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At the present time, owing to the extremely high growth of microbial resistance to antibiotics and, consequently,
the increased healthcare associated costs and the loss of efficacy of current treatments, the development of new
: therapies against bacteria is of paramount importance. For this reason, in this work, a hybrid synergetic nano-
Nanop artlcles' vector has been developed, based on the encapsulation of a NIR (near infrared) photosensitive molecule
Copper sulphide . K . . . . .. .
MRSA (indocyanine green, ICG) in biodegradable polymeric nanoparticles (NPs). In addition, copper sulfide nano-
particles (CuS NPs), optically sensitive to NIR, were anchored on the polymeric nanoparticle shell in order to
boost the generation of reactive oxygen species (ROS) upon NIR irradiation. As a result, the nanohybrid syn-
thesized material is capable to generate ROS on demand when exposed to a NIR laser (808 nm) allowing for the
repeated triggering of ROS production upon NIR light exposure. After each irradiation, the ROS generated were
able to eliminate pathogenic bacteria, as it was demonstrated in-vitro with three bacterial strains, Staphylococcus
aureus ATCC 25923 used as a reference strain (S. aureus), S. aureus USA300 (methicillin-resistant strain, MRSA)
and GFP-expressing antibiotic-sensitive S. aureus (methicillin-sensitive strain, MSSA). Finally, the effect of the
hybrid NPs in the skin bed was tested on a plasma-derived in vitro skin model. Fluorescence and histological
images showed the presence of CuS NPs all over the dermal layer lacking epidermis of the skin construct. Thus,
the in vitro model facilitated the prediction of the nanovector’s behavior in a human skin equivalent, showcasing
its potential application against topical infections after wounding.

Skin substitutes
Wound Healing

1. Introduction

The excessive and uncontrolled use of antibiotics not only in humans
but also in farming, crops and aquaculture is resulting in the global
threat of antimicrobial resistance. The misuse of antibiotics and the
spontaneous bacteria mutations are showing that some antibiotics that
were effective against a certain strain, are no longer effective against the
same strain (Thapa et al., 2020). To be even more discouraging, the lack
of new antibiotics is undermining the past efforts to fight bacterial in-
fections and microbial resistance (Piksa et al., 2023). At the end, the
microbial resistance is associated with an increase of healthcare

expenditures (surgery, long hospital stay...), and in some cases it could
even increase the mortality in cases of incurable bacterial infections
(Sipahi, 2008).

Antimicrobial Photodynamic Therapy (aPDT) is being considered a
promising alternative way of eliminating bacteria since bactericidal ef-
ficiency is independent of the antibiotic resistance pattern. aPDT re-
quires the presence of an exogenous light-activated molecule
(photosensitizer) in the presence of tissue oxygen and a harmless low-
intensity light source to promote the formation of reactive oxygen spe-
cies (ROS) that generate a lethal oxidative stress to bacteria. This ther-
apeutic approach is minimally invasive but it is very sensitive to the
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photosensitizer stability since this molecule is the ROS promotor. Pho-
tosensitizers should be ideally activated by a light source in the thera-
peutic NIR window of 650-900 nm because these wavelengths enhance
penetration depth and minimize tissue light absorption. The ROS
generated can be classified in two types depending on the formation
mechanism: Type [, derived from free radicals and Type II, resulted from
singlet oxygen. Interestingly, the development of bacterial resistance
toward radicals Type I and specially against Type II is highly unlikely
(Magadla et al., 2019). A variety of organic and inorganic photosensi-
tizers has been developed to treat Gram-positive (gram + ) and Gram-
negative (gram —) bacteria (Garin et al., 2021),(Ghorbani et al.,,
2018). Photofrin® was the first photosensitizer to receive regulatory
approval for the treatment of bladder cancer (Rahman et al., 2023).
There are many molecules that exhibit photosensitizing properties, but
very few have made it to clinical trials and are commercially available
(Garapati et al., 2023). A first and second generation of photosensitizers
have been developed, but a third generation of photosensitizers was
created to address the shortcomings of previous molecules, such as poor
clearance and high dark cytotoxicity due to low absorption bands at NIR
wavelengths or the low tissue selectivity, causing severe skin photo-
sensitivity (Garapati et al., 2023). This new generation is based on the
conjugation of photosensitizers to antibodies or nanoparticles to in-
crease bioavailability, retention and penetration of the photosensitizer
in the target cell and to improve both water solubility and lifetime.

It has been reported that the ROS generated are responsible to kill
bacteria following two mechanisms: affecting the cell membrane or
damaging the molecular cytoplasmic components (DNA, enzymes or
proteins) (Alves et al., 2014). Normally, the main structures that are
damaged by this therapy are the external ones since high concentrations
of internalized photosensitizers must be reached for intracellular dam-
age (Cieplik et al., 2018). Consequently, the response of the aPDT
mainly depends on the proximity of the photosensitive molecule to the
targeted bacterial cells or its internalization, it means that the chemical
properties of the molecule (superficial charge, stability, etc.) are going
to be crucial (Youf et al., 2021). The importance of its spatial location is
due to the fact that the closer the photosensitizer is to the target; the
better the antimicrobial efficacy observed. The main reason is the
especially short half-life of the ROS (in the us range) and the average
reduced distance of action (less than 1 um) (Cieplik et al., 2018).
Therefore, as a consequence of the multi-targeting, non-specificity of the
ROS damage produced by light-excited photosensitizers and their quick
action, the probability of apparition of bacterial resistances seems to be
reduced (Maisch, 2015).

The human body is entirely covered by skin and as a part of its
protective function it is exposed to injuries (Kolarsick et al., 2011),
(James et al., 2019). This function relies mainly on the complex
composition and structure of its outer most layer, the epidermis, which
hinders the entrance of foreign substances and organisms to the inner
body (Proksch et al., 2008). During the past two decades, bilayered
plasma-derived fibrin skin substitutes harboring primary dermal fibro-
blasts and epidermal keratinocytes have been used in different appli-
cations: 1) to treat patients with extensive burns and traumatic/surgical
wounds (Llames et al., 2004),(Llames et al., 2006),(Gomez et al., 2011);
2) to generate skin humanized mouse models (Guerrero-Aspizua et al.,
2010),(Martinez-Santamaria et al., 2013),(Carretero et al., 2016); 3) to
develop a complete 3D printed bilayered system used for clinical and
commercial testing purposes (Cubo et al., 2016); and 4) to generate
complex anatomically and physiologically relevant in vitro skin models
(Quilez et al., 2024). In this case, the dermal compartment is generated
by the polymerization of fibrinogen (contained in blood plasma) into the
fibrin clot to mimic the first stage of the wound healing process, which is
further cultured to promote the deposition of type I collagen by the
embedded fibroblasts to obtain a mature skin construct (Mazlyzam et al.,
2007). This fact, grants the skin construct with a dual application to be
used either as wound or healthy skin model in the early and mature
stages, respectively, a feature that is not available for the widely used
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collagen-based skin constructs (Randall et al., 2018).

