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Skin burns are debilitating injuries with significant morbidity and mortality associated with infections and
sepsis, particularly in immunocompromised patients. In this context, nanotechnology can provide
pioneering approaches for the topical treatment of burnt skin. Herein, the significant recovery of
radiation-damaged skin by exploiting copper ultrasmall-in-nano architectures (CuNAs) dispersed in
a home-made cosmetic cream is described and compared to other noble metals (such as gold). Owing
to their peculiar design and components, CuNAs elicit a substantial recovery from burned skin in in vivo
models after one topical application, and a significant anti-inflammatory effect is highlighted by reducing
cytokine expression. The treatment exhibited neither significant toxicity nor the alteration of copper
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1. Introduction

Skin burn injuries represent a global public issue causing 180
000 deaths every year according to the World Health Organi-
zation (WHO)."?> Recent epidemiological studies have shown
that cases of burns tend to increase globally. Each country
suffers from a constant healthcare burden caused by burn
cases, particularly the countries with lower sociodemographic
index levels are more affected (i.e. low per capita income and
low average years of education).’ Indeed, skin burn can lead to
morbidity and mortality from severe infection occurrence. Even
if the total number of cases increases globally, the mortality and
age-standardized rates of burn incidence continuously decrease
owing to the development of specific treatments.?

The burn causes an inflammatory state generating histamine
release and a consequent fast oedema formation, increased
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horizons in the treatment of radiation dermatitis and skin burns caused by other external events.

extravascular osmotic activity and vasodilation. The damage to
the cells activates the enzyme-mediated hydrolysis of the pros-
taglandin precursor, leading to the formation of prostaglandin.
Consequently, the release of norepinephrine is inhibited by
regulating the injury response. Overall, an increase in vacuoles
and open endothelial intercellular junctions is observed. Trau-
matized tissue suffers from a continuous loss of fluids, which
often leads to a rapid fall in plasma volume and shock.* Severe
complications can arise from the low integrity of the tissue,
which is particularly susceptible to the colonization of
microbes.>*

The gravity of the injury is categorized based on its etiology
and depth. The deep layers are usually protected by the super-
ficial skin, acting as a barrier for reducing heat transfer.
However, damage to the underlying tissues can still result in
necrosis.”

Early treatments may reduce the occurrence of complica-
tions. The actual therapeutic strategies, even if sub-optimal
include antibacterial drugs, stem cell therapy or application of
growth factors, such as transforming growth factor (TGF),
fibroblast growth factor (FGF), platelet-derived growth factor
(PDGF) and vascular endothelial growth factor (VEGF), to
stimulate cell proliferation.>®

In this regard, nanotechnology has been providing incisive
advances in skin care, which attracted the interest of a growing
number of cosmetic companies. In particular, the design of
innovative nanomaterials can result in improved dermal pene-
tration, localized therapeutic action, controlled release of
therapeutics, and prolonged residence of the active agents in
the skin.”** For example, gel-based matrixes, sponges and
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nanofibers have been proposed for promoting the healing
process and as antibacterial dressing.’**® The inclusion of
metal ions or inorganic nanoparticles has enhanced the bene-
fits of these materials in terms of hemostasis, inflammation
and proliferation."*'” Moreover, several inorganic nanoparticles
are already employed in cosmetics and skin products, such as
titania and zinc oxide nanoparticles in sunscreens, and silica
nanoparticles for matte finish makeup.**** Metal-based nano-
materials are of special interest in cosmeceutics owing to the
intrinsic features that can elicit anti-aging and antimicrobial
actions. Among other noble metals, such as gold and silver,
copper is particularly attractive because of its peculiar antimi-
crobial, antifungal, and dermal regeneration properties.'**"
Copper stimulates the activity of growth factors and contributes
to a series of cascade effects that accelerate the metabolism of
the cells and the wound-healing process.”**' In this regard,
copper salt medications have demonstrated significant effects
in wound healing by stimulating the production of collagen and
elastin and inducing the proliferation of fibroblasts.****
However, treatments based on copper nanomaterials are still in
their infancy, and only one product is present in the cosmetic
market (a nanoparticle-impregnated pillow that reduces facial
wrinkles).**

A general distrust arose concerning the employment of noble
metal nanomaterials for topical applications because of the lack
of information on potential toxicity and biodistribution.
Nowadays, the Food and Drug Administration has issued
several guidance documents referring to the use of nanotech-
nology in cosmetics, and the resolution of the European
Parliament “Regulatory aspects of nanomaterials” states that “the
use of nanomaterials should be guaranteed to the public, while
guaranteeing safety”.*® Indeed, neither enough pieces of
evidence nor uniform and comprehensive scientific data have
been reported yet regarding the potential toxicity and bio-
kinetics of noble metal nanomaterials, and even less on copper
for topical applications.***** In this regard, ultrasmall-in-nano
architectures (NAs) have been recently described as ideal
candidates for the clinical translation of metal nano-
therapeutics owing to their intrinsic safety-by-design associ-
ated with the efficient clearance or metabolization of the
building blocks that avoid the metal persistence in the
body.*****” NAs enclosing gold have been primarily developed
for the non-invasive treatment of oral carcinoma.?***

Herein, we present rationally designed copper-containing
nano-architectures (CuNAs) as an active agent of a home-
made cosmetic cream for the effective treatment of burnt
skin. The rational design of biodegradable NAs allows for good
skin penetration together with long-term action.* Copper has
been selected as an active agent owing to the intense wound-
healing effect associated with the release of ions in the physi-
ological environment.”® Both a significant skin regenerative
effect and an effective reduction in local inflammation have
been confirmed in vivo after a single topical application of the
CuNA-cream. The biodistribution of copper after treatment has
been assessed, underlying a negligible modification of copper
metabolism in the target organs. The treatment did not induce
substantial toxicity either in vitro or in vivo. These findings pave
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the way for establishing a new paradigm for the management of
patients suffering from skin burns caused by radiotherapy
(radiation dermatitis) or other external events.

