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Abstract: Tissue homeostasis mainly depends on the activity of stem cells to replace damaged
elements and restore tissue functions. Within this context, mesenchymal stem cells and fibroblasts
are essential for maintaining tissue homeostasis in skin, in particular in the dermis. Modifications
in collagen fibers are able to affect stem cell features. Skin properties can be significantly reduced
after injuries or with aging, and stem cell niches, mainly comprising extracellular matrix (ECM),
may be compromised. To this end, specific molecules can be administrated to prevent the aging
process induced by UV exposure in the attempt to maintain a youngness phenotype. NanoPCL-M
is a novel nanodevice able to control delivery of Mediterranean plant myrtle (Myrtus communis L.)
extracts. In particular, we previously described that myrtle extracts, rich in bioactive molecules and
nutraceuticals, were able to counteract senescence in adipose derived stem cells. In this study, we
analyzed the effect of NanoPCL-M on skin stem cells (SSCs) and dermal fibroblasts in a dynamic
cell culture model in order to prevent the effects of UV-induced senescence on proliferation and
collagen depot. The BrdU assay results highlight the significantly positive effect of NanoPCL-M on
the proliferation of both fibroblasts and SSCs. Our results demonstrate that-M is able to preserve
SSCs features and collagen depot after UV-induced senescence, suggesting their capability to retain a
young phenotype.

Keywords: stem cells; cell senescence; nanofibers; natural extracts; skin aging; cellular mechanisms

1. Introduction

Aging is associated with the progressive loss of function and higher stress sensitivity
of the involved tissues. It covers many cellular types and signaling pathways affecting phe-
notypic changes, and ultimately human life [1]. Human skin, a complex tissue comprising
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dermis and epidermis, represents the tissue most exposed to environmental damage, such
as UV light. The epidermis, the upper layer of the skin, attenuates the impact of molecular
damage accumulation by rapid keratinocyte turnover. Conversely, the dermis accumulates
damage, modifying tissue elasticity and stiffness, and cell features [2].

The aging process arising from environmental influences is called an extrinsic pro-
cess and can be related to mechanisms of a stress response associated with lifestyle and
nutrition [3]. One of the main exogenous stimuli is represented by sunlight exposure, since
UV radiation produces photo-oxidative stress mechanisms on skin cell populations, deeply
modifying extracellular matrix features [4]. Stem cells play a central role in preserving tissue
homeostasis due to their ability to replace damaged elements and restore tissue function.
These properties can be significantly reduced after UV exposure and oxidative-stress-
related dysfunctions [5]. Stem cells are able to undergo self-renewal or commit toward
a specific differentiated phenotype upon physical or chemical stimuli [6–10], exhibiting
different plasticity and differentiation potential, according to their tissue source [6,10–13].
Skin comprises several stem cell types, showing different roles, properties, and differentia-
tion capabilities [14,15]. In particular, skin stem cells (SSCs), a mesenchymal cell population,
are able to undergo different fates due to their asymmetric division: one cell can maintain
the undifferentiated condition in the niche, while the other can be recruited into becoming
a differentiated cell [12]. SSCs were found both in the epidermis and dermis. However, in
the epidermis, the majority of stem cells have an epithelial origin, and a fluctuating amount
of mesenchymal stem cells can be found in the epidermis in undamaged skin, increasing
during inflammation, or wound processes [16]. After stress and related inflammatory
responses, stem cells of epithelial origin undergo epithelial–mesenchymal transition. They
express mesenchymal markers and features, and migrate from the niches to the damaged
area, thus contributing to restoring tissue homeostasis [16]. UV exposure is able to deeply
modify the molecular behavior of stem cells and the niche properties [17].

Extracellular matrix (ECM) changes actively contribute to SSC behavior. Interestingly,
stem cell niches mainly comprise the ECM, which is involved in maintaining a complex
network of molecules able to regulate stem cell proliferation and differentiation [18]. The
ECM is responsible for the structural and mechanical properties of the entire tissue, and is
primarily produced by dermal fibroblasts, which, during extrinsic aging, experience cellular
damage, affording changes in ECM composition and remodeling [19,20]. Nevertheless,
in addition to changes in collagen fibril organization [21], the dermis gradually becomes
atrophic, decreasing in thickness and in hyaluronic acid production [22].

Along with hyaluronic acid, changes in collagen fibers modify the niche environ-
ment [18]. The most abundant types of collagen are Collagen I and III, whereas the basal
membrane contains mainly collagen IV, able to optimize cell polarization and functions.
Within this context, a lower capability of pro-collagen I production [23], together with
age-specific changes in collagen turnover [24], have been previously described in aged
cultured fibroblasts.

Within this context, solar damage is associated with a reduced hyaluronic acid synthe-
sis owing to the downregulation of the Hyaluronan Synthase 2 (HAS2) gene. The HAS2
gene is expressed both in fibroblasts and SSCs, encoding the most relevant enzyme in
hyaluronan production. Moreover, its expression is important for cell cycle progression,
and G1 phase, counteracting cellular senescence, preserving cell viability, and regulating
apoptosis under stress stimuli [25]. In addition to HAS2, other genes are involved in
skin protection from photoaging, including, for example, those encoding sirtuins. This
family of enzymes is known for its role in all the reactions needing NAD+ coenzymatic
activities [26,27]. Upregulation of SIRT1 mRNAs is able to protect from photodamage [28]:
DNA damage not properly repaired is associated with cellular senescence, apoptosis, and
carcinogenesis [29]. UV penetration of the dermal layer promotes the generation of reactive
oxygen species (ROS) and collagen breakdown through matrix metalloproteinases (MMPs)
remodeling [30]. SIRT1 inhibits MMPs and consequently also collagen degradation. Its
expression increases after UV exposure in fibroblast, both in vivo and in vitro, suggesting
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a role of SIRT1 in counteracting the processes of photoaging [31,32] and carcinogenesis
induced by UV [33].

It was previously described that the gene expression of several sirtuins depends on
the donor age or the number of cell line passages, underlying a decrease in SIRT1 levels
during aging [34]. Whereas SIRT1 is most associated with metabolic activities related to
collagen remodeling, SIRT2 influences oxidative stress and telomere length, being mainly
involved in cellular mechanisms associated with the cell cycle, and with aging.