In our previous work (Garin et al., 2021), we proposed the combi-
nation of two photosensitizers, the FDA approved indocyanine green
(ICG) with chalcogenide nanoparticles based on copper sulfide (CuS).
Although CuS NPs are inorganic, they are able to biodegrade to copper
sulfates (Ortiz De Solorzano et al., 2016), so both photosensitizers are
finally biodegradable, avoiding their cellular accumulation. The pro-
posed combination of photosensitizers is NIR-light triggerable to reach
deeper skin penetration and increase ROS generation efficiency while
avoiding unwanted water and hemoglobin light attenuation. In this case,
a synergetic antimicrobial photodynamic activity resulted from the
combination of those two different photosensitizers where each one
efficiently generated ROS at different levels: 1) ICG in the cellular
cytosol due to its easy diffusion and 2) CuS NPs in the extracellular space
due to their nanometric size.

Considering our previous results and the aforementioned advantages
of conjugating photosensitizers with nanoparticles, herein, we have
developed a novel antimicrobial photodynamic hybrid vector based on
the synergetic benefits of: 1) encapsulating ICG inside a biodegradable
polymeric nanoparticle to improve ROS production (mainly singlet ox-
ygen) (Shirata et al., 2017) by decreasing photobleaching and aggre-
gation and 2) linking CuS nanoparticles to the surface of the
biodegradable polymeric nanoparticle to increase the ROS production
(mainly peroxide, hydroxyl and hypochlorite) (Li et al., 2017) and take
advantage of the cooper antibacterial activity, as it has been reported in
our previous research (Garin et al., 2021). In this work, we demonstrate
the effective in vitro antimicrobial activity of the developed NIR-light
excitable nanoparticles against three bacterial strains: Staphylococcus
aureus (S. aureus) ATCC 25923, methicillin-resistant S. aureus USA300
(USA300 MRSA) in planktonic form and methicillin-sensitive GFP-
expressing antibiotic-sensitive S. aureus (S. aureus GFP) in biofilm form.
Moreover, a histological study and the permeability through the skin
were tested in vitro with dermo-epidermal skin equivalents concluding
that a total absence of significant histological modifications was
observed and that only the damaged skin lacking epidermis is permeable
to the particles. This fact suggests that the photodynamic treatment can
act deeper on the infected wound bed and unwanted photodynamic
effects can be prevented on healthy intact skin.

2. Materials and methods
2.1. Materials

Polymers PLGA ester terminated (50/50 Poly (D, L-lactide-co-gly-
colide), molecular weight 38-54 kDa, under the commercial name
Resomer® RG 504, and Eudragit® RS100 (RS), were purchased from
Evonik Industries AG (Darmstadt, Germany). Acetone (+99 %) was
supplied by Fisher Scientific (Waltham, Massachusetts, USA), indoc-
yanine green (USP Reference Standard), surfactant Pluronic® F-68,
copper chloride dihydrate (CuCly-2H50), sodium sulfide nonahydrate
(NazS-9H»0), polyvinylpyrrolidone K30 (PVP) and bovine serum albu-
min (BSA) were supplied by Sigma-Aldrich (St. Louis, MO, USA). All the
reagents were used without further purification.

2.2. Production of nanoparticles of RS-PLGA-ICG@CuS nanoparticles

2.2.1. RS-PLGA-ICG nanoparticles synthesis

Polymeric NPs (PLGA and RS-PLGA NPs) were prepared by a nano-
precipitation and solvent evaporation procedure, according to a modi-
fication of the synthesis of Yurtdas-Kirimlioglu et al. (Yurtdas-
Kirimhioglu and Gorgtilii, 2021) and here briefly described. An organic
solution (3 mL) of PLGA (50 mg) or PLGA (25 mg) and RS (25 mg) in
acetone was added dropwise into 10 mL of an aqueous solution con-
taining 0.5 % (w/v) of Pluronic® F68 using a syringe pump (Harvard
Apparatus, Holliston, MA, USA) at a flow rate of 0.5 mL/min. After
polymer nanoprecipitation, the organic solvent was evaporated under
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magnetic stirring for 4 h at room temperature. The aqueous suspension
of NPs was purified by centrifugation (7500 rpm, 10 min). The super-
natant was centrifuged at 13000 rpm for 10 min. The pellets were
resuspended in MilliQ-H20. 10 % (w/v) of BSA was added to the sus-
pension of NPs to prevent their agglomeration. NPs were stored at 4 °C
until required. For ICG encapsulation, different quantities of ICG (10,
7.5, 5, 2.5 % (w/w) referred to the total polymer) dissolved in DMSO
were added to the organic solution and the nanoprecipitation process
was performed as aforementioned described, but protecting the colloid
from light using aluminum foil.

2.2.2. Ultrasmall CuS nanoparticles synthesis

CuS nanoparticles (CuS NPs) synthesis was carried out following the
previous work of Liu et al. (Liu et al., 2015) with some modifications to
better control the particle size distribution. Briefly, 180 mL of 0.185 mg/
mL CuCly and 200 mg of PVP were mixed for 30 min under magnetic
stirring. Then, 20 mL of Na,S aqueous solution (2.4 mg/mL) was added
dropwise. After that, the yellow-colored solution was heated at 90 °C for
30 min under continuous stirring, until the solution turned dark-green.
Finally, the NPs were cooled down to room temperature. Several
washing cycles were carried out by centrifugation using Amicon® Ultra-
15 Centrifugal Filters (100 KDa) for 10 min at 5500 rpm. The final
dispersion was kept at 4 °C until needed.

2.2.3. RS-PLGA@CuS and RS-PLGA-ICG@CuS hybrid nanoparticles
synthesis

The interaction between RS-PLGA or RS-PLGA-ICG NPs and CuS NPs
was carried out via electrostatic interactions. Different quantities of CuS
NPs were mixed with the polymeric NPs. The studied ratios were 1:5,
1:1, 1:0.5, 1:0.1 and 1:0.05. The mixed NPs were kept at 4 °C in the dark
without stirring for 1 h. After that time, free unbound CuS NPs were
removed by centrifugation (10 min, 7500 rpm) three times. 10 % (w/v)
of BSA was added to the suspension of RS-PLGA@CuS NPs and RS-PLGA-
ICG@CuS NPs to prevent agglomeration.

2.3. Characterization of the nanoparticles

Size, morphology and shape characterization of produced NPs were
carried out using electron microscopy analysis. An Inspect F50 field
emission gun scanning electron microscope (SEM, FEI Company, Eind-
hoven, the Netherlands) at 10 kV was used to study the nanoparticle
shape and morphology. Samples were previously sputtered with a
coating of Pd (Leica EM ACE200, Wetzlar, Germany). A T20-FEI trans-
mission electron microscope (TEM, FEI Company, Eindhoven, The
Netherlands) and a high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM, FEI Company, Eindhoven, The
Netherlands) were used to characterize the NPs size. TEM samples were
prepared by depositing 20 pL of NPs dispersed in MilliQ-H>0 onto a TEM
grid and then dried overnight. The particle size distribution histogram
was calculated measuring the NPs diameter of the resulted TEM images
with the ImageJ software and using statistical analysis (particles
measured for statistical analysis N = 150).