2. Results & discussion

Copper nano-architectures (CuNAs) comprise a silica shell
(thickness: 12 + 2 nm) containing ultra-small copper nano-
particles (USCu, <2 nm in diameter) enclosed in an electro-
statically folded net of polymers. CuNAs are the most recent
member of the wide family of NAs, a class of ultrasmall-in-nano
materials implemented for several oncological and antimicro-
bial applications.”***3* A schematic explanation of the steps
involved in the standardized synthesis that ensures optimal
batch-by-batch homogeneity is illustrated in Fig. 1a. A colloidal
solution of USCu is prepared that reduces glutathione-
complexed copper USCu are then coated with
poly(sodium-4-styrene sulfonate) (PSS) and wrapped inside
a poly-r-lysine (PL) matrix to create USCu arrays. The arrays are
then encapsulated by a hollow silica nano-sphere, resulting in
nano-architectures of 155 + 46 nm in diameter (metal loading
1.1% of total weight) (Fig. 1b and S1 and S2%). Gold nano-
architectures (AuNAs) are prepared based on a previously re-
ported standardized protocol and used as a control in the in vivo
experiment.>** AuNAs are selected as a suitable control to
highlight the effect of copper-based treatment because the only
difference between AuNAs and CuNAs depends on the metal
contained in the nano-architectures (ie., gold instead of
copper). Hence, the different efficacies of topical treatments can
be fully attributed to the action of copper.

CuNAs are constituted by FDA-approved components and
are entirely biodegradable. The silica shell is eroded in the
cellular environment in 24-48 hours.”” Compared to gold NAs,
CuNAs demonstrated a slow leakage of copper ions in the
physiological buffer even before the complete biodegradation of
the silica shell (Fig. S3 and S4t). This effect is due to the
chemical nature of copper nanoparticles. Indeed, the surface
oxidation of the metal causes the release of copper ions.>® This
aspect is confirmed by the results of the release experiments
performed in HEPES buffer (Fig. S3 and S4t), demonstrating an
8% wi/w release of the total initial metal content in 24 h. Thus,
CuNAs may release most of their content once inside cells.”

Based on previously reported studies, copper ions can act as
a booster for wound healing and skin regeneration processes.*
These effects depend on the concentration of copper ions.
Roughly, if the concentration of copper ions in a cell is slightly
increased compared to physiological levels (about 10~ " M),
a cascade effect causes an accelerated metabolism of the cell
(i.e., accelerated wound healing). Copper is involved in the
regulation of angiogenin, vascular endothelial growth factor
(VEGF), and nerve growth factor (NGF).* If the concentration of
copper ions increases further, the metal may be toxic to the cell,
generating reactive oxygen species and binding to enzymes and
proteins.>***** Hence, evaluating in vitro the ideal copper
concentration to stimulate a therapeutic action without signif-
icant toxicity before in vivo assessments is pivotal.

ions.
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(a) Simplified scheme of synthesis of CuNAs:USCu are prepared, grouped in nano arrays with PL, and subsequently covered with a layer of

silica. (b) Transmission electron microscopy image of CuNAs. Scalebar: 200 nm. Energy-dispersive X-ray (EDX) spectroscopy map (inset)
confirms the structure of CuNAs, where copper is enclosed in the core of the nano-architecture and Si is present in the shell (Cu in red and Si in

green).

The effects of CuNAs and AuNAs on the viability of kerati-
nocytes are reported in Fig. 2a and S5, respectively. The
treatments do not induce severe toxicity after 24 h and 48 h at
any concentration of tested metals. A moderate 20% reduction
in the viability of skin cells is observed after 48 h from the
treatment with CuNAs (3 ng in copper). The morphological
analysis of the cells confirms the absence of toxicity, and no
alterations in the cell shape are noticed either at 24 h or 48 h.
Thus, by also considering the reduced integrity of burnt skin, an
amount of 50 pug copper/1.5 cm” (Note 1 ESIT) was employed in
the in vivo evaluations. To apply CuNAs on damaged skin, we
prepared a home-made cosmetic cream containing commercial
components that are not associated with allergic reactions and
are safe for human application.*® The cream is prepared by
emulsifying a hydrogel with an oil phase and contains the
following ingredients: (i) glycerin and betaine (to maintain the
moisture and hydration of the skin after application of the
cream), (ii) oils and butter (for their emollient properties), (iii)
salicylic acid (for the keratolytic and mild anti-inflammatory
properties),*” (iv) hydrolyzed collagen (stimulates the growth
of fibroblasts and the production of new collagen in the
dermis),*® (v) retinyl palmitate (vitamin A),>>* (vi) Hamamelis
virginiana water (as a source of tannins).** The home-made