Interestingly, SIRT2 expression increases during the mitotic phase, modulating the
progression through the cell cycle, and interfering with malignant progression [35,36]. It
was observed that in addition to SIRT1, SIRT2 activity also decays with aging [37,38].

All these aging-related changes negatively affect the skin phenotype, increasing the
demand for skin rejuvenating products able to counteract skin aging mechanisms. Skin
represents a barrier that is difficult to cross in the transport of active molecules, due to
the presence of the stratum corneum [39]. Therefore, vehiculating drugs through the skin
represents an important challenge for drug delivery. Nanodevices are recently emerging in
this field due to their intrinsic features.

Nanofibers are a novel nanomaterial comprising fibers characterized by high surface
area, low basis weight, high strength rate, and high content of small pore size with a
minimum ratio of length to thickness of 1000:1 [40–44]. Nanofibers can be easily pro-
duced for different applications and with various polymers. Among the polymers, poly
ε-caprolactone (PCL) is of great interest for drug release nanosystems, and is already ap-
proved by the Food and Drug Administration (FDA) for human use and medical-device
fabrication [45].

Polycaprolactone (PCL) nanofibers can vehiculate drugs and other molecules with
controlled release, being also composed of biocompatible polymers [46]. The ability to
carry various types of molecules makes PCL nanofibers a perfect device to deliver topical
treatments, such as plant-derived products for skin well-being. In particular, among the
different plants used in folk medicine, myrtle (Myrtus communis L.), an endemic herbaceous
plant present in Sardinia and throughout the Mediterranean area [8], is now emerging for
its peculiar properties. Myrtle berries, leaves, and brushwood are often noted for their
antimicrobial, antioxidant, and anti-inflammatory properties, and for enhancing wound
healing process, both in vitro and in vivo [8,47–49]. Moreover, the seeds of this plant are
rich in hydrolyzable tannins and ellagitannins like galloylquinic acid, monogalloylhexose,
ellagic acid hexoside and ellagic acid, Oenothein B, and eugeniflorin D2 [50,51]. We
previously demonstrated the capability of myrtle extracts to counteract the senescence
process in adipose derived stem cells [10,52].

We therefore developed a nanodevice combining nanofibers and myrtle extracts
from seeds in an attempt to obtain a controlled topical release of specific phytochemicals
(NanoPCL-M). We previously described the effect of the treatment with NanoPCL-M
against UV-related damage on skin cell populations exposed to UV in a dynamic model
within a bioreactor, highlighting the ability of NanoPCL-M to prevent aging in epidermal
keratinocytes in a 3D structure, modulating the expression of stemness genes of SSCs [53].

In the present study, we aimed to evaluate the effect of-M, pre-treatment on SSCs
and fibroblasts behavior after UV exposure, focusing on extracellular matrix changes. In
particular, we investigated the effect of-M on the molecular events modulating stem cell
senescence, including SIRT1 and SIRT2, and HAS2 gene expression. Moreover, we evalu-
ated Collagen I production by SSCs and fibroblasts to gain insights into the consequences
of our approach at the level of the extracellular environment.

2. Materials and Methods
2.1. Extract Preparations

Myrtle extracts were prepared using the by-products of the industrial preparation
of myrtle liqueur as raw material. Seeds were removed from berries, freeze-dried, and
powdered to obtain a homogeneous sample. Seven grams of powder were extracted twice
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with 60 mL of an ethanol/water solution (70% EtOH). In both extractions, the mixtures
were sonicated in an ultrasonic cleaner (VWR International, Leuven, Belgium) for 1 h at
25 ◦C, then centrifuged at 3000× g for 10 min. The organic extracts were combined and
filtered with Whatman 4 filter paper, evaporated to dryness under nitrogen flow to remove
ethanol, then freeze-dried to remove water.

2.2. Nanodevice Fabrication

Nanofibers were prepared from polycaprolactone (PCL) polymeric solution through a
needleless direct-current electrospinning method. Electrospinning was performed using
10% (w/v) PCL (MW 40,000 Wako Chemicals GmbH, Neuss, Germany) solution, wherein
PCL polymeric pellets were dissolved in chloroform:ethanol at a ratio of 9:1 (v/v) on a
Multispin (Nanuntio, Prague, Czech Republic) electrospinning unit, with a wire needleless
electrode. The applied voltage was in a range of 57 ± 1 kV. The temperature was 24 ± 1 ◦C
and relative humidity was 40% ± 5% during electrospinning preparation. The distance
between the wire electrode and the collects was 30 cm, and the fibers produced were
deposited on a non-woven supporting textile (Spunbond, Pegas Textiles, Prague, Czech
Republic), as previously described [53].

2.3. Nanodevice Characterization

The morphology of the electrospun nanofibers was evaluated using scanning electron
microscopy (SEM) on a Vega 3 SBU Tescan instrument (Tescan, Brno-Kohoutovice, Czech
Republic). A piece of PCL was coated with a layer of golden nanoparticles by a Quorum
Q150R apparatus (Quorum Technologies, East Sussex, United Kingdom), wherein layer
thickness was 8 nm ± 2 nm. Fiber diameters were measured from SEM images taken from
five arbitrarily selected areas. The fiber diameter distribution in the scaffold was evaluated
from 260 independent measurements in ImageJ software.

2.4. Myrtle Incorporation and Release Detection

Produced nanofiber towels were sterilized with ethylene oxide and cut, then samples
were soaked with the seed extract described previously [8] to obtain weak interactions
between extracts and the porous surfaces of the nanofibers. Every piece of PCL nanofiber
of 6 mm diameter was soaked with 10 µL of 200 mg/mL of myrtle extract dissolved in 70%
ethanol and allowed to dry under a flow hood before use.

A calibration curve was constructed by quantifying known amounts of the extracts at
280 nm wavelength with a Varian50 MPR microplate reader, according to the maximum UV
spectrum absorption of main phenolic compounds in the seed extract [54]. The calibration
curve at 280 nm absorbance was considered valid (R2 = 0,9952; data not shown).