Hydrodynamic particle size was measured by Dynamic Light Scat-
tering (DLS, Zeta Plus; Brookhaven Instruments Corporation, Holtsville,
NY, USA). NPs were diluted in MilliQ-H,0 and the size parameters were
determined at 25 °C. Surface charge was measured by Z-potential (Zeta
Plus; Brookhaven Instruments Corporation, Holtsville, NY, USA). NPs
were diluted in a KCl buffer solution to provide constant ionic strength at
pH 6. At least three different samples were measured.

To determinate the amount of ICG encapsulated, 10 pL of the
resulting NPs were dissolved in DMSO and the ICG contained was
measured by UV-Vis spectrophotometry (Jasco V670, Jasco Applied
Science, Eschborn, Germany) at a wavelength of 794 nm. At least three
different samples were measured to obtain statistical significance. Pre-
viously, a calibration curve was performed from O to 2.5 ppm of ICG.
Encapsulation efficiency (EE) and drug loading (DL) were determined
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using the following equations:

weight ICG measured(mg)

weight ICG added(mg) x 100 )

EE (%) =

_ weight ICG measured (mg)
"~ weight of ICG loaded NPs(mg)

DL (%) x 100 2

An energy-dispersive X-ray (EDS, Inspect F50 SEM) analysis confirmed
the presence of CuS and Cu/S ratios were also quantified. X-ray photo-
electron spectroscopy (XPS, Axis Ultra DLD, Kratos Tech., Manchester,
UK) was used to determine the oxidation state of the CuS NPs and the
Cu/Sratios. The crystallinity and structure of the CuS NPs were analyzed
by X-ray diffraction (XRD, Empyrean, Malvern Panalytical, Malvern,
UK) ranging from 20 to 70 degrees.

The amount of Cu incorporated onto the surface of the RS-
PLGA@CuS NPs and RS-PLGA-ICG@CuS NPs was determined by using
a Microwave Plasma Atomic Emission Spectrometer ( Agilent Technol-
ogies, Santa Clara, USA). Samples were previously digested with a
mixture of aqua regia and distilled water (1:5) and filtered using a 0.2
pm filter. Thermogravimetric analysis (TGA, Mettler Toledo, L’Hospi-
talet de Llobregat, Barcelona, TGA/SDTA 851e) of RS-PLGA-ICG@CuS
NPs was also performed to corroborate the amount of CuS NPs incor-
porated onto the surface of the polymeric NPs. The TGA measurements
were conducted in a nitrogen atmosphere at a heating rate of 10 °C/min,
covering a temperature range from 30 to 800 °C.

Fourier-transform infrared (FTIR) spectra were recorded to evaluate
if any molecular interactions occured between ICG and the polymers.
Spectra were obtained using a Bruker VERTEX 70 FTIR spectrometer
(Bruker, Billerica, MA, USA) equipped with a Golden Gate diamond ATR
accessory, recorded by averaging 40 scans in the 4000 — 600 cm
wavenumber range at a resolution of 4 cm™’. Data evaluation was car-
ried out using the OPUS software from Bruker Optics.

2.4. Invitro ICG and CuS NPs stability study

In order to study the effect of ageing time and temperature on the
absorbance stability of ICG and CuS NPs different solutions of free ICG,
RS-PLGA-ICG NPs and CuS NPs were prepared and stored at 4 °C and
37 °C over time. UV-Vis absorbance measurements at predetermined
time intervals (0, 1, 2, 3, 5 and 10 days) were performed.

2.5. Invitro ICG release study

The in vitro release of ICG was performed under sink conditions by
introducing the NPs at a concentration of 1 mg/mL in PBS 1x and in
MilliQ-HO, separately. NPs were incubated at 37 °C under continuous
mixing, and at predetermined time intervals (0, 2, 4, 6, 24, 48 and 72 h),
NPs were centrifuged (10 min at 13,300 rpm) and the supernatant was
discarded. The pellet was dissolved in 1 mL of DMSO and the ICG
amount retained into the particles was measured by UV-Vis at a
wavelength of 794 nm. The released ICG was calculated according Eq.3:

weight (encapsulated ICG-retained ICG), mg <1

Released ICG =
clease weight (encapsulated ICG), mg

00
(3)

In this particular case, the retained ICG into the NPs was preferentially
measured instead of the released ICG to avoid the necessary correction
because of the degradation of the released ICG in aqueous solutions at
37 °C.

2.6. Photothermal study in aqueous solution
Photothermal effects of free ICG solution, RS-PLGA-ICG NPs and RS-

PLGA-ICG@CuS hybrid NPs in water were measured. The aqueous dis-
persions were irradiated with an 808 nm wavelength laser diode (6 x 8
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mm? spot size; Optilas model MDL-III-808-2 W, Changchun New In-
dustries Optoelectronics Technology Co., Ltd, Changchun, China) using
an irradiance of 1 W/cm?2. Temperature increase was monitored using a
K-type thermocouple (RS Amidata, Madrid, Spain) to decouple photo-
thermal from photodynamic effects.

2.7. ROS determination

To detect reactive oxygen species (ROS) generated by the hybrid NPs
under light irradiation, dihidrorhodamine 123 (DHR123, Sigma-
Aldrich, St. Louis, MO, USA) was used. The non-fluorescent probe
DHR123 is oxidized in the presence of ROS forming a fluorescent
molecule rhodamine 123 (R123), with an emission peak at 530 nm
based on our prior findings (Paesa et al., 2023). Briefly, the ICG solution
(100 ppm), RS-PLGA@CuS NPs and RS-PLGA-ICG@CuS NPs dispersions
(at the concentration needed to reach 100 ppm of encapsulated ICG) and
a dispersion of CuS NPs at the same concentration as the CuS NPs
anchored on the surface of the polymeric particles, were incubated at
37 °C under continuous shaking. At different time points (24, 48 and 72
h) the dispersions were irradiated at 1 W/cm? for 5 min using an 808 nm
laser, the same conditions used for bacterial assays. To measure the ROS
production at each time point, the stock solution of DHR123 prepared in
DMSO was mixed to reach a final concentration of 40 pM. The formation
of R123, with and without light application, was monitored at 530 nm
using an excitation wavelength of 485 nm measured with a fluorimeter
(Varioskan LUX multimode microplate reader, Thermo Fisher Scientific,
USA). The experiments were conducted under dark conditions to verify
ROS generation only upon the irradiation of NIR light to the
suspensions.

2.8. Invitro antibacterial photodynamic therapy

2.8.1. Bacterial isolates and culture conditions

S. aureus ATCC 25923 used as a reference strain (S. aureus), obtained
from Ielab (Spain), GFP-expressing antibiotic-sensitive S. aureus
(S. aureus GFP) and a clinical methicillin-resistant strain (USA300
MRSA), kindly donated by Dr. Cristina Prat, Institut d’Investigacio en
Ciencies de la Salut Germans Trias i Pujol (IGTP, Spain) were used in the
experiments as models of pathogenic bacteria commonly infecting skin
and soft tissues. All the strains were seeded on tryptone soya agar (TSA,
Conda-Pronadisa S.A., Torrejon de Ardoz, Spain) at 37 °C in aerobic
conditions. A colony of each strain was cultured in tryptone soya broth
(TSB, Conda-Pronadisa S.A., Spain) and incubated at 37 °C under aer-
obic conditions until stationary growth was reached. Then, bacteria
were diluted to 10° CFU/mL in TSB.