1214 | Nanoscale Adv,, 2023, 5, 1212-1219

cream is finally mixed with CuNAs or, as control, AuNAs
(80 mg cream and 50 pg in metal of nano-architectures).
Burns are induced on the skin of immunocompetent mice by
20 min of exposure to ultraviolet B rays (UVB) at 1000 m]. The
exposure of the animal skin to UVB irradiation produces evident
erythema with signs of mild burn that led to visible skin lesions
and scar formation in the range of 48-96 hours. None of the
animals developed blisters. Typical cutaneous manifestations
on the skin after UVB exposure are erythema and redness. This
pathological condition is also associated with an increased
production of inflammatory mediators because UVB irradiation
alters the immune function and migration of Langerhans cells
and dermal dendritic cells, which produce high levels of cyto-
kines, such as interleukin-1f (IL-1B) and interleukin 6 (IL-6).*>
After UVB irradiation, an acute inflammation was evident,
characterized by the infiltration of neutrophils, and epithelial
hyperplasia determined the thickening of the non-keratinized
layers of the epidermis. Owing to the inflammatory process,
an increase in the number of derma cells was detected. Based
on these observations, mild UVB-induced burn in animals
affected both epidermis and dermis and could be compared to
second-degree damage sunburn in human.* Both AuNAs and
CuNAs creams are applied over the irradiated mouse skin, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In vitro biocompatibility and in vivo efficacy of CuNAs for the treatment of skin burns. (a) Viability of human keratinocytes (HaCaT) cells

after 24 hand 48 h exposure to various concentrations of CuNAs (ug refers to copper content). Values were normalized to control (ho treatment).
The average percentage values + S.D. of three independent experiments are reported. (b) Representative photographs of the skin UVB-exposed
mice: untreated (CTRL) and treated with AuNAs or CuNAs. Scale bar: 5 mm. (c) Effects of UVB-induced inflammation on cytokine expression: IL-6
and IL-1B after 48 h of treatment. Results are presented as the average + SD (n = 4 for each group). The data are analyzed using one-way ANOVA,
followed by Bonferroni's post hoc test, *p < 0.05; **p < 0.01. Naive: no-irradiated nor treated models. SHAM: irradiated not-treated models.

the cutaneous level of pro-inflammatory cytokines (IL-6 and IL-
1pB) was assessed at 48 h post UVB irradiation, corresponding to
the peak effect of cytokine expression in this model.**

The effect of the CuNAs-cream was evaluated and compared
on three groups of mice. The reference group (SHAM) did not
receive the treatment to evaluate spontaneous recovery from the
skin burn without any medication. The second and third groups
of mice were treated with cream containing AuNAs or CuNAs,
respectively.

Both treatments with AuNAs- and CuNAs-creams enhance
skin recovery after one application (Fig. 2b and S67). Notably,
CuNA-cream significantly accelerates recovery by limiting the
presence of scars. Moreover, 48 hours after the treatment,
CuNAs-cream permitted a full skin recovery with a totally
regenerated epidermis. These results are further corroborated
by cytokine analysis. One application of CuNAs-cream signifi-
cantly reduces the expressions of IL-6 and IL-1f to 2 (p < 0.05)
and 2.3 (p < 0.01) times (Fig. 2c). However, the cytokine reduc-
tion observed in the animals treated with AuNAs-cream showed
no significant difference compared to the untreated group.

The toxicity and persistence of metal nanoparticles are topics
of pivotal interest to support their translation to clinical prac-
tice.*” The processes behind metal nanoparticle biodistribution
after skin contact are still poorly described, especially on
damaged skin." In our previous studies, we explored the bio-
kinetics of ultrasmall-in-nano and gold nano-
architectures, demonstrating that the administration pathway
drastically determines the fate of the metals.>****¢ Thus, we

silver

© 2023 The Author(s). Published by the Royal Society of Chemistry

evaluated the biokinetics of copper by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) for 48 hours after the skin
treatment with the cream containing CuNAs by focusing on
target organs. Copper nanoparticles quickly dissolve in the

0.010

a0

£

< 0.0054

1

: _ I

2 0.000 = -

oo

£

3 -0.005

< R

X

<

-0.010+— . . ; ; . .

X O 2\ Q & &Q
& o e < & > >
$° @‘ %Q\z @e‘ NS

Fig. 3 ICP-MS quantification of copper in the organs of treated mice
with respect to untreated mice. Copper and relative standard devia-
tions are reported as the percentage of the administered dose
normalized by the organ/tissue weight. The copper amount in each
organ/tissue (n = 3) is subtracted by the naturally occurring copper in
the untreated mice. Organs/tissues are collected at 48 h after the
treatment.
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physiological environment by generating copper ions that are
easily distributed in organisms and metabolized. No significant
trace of copper (Fig. 3) is detected in the blood, kidney, spleen,
intestine, or heart. A slight alteration of the copper content
compared to the control mice (0.006% of the administered
dose) was detected in the liver. It is noteworthy that small
oscillations of copper in body organs can result from normal
metabolism because copper is involved in many physiological
processes.*”

Copper accumulation in the brain is considered one of the
factors that could promote Alzheimer disease.*®** Conse-
quently, we analyzed the copper content in the brain of the
treated mice (Fig. 3). Our data exclude copper accumulation in
the brain after treatment. This finding is of special interest
because the application of nanoparticles on damaged skin can
enhance the permeability and spread of the nanomaterials
inside the body.*® Overall, these results together with the
absence of weight loss of the models during the experimental
timeframe (Fig. S77) suggest that CuNAs do not persist or alter
the copper metabolism in target organs at a therapeutic amount
for burnt skin treatment.