To detect the amount of the extract released, nanofiber disks were left in 200 µL
PBS in 96-multi well plates during 7 timepoints of 24 h each. After every timepoint, the
nanofiber disk was removed and the absorbance was measured with the microplate reader
(Varian50 MPR, Microplate reader, Palo Alto, CA, USA) to evaluate the kinetic release
parameters. The results were calculated based on five independent experiments, each one
performed in triplicate.

2.5. Cell Culturing and Experimental Design

Human SSCs and Human skin fibroblasts 1 (HFF1), obtained as previously de-
scribed [12,55], were cultured in a DMEM low-glucose medium (Life Technologies, Carls-
bad, CA, USA), supplemented with 10% fetal bovine serum (FBS Life Technologies, Carlsbad,
CA, USA), 2 mM/L-glutamine (Euroclone, Milano, Italy), and 1% penicillin/streptomycin
(Euroclone, Milano, Italy).

To perform the experiment, culturing both cell types separately, while maintain-
ing their crosstalk, HFF1 and SSCs were cultured on the bioreactor Live flow (IVTech,
55054 Massarosa LU, Italy) in the chamber’s Live Box2 (IVTech, 55054 Massarosa LU, Italy).



Cells 2021, 10, 1415 5 of 13

We seeded 20,000 HFF1 and 5000 SSCs in each chamber, which were mutually connected,
and connected to the reservoir through a peristaltic pump with a flow rate of 0.1 mL/min.

Cells were cultured on a bioreactor for 3 and 7 days, and divided into 3 groups, as
described in Table 1.

Table 1. The groups analyzed for both HFF1 and SSCs. EC and T cells were exposed to UV light
(253.7 nm) for 2 min at 10 cm distance from the lamp to induce oxidative stress.

Name of Samples Group Description

Unexposed control Cells not exposed to UV light, not pre-treated with
NanoPCL-M. (UnC)

Exposed control Cells exposed to UV light and not pre-treated with
NanoPCL-M. (EC)

Treated samples Cells were exposed to UV light, after pre-treatment with
NanoPCL-M (T)

EC and T cells were exposed to UV light (253.7 nm) of 30 W for 2 min at 10 cm distance
from the lamp to induce oxidative stress.

2.6. Evaluation of Cell Proliferation: BrdU Assay

The BrdU assay (#6813, Cell Signaling Technology, Euroclone, Milan, Italy) is an
immunoassay for the quantification of cell proliferation, based on measurement of the
incorporation of 5-bromo-2′-deoxyuridine (BrdU) during DNA synthesis. Cells were
seeded at a concentration of 6000 cells/well in 96-well plates, pre-treated with NanoPCL-M
for 3 and 7 days, and then exposed to UV light: EC and T cells were exposed to UV light
for 2 min at 10 cm distance from the lamp to induce oxidative stress. UnC samples were
not exposed to UV light and were not pre-treated with NanoPCL-M. T samples were
pre-treated with NanoPCL-M before UV stress exposure. Cell viability was detected by
plate reader (OD 450 nm) and is expressed in OD units compared with untreated cells UnC.
Data are expressed as mean ± SD, referring to the control.

2.7. Gene Expression of Stemness and Cell Cycle Genes

Gene expression levels were detected by Real Time-PCR. HFF1 and SSCs were exposed
to the different culturing conditions described in Table 1. Total mRNA was isolated
using RNeasy Mini Kit (Qiagen, 40724 Hilden, Germany) according to the manufacturer’s
protocol. The quantity and purity of RNA were measured by OD 260/280 nm using a
Nanodrop (Thermo Scientific, Waltham, MA, USA). Then, 2.5 ng of RNA from each sample
in triplicate was reverse-transcribed and amplified by a Luna® Universal One-Step RT-
qPCR Kit (New England Biolabs, 240 County Road Ipswich, MA, USA) via the Thermal
Cycler (Bio-Rad, Hercules, CA, USA). The qRT-PCR analysis was performed for SIRT1,
SIRT2, and HAS2. All the primers were previously described [56,57]. The resulting Ct
value normalization was performed on the housekeeping HPRT1, and mRNA levels are
expressed as fold of change (2−∆∆ct) as compared to negative controls (UnC = 1).

2.8. Fluorescence Imaging

Cells were cultured as described above for 3 and 7 days and then were fixed with
4% paraformaldehyde for 30 min at room temperature. At the end of the incubation
time, HFF1 and SSCs were permeabilized using 0.1% Triton X-100 (Life Technologies,
Grand Island, NY, USA)-PBS, and incubated with 3% bovine serum albumin (BSA)-0.1%
Triton X-100 in PBS (Life Technologies, USA) for 30 min. Primary rabbit anti-Collagen
I antibody (Abcam, Cambridge, United Kingdom) and mouse anti-Sirt1 (1F3) antibody
were incubated overnight at 4 ◦C. Finally, cells were washed twice in PBS and stained with
the fluorescence-conjugated goat anti-rabbit IgG secondary antibody (Life Technologies,
USA) and goat anti-mouse IgG secondary antibody (Life Technologies, USA) at 37 ◦C for
1 h in the dark. Nuclei were labeled with 1 µg/mL 4,6-diamidino-2-phenylindole (DAPI).
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Fluorescence images were acquired under an Olympus BX61 Motorized Fluorescence
Microscope (Olympus Corporation, Tokyo, Japan).

2.9. Statistical Analysis

All the experiments were performed in triplicate at the least two times (n = 6) and
data are expressed as median ± standard deviation, assuming a statistically significant
p value of ≤ 0.05 (*).