2.8.2. Bactericidal photodynamic therapy assay

100 pL of S. aureus and USA300 MRSA bacteria (10° CFU/mL) and
100 pL of free ICG, RS-PLGA-ICG NPs or RS-PLGA-ICG@CuS NPs, pre-
pared twice at selected concentrations and previously sterilized under
UV light, were added into Eppendorf tubes. The ICG concentrations
assayed were 50 and 100 ppm. The polymeric NPs concentrations were
the needed to reach the same ICG encapsulated concentration as the free
ICG concentrations tested. Bacteria and the corresponding treatment
suspensions were kept at 37 °C under aerobic conditions 24 h. After this
incubation, samples were irradiated at 1 W/cm? for 5 min, corre-
sponding to the 24 h time point. The irradiation was repeated after 48
and 72 h of incubation (48 and 72 h time points, respectively). At all the
time points studied, 15 min after irradiation, viable bacteria were
counted by the serial dilution method. RS-PLGA NPs (without ICG and
CuS NPs) were assayed as control, as well as laser irradiation without
NPs to prove that only the NIR exposure does not produce any antimi-
crobial effect. Bacteria culture in only TSB was used as positive control.
At least three independent assays were performed in duplicate.

After photodynamic treatment, bacteria morphology was evaluated
by SEM as previously reported (Mendoza et al., 2017). Briefly, after 5
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min of 808 nm laser irradiation, bacteria were centrifuged 5 min at
3,000 rpm and fixed with 4 % paraformaldehyde in PBS (PFA, Alfa
Aesar, USA.) overnight. Then, fixed bacteria were washed with DDI
water. Dehydration with ethanol was not carried out to prevent the
dissolution of the RS particles. Before the visualization, bacteria samples
were dried at room temperature and coated with Pd, as mentioned.

2.8.3. Antibiofilm photodynamic therapy assay

GFP S. aureus was cultured in TSB and incubated at 37 °C under
aerobic conditions until stationary growth was reached. Then, bacteria
were diluted to 10° CFU/mL and 2 mL of diluted cultures were added to
ibiTreat plates (u-dish 35 mm) and incubated at 37 °C without shaking
for 24 h. When the biofilm was formed, planktonic cells were removed
and wells were gently washed with PBS, then, RS-PLGA-ICG@CuS NPs
were added to the culture and incubated for 24 h. After that time of
incubation, biofilms were irradiated (808 nm, 1 W/cmz, 5 min) and
prepared for confocal microscopy. Briefly, the biofilm was stained with
calcofluor white stain for 1 min and, after washing the biofilm twice
with PBS, 4 % PFA solution in PBS was added and incubated for 30 min.
Then, samples were prepared for visualization by confocal microscopy
(Confocal Zeiss LSM 880 with Airyscan) in Fluoromount mounting
medium. Non-irradiated biofilm treated with RS-PLGA@ICG-CuS NPs
and biofilm without any treatment were visualized as controls.

2.9. Permeability assay using in vitro dermo-epidermal skin equivalents

To study the effect of the RS-PLGA-ICG@CuS NPs on the artificial
skin, plasma-based in vitro dermo-epidermal skin equivalents at a final
fibrin concentration of 2.4 mg/mL were generated using both primary
human fibroblasts and keratinocytes according to the previously
described protocol (Montero et al., 2021). After 15 days in culture in the
air-liquid interface, the epidermis of the organotypic skin cultures was
correctly differentiated, time at which they were ready to be used in the
NPs skin permeation test. To analyze the role of the epidermis, two
experiments were carried out in parallel: in vitro skin with and without
the epidermis. For the later, once the in vitro skin cultures were ready to
be used, the epidermis was carefully removed with the help of precision
clamps.

To determine the NPs skin permeability, in vitro skin tests were
performed adding 500 uL of the RS-PLGA-ICG@CuS NPs dispersion on
top of the skin cultures with and without epidermis. The culture media
below the insert culture plates were removed and replaced by PBS 1X
modified without calcium chloride and magnesium chloride (Sigma-
Aldrich, USA). In vitro skin constructs were cultured at 37 °C and 5 %
CO». To study the permeation of the NPs, 1 mL sample of the PBS 1X was
extracted at different timepoints (0, 1, 4, 6 and 24 h) for further analysis.
For each condition, three independent samples were analyzed. Ionic
copper (Cu?") permeation determination through the corresponding
skin substitute was carried out using ICP-MS, after digestion of 200 uL of
each sample in aqua regia for 24 h.

Finally, assayed skins were removed from the culture insert. Samples
were divided in two using a scalpel, one half of the sample was fixed and
paraffin-embedded for histological analysis using H&E and the other
half was embedded in OCT tissue fixative for cryosection and visuali-
zation under a confocal microscope (Confocal Zeiss LSM 880, Zeiss,
Germany) in the scientific-technical service of microscopy and imaging
(IACS-Universidad de Zaragoza, Spain).

2.10. Statistical analysis

All data were expressed as the mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism 8 software
(GraphPad Software Inc., USA) using a two-way analysis of variance
(ANOVA) set for multiple comparisons with a Dunnett’s test. When p <
0.05 statistically significant differences were considered. Each experi-
ment was performed in triplicate.
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Fig. 1. a) SEM image of the RS-PLGA-ICG NPs, b) image of an aqueous suspension of the RS-PLGA-ICG NPs, c) size distribution of RS-PLGA-ICG NPs obtained from
the SEM measurements (N = 150), d) ICG release profile from RS-PLGA-ICG NPs, e) free ICG and encapsulated ICG stability study and f) UV-Vis spectra in arbitrary

units (a.u.) of free ICG, RS-PLGA NPs and RS-PLGA-ICG NPs.
3. Results and discussion

The synthesis of the hybrid NPs was performed in two steps. Firstly,
the polymeric NPs (PLGA, RS-PLGA and RS-PLGA-ICG NPs) were pre-
pared by nanoprecipitation, followed by electrostatic bonding with
separately prepared CuS NPs.