3. Conclusions

We demonstrated that rationally designed copper nano-
architectures ensure accelerated burnt skin recovery in one
application. The reduction in cytokine expression highlights
that copper also exerts a significant anti-inflammatory action
without inducing significant toxicity. The non-modified levels
of copper in organs and blood suggest that the treatment does
not considerably alter the systemic metabolism. Notably, this
study demonstrates the potential of copper nanoarchitectures
in the treatment of burn injuries and opens new horizons in
dermatology. The design of CuNAs can be further implemented
or modified for applications both in cosmetic and dermatology
owing to the versatility of the nano-architectures. It is note-
worthy that the treatment is limited to a single dosage in this
study although adequate for the assessment of the efficacy and
the potential toxicity. However, multiple applications and long-
term toxicity will be further evaluated. Moreover, further studies
will be directed towards the exploitation of the efficient regen-
eration abilities of CuNAs for the management of radiation
dermatitis and, in general, severe skin burns.

4. Materials and methods
4.1 Reagents

Reagents for nano-architecture synthesis were purchased from
Sigma-Aldrich, unless specified otherwise, and were used
without further purification. Butyrospermum parkii butter (shea
butter), caprylic/capric triglycerides (TEGOSOFT® CT), POLY-
SORBATE 20 (Tween 20®), methyl glucose sesquistearate
(TEGO® Care PS), Passiflora edulis seed oil (maracuja oil),
Macadamia ternifolia seed oil (macadamia oil), betaine, glycerin,
algin (sodium alginate), titanium dioxide, salycilic acid, Jasmi-
num officinale flower extract (jasmine essential oil), Hamamelis
virginiana water, sodium benzoate, potassium sorbate, xanthan

1216 | Nanoscale Adv., 2023, 5, 1212-1219
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gum, citric acid, hydrolyzed collagen, lemongrass essential oil,
retinyl palmitate (vitamin A palmitate), tocopherol (vitamin E),
and Mica were purchased from ZenStore.it.

4.2 Synthesis of nano-architectures

For the synthesis and characterization of AuNAs (TEM, metal
loading), refer to the include references.>*?*%

4.2.1 Synthesis of copper seeds. To 20 mL of milliQ® water,
200 pL of reduced glutathione solution 100 mM (30.72 mg
mL~") and 200 pL of CuSO,4 aqueous solution 25 mM (3.99 mg
mL~ ") are added. After the solution becomes milky, 200 pL of
sodium borohydride (NaBH,) solution 8 mg mL™" are quickly
added. The mixture is vigorously stirred for 2 minutes assuming
a paleyellow color. Then, 10 puL of poly(sodium-4-styrene
sulfonate) (PSS) 70 kDa (30% aqueous solution) are added,
and the reaction is stirred at room temperature for 10 minutes.

4.2.2 Synthesis of CuNP arrays. 75 L of 40 mg mL ™" poly-1-
lysine 15-30 kDa (PL) are added under gentle stirring for 20
minutes at room temperature. The arrays are collected by 3
minutes of centrifugation at 13400 rpm and redispersed in
4 mL of milliQ® water sonicating for 1 minute.

4.2.3 Synthesis of CuNAs. The arrays are used as templates
for silica shell formation through a modified Stober reaction. In
a 100 mL round-bottomed flask, 70 mL of ethanol are aged for 5
minutes with 42 pL of tetraethyl orthosilicate (TEOS, 98%). 2 mL
of CuNP arrays are added. After 5 minutes, 141 pL of dime-
thylamine (DMA) (40% stock, 428 mg mL ") are further added.
The resulting solution is stirred for 3.5 hours at room temper-
ature. CuNAs are collected by 30 minute centrifugation at
4000 rpm and washed twice with ethanol to remove unreacted
precursors. The bigger CuNAs are eliminated by performing
a short spin (14 seconds at 14 000 rpm), and the recovered
supernatant is washed once more in ethanol and stored in 1 mL
of ethanol at —20 °C.

4.3 Characterization of nano-architectures

4.3.1 Dynamic light scattering (DLS) measurements. The
hydrodynamic diameter and the zeta potential measurements
are acquired using a Malvern Zetasizer Nano ZS90 (Malvern
Panalytical Ltd, Malvern, UK). Before the measurements, CuNAs
are resuspended in 1x phosphate-buffered saline (PBS) at pH
7.4 and sonicated for 2 minutes. The values are reported as the
average of three consecutive measurements.

4.3.2 Electron microscopy. Transmission electron micros-
copy (TEM) images of nanoparticles are collected using a ZEISS
Libra 120 TEM (Carl Zeiss NTS, Oberkochen, Germany), oper-
ating at an accelerating voltage of 120 kV and equipped with an
in-column omega filter. The CuNA suspension is dropped on
300-mesh carbon-coated copper grids and dried before
observation.

4.3.3 Energy-dispersive X-ray (EDX) spectroscopy analysis.
EDX spectroscopy is performed with a JEOL JEM-F2000 Multi-
purpose, working at 200 kV and equipped with a Schottky-FEG
source and high-counting SDD EDX detector. EDX maps are
performed in scanning mode, with a probe size of 1 and
a counting time of 2 minutes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3.4 Inductively coupled plasma-mass spectrometry (ICP-
MS) analysis. Copper quantification is performed by diluting
10 pL of CuNA suspension in 200 pL of nitric acid 65% Supra-
pur®. The sample is digested at 200 °C under microwave irra-
diation with a CEM Discover SP-D digestion microwave (CEM,
Matthews, NC, USA). The resulting solution is diluted in 3 mL of
3% nitric acid solution, and the Cu content is assessed by ICP-
MS Agilent 7700 (Agilent Technologies, Santa Clara, CA, USA)
analysis against a standard calibration curve with 10 ppm Hg in
nitric acid solution as the internal standard.