3. Results
3.1. Nanodevice Characterization

The PCL scaffold included polymeric fibers, wherein more than 83 % of all included
fibers has diameters on a nanometric scale, called nanofibers, as illustrated in Figure 1.
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3.2. NanoPCL-M Allows a Controlled Release of Myrtle Extracts

Spectrophotometry revealed a gradual and constant release of the myrtle extracts from
the PCL nanofiber device (Figure 2). The release was 0.16 ± 0.05 mg/day for 7 days.
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Figure 2. Release of myrtle extracts from NanoPCL-M for 7 days. The amount of extracts was
evaluated as absorbance OD detected at 280 nm, and is expressed as mg of extracts/day.
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3.3. NanoPCL-M Increases Cell Proliferation

The BrdU assay revealed that NanoPCL-M pre-treatment significantly increased the
proliferation of the analyzed cell populations (Figure 3). The same figure shows that T
samples reached a proliferation rate similar to what was observed for UnC, after 3 days
of pre-treatment. Moreover, a significantly higher proliferation rate compared with UnC
could be observed when cells were pre-treated for 7 days.
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Figure 3. Effect of pre-treatment with NanoPCL-M on cell proliferation. HFF1 (a) and SSCs (b) were pre-treated with
NanoPCL-M for 3 and 7 days, and then exposed to UV light as described. Cell viability is expressed in OD units as compared
with untreated cells UnC. Data are expressed as mean ± SD referring to the control. * p ≤ 0.05.

3.4. NanoPCL-M Modulates Sirtuins and Hyaluron Synthase 2 Expression under Stress Condition

Figure 3 shows that HFF1 pre-treated with NanoPCL-M for 3 days and then exposed
to UV exhibited the same levels of SIRT1 and SIRT2 as EC (Figure 4a,b). Nevertheless, after
7 days of-M pre-treatment and UV stress, HFF1 showed a significantly higher expression of
both SIRT1 and SIRT2 compared with EC (Figure 4a,b). SSCs stressed by UV (EC) showed
a significant downregulation of both SIRT1 and SIRT2 compared with UnC (Figure 5a,b,
grey bars). On the contrary, in Nano-PCL pre-treated SSCs (T), a significant upregulation of
both SIRT1 and 2 could be observed compared with EC, starting from 3 days, and reaching
a maximum after 7 days of pre-treatment, remarkably overcoming the expression level
observed in unexposed controls (UnC) (Figure 5a,b).
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(UnC = 1), T samples were pre-treated with NanoPCL-M before UV stress exposure. * p ≤ 0.05.
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NanoPCL-M pre-treatment induced the overexpression of HAS2 compared with EC
in both HFF1 and SSCs along with all the culturing period (Figure 6a,b, respectively).
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3.5. NanoPCL-M Preserves Collagen Depot and Modulate SIRT1 Expression under
Stressing Conditions

Fluorescence analysis showed the higher expression of SIRT1 in cells exposed to
UV-treatment (EC) and NANO-PCL (T), especially after 3 days in culture in both HFF1
(Figure 7a) and SSCs (Figure 7b) compared with untreated control cells (UnC). More-
over, pre-treatment with NanoPCL-M preserved collagen depot after oxidative stress (T)
compared with unexposed controls (UnC) and exposed controls (EC) in both fibroblasts
(Figure 8) and SSCs (Figure 8b).
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Figure 8. Analysis of collagen deposition after oxidative stress. Collagen type I images were acquired
in HFF1 (a) and SSCs (b) exposed to UV treatment (EC) and cells pre-treated with NanoPCL-M and
then exposed to UV radiation (T). Unexposed control cells were cultured in basic growing medium
(UnC). Cells stained with a secondary antibody without any primary antibody were used as the
negative control. Note that HFF1, or SSCs, analyzed for Collagen I expression, are the same cells
that had been assessed for SIRT1 expression (Figure 6) using a double simultaneous incubation with
two different antibodies, anti-mouse and anti-rabbit, as indicated in the Methods section. For each
differentiation marker, fields with the highest yield of positively stained cells are shown. Nuclei are
labelled with 4,6-diamidino-2-phenylindole (DAPI, blue). Scale bars: 40 µm.

4. Discussion

Stem cell behavior is deeply affected by aging that induces different cellular damages,
involving changes in ECM composition and collagen remodeling [24]. The dermis, the
deep layer of skin, is responsible for skin’s mechanical properties and structure, while
SSCs are essential for preserving tissue homeostasis, being supported by fibroblasts for
ECM maintenance [5,23]. The extracellular matrix is deeply involved in the aging process,
especially in skin tissue exposed to sunlight daily [4,17].

We observed here that SSCs and HFF1 pre-treated with NanoPCL-M in vitro exhibited
an upregulation of HAS2 gene expression, suggesting a possible related higher hyaluronan
production. Remarkably, our results highlight that pre-treatment with NanoPCL-M is also
able to preserve collagen I depot after UV-induced aging. These findings are intriguing
since the HAS2 gene and collagen depot play an important role in maintaining young
extracellular matrix features and skin appearance, ensuing in a proper cell cycle progression
and cell turnover [26].

We previously described the anti-aging activity of NanoPCL-M on SSCs and HFF1 in
reducing the amount of senescent cells and enhancing their viability [53]. In the present
study, we used NanoPCL-M to obtain a controlled release of myrtle extracts in an attempt
to optimize skin treatments and protect stem cells and their residing milieu. The BrdU
results shown in this study reveal the ability of the nanodevice to stimulate both HFF1 and
SSCs proliferation, enhancing the response to injuries and the replacement of damaged
cellular elements.

Furthermore, NanoPCL-M pre-treatment shows the ability to significantly increase
the expression of the SIRT1 and SIRT2 genes. SIRT1 and SIRT2 were previously described
as guardians of improper cell proliferation and may prevent carcinogenesis and melano-
genesis. In this regard, it is already known that sirtuin upregulation has a main role in
counteracting photoaging, as it is downregulated in aged cells [33].

Here, we reveal the capability of NanoPCL-M pre-treatment to remarkably increase the
expression of SIRT1 and SIRT2 genes, strictly related to a safe proliferation and propagation
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in vitro of skin stem cells and HFF1, even after UV-induced aging. Considering the role
of SIRT2 on telomere length regulation, this result further suggests that NanoPCL-M is
able to enhance the expression of the catalytic subunit of the enzyme telomerase (TERT) in
SSCs, as it was previously described by our group [53]. TERT together with the telomerase
RNA component forms the most important complex involved in telomere lengthening,
preserving SSC youngness [58]. PCL nanofibers, combined with Myrtle extracts, allowed
for a controlled release and constant administration of bioactive molecules, perfectly
addressing the need for an antiaging tool to preserve stem cells features.