PLGA polymer was selected because it is known for its high
biocompatibility, it can be hydrolyzed into lactic and glycolic acids,
metabolites of the cellular cycle, offering also sustained release, and
because it is approved by the FDA as composing material in many
medical devices and drug delivery systems (Makadia and Siegel, 2011).
PLGA NPs were synthesized and their representative size analysis is
depicted in Figure S1. The Z-potential of PLGA NPs was negative (—26.5
+ 1.2 mV) at pH 6. However, a positive Z-potential should be required to
confer electrostatic interaction between the polymeric NPs and the
negatively charged CuS NPs. The need of conferring a positive charge on
PLGA surface was addressed by using a combination of PLGA and the
positive charged RS polymer due to the presence of positive charged
quaternary ammonium groups in the latter (Yus et al., 2020). A repre-
sentative SEM image of the empty polymeric RS-PLGA NPs is depicted in
Figure S1. The colloid of empty RS-PLGA NPs exhibits an average size of
170 + 60 nm (N = 150), and a Z-potential of 45.7 + 4.3 mV (Figure S1).
Due to the reversal of the surface charge of the NPs after adding the RS
polymer, it can be elucidated that RS was successfully incorporated into
the NPs. Finally, the effective diameter of PLGA NPs was increased when
RS polymer was added (Figure S1), probably due to the different vis-
cosity of the organic solution due to the mixture of both polymers.

ICG encapsulation was limited by the insolubility of the molecule in
different organic solvents. Finally, a 5 % (w/w) respect to the polymer in
DMSO was selected as the ideal condition of encapsulation, preventing
the precipitation of the polymers. When ICG was encapsulated, the
uniform particle size distribution measured from SEM images was 141
+ 40 nm (Fig. 1a-c), and the stable colloidal solution is presented in
Fig. 1b. The Z-potential was reduced to 27.3 £+ 1.35 mV, compared to
that of unloaded NPs, but still having enough positive charge to be able
to attach negatively charged CuS NPs by supramolecular interactions.

The reduction of the Z-potential is probably attributed to the electro-
static interaction between the ICG molecules and the positively charged
polymeric particles. The ICG loading ratio was 0.9 + 0.1 %, the encap-
sulation efficiency was 6.6 + 1.2 % and the yield of the synthesis was
39.4 + 3.5 %. As far as we know, there are no evidences in the previous
literature of the encapsulation of ICG in nanoparticles composed of the
mixture of these two polymers (RS-PLGA). However, there are some
studies where the ICG has been encapsulated in PLGA NPs presenting
drug loading values lower than those reported here. Some of these
studies were the reported by Ma et al. (Ma et al., 2012), where the ICG
loading was 0.21 %, or by Saxena et al. (Saxena et al., 2004) who re-
ported a loading of 0.17-0.29 % (w/w). Other bioactive molecules can
be found encapsulated into RS-PLGA NPs, such as the antibiotic cipro-
floxacin reported by Dillen et al. (Dillen et al., 2006) where the authors
achieve an encapsulation efficiency between 60 and 70 %. The loading
of the antifungal nystatin into RS-PLGA NPs, with RS:PLGA ratio of 1:1,
was also reported by Mohammadi et al. (Mohammadi et al., 2017),
showing an encapsulation efficiency of 47.58 + 2 %, superior to those
obtained in this work, probably due to the structural differences and
chemical natures of the different encapsulated molecules.

The ICG release study is presented in Fig. 1d. After 72 h under sink
conditions in PBS 1x the 33 &+ 4 % of the ICG was released showing an
initial burst release (21.9 + 3.9 % of the loaded amount was released in
the first 24 h) and followed by a prolonged sustained release over time.
This behavior is in accordance with the observations by other authors
who have reported that the drug release from PLGA is higher than that
from the RS and PLGA mixture, probably because more compact poly-
meric particles resulted when two different polymers were combined
and to the possible interactions between both polymers creating a robust
matrix and hindering the diffusion of the entrapped molecules to the
release medium (Dillen et al., 2006),(Hoffart et al., 2002).

The stability study of ICG aqueous solution showed an absorbance
drop by almost half in only 24 h at 37 °C and nearly 90 % after 72 h at
37 °C due to the hydrolysis and photobleaching of the molecule as
previously reported (Saxena et al., 2003),(Shan et al., 2018). Whereas
the encapsulated ICG displayed 10 % degradation in 24 h at 37 °C and
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Fig. 2. CuS NPs physico-chemical characterization: a) TEM image of CuS NPs, b) size distribution obtained from TEM measurements (N = 150), ¢) XPS analysis, d)
EDS spectrum, e) XRD analysis and ICDD patterns for covellite and digenite, f) thermal stability study and g) UV-Vis spectrum of CuS NPs.

13 % after 72 h at the same conditions (Fig. 1e). These results confirm
the long-term protection of the ICG molecules encapsulated in the
polymeric NPs produced in this work. Fig. 1f showed the UV-Vis ab-
sorption of free and encapsulated ICG. Comparing the spectra of free and
encapsulated ICG, a red shift of 30 nm of the main absorption peak was
revealed, which confirms the interaction between the ICG and the
encapsulating polymers.

The inorganic ultrasmall CuS NPs synthesized in aqueous solution in
this work yielded a narrow size distribution centered at 9 + 4 nm
(Fig. 2a-b). Both, XPS analysis (Fig. 2c¢) and XRD diffraction peaks
(Fig. 2e) suggested that the crystalline phase of the particles corresponds
to digenite-phase (Cuj gS) (Lafuente et al., 2016). In the XRD spectra, the
peaks corresponding to the XRD patterns of the corresponding phases
with which they were matched are highlighted as shaded areas to favor
their identification. Fig. 2d shows the EDS spectrum of the CuS NPs
where only Cu and S are present together with organic C and O from the
polymer. CuS NPs showed high stability when kept at 4 °C, with only a
10.8 + 2.5 wt.% of degradation in 10 days. Though, Fig. 2f shows that
more than 60 % of the NPs were degraded in 10 days when kept at 37 °C.
This is a positive outcome considering a potential biological application
to avoid any metal bioaccumulation after use. The same results were
obtained in previous works where the plasmonic absorption was
reduced over time and the degradation of the nanoparticles was
increased at higher temperatures (Ortiz De Solorzano et al., 2016). The
absorption spectrum showed in Fig. 2g evidenced that the NPs produced

are suitable for the application in photodynamic therapy with high
penetration depths because they show high absorbance in the NIR region
of the electromagnetic spectrum.

Finally, organic-inorganic hybrid NPs were obtained by the elec-
trostatic interaction between the positive charged polymeric NPs and
the ultrasmall PVP stabilized inorganic CuS NPs to be subsequently
applied in aPDT. Firstly, a study of the interaction between both NPs was
carried out to obtain the maximum attachment of the CuS NPs onto the
polymeric particles. For this, the modification of the Z-potential of the
resulting hybrid particles was studied using different ratios of both
materials (CuS NPs and polymeric NPs). After 1 h of interaction, it was
observed in Figure S2a that, from a RS-PLGA-ICG:CuS NPs ratio of 1:0.5,
the final hybrid vector reached a value of Z-potential of —15.7 +£ 1.7 mV
at pH 6 and, from this amount, the value of the zeta potential barely
varied after increasing the CuS content. Thus, the optimum RS-PLGA-
ICG:CuS NPs ratio was established at 1:0.5. It was also corroborated
by the hydrodynamic diameter shown in Figure S2b where the
agglomeration of the hybrid NPs was prevented from the ratio 1:0.1 and
higher, due to charge stabilization.

