spinal nerve ligation in mouse upregulates TRPV1 heat
function in injured IB4-positive nociceptors. J. Pain 2010, 11, 88-99. [CrossRef] [PubMed]

Ellison, N.; Loprinzi, C.L.; Kugler, J.; Hatfield, A.K.; Miser, A.; Sloan, J.A.; Wender, D.B.; Rowland, K.M.;
Molina, R.; Cascino, T.L.; et al. Phase III placebo-controlled trial of capsaicin cream in the management of
surgical neuropathic pain in cancer patients. . Clin. Oncol. 1997, 15, 2974-2980. [CrossRef] [PubMed]
Watson, C.P; Evans, R.J.; Watt, V.R. Post-herpetic neuralgia and topical capsaicin. Pain 1988, 33, 333-340.
[CrossRef]

Holzer, P. The pharmacological challenge to tame the transient receptor potential vanilloid-1 (TRPV1)
nocisensor. Br. |. Pharmacol. 2008, 155, 1145-1162. [CrossRef]

Bley, K.R. TRPV1 agonist approaches for pain management. In Vanilloid Receptor TRPV1 in Drug Discovery:
Targeting Pain and Other Pathological Disorders; Gomtsyan, A., Faltynek, C.R., Eds.; Wiley: New York, NY,
USA, 2010; pp. 325-347.

Simone, D.A.; Nolano, M.; Johnson, T.; Wendelschafer-Crabb, G.; Kennedy, W.R. Intradermal injection
of capsaicin in humans produces degeneration and subsequent reinnervation of epidermal nerve fibers:
Correlation with sensory function. . Neurosci. 1998, 18, 8947-8959. [CrossRef] [PubMed]

O'Neill, J.; Brock, C.; Olesen, A.E.; Andresen, T.; Nilsson, M.; Dickenson, A.H. Unravelling the mystery of
capsaicin: A tool to understand and treat pain. Pharmacol. Rev. 2012, 64, 939-971. [CrossRef]

Anand, P; Bley, K. Topical capsaicin for pain management: Therapeutic potential and mechanisms of action
of the new high-concentration capsaicin 8% patch. Br. J. Anaesth. 2011, 107, 490-502. [CrossRef]

Li, S.; Bode, AM.; Zhu, E; Liu, K,; Zhang, J.; Kim, M.O.; Reddy, K.; Zykova, T.; Ma, W.Y.; Carper, A.L.;
et al. TRPVI1-antagonist AMG9810 promotes mouse skin tumorigenesis through EGFR/Akt signaling.
Carcinogenesis 2011, 32, 779-785. [CrossRef]

Bruge, F; Damiani, E.; Puglia, C.; Offerta, A.; Armeni, T.; Littarru, G.P,; Tiano, L. Nanostructured lipid
carriers loaded with CoQ10: Effect on human dermal fibroblasts under normal and UVA-mediated oxidative
conditions. Int. |. Pharm. 2013, 455, 348-356. [CrossRef]

Puglia, C.; Bonina, F. Lipid nanoparticles as novel delivery systems for cosmetics and dermal pharmaceuticals.
Expert Opin. Drug Deliv. 2012, 9, 429-441. [CrossRef]

Pardeike, J.; Hommoss, A.; Miiller, R.H. Lipid nanoparticles (SLN, NLC) in cosmetic and pharmaceutical
dermal products. Int. ]. Pharm. 2009, 366, 170-184. [CrossRef] [PubMed]

Schubert, M.A.; Muller-Goymann, C.C. Solvent injection as a new approach for manufacturing lipid
nanoparticles — evaluation of the method and process parameters. Eur. J. Pharm. Biopharm. 2003, 55, 125-131.
[CrossRef]

Siewert, M.; Dressman, J.; Brown, C.K.; Shah, V.P. FIP/AAPS guidelines to dissolution/in vitro release testing
of novel/special dosage forms. Aaps Pharmscitech 2003, 4, 43-52. [CrossRef]

Jin, L.; Miyamoto, O.; Toyoshima, T.; Kobayashi, R.; Murakami, T.H.; Itano, T. Localization of calbindin-D28k
in normal and incised mouse skin: Immunohistochemical and immunoblot analysis. Arch. Dermatol. Res.
1997, 289, 578-584. [CrossRef] [PubMed]

Davis, C.B.; Markey, C.E.; Busch, M.A; Busch, K.W. Determination of capsaicinoids in habanero peppers by
chemometric analysis of UV spectral data. |. Agric. Food Chem. 2007, 55, 5925-5933. [CrossRef]

Vighi, E.; Ruozi, B.; Montanari, M.; Battini, R.; Leo, E. Re-dispersible cationic solid lipid nanoparticles (SLNs)
freeze-dried without cryoprotectors: Characterization and ability to bind the pEGFP-plasmid. Eur. J. Pharm.
Biopharm. 2007, 67, 320-328. [CrossRef]

Ruozi, B.; Tosi, G.; Forni, F.; Fresta, M.; Vandelli, M.A. Atomic force microscopy and photon correlation
spectroscopy: Two techniques for rapid characterization of liposomes. Eur. J. Pharm. Sci. 2005, 25, 81-89.
[CrossRef]