5. Conclusions

UV radiation plays an important role in skin aging, hindering homeostasis and gen-
erating visible changes in cellular features. Here, we highlighted the protective effect of
NanoPCL-M against UV exposure and its ability to increase fibroblast and skin stem cell
proliferation, also influencing collagen depot and ECM organization. According to these
results, we propose a potential role for our nanodevice NanoPCL-M in maintaining the
features of young extracellular matrix in dermis.

Author Contributions: Conceptualization, E.B. and M.M. (Margherita Maioli); data curation, E.B.,
S.C., G.G. and M.K.; formal analysis, E.B., S.C., and G.G.; investigation, E.B., G.G., and M.M.
(Margherita Maioli); methodology, G.G., R.S., M.A.M., A.F., M.M. (Maurizio Mulas), and G.S.;
resources, J.S. and E.A.; software F.B. and P.B.; supervision, M.M. (Margherita Maioli); validation,
E.B., C.V., and E.A.; visualization, S.C.; writing–original draft, E.B.; writing-review and editing,
C.V. and M.M. (Margherita Maioli). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by “Fondo di Ateneo per la ricerca 2020 (Margherita Maioli)”
and Interuniversity Consortium I.N.B.B.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee protocol N. 0021565/2018,
22/03/2018-Commissione Etica CNR.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
collection of samples for the present study.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Radek Divin for his precious help that significantly
improved the manuscript. This publication is based upon work from COST Action CA16122 Bio-
materials and advanced physical techniques for regenerative cardiology and neurology, supported
by COST (European Cooperation in Science and Technology www.cost.eu). The authors are also
acknowledged for the financial support of Slovak Research and Development Agency of the Ministry
of Education, Science, Research and Sport of the Slovak Republic (APVV-19-0476).

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

References
1. Kirkwood, T.B.; Melov, S. On the programmed/non-programmed nature of ageing within the life history. Curr. Biol. 2011, 21,

R701–R707. [CrossRef]
2. Stern, M.M.; Bickenbach, J.R. Epidermal stem cells are resistant to cellular aging. Aging Cell. 2007, 6, 439–452. [CrossRef] [PubMed]
3. Brink, T.C.; Demetrius, L.; Lehrach, H.; Adjaye, J. Age-related transcriptional changes in gene expression in different organs of

mice support the metabolic stability theory of aging. Biogerontology 2009, 10, 549–564. [CrossRef]
4. Krutmann, J.; Morita, A.; Chung, J.H. Sun exposure: What molecular photodermatology tells us about its good and bad sides. J.

Investig. Dermatol. 2012, 132, 976–984. [CrossRef] [PubMed]
5. Yurchenco, P.D.; Schittny, J.C. Molecular architecture of basement membranes. FASEB J. 1990, 4, 1577–1590. [CrossRef] [PubMed]
6. Maioli, M.; Basoli, V.; Santaniello, S.; Cruciani, S.; Delitala, A.P.; Pinna, R.; Milia, E.; Grillari-Voglauer, R.; Fontani, V.; Rinaldi,

S.; et al. Osteogenesis from dental pulp derived stem cells: A novel conditioned medium including melatonin within a mixture of
hyaluronic, butyric, and retinoic acids. Stem Cells Int. 2016, 2016, 2056416. [CrossRef]

7. Balzano, F.; Cruciani, S.; Basoli, V.; Santaniello, S.; Facchin, F.; Ventura, C.; Maioli, M. Mir200 and mir302: Two big families
influencing stem cell behavior. Molecules 2018, 23, 282. [CrossRef]

www.cost.eu
http://doi.org/10.1016/j.cub.2011.07.020
http://doi.org/10.1111/j.1474-9726.2007.00318.x
http://www.ncbi.nlm.nih.gov/pubmed/17635170
http://doi.org/10.1007/s10522-008-9197-8
http://doi.org/10.1038/jid.2011.394
http://www.ncbi.nlm.nih.gov/pubmed/22170486
http://doi.org/10.1096/fasebj.4.6.2180767
http://www.ncbi.nlm.nih.gov/pubmed/2180767
http://doi.org/10.1155/2016/2056416
http://doi.org/10.3390/molecules23020282


Cells 2021, 10, 1415 12 of 13

8. Cruciani, S.; Santaniello, S.; Garroni, G.; Fadda, A.; Balzano, F.; Bellu, E.; Sarais, G.; Fais, G.; Mulas, M.; Maioli, M. Myrtus
polyphenols, from antioxidants to anti-inflammatory molecules: Exploring a network involving cytochromes p450 and vitamin d.
Molecules 2019, 24, 1515. [CrossRef]

9. Cruciani, S.; Garroni, G.; Ventura, C.; Danani, A.; Necas, A.; Maioli, M. Stem cells and physical energies: Can we really drive stem
cell fate? Physiol. Res. 2019, 68, S375–S384. [CrossRef]

10. Cruciani, S.; Santaniello, S.; Fadda, A.; Sale, L.; Sarais, G.; Sanna, D.; Mulas, M.; Ginesu, G.C.; Cossu, M.L.; Serra, P.A.; et al.
Extracts from myrtle liqueur processing waste modulate stem cells pluripotency under stressing conditions. Biomed. Res. Int.
2019, 2019, 5641034. [CrossRef]

11. Balzano, F.; Bellu, E.; Basoli, V.; Giudici, S.D.; Santaniello, S.; Cruciani, S.; Facchin, F.; Oggiano, A.; Capobianco, G.; Dessole,
F.; et al. Lessons from human umbilical cord: Gender differences in stem cells from wharton’s jelly. Eur. J. Obstet. Gynecol. Reprod.
Biol. 2019, 234, 143–148. [CrossRef]

12. Bellu, E.; Garroni, G.; Balzano, F.; Satta, R.; Montesu, M.A.; Kralovic, M.; Fedacko, J.; Cruciani, S.; Maioli, M. Isolating stem cells
from skin: Designing a novel highly efficient non-enzymatic approach. Physiol. Res. 2019, 68, S385–S388. [CrossRef] [PubMed]

13. Maioli, M.; Contini, G.; Santaniello, S.; Bandiera, P.; Pigliaru, G.; Sanna, R.; Rinaldi, S.; Delitala, A.P.; Montella, A.; Bagella,
L.; et al. Amniotic fluid stem cells morph into a cardiovascular lineage: Analysis of a chemically induced cardiac and vascular
commitment. Drug Des. Dev. Ther. 2013, 7, 1063–1073.