4.3.5 In vitro copper release studies. The in vitro copper
release studies are carried out using a dialysis membrane with
molecular weight cut-off (MWCO) 10 kDa. CuNAs are resus-
pended in 100 uL HEPES buffer 20 mM and sealed in a dialysis
membrane kept in 15 mL HEPES buffer 20 mM at 37 °C. At the
defined time points, 3 mL of samples are withdrawn and
substituted with 3 mL of fresh buffer for up to 7 days. The
collected samples are analyzed for copper quantification by ICP-
MS Agilent 7700 (Agilent Technologies, Santa Clara, CA, USA)
against a standard calibration curve with 10 ppm Hg in nitric
acid solution as the internal standard.

4.4 CuNA-cream preparation

4.4.1 Formulation of the gel cream. A gel oil-in-water (O/W)
cream is prepared by mixing a hydrogel and an oil phase. For
100 g of O/A cream, the water phase is prepared as follows. 0.2 g
of citric acid is dissolved in 90 mL of MilliQ® water. Potassium
sorbate (0.25 ), sodium benzoate (0.25 g), Hamamelis virginiana
water (0.3 mL) and collagen (0.2 mL) are dissolved in the solu-
tion. The pH is around 5. Then, 1.88 g of betaine is added to the
mixture. Xanthan gum (0.23 g) is moistened using 1.88 g of
glycerin and then added to the water solution. Sodium alginate
(1 g) and the mica powders are first mixed and then added to the
water solution. The resulting mixture is vigorously mixed using
a pestle to obtain the hydrogel.

The oil phase is prepared as follows. Shea butter (5.8 g) is
bain-marie heated until complete fusion. Polysorbate 20 (3 g)
and methyl glucose sesquistearate (3 g) are dissolved in the
fused shea butter. When the latter is completely dissolved,
caprylic/capric triglycerides (4 g), Passiflora edulis seed oil (2.5
2), Macadamia ternifolia seed oil (2.5 g), retinyl palmitate (0.05 g)
and tocopherol (0.05 g) are added. Salicylic acid (0.5 g) and
titanium dioxide (1 g) are mixed and ground before being sus-
pended in the oily mixture. Lemongrass and jasmine essential
oils (0.1 g and 0.5 g, respectively) are added to the oil phase
immediately before emulsifying the two phases. The oil phase
was dropped onto the hydrogel under vigorous stirring. The
emulsion was stirred until it turned white and homogeneous.

4.4.2 Preparation of CuNA-cream. CuNAs (50 pg Cu) are
mixed with 80 mg cream and topically applied to the injury on
the mouse.

4.5 Viability experiments

Human keratinocyte cell lines (HaCaT, Cell Line Service, Hei-
delberg, Germany) are cultured in DMEM with 10% fetal bovine
serum (FBS) and 2 mmol L' r-glutamine at 37 °C in an
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atmosphere of 5% CO, and 95% air. The in vitro cytotoxicity is
determined with CellTiter-Glo® Luminescent viability assay
(Promega, MI, Italy) measuring ATP levels and reported as the
percentage survived relative to control cells. Cells are incubated
in 96-well plates until confluence is reached (initial density: 3.5
x 10° in 100 pL). After 24 h, cells are rapidly rinsed with pre-
warmed PBS with Ca®’"/Mg**, and the extraction medium is
replaced with the NAs-medium (control samples are treated
with medium processed as the extractions), and cells are incu-
bated for an additional 24 h and 48 h. NAs-mediums are
prepared by mixing NAs in cell medium at various concentra-
tions. According to 1SO10993-5 guidelines, as the cell viability,
normalized over control, of the sample extracts is higher than
70%, all materials are considered biocompatible. Data repre-
sent the mean £ SD of three independent experiments. The
impact of CuNAs on cell morphology is also monitored using
the LEICA DMI6000B inverted microscope.

4.6 In vivo studies on UVB-induced skin inflammation

Animal experiments are conducted following the European
Communities Council Directive (Directive 2010/63/EU of 22
September 2010) and approved by the National Council on
Animal Care of the Italian Ministry of Health (746/2019-PR).
Ventilated cages are employed with free access to food, water,
humidity (50 & 10%), temperature (21 &+ 2 °C), and light (10 and
14 hours of light and dark, respectively). Based on the “3Rs
concept”, the number of animals used in this study and their
potential suffering is reduced.

UVB inflammation was induced in 8 week-old male C57BL/6]
mice (Charles River, Calco, Italy) after anesthesia (a mixture of
ketamine (10%) and xylazine (5%), intraperitoneal injection).
The burn wounds are induced as reported in the literature after
the animal dorsal skin is shaved with an electric clipper.** The
burnt area of the murine models corresponds to about 3.7% of
the total body area (corresponding to about 555 cm® for
a human body). Following burn induction, the exposed area is
immediately treated by placing CuNAs or, as a control, AuNAs
(80 mg cream and 50 pg in metal of nano-architectures) applied
once after the UV exposure covered with Tegaderm™ to prevent
the mice from removing the treatment. Naive mice are treated
with the same procedures without being irradiated and without
any pharmacological treatment. After 48 h from the UVB burn
induction, animals are sacrificed and samples from UVB-
exposed and non-exposed skins are stored at —80 °C. Subse-
quently, each sample is homogenized and centrifuged, and the
supernatant is saved at —80 C°. The cytokine expression is
measured using an ELISA quantikine kit (R&D system) based on
the manufacturer's instructions. For each sample, the cytokine
concentration is normalized against the total protein content,
as measured using the bicinchoninic acid (BCA) assay (Thermo
Scientific, Rockford, IL, USA).