Puglia, C.; Blasi, P; Rizza, L.; Schoubben, A.; Bonina, F.; Rossi, C.; Ricci, M. Lipid nanoparticles for prolonged
topical delivery: An in vitro and in vivo investigation. Int. |. Pharm. 2008, 357, 295-304. [CrossRef]
Esposito, E.; Ravani, L.; Mariani, P.; Contado, C.; Drechsler, M.; Puglia, C.; Cortesi, R. Curcumin containing
monoolein aqueous dispersions: A preformulative study. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33,
4923-4934. [CrossRef]


http://dx.doi.org/10.1016/j.ejmech.2019.111634
http://dx.doi.org/10.1016/j.jpain.2009.09.018
http://www.ncbi.nlm.nih.gov/pubmed/20015699
http://dx.doi.org/10.1200/JCO.1997.15.8.2974
http://www.ncbi.nlm.nih.gov/pubmed/9256142
http://dx.doi.org/10.1016/0304-3959(88)90292-8
http://dx.doi.org/10.1038/bjp.2008.351
http://dx.doi.org/10.1523/JNEUROSCI.18-21-08947.1998
http://www.ncbi.nlm.nih.gov/pubmed/9787000
http://dx.doi.org/10.1124/pr.112.006163
http://dx.doi.org/10.1093/bja/aer260
http://dx.doi.org/10.1093/carcin/bgr037
http://dx.doi.org/10.1016/j.ijpharm.2013.06.075
http://dx.doi.org/10.1517/17425247.2012.666967
http://dx.doi.org/10.1016/j.ijpharm.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18992314
http://dx.doi.org/10.1016/S0939-6411(02)00130-3
http://dx.doi.org/10.1208/pt040107
http://dx.doi.org/10.1007/s004030050243
http://www.ncbi.nlm.nih.gov/pubmed/9373717
http://dx.doi.org/10.1021/jf070413k
http://dx.doi.org/10.1016/j.ejpb.2007.02.006
http://dx.doi.org/10.1016/j.ejps.2005.01.020
http://dx.doi.org/10.1016/j.ijpharm.2008.01.045
http://dx.doi.org/10.1016/j.msec.2013.08.017

Pharmaceutics 2020, 12, 339 12 of 12

31.

32.

33.

34.

35.

36.

37.

Souza, L.G,; Silva, E.J.; Martins, A.L.; Mota, M.E; Braga, R.C.; Lima, E.M.; Valadares, M.C.; Taveira, S.F,;
Marreto, R.N. Development of topotecan loaded lipid nanoparticles for chemical stabilization and prolonged
release. Eur. |. Pharm. Biopharm. 2011, 79, 189-196. [CrossRef]

Caterina, M.].; Leffler, A.; Malmberg, A.B.; Martin, W.J.; Trafton, J.; Petersen-Zeitz, K.R.; Koltzenburg, M.;
Basbaum, A.L; Julius, D. Impaired nociception and pain sensation in mice lacking the capsaicin receptor.
Science 2000, 288, 306-313. [CrossRef] [PubMed]

Simone, D.A.; Ngeow, ].Y.F,; Putterman, G.J.; La Motte, R.H. Hyperalgesia to heat after intradermal injection
of capsaicin. Brain Res. 1987, 418, 201-203. [CrossRef]

Lazzeri, M.; Vannucchi, M.G.; Spinelli, M.; Bizzoco, E.; Beneforti, P.; Turini, D.; Faussone-Pellegrini, M.S.
Transient receptor potential vanilloid type 1 (TRPV1) expression changes from normal urothelium to
transitional cell carcinoma of human bladder. Eur. Urol. 2005, 48, 691-698. [CrossRef] [PubMed]
Prevarskaya, N.; Zhang, L.; Barritt, G. TRP channels in cancer. Biochim. Biophys. Acta 2007, 1772, 937-946.
[CrossRef] [PubMed]

Amantini, C.; Mosca, M.; Nabissi, M.; Lucciarini, R.; Caprodossi, S.; Arcella, A.; Giangaspero, F.; Santoni, G.
Capsaicin-induced apoptosis of glioma cells is mediated by TRPV1 vanilloid receptor and requires p38
MAPK activation. J. Neurochem. 2007, 102, 977-990. [CrossRef]

Bode, A.M.; Cho, Y.Y.; Zheng, D.; Zhu, F,; Ericson, M.E.; Ma, W.Y,; Yao, K.; Dong, Z. Transient receptor
potential type vanilloid 1 suppresses skin carcinogenesis. Cancer Res. 2009, 69, 905-913. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ejpb.2011.02.012
http://dx.doi.org/10.1126/science.288.5464.306
http://www.ncbi.nlm.nih.gov/pubmed/10764638
http://dx.doi.org/10.1016/0006-8993(87)90982-6
http://dx.doi.org/10.1016/j.eururo.2005.05.018
http://www.ncbi.nlm.nih.gov/pubmed/15992990
http://dx.doi.org/10.1016/j.bbadis.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17616360
http://dx.doi.org/10.1111/j.1471-4159.2007.04582.x
http://dx.doi.org/10.1158/0008-5472.CAN-08-3263
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	LN Preparation 
	Determination of Drug Loading 
	Particle Size Distribution 
	Atomic Force Microscopy (AFM) 
	Differential Scanning Calorimetry (DSC) Analysis 
	In Vitro Release Study 
	In Vivo Study 
	Animals 
	In Vivo Administration 
	Spontaneous Pain 
	Preparation of Protein Extracts from Mouse Skin 
	Western Blot Analysis 

	HPLC Analysis 
	Statistical Analysis 

	Results and Discussion 
	LN Formulation and Characterization 
	In vitro Release Study 
	In Vivo Study 
	TRPV1 Skin Expression 

	Conclusions 
	References