14. Chunmeng, S.; Tianmin, C. Skin: A promising reservoir for adult stem cell populations. Med. Hypotheses 2004, 62,
683–688. [CrossRef]

15. Riekstina, U.; Muceniece, R.; Cakstina, I.; Muiznieks, I.; Ancans, J. Characterization of human skin-derived mesenchymal stem
cell proliferation rate in different growth conditions. Cytotechnology 2008, 58, 153–162. [CrossRef] [PubMed]

16. Castro-Manrreza, M.E.; Bonifaz, L.; Castro-Escamilla, O.; Monroy-Garcia, A.; Cortes-Morales, A.; Hernandez-Estevez, E.;
Hernandez-Cristino, J.; Mayani, H.; Montesinos, J.J. Mesenchymal stromal cells from the epidermis and dermis of psoriasis
patients: Morphology, immunophenotype, differentiation patterns, and regulation of t cell proliferation. Stem Cells Int. 2019, 2019,
4541797. [CrossRef]

17. Chen, C.C.; Plikus, M.V.; Tang, P.C.; Widelitz, R.B.; Chuong, C.M. The modulatable stem cell niche: Tissue interactions during
hair and feather follicle regeneration. J. Mol. Biol. 2016, 428, 1423–1440. [CrossRef]

18. Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [CrossRef]
19. Boukamp, P. Non-melanoma skin cancer: What drives tumor development and progression? Carcinogenesis 2005, 26, 1657–1667.

[CrossRef] [PubMed]
20. Parrinello, S.; Coppe, J.P.; Krtolica, A.; Campisi, J. Stromal-epithelial interactions in aging and cancer: Senescent fibroblasts alter

epithelial cell differentiation. J. Cell Sci. 2005, 118, 485–496. [CrossRef]
21. Ahmed, A.S.; Sheng, M.H.; Wasnik, S.; Baylink, D.J.; Lau, K.W. Effect of aging on stem cells. World J. Exp. Med. 2017, 7,

1–10. [CrossRef]
22. Mizukoshi, K.; Nakamura, T.; Oba, A. The relationship between dermal papillary structure and skin surface properties, color, and

elasticity. Skin Res. Technol. 2016, 22, 295–304. [CrossRef] [PubMed]
23. Varani, J.; Dame, M.K.; Rittie, L.; Fligiel, S.E.; Kang, S.; Fisher, G.J.; Voorhees, J.J. Decreased collagen production in chronologically

aged skin: Roles of age-dependent alteration in fibroblast function and defective mechanical stimulation. Am. J. Pathol. 2006, 168,
1861–1868. [CrossRef] [PubMed]

24. Kehlet, S.N.; Willumsen, N.; Armbrecht, G.; Dietzel, R.; Brix, S.; Henriksen, K.; Karsdal, M.A. Age-related collagen turnover of the
interstitial matrix and basement membrane: Implications of age- and sex-dependent remodeling of the extracellular matrix. PLoS
ONE 2018, 13, e0194458. [CrossRef]

25. Wang, Y.; Lauer, M.E.; Anand, S.; Mack, J.A.; Maytin, E.V. Hyaluronan synthase 2 protects skin fibroblasts against apoptosis
induced by environmental stress. J. Biol. Chem. 2014, 289, 32253–32265. [CrossRef]

26. Klapper, W.; Parwaresch, R.; Krupp, G. Telomere biology in human aging and aging syndromes. Mech. Ageing Dev. 2001, 122,
695–712. [CrossRef]

27. Kupis, W.; Palyga, J.; Tomal, E.; Niewiadomska, E. The role of sirtuins in cellular homeostasis. J. Physiol. Biochem. 2016, 72,
371–380. [CrossRef]

28. Benavente, C.A.; Schnell, S.A.; Jacobson, E.L. Effects of niacin restriction on sirtuin and parp responses to photodamage in human
skin. PLoS ONE 2012, 7, e42276.

29. Kammeyer, A.; Luiten, R.M. Oxidation events and skin aging. Ageing Res. Rev. 2015, 21, 16–29. [CrossRef]
30. Baron, E.D.; Suggs, A.K. Introduction to photobiology. Dermatol. Clin. 2014, 32, 255–266. [CrossRef]
31. Niu, T.; Tian, Y.; Ren, Q.; Wei, L.; Li, X.; Cai, Q. Red light interferes in uva-induced photoaging of human skin fibroblast cells.

Photochem. Photobiol. 2014, 90, 1349–1358. [CrossRef]
32. Tian, Y.; Liu, W.; Niu, T.; Dai, C.; Li, X.; Cui, C.; Zhao, X.; E, Y.; Lu, H. The injury and cumulative effects on human skin by uv

exposure from artificial fluorescence emission. Photochem. Photobiol. 2014, 90, 1433–1438. [CrossRef] [PubMed]
33. Wahedi, H.M.; Lee, T.H.; Moon, E.Y.; Kim, S.Y. Juglone up-regulates sirt1 in skin cells under normal and uvb irradiated conditions.