4.7 Statistical analysis

One-way ANOVA is utilized to evaluate statistical significance,
followed by Bonferroni's post hoc test. GraphPad Prism 5 is
utilized for all statistical analysis (GraphPad Software Inc. San
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Diego, CA, USA). Results with a p-value < 0.05 are considered
statistically significant.

For metal quantification via ICP-MS, each organ sample is
measured 3 times and the software of the Agilent 7700 auto-
matically compares the average value to a freshly measured
calibration curve. Values of the same organ in different mice (at
least 3 mice) are then compared, and the average value is
considered with the relative standard deviation calculated with
Microsoft Excel.

Conflicts of interest

The authors declare no conflict of interests.

Acknowledgements

The research leading to these results has received funding from
AIRC under MFAG 2017 - ID 19852 project - P. I. Voliani Valerio.
The authors thank the Center for Instrument Sharing of the
University of Pisa (CISUP).

References

1 A. Shpichka, D. Butnaru, E. A. Bezrukov, R. B. Sukhanov,
A. Atala, V. Burdukovskii, Y. Zhang and P. Timashev, Skin
Tissue Regeneration for Burn Injury, Stem Cell Res. Ther.,
2019, 10, 1-16.

2 R. Huang, J. Hu, W. Qian, L. Chen and D. Zhang, Recent
Advances in Nanotherapeutics for the Treatment of Burn
Wounds, Burns Trauma, 2021, 9, tkab026.

3 A.Yakupu, J. Zhang, W. Dong, F. Song, J. Dong and S. Lu, The
Epidemiological Characteristic and Trends of Burns
Globally, BMC Public Health, 2022, 22, 1-16.

4 G. Arturson, Pathophysiology of the Burn Wound, Ann. Chir.
Gynaecol., 1980, 69, 178-190.

5 M. A. Mofazzal Jahromi, P. Sahandi Zangabad, S. M. Moosavi
Basri, K. Sahandi Zangabad, A. Ghamarypour, A. R. Aref,
M. Karimi and M. R. Hamblin, Nanomedicine and
Advanced Technologies for Burns: Preventing Infection and
Facilitating Wound Healing, Adv. Drug Delivery Rev., 2018,
123, 33-64.

6 E. B. Souto, A. F. Ribeiro, M. 1. Ferreira, M. C. Teixeira,
A. A. M. Shimojo, J. L. Soriano, B. C. Naveros, A. Durazzo,
M. Lucarini, S. B. Souto, et al., New Nanotechnologies for
the Treatment and Repair of Skin Burns Infections, Int. J.
Mol. Sci., 2020, 21, 393.

7 1. Kaddoura, G. Abu-Sittah, A. Ibrahim, R. Karamanoukian
and N. Papazian, Burn Injury: Review of Pathophysiology
and Therapeutic Modalities in Major Burns, Ann. Burns Fire
Disasters, 2017, 30, 95-102.

8 M. P. Rowan, L. C. Cancio, E. A. Elster, D. M. Burmeister,

L. F. Rose, S. Natesan, R. K. Chan, R. ]J. Christy and

K. K. Chung, Burn Wound Healing and Treatment: Review

and Advancements, Crit. Care, 2015, 19, 1-12.

I. Kalashnikova, S. Das and S. Seal, Nanomaterials for

Wound Healing: Scope and Advancement, Nanomedicine,

2015, 10, 2593-2612.

O

1218 | Nanoscale Adv, 2023, 5, 1212-1219

View Article Online

Paper

10 Z. D. Draelos, Reinvigorating Cosmetic Dermatology with
the Nanoparticle Revolution, J. Cosmet. Dermatol., 2011, 10,
251-252.

11 L. Salvioni, L. Morelli, E. Ochoa, M. Labra, L. Fiandra,
L. Palugan, D. Prosperi and M. Colombo, The Emerging
Role of Nanotechnology in Skincare, Adv. Colloid Interface
Sci., 2021, 293, 102437.

12 F. Arriagada and ]J. Morales, Limitations and Opportunities
in Topical Drug Delivery: Interaction Between Silica
Nanoparticles and Skin Barrier, Curr. Pharm. Des., 2019,
25, 455-466.

13 S. Kaul, N. Gulati, D. Verma, S. Mukherjee and U. Nagaich,
Role of Nanotechnology in Cosmeceuticals: A Review of Recent
Advances, 2018.

14 B. Guo, R. Dong, Y. Liang and M. Li, Haemostatic Materials
for Wound Healing Applications, Nat. Rev. Chem., 2021, 5,
773-791.

15 Y. Huang, L. Bai, Y. Yang, Z. Yin and B. Guo, Biodegradable
Gelatin/Silver Nanoparticle Composite Cryogel with Excellent
Antibacterial and Antibiofilm Activity and Hemostasis for
Pseudomonas Aeruginosa-Infected Burn Wound Healing, J.
Colloid Interface Sci., 2022, 608, 2278-2289.