Fig. 3 summarizes the physicochemical characterization of the op-
timum RS-PLGA-ICG@CuS NPs. Fig. 3a-b-d depict the scanning, trans-
mission electron microscopy analysis and the colloidal solution of the
resulting hybrid NPs that show a uniform particle size distribution
measured from SEM images of 132 + 47 nm (Fig. 3c). As it is depicted in
Fig. 3f and S2b, the effective diameters of the resulting RS-PLGA-
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observed (right).
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ICG@CuS NPs that were determined by DLS, are smaller than the
effective diameters measured by SEM imaging. This difference is
generally rationalized because DLS provides the hydrodynamic diam-
eter in a colloidal suspension, whereas SEM provides a physical diameter
after drying the sample. The hydrodynamic particle sizes were similar
when the polymeric NPs were produced with and without ICG (Fig. 3f)
and with the CuS NPs decorating their surfaces, concluding that the ICG
and CuS loads do not alter the final size of the photodynamic nano-
vector. The binding of the negatively charged CuS NPs at the shell of RS-
PLGA-ICG NPs was also ratified by the Z-potential, resulting changes
from positive values without presence of CuS NPs to negative values
after the binding of CuS NPs on the polymers (Fig. 3g). CuS NPs were
homogenously distributed on the shell of the RS-PLGA-ICG NPs as it is
evidenced from the TEM and HAADF-STEM images, as well as from the
EDS mapping (Fig. 3e). TGA analysis was designed to assess the fraction
of organic and inorganic components and the CuS loading, obtaining
that 9.6 wt.% of the hybrid nanovector was attributed to the presence of
CuS (Fig. 3h). Finally, Fig. 3i depicts the photothermal properties of RS-
PLGA-ICG NPs and RS-PLGA-ICG@CuS NPs. These properties were
studied by monitoring the temperature of an aqueous dispersion of NPs
(100 ppm) irradiated by a NIR laser (808 nm, 1 W/cm?) and bench-
marking it against the heating of water. After 5 min of NIR heating, the
same time than in the antibacterial photodynamic experiments that will
be commented afterwards, the temperature of the aqueous dispersion of
RS-PLGA-ICG@CusS NPs increased only up to 39.7 °C from RT, achieving
a temperature value slightly higher than that with RS-PLGA-ICG NPs due

to the absorbance of CuS NPs (Ortiz De Solorzano et al., 2016).

FTIR spectroscopy was selected to evaluate the presence and the
possible interactions between the polymers, ICG and CuS NPs. In Fig. 4,
FTIR spectra are shown. All the polymeric NPs studied showed a strong
vibration peak at 1755 cm™?, owning to the carbonyl C = O stretching at
1762 cm™~ ! of the PLGA polymer(Prabhuraj et al., 2020) and C = O
stretching at 1734 cm ! of the RS polymer (Deshmukh and Naik, 2013).
The ICG spectrum showed characteristic bands between 1400 and 1500
cm ™! due to aromatic C = C stretching and between 900 and 1100 cm™*
due to alkene C-H stretching (Lee et al., 2021). No peak related to ICG
was observed in RS-PLGA-ICG or RS-PLGA-ICG@CuS NPs probably
because of the low ICG loading (0.9 + 0.1 wt.%) into the polymer NPs.
On the other hand, spectra of CuS NPs showed peaks assigned mostly to
PVP used as stabilizing molecule, such as the peak observed at 1640
em ! corresponding to the vibration of the C = O (Safo et al., 2019).
Peaks observed at 1286 cm™! can be attributed to the C = N stretching
(Ramesan et al., 2018). The corresponding peak observed at 1640 em !
of the CuS NPs, highlighted in Fig. 4 as a shaded zone to favor its
identification, can be slightly observed in the RS-PLGA-ICG@CuS NPs
spectrum confirming the presence of CuS NPs into de polymeric ones,
but it was not identified any feasible molecular interactions between the
compounds.

The generation of ROS was assessed using the DHR123 probe. The
samples exhibited no fluorescence signal in the absence of the DHR
probe (Figure S3). Fig. 5a showed the production of ROS by an aqueous
solution of free ICG. The measurement of ROS generation has
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Fig. 6. Antibacterial photodynamic effect of RS-PLGA-ICG@CuS NPs treatment on: a) S. aureus b) SEM image of S. aureus before NIR treatment, ¢) SEM image of
S. aureus after NIR treatment, d) USA300 MRSA, e) SEM image of USA300 MRSA before NIR treatment, f) SEM image of USA300 MRSA after NIR treatment. Bacteria
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between the non-irradiated samples and the irradiated ones (****p < 0.0001) are also depicted.

demonstrated that ICG rapidly degrades under light exposure and over
time, as previously mentioned, leading to a marked decrease in ROS
production. This degradation compromises the therapeutic potential of
ICG in PDT, highlighting the need of using stabilization strategies to
enhance its photostability.

Our results indicate that both CuS NPs and RS-PLGA-ICG@CuS NPs
produce similar levels of ROS under NIR irradiation after 5 min (Fig. 5b
and 5d). However, the method of ROS production differs between the
two types of particles, which could have significant implications for
their use in PDT applications. CuS NPs were found to generate ROS even
in absence of NIR irradiation, being rationalized by the presence of a
copper ion-rich surface and sulfur vacancies (Mutalik et al., 2022)
(Fig. 5b). The underlying mechanism could involve the intrinsic prop-
erties of CuS. CuS NPs can generate ROS due to their high redox activity
and surface reactivity. In humid environments, CuS can be transformed
to CuSO4 and Cu™ to Cu?", in presence of oxygen. Adsorbed water is
hypothesized to act as a medium for this reaction, facilitating the surface
dissolution of CuS into its respective ions and supplying protons to
generate ROS via oxygen (Wu et al., 2020). Furthermore, CuS NPs
exhibit multi-enzymatic capabilities, including catalase-like and
peroxidase-like activities, which enhance ROS generation (Zhang et al.,
2021),(Wang et al., 2023). Additionally, CuS NPs can participate in
Fenton-like reactions, further promoting the conversion of hydrogen

peroxide (H20-) into hydroxyl radicals (¢OH) (Raj and Jaiswal, 2021).
These properties are particularly advantageous in applications requiring
continuous ROS generation, such as certain antimicrobial treatments or
cancer therapies where persistent oxidative stress is desired to induce
cell damage or death.

In contrast, polymeric NPs exhibited a distinct pattern, where ROS
generation significantly increased upon irradiation (Fig. 5c-d). This in-
dicates that these NPs are activated by irradiation, specifically under
NIR light, leading to enhanced ROS production. Consequently, in the
absence of NIR irradiation, the polymeric NPs generated substantially
fewer radicals. The ability to control ROS generation spatially and
temporally with NIR light makes polymeric NPs highly suitable for
targeted therapies. In PDT, precise control over ROS production mini-
mizes damage to surrounding healthy tissues and enhances therapeutic
efficacy.

The observed differences in ROS generation between CuS and hybrid
NPs highlight their potential application in different therapeutic sce-
narios. Hybrid NPs showed the capability to generate 60-80 % more
ROS upon irradiation. In contrast, the difference in ROS generation
between CuS NPs with and without laser exposure was not more than 7
% (Fig. 5e).