J. Dermatol. Sci. 2016, 81, 210–212. [CrossRef] [PubMed]
34. Kim, K.S.; Park, H.-K.; Lee, J.-W.; Kim, Y.I.; Shin, M.K. Investigate correlation between mechanical property and aging biomarker

in passaged human dermal fibroblasts. Microscopy Res. Tech. 2015, 78, 277–282. [CrossRef]

http://doi.org/10.3390/molecules24081515
http://doi.org/10.33549/physiolres.934388
http://doi.org/10.1155/2019/5641034
http://doi.org/10.1016/j.ejogrb.2018.12.028
http://doi.org/10.33549/physiolres.934373
http://www.ncbi.nlm.nih.gov/pubmed/32118468
http://doi.org/10.1016/j.mehy.2003.12.022
http://doi.org/10.1007/s10616-009-9183-2
http://www.ncbi.nlm.nih.gov/pubmed/19219561
http://doi.org/10.1155/2019/4541797
http://doi.org/10.1016/j.jmb.2015.07.009
http://doi.org/10.1242/jcs.023820
http://doi.org/10.1093/carcin/bgi123
http://www.ncbi.nlm.nih.gov/pubmed/15905207
http://doi.org/10.1242/jcs.01635
http://doi.org/10.5493/wjem.v7.i1.1
http://doi.org/10.1111/srt.12260
http://www.ncbi.nlm.nih.gov/pubmed/26336894
http://doi.org/10.2353/ajpath.2006.051302
http://www.ncbi.nlm.nih.gov/pubmed/16723701
http://doi.org/10.1371/journal.pone.0194458
http://doi.org/10.1074/jbc.M114.578377
http://doi.org/10.1016/S0047-6374(01)00223-8
http://doi.org/10.1007/s13105-016-0492-6
http://doi.org/10.1016/j.arr.2015.01.001
http://doi.org/10.1016/j.det.2014.03.002
http://doi.org/10.1111/php.12316
http://doi.org/10.1111/php.12315
http://www.ncbi.nlm.nih.gov/pubmed/25039355
http://doi.org/10.1016/j.jdermsci.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26747057
http://doi.org/10.1002/jemt.22472


Cells 2021, 10, 1415 13 of 13

35. Poulose, N.; Raju, R. Sirtuin regulation in aging and injury. Biochim. Biophys. Acta 2015, 1852, 2442–2455. [CrossRef]
36. Bajpe, P.K.; Prahallad, A.; Horlings, H.; Nagtegaal, I.; Beijersbergen, R.; Bernards, R. A chromatin modifier genetic screen

identifies sirt2 as a modulator of response to targeted therapies through the regulation of mek kinase activity. Oncogene 2015, 34,
531–536. [CrossRef]

37. Dryden, S.C.; Nahhas, F.A.; Nowak, J.E.; Goustin, A.S.; Tainsky, M.A. Role for human sirt2 nad-dependent deacetylase activity in
control of mitotic exit in the cell cycle. Mol. Cell Biol. 2003, 23, 3173–3185. [CrossRef] [PubMed]

38. Grabowska, W.; Sikora, E.; Bielak-Zmijewska, A. Sirtuins, a promising target in slowing down the ageing process. Biogerontology
2017, 18, 447–476. [CrossRef] [PubMed]

39. Barry, B.W. Novel mechanisms and devices to enable successful transdermal drug delivery. Eur. J. Pharm. Sci. 2001, 14,
101–114. [CrossRef]

40. Cao, M.; Li, J.; Tang, J.; Chen, C.; Zhao, Y. Gold nanomaterials in consumer cosmetics nanoproducts: Analyses, characterization,
and dermal safety assessment. Small 2016, 12, 5488–5496. [CrossRef] [PubMed]

41. Ben Haddada, M.; Gerometta, E.; Chawech, R.; Sorres, J.; Bialecki, A.; Pesnel, S.; Spadavecchia, J.; Morel, A.-L. Assessment of
antioxidant and dermoprotective activities of gold nanoparticles as safe cosmetic ingredient. Colloids Surf. B Biointerfaces 2020,
189, 110855. [CrossRef] [PubMed]

42. Wang, Y.; Li, M.; Rong, J.; Nie, G.; Qiao, J.; Wang, H.; Wu, D.; Su, Z.; Niu, Z.; Huang, Y. Enhanced orientation of peo polymer
chains induced by nanoclays in electrospun peo/clay composite nanofibers. Colloid Polym. Sci. 2013, 291, 1541–1546. [CrossRef]

43. Righi, T.M.; Almeida, R.S.; d’Ávila, M.A. Electrospinning of gelatin/peo blends: Influence of process parameters in the nanofiber
properties. Macromol. Symp. 2012, 319, 230–234. [CrossRef]

44. Panzavolta, S.; Gioffrè, M.; Focarete, M.L.; Gualandi, C.; Foroni, L.; Bigi, A. Electrospun gelatin nanofibers: Optimiza-
tion of genipin cross-linking to preserve fiber morphology after exposure to water. Acta Biomater. 2011, 7, 1702–1709.
[CrossRef] [PubMed]

45. Malikmammadov, E.; Tanir, T.E.; Kiziltay, A.; Hasirci, V.; Hasirci, N. Pcl and pcl-based materials in biomedical applications. J.
Biomater. Sci. Polym. Ed. 2018, 29, 863–893. [CrossRef] [PubMed]

46. Amler, E.; Filova, E.; Buzgo, M.; Prosecka, E.; Rampichova, M.; Necas, A.; Nooeaid, P.; Boccaccini, A.R. Functionalized nanofibers
as drug-delivery systems for osteochondral regeneration. Nanomedicine 2014, 9, 1083–1094. [CrossRef] [PubMed]

47. Mendes, M.M.; Gazarini, L.C.; Rodrigues, M.L. Acclimation of myrtus communis to contrasting mediterranean light
environments—Effects on structure and chemical composition of foliage and plant water relations. Environ. Exp. Bot. 2001, 45,
165–178. [CrossRef]

48. Elfellah, M.S.; Akhter, M.H.; Khan, M.T. Anti-hyperglycaemic effect of an extract of myrtus communis in streptozotocin-induced
diabetes in mice. J. Ethnopharmacol. 1984, 11, 275–281. [CrossRef]

49. Rossi, A.; di Paola, R.; Mazzon, E.; Genovese, T.; Caminiti, R.; Bramanti, P.; Pergola, C.; Koeberle, A.; Werz, O.; Sautebin, L.; et al.
Myrtucommulone from myrtus communis exhibits potent anti-inflammatory effectiveness in vivo. J. Pharmacol. Exp. Ther. 2009,
329, 76–86. [CrossRef]