16 Y. Yang, Y. Liang, J. Chen, X. Duan and B. Guo, Mussel-
Inspired Adhesive Antioxidant Antibacterial Hemostatic
Composite Hydrogel Wound Dressing via Photo-
Polymerization for Infected Skin Wound Healing, Bioact.
Mater., 2022, 8, 341-354.

17 R. Yu, H. Zhang and B. Guo, Conductive Biomaterials as
Bioactive Wound Dressing for Wound Healing and Skin Tissue
Engineering, Springer Singapore, 2022, vol. 14.

18 H. J. Ryu, N. W. Seong, B. ]J. So, H. S. Seo, J. H. Kim,
J. S. Hong, M. K. Park, M. S. Kim, Y. R. Kim, K. B. Cho,
et al, Evaluation of Silica Nanoparticle Toxicity after
Topical Exposure for 90 Days, Int. J. Nanomed., 2014, 9,
127-136.

19 N. Ogen-Shtern, K. Chumin, E. Silberstein and G. Borkow,
Copper Ions Ameliorated Thermal Burn-Induced Damage
in Ex Vivo Human Skin Organ Culture, Skin Pharmacol.
Physiol., 2021, 34, 317-327.

20 M. L. Ermini and V. Voliani, Antimicrobial Nano-Agents: The
Copper Age, ACS Nano, 2021, 15, 6008-6029.

21 S. Alizadeh, B. Seyedalipour, S. Shafieyan, A. Kheime,
P. Mohammadi and N. Aghdami, Copper Nanoparticles
Promote Rapid Wound Healing in Acute Full Thickness
Defect Acceleration of Skin Cell Migration,
Proliferation, and Neovascularization, Biochem. Biophys.
Res. Commun., 2019, 517, 684-690.

22 N. Philips, P. Samuel, H. Parakandi, S. Gopal, H. Siomyk,
A. Ministro, T. Thompson and G. Borkow, Beneficial
Regulation of Fibrillar Collagens, Heat Shock Protein-47,
Elastin Fiber Components, Transforming Growth Factor-
B1, Vascular Endothelial Growth Factor and Oxidative
Stress Effects by Copper in Dermal Fibroblasts, Connect.
Tissue Res., 2012, 53, 373-378.

23 R. Wlodarczyk and A. Kwarciak-Kozlowska, Nanoparticles
from the Cosmetics and Medical Industries in Legal and
Environmental Aspects, Sustainability, 2021, 13(11), 5805.

via

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00786j

Open Access Article. Published on 18 January 2023. Downloaded on 8/5/2025 6:09:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

24 A. K. Mapanao, G. Giannone, M. Summa, M. L. Ermini,
A. Zamborlin, M. Santi, D. Cassano, R. Bertorelli and
V. Voliani, Biokinetics and Clearance of Inhaled Gold
Ultrasmall-in-Nano Architectures, Nanoscale Adv., 2020, 2,
3815-3820.

25 D. Cassano, A.-K. Mapanao, M. Summa, Y. Vlamidis,
G. Giannone, M. Santi, E. Guzzolino, L. Pitto, L. Poliseno,
R. Bertorelli, et al., Biosafety and Biokinetics of Noble
Metals: The Impact of Their Chemical Nature, ACS Appl.
Bio Mater., 2019, 2, 4464-4470

26 D. Cassano, D. Rota Martir, G. Signore, V. Piazza and
V. Voliani, Biodegradable Hollow Silica Nanospheres
Containing Gold Nanoparticle Arrays, Chem. Commun.,
2015, 51, 9939-9941.

27 D. Cassano, M. Santi, V. Cappello, S. Luin, G. Signore and
V. Voliani, Biodegradable Passion Fruit-Like Nano-
Architectures as Carriers for Cisplatin Prodrug, Part. Part.
Syst. Charact., 2016, 33, 818-824.

28 P. Sarogni, A. K. Mapanao, A. Gonnelli, M. L. Ermini,
S. Marchetti, C. Kusmic, F. Paiar and V. Voliani,
Chorioallantoic Membrane Tumor Models Highlight the

Effects of Cisplatin Compounds in Oral Carcinoma
Treatment, iScience, 2022, 25, 103980.
29 C. Avigo, D. Cassano, C. Kusmic, V. Voliani and

L. Menichetti, Enhanced Photoacoustic Signal of Passion
Fruit-Like Nanoarchitectures in a Biological Environment,
J. Phys. Chem. C, 2017, 121, 6955-6961.

30 M. Pernakov, M. L. Ermini, O. Sulaieva, D. Cassano,
M. Santucci, Y. Husak, V. Korniienko, G. Giannone,
A. Yusupova, I. Liubchak, et al., Complementary Effect of
Non-Persistent Silver Nano-Architectures and
Chlorhexidine on Infected Wound Healing, Biomedicines,
2021, 9, 1215.

31 A. K. Mapanao, M. Santi and V. Voliani, Combined Chemo-
Photothermal Treatment of Three-Dimensional Head and
Neck Squamous Cell Carcinomas by Gold Nano-
Architectures, J. Colloid Interface Sci., 2021, 582, 1003-1011.

32 M. Santi, A. K. Mapanao, D. Cassano, Y. Vlamidis,
V. Cappello and V. Voliani, Endogenously-Activated
Ultrasmall-in-Nano Therapeutics: Assessment on 3D Head
and Neck Squamous Cell Carcinomas, Cancers, 2020, 12,
1063.