In order to prevent a photothermal activity and to ensure the anti-
bacterial activity was caused by only a photodynamic action, a time of
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Fig. 7. Confocal microscopy images of biofilms of S. aureus-GFP stained with calcofluor. a-d) S. aureus-GFP biofilm without treatment (control), e-h) S. aureus-GFP
biofilm after RS-PLGA-ICG@CuS NPs treatment for 24 h and i-1) S. aureus-GFP with RS-PLGA-ICG@CuS NPs and NIR irradiation (808 nm, 1 W/cm?, 5 min). Blue
fluorescence, corresponding to the calcofluor staining, shows the biofilm extracellular matrix and the GFP fluorescent protein shows the viable S. aureus bacteria as

green dots.

irradiation of 5 min was selected. At this time of irradiation (808 nm and
1 W/em?), the temperature reached was below 40 °C as can be seen in
Fig. 3i. In this manner, the approach mitigates the risk of thermal injury
to the patient’s skin, minimizing the adverse effects associated with
thermal exposure. Previous works have demonstrated that this tem-
perature is not enough to produce any viability reduction in the bacterial
cell growth (Wang et al., 2017),(Garin et al., 2021). Additionally, three
short irradiations of 5 min every 24 h were chosen to minimize light
exposure time. It was expected that the encapsulated ICG would grad-
ually be released every 24 h from the polymeric NPs to be available and
increase its antimicrobial potential after each irradiation.

To investigate the antibacterial activity of the hybrid NPs, two
S. aureus strains, S. aureus ATCC 25923 (S. aureus) and USA300 MRSA,
were selected to perform the microbiological assays. After been incu-
bated the bacteria cultures (for 24, 48 and 72 h) with free ICG, RS-PLGA
NPs, RS-PLGA@CuS NPs, RS-PLGA-ICG NPs and RS-PLGA-ICG@CuS
NPs, the serial dilution method was carried out with and without NIR
pulses (5 min of 808 nm laser irradiation at 1 W/cm?) at each time in-
terval. Controls without treatment but only NIR irradiation were per-
formed to assure that the irradiation conditions selected did not reduce
cell viability by themselves (control samples). RS-PLGA NPs were no
cytotoxic for both S. aureus and USA300 MRSA (Figure S4).

When S. aureus was incubated with free ICG (Figure S5a) and first
irradiated (24 h), a 3-log reduction was observed for both concentra-
tions assayed (50 and 100 ppm). But, after the second irradiation (48 h),
only the highest concentration was capable to maintain the viability
reduction although the antibacterial efficacy was not increased, main-
taining the 3-log reduction. At 72 h, bacteria were re-grown again until
reaching their stationary phase, probably due to the ICG degradation
along time (Fig. 1e). For the USA300 MRSA treatment, a 2-log reduction
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was observed after the first irradiation (24 h) but, after 48 and 72 h
irradiation, bacteria recovered their initial burden (FigureS5b). No sig-
nificant viability reduction was observed without irradiation for both
bacterial strains. Currently, no relationship between resistance and
response to photodynamic therapy has been reported but, according to
our results, different bacterial strains may respond differently to this
photodynamic therapy due to structural differences in their cell walls
(Topaloglu et al., 2013). The antibacterial activity of the encapsulated
ICG was lower than that of the free form ICG. Figure S6 depicts the
absence of viability reduction for the RS-PLGA-ICG NPs without irradi-
ation for both S. aureus and USA300 MRSA. As could be observed in
Figure Sé6a for S. aureus, RS-PLGA-ICG NPs are capable to reduce 2-log
for an ICG encapsulated concentration of 100 ppm and only 1-log for 50
ppm when they are irradiated for the first time (24 h). After that time
point, the bacteria viability seems to recover until reaching the initial
bacterial concentration. For the USA300 MRSA (Figure S6b), only 1-log
reduction is observed for the first irradiation (24 h) without noticing any
antibacterial effect in the rest of the irradiations. As expected, the ac-
tivity of the encapsulated ICG is decreased due to a slow and prolonged
release over time in addition to the degradation of the free photosensi-
tizer. At this point, it could be concluded that encapsulation prevents the
ICG from degradation but reduces its bioavailability.

Figure S7 showed the behavior of bacteria when they were incubated
with RS-PLGA@CusS NPs. A slight decrease in survival rate was observed
over time with and without NIR irradiation. This surely is due to the
toxicity generated by copper when leached in addition to the reactive
oxygen species generated (Giachino and Waldron, 2020). After 72 h of
incubation, for both bacteria S. aureus and USA300 MRSA, the difference
in viability of the 3-times irradiated bacteria and those not irradiated is
1-log reduction apart. So apparently, the toxic activity of copper is being
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Fig. 8. a) Bright field image of a control human skin equivalent, b) confocal fluorescence image of a control skin equivalent, c) bright field image of a human skin
equivalent treated with RS-PLGA-ICG@CuS NPs, d) confocal fluorescence image of a human skin equivalent treated with RS-PLGA-ICG@CuS NPs, e) bright field
image of a human skin equivalent without epidermis treated with RS-PLGA-ICG@CuS NPs and f) confocal fluorescence image of a human skin equivalent without
epidermis treated with RS-PLGA-ICG@CuS NPs. All the samples observed correspond to sections of the lower zone of the epidermis. The red fluorescence observed

indicates the presence of RS-PLGA-ICG@CuS NPs.

more pronounced than the radicals generated by NIR irradiation.

The hybrid RS-PLGA-ICG@CuS NPs yielded a potentiated effect due
to the synergetic photodynamic activity of ICG and CuS, as previously
reported when they were added without being supported in a polymeric
vector (Garin et al., 2021). After the first NIR pulse (24 h), the survival
rate was already reduced more than 90 % for both S. aureus and USA300
MRSA. Notably, the equivalent concentration of 100 ppm of ICG,
managed to kill the entire S. aureus population after three NIR pulses
(72 h) (Fig. 6a) and the 99.99 % of USA300 MRSA (Fig. 6d). In addition,
one of the potential mechanisms of antimicrobial action of the final
hybrid NPs was examined by SEM visualization. In Fig. 6b and 6e
S. aureus and USA300 MRSA bacteria are shown after RS-PLGA-
ICG@CuS NPs treatment without NIR pulses. A rounded morphology
can be observed in contact with the hybrid NPs surrounding the bacteria
without any cell wall damage. After the NIR pulses and consequent
antimicrobial therapy (Fig. 6¢-f), both strains showed a wrinkled and
damaged cellular peptidoglycan-based wall, which means cell mem-
brane damage due to the action of ROS (Song et al., 2019y (Xiang et al.,
2019).