50. Franco, A.M.; Tocci, N.; Guella, G.; Dell’Agli, M.; Sangiovanni, E.; Perenzoni, D.; Vrhovsek, U.; Mattivi, F.; Manca, G. Myrtle
seeds (Myrtus communis L.) as a rich source of the bioactive ellagitannins oenothein b and eugeniflorin d2. ACS Omega 2019, 4,
15966–15974. [CrossRef]

51. D’Urso, G.; Sarais, G.; Lai, C.; Pizza, C.; Montoro, P. LC-MS based metabolomics study of different parts of myrtle berry from
Sardinia (italy). J. Berry Res. 2017, 7, 217–229. [CrossRef]

52. Fiorini-Puybaret, C.; Aries, M.-F.; Fabre, B.; Mamatas, S.; Luc, J.; Degouy, A.; Ambonati, M.; Mejean, C.; Poli, F. Pharmacological
properties of myrtacine® and its potential value in acne treatment. Planta Med. 2011, 77, 1582–1589. [CrossRef]

53. Bellu, E.; Garroni, G.; Cruciani, S.; Balzano, F.; Serra, D.; Satta, R.; Montesu, M.A.; Fadda, A.; Mulas, M.; Sarais, G.; et al. Smart
nanofibers with natural extracts prevent senescence patterning in a dynamic cell culture model of human skin. Cells 2020,
9, 2530. [CrossRef]

54. Park, K.; Jeong, H.; Tanum, J.; Yoo, J.C.; Hong, J. Developing regulatory property of gelatin-tannic acid multilayer films for
coating-based nitric oxide gas delivery system. Sci. Rep. 2019, 9, 8308. [CrossRef] [PubMed]

55. Addis, R.; Cruciani, S.; Santaniello, S.; Bellu, E.; Sarais, G.; Ventura, C.; Maioli, M.; Pintore, G. Fibroblast proliferation and
migration in wound healing by phytochemicals: Evidence for a novel synergic outcome. Int. J. Med. Sci. 2020, 17, 1030–1042.
[CrossRef] [PubMed]

56. Santaniello, S.; Cruciani, S.; Basoli, V.; Balzano, F.; Bellu, E.; Garroni, G.; Ginesu, G.C.; Cossu, M.L.; Facchin, F.; Delitala, A.P.; et al.
Melatonin and vitamin d orchestrate adipose derived stem cell fate by modulating epigenetic regulatory genes. Int. J. Med. Sci.
2018, 15, 1631–1639. [CrossRef] [PubMed]

57. Maioli, M.; Rinaldi, S.; Pigliaru, G.; Santaniello, S.; Basoli, V.; Castagna, A.; Fontani, V.; Ventura, C. Reac technology and hyaluron
synthase 2, an interesting network to slow down stem cell senescence. Sci. Rep. 2016, 6, 28682. [CrossRef]

58. Pirmoradi, S.; Fathi, E.; Farahzadi, R.; Pilehvar-Soltanahmadi, Y.; Zarghami, N. Curcumin affects adipose tissue-derived
mesenchymal stem cell aging through tert gene expression. Drug Res. 2018, 68, 213–221. [CrossRef]

http://doi.org/10.1016/j.bbadis.2015.08.017
http://doi.org/10.1038/onc.2013.588
http://doi.org/10.1128/MCB.23.9.3173-3185.2003
http://www.ncbi.nlm.nih.gov/pubmed/12697818
http://doi.org/10.1007/s10522-017-9685-9
http://www.ncbi.nlm.nih.gov/pubmed/28258519
http://doi.org/10.1016/S0928-0987(01)00167-1
http://doi.org/10.1002/smll.201601574
http://www.ncbi.nlm.nih.gov/pubmed/27562146
http://doi.org/10.1016/j.colsurfb.2020.110855
http://www.ncbi.nlm.nih.gov/pubmed/32101788
http://doi.org/10.1007/s00396-012-2875-8
http://doi.org/10.1002/masy.201100137
http://doi.org/10.1016/j.actbio.2010.11.021
http://www.ncbi.nlm.nih.gov/pubmed/21095244
http://doi.org/10.1080/09205063.2017.1394711
http://www.ncbi.nlm.nih.gov/pubmed/29053081
http://doi.org/10.2217/nnm.14.57
http://www.ncbi.nlm.nih.gov/pubmed/24978465
http://doi.org/10.1016/S0098-8472(01)00073-9
http://doi.org/10.1016/0378-8741(84)90073-4
http://doi.org/10.1124/jpet.108.143214
http://doi.org/10.1021/acsomega.9b02010
http://doi.org/10.3233/JBR-170158
http://doi.org/10.1055/s-0030-1270955
http://doi.org/10.3390/cells9122530
http://doi.org/10.1038/s41598-019-44678-2
http://www.ncbi.nlm.nih.gov/pubmed/31165751
http://doi.org/10.7150/ijms.43986
http://www.ncbi.nlm.nih.gov/pubmed/32410832
http://doi.org/10.7150/ijms.27669
http://www.ncbi.nlm.nih.gov/pubmed/30588186
http://doi.org/10.1038/srep28682
http://doi.org/10.1055/s-0043-119635

	Introduction 
	Materials and Methods 
	Extract Preparations 
	Nanodevice Fabrication 
	Nanodevice Characterization 
	Myrtle Incorporation and Release Detection 
	Cell Culturing and Experimental Design 
	Evaluation of Cell Proliferation: BrdU Assay 
	Gene Expression of Stemness and Cell Cycle Genes 
	Fluorescence Imaging 
	Statistical Analysis 

	Results 
	Nanodevice Characterization 
	NanoPCL-M Allows a Controlled Release of Myrtle Extracts 
	NanoPCL-M Increases Cell Proliferation 
	NanoPCL-M Modulates Sirtuins and Hyaluron Synthase 2 Expression under Stress Condition 
	NanoPCL-M Preserves Collagen Depot and Modulate SIRT1 Expression under Stressing Conditions 

	Discussion 
	Conclusions 
	References