33 S. Pocovi-Martinez, D. Cassano and V. Voliani, Naked
Nanoparticles in Silica Nanocapsules: A Versatile Family of
Nanorattle Catalysts, ACS Appl. Nano Mater., 2018, 1, 1836-
1840.

34 N. Husain and R. Mahmood, Copper(II) Generates ROS and
RNS, Impairs Antioxidant System and Damages Membrane
and DNA in Human Blood Cells, Environ. Sci. Pollut. Res.,
2019, 26, 20654-20668.

35 M. E. Letelier, A. M. Lepe, M. Fatndez, ]J. Salazar, R. Marin,

P. Aracena and H. Speisky, Possible Mechanisms
Underlying Copper-Induced Damage in Biological
Membranes Leading to Cellular Toxicity, Chem.-Biol.

Interact., 2005, 151, 71-82.
36 Cosing, European Commission database for information on
cosmetic substances and ingredients, https://single-market-

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

economy.ec.europa.eu/sectors/cosmetics/cosmetic-
ingredient-database_en.

37 T. Arif, Salicylic Acid as a Peeling Agent: A Comprehensive
Review, Clin., Cosmet. Invest. Dermatol., 2015, 8, 455-461.

38 G. Aguirre-Cruz, A. Ledn-Lopez, V. Cruz-Gomez, R. Jiménez-
Alvarado and G. Aguirre—Alvarez, Collagen Hydrolysates for
Skin Protection: Oral Administration and Topical
Formulation, Antioxidants, 2020, 9(2), 181.

39 P. P. Fu, Q. Xia, M. D. Boudreau, P. C. Howard,
W. H. Tolleson and W. G. Wamer, Physiological Role of
Retinyl Palmitate in the Skin, Vitam. Horm., 2007, 75, 223—
256.

40 G. Ries and R. Hess, Retinol: Safety Considerations for Its
Use in Cosmetic Products, J. Toxicol, Cutaneous Ocul.
Toxicol., 1999, 18, 169-185.

41 S. Colantonio and J. K. Rivers, Botanicals with Dermatologic
Properties Derived from First Nations Healing: Part 2—
Plants and Algae, J. Cutaneous Med. Surg., 2017, 21, 299-307.

42 L. L. Hruza and A. P. Pentland, Mechanisms of UV-Induced
Inflammation, J. Invest. Dermatol., 1993, 100, 355-418S.

43 I. Romano, F. Ayadi, L. Rizzello, M. Summa, R. Bertorelli,
P. P. Pompa, F. Brandi, I. S. Bayer and A. Athanassiou,
Controlled Antiseptic/Eosin Release from Chitosan-Based
Hydrogel Modified Fibrous Substrates, Carbohydr. Polym.,
2015, 131, 306-314.

44 H. Hajiali, M. Summa, D. Russo, A. Armirotti, V. Brunetti,
R. Bertorelli, A. Athanassiou and E. Mele, Alginate-
Lavender Nanofibers with Antibacterial and Anti-
Inflammatory Activity to Effectively Promote Burn Healing,
J. Mater. Chem. B, 2016, 4, 1686-1695.

45 Y. Vlamidis and V. Voliani, Bringing Again Noble Metal
Nanoparticles to the Forefront of Cancer Therapy, Front.
Bioeng. Biotechnol., 2018, 6, 143.

46 D. Cassano, M. Summa, S. Pocovi-Martinez, A.-K. Mapanao,
T. Catelani, R. Bertorelli and V. Voliani, Biodegradable
Ultrasmall-in-Nano Gold Architectures: Mid-Period In Vivo
Distribution and Excretion Assessment, Part. Part. Syst.
Charact., 2019, 36, 1800464.

47 A. Mohandas, S. Deepthi, R. Biswas and R. Jayakumar,
Chitosan Based Metallic Nanocomposite Scaffolds as
Antimicrobial Wound Dressings, Bioact. Mater., 2018, 3,
267-277.

48 R. Patel and M. Aschner, Commonalities between Copper
Neurotoxicity and Alzheimer's Disease, Toxics, 2021, 9, 1-11.

49 M. Pohanka, Copper and Copper Nanoparticles Toxicity and
Their Impact on Basic Functions in the Body, Bratislava Med.
J., 2019, 120(6), 397-409

50 F. Larese Filon, M. Crosera, G. Adami, M. Bovenzi, F. Rossi
and G. Maina, Human Skin Penetration of Gold
Nanoparticles through Intact and Damaged Skin,
Nanotoxicology, 2011, 5, 493-501.

51 M. Santi, V. Frusca, M. L. Ermini, A. K. Mapanao, P. Sarogni,
A. Gonnelli, N. Giannini, A. Zamborlin, L. Biancalana,
F. Marchetti and V. Voliani, Hybrid nano-architectures
loaded with metal complexes for the co-chemotherapy of
head and neck carcinomas, J. Mater. Chem. B, 2023, 11,
325-334.

Nanoscale Adv., 2023, 5, 1212-1219 | 1219


https://single-market-economy.ec.europa.eu/sectors/cosmetics/cosmetic-ingredient-database_en
https://single-market-economy.ec.europa.eu/sectors/cosmetics/cosmetic-ingredient-database_en
https://single-market-economy.ec.europa.eu/sectors/cosmetics/cosmetic-ingredient-database_en
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00786j

	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j

	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j
	Copper nano-architecture topical cream for the accelerated recovery of burnt skinElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2na00786j