As we mentioned before, biofilm formation in wound infections is
one of the most difficult-to-treat complications that hinder wound
healing. Biofilms are robust structures which confer antibiotic resistance
to bacteria because of several reasons, including low penetration of the
antibiotics through the extracellular matrix formed by extracellular
polymeric substances (EPS) of the biofilm or slowed growth that reduces
the effectiveness of antibiotics that target binary fission, among others
(Dincer et al., 2020). Several studies have demonstrated that aPDT is one
of the current promising strategies for biofilm treatment by producing
cell lysis by ROS production, being possible in this case the irradiation of
a determined infected area making the treatment highly spatially spe-
cific (Hu et al., 2018). In this work, confocal microscopy was selected to
observe the antibiofilm action in a qualitative manner. GFP-expressing
antibiotic-sensitive S. aureus (MSSA) was selected to be able to
observe the alive bacteria (green spots) and calcofluor white stain was
used to monitor biofilm formation (stained in blue). By studying the
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fluorescence of the calcofluor, morphological and structural changes in
the biofilm can be highlighted, while the fluorescence emitted by the
GFP provides information on the qualitative reduction of viable bacteria
attached to the substrate as part of the biofilm. As can be seen in Fig. 7d,
alive bacteria used as control were able to grow and form a layer of
biofilm when they were not treated with the hybrid polymeric NPs nor
irradiated. However, when a preformed biofilm was incubated for 24 h
at 37 °C with RS-PLGA-ICG@CuS NPs (100 ppm corresponding to ICG
load) in the absence of NIR light, the amount of calcofluor staining was
drastically reduced, observing mostly alive bacteria stained in green but
no biofilm formation (Fig. 7h). These results suggest that the hybrid NPs
produce some antibiofilm effect although they are not capable to
effectively kill bacteria. It is reported that ionic copper is capable to
interact with the EPS of the biofilm and interferes with biofilm forma-
tion (Gomes et al., 2020),(Colin et al., 2021). Baker et al. (Baker et al.,
2010) demonstrated in their study the stress response when S. aureus is
exposed to high copper levels. In their investigation they identified a
plenty of adaptation mechanisms to this copper stress, and one of these
mechanisms was related to the regulation of virulence factors in the
bacteria, such as biofilm formation. They were able to identify a
repression of the expression of gene regulators of the biofilm formation,
as the genes agr and sae, among others. When biofilm was treated with
RS-PLGA-ICG@CuS NPs + NIR irradiation (Fig. 7i-1) it was observed that
the biofilm disappeared completely and a highly marked reduction in
viable bacteria was also observed. Therefore, the qualitative results
shown in Fig. 7, demonstrate that the combination of the hybrid vector
and NIR irradiation was highly effective against preformed mature
biofilm, being able to destroy it and kill almost all the bacteria that
formed it.

Although the NPs showed toxicity towards cell lines (human dermal
fibroblasts and human keratinocytes, data not shown) in 2D cell cyto-
toxicity studies at the antibacterial concentrations, the therapeutic
benefit observed was considered of significant relevance, being com-
parable to an antiseptic action. In this case, due to the effective anti-
bacterial action achieved after light exposure, the effect of cell toxicity
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Fig. 9. Histology images of human in vitro skin equivalents of treated with RS-
PLGA-ICG@CuS NPs. In a) no treated control skin, b) treated skin with
epidermis, c) treated skin without epidermis with NPs at the surface, and d)
treated skin without epidermis with NPs in the lower dermis. Red arrows point
to the RS-PLGA-ICG@CuS NP aggregates at different locations of the in vitro
skin equivalents. In e) copper permeability at different timepoints of in vitro
skin equivalents without epidermis treated with RS-PLGA-ICG@CuS NPs.

was considered negligible because the pathogenic bacteria were elimi-
nated. In potential real scenario new regenerative stem cells would
migrate and regenerate the wound now free of pathogenic bacteria. In
addition, it is important to note that the conditions in the 2D study may
not fully reflect the complex interactions in a physiological environ-
ment. In contrast, in the 3D study with human cell-derived artificial skin
models, which we believe provides a more realistic approximation to the
clinical scenario, histological analysis showed no signs of cytoxicity, as
illustrated in Fig. 9. This 3D approach therefore offers a more accurate
and promising basis for evaluating the therapeutic potential of these NPs
for future topical applications because it better mimics the physiological
environment and spatial configuration of human cells.

To explore the performance of RS-PLGA-ICG@CuS NPs in a potential
wound bed, plasma-derived dermo-epidermal equivalents in early
maturation stages were used as a human skin model. After 15 days in
culture, with the help of a precision clamp, the epidermis of the skin
equivalents was carefully removed to expose the dermis and create the
wound bed. Skin equivalents with the epidermis were also used as
control. After 24 h in culture, no fluorescence was observed in the
dermal fraction of the skin without NPs treatment, demonstrating that
the skin does not exhibit autofluorescence (Fig. 8a-b). In skin constructs
with epidermis (Fig. 8c-d), fluorescence images revealed no presence of
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RS-PLGA-ICG@CuS NPs in the dermal fraction. Conversely, in skin
constructs without epidermis (Fig. 8e-f) the images revealed the pres-
ence of NPs, as they appeared to have successfully penetrated the
dermis.

Moreover, structural analysis of the skin equivalents using H&E
staining, showed a correct epidermal differentiation of the construct
before the differentiation process (Fig. 9a) and 24 h after treatment
(Fig. 9b). Conversely, in the wound bed (skin equivalents without
epidermis) the RS-PLGA-ICG@CuS NP agglomerates can be visualized as
dark brown spots either on the surface (Fig. 9c, red arrows) or in the
reticular dermis (Fig. 9d, red arrows), proving their ability to distribute
all over the area of the wound. This fact is further confirmed by the
permeation analysis, which shows a proportional increase in the per-
centage of Cu?* ions present over time, derived from the initially added
NPs, which is an indication of the percolation ability of the hybrid NPs
(Fig. 9€).

While early maturation stages of the skin construct are required to
mimic the wound bed, the presented data prove the epidermal barrier
function fidelity of the skin equivalents. This confirms the potential of
plasma-derived fibrin skin models as a physiologically relevant and
reliable in vitro system to test the performance of dermal treatments.

4. Conclusions

Herein we report how hybrid biodegradable polymeric nanoparticles
containing ICG and CuS are able to elicit a strong antimicrobial
photodynamic-based action on pathogenic bacteria. A synergetic action
is responsible for a total bacterial eradication over wild type S. aureus
and a 99.99 % reduction in the viability of MRSA after only 3 successive
short cycles (5 min) of NIR light irradiation. In addition, those nano-
particles are able to strongly reduce the biomass of mature biofilms. The
biodegradable nature of the composing organic materials (i.e., PLGA,
ICG and PVP) together with the demonstrated degradation under
physiological conditions of the CuS NPs nanoparticles used highlight the
clear advantage of this hybrid photosensitizer on the prevention of
potentially cytotoxic components bioaccumulation. A human skin sub-
stitute was also used to analyze the permeation characteristics of the
hybrid nanoparticles in the presence or absence of the epidermal layer.
Quantitative ionic copper analysis and qualitative ICG fluorescence
measurements revealed that the nanoparticles were unable to cross the
epidermis but they were able to permeate through a dermal layer
lacking epidermis, which make them interesting for their potential
application in the elimination of pathogenic bacteria from topical
wounds.
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