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A B S T R A C T

As an alternative to the extensive use and misuse of antibiotics, antimicrobial photodynamic therapy stands out as a non-selective, broad-spectrum, locally and 
spatially controlled antimicrobial therapy. Reactive oxygen and nitrogen species, generated by appropriate light on specific photosensitizers in the presence of tissue 
oxygen, cause rapid bacterial damage with reduced chances for bacteria to develop adaptive mechanisms of acquired or genetic resistance. Herein, we developed a 
light-responsive advanced wound dressing based on electrospun polycaprolactone (PCL) nanofibers decorated with PLGA microparticles (MPs) encapsulating a 
polymethine cyanine dye (Br-CY5). This bilayer system was designed to enable bacterial inactivation upon light irradiation while providing sustained dye release and 
mechanical stability suited for chronic wound environments. The hybrid dressing was evaluated against Staphylococcus aureus, which is a bacterial pathogen 
commonly present on chronic infected wounds, addressing a 99.9 % reduction in the bacterial load after irradiating the dressing with a 640 nm LED for 15 min. 
Additionally, the cytotoxicity of the free dye and the developed dressing was assessed on various eukaryotic cell lines to ensure cytocompatibility. These results 
highlight the potential of this bilayered photodynamic system as an effective and safe antimicrobial wound dressing for managing chronic infections.

1. Introduction

Injuries resulting from burns, trauma, or surgical procedures not only 
exert a physical toll on individuals but also their care imposes a sub
stantial economic and social burden on national healthcare systems. 
Acute wounds generally follow a well-orchestrated and efficient healing 
process, however a potential bacterial infection can introduce com
plexities, impeding the natural healing process and predisposing the 
wound to chronicity [1–3]. The conventional approach to mitigate the 
risk and impact of bacterial infections involves an initial wound 
cleansing and debridement followed by the extensive application of 
topical antiseptics or, in cases where the bone might be compromised (e. 
g., osteomyelitis, necrotizing fasciitis), antibiotics [4–6]. However, the 
rapid emergence of antibiotic-resistant strains of bacteria has prompted 
a judicious limitation for antibiotic use, emphasizing the importance of 

proper selection, dosage, and duration of treatments to prevent the 
development of resistance [2,6,7]. Antimicrobial resistance (AMR) 
stands as a formidable challenge to global public health, heralding a 
time when the once-powerful arsenal of conventional antibiotics is 
becoming progressively less effective, compromising the ability to 
combat bacterial infections and amplifying the number of untreatable 
diseases. According to the 2024 Lancet report [8], the global failure to 
tackle the problem of antibiotic resistance will globally cause an esti
mated 1.91 million deaths attributable to AMR and 8.22 million deaths 
associated with AMR in 2050, meaning that AMR will cause 39 million 
deaths between 2025 and 2050 – which equates to three deaths every 
minute.

As a proactive response to this urgent and escalating threat, re
searchers are fervently exploring alternative strategies that can 
circumvent the limitations of traditional antimicrobial agents. Among 
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these innovative approaches, Antimicrobial Photodynamic Therapy 
(aPDT) emerges as a promising avenue, showcasing the potential to 
revolutionize the landscape of infectious disease treatments [9–12]. The 
core of aPDT lies in a groundbreaking concept that harnesses the power 
of light in conjunction with a photosensitizer (PS). These PSs, when 
activated by specific light wavelengths, induce a cascade of reactions 
leading to the generation of singlet oxygen and/or reactive oxygen 
species (ROSs). Depending on the PS used, electron transfer processes 
trigger the production of superoxide anions and other reactive oxygen 
species (•OH, O2•

− , H2O2) (type I reactions) whereas energy transfer 
processes can produce singlet molecular oxygen (1O2) (type II reactions) 
[13]. This orchestrated process culminates in the selective inactivation 
of microbial pathogens. The advantage in the use of aPDT compared to 
conventional antibiotics is its ability to transcend the specificity limi
tations associated with traditional drugs. In fact, aPDT operates through 
a broader spectrum of activity, making it potentially effective against a 
diverse array of pathogens, including those that have developed resis
tance to conventional antibiotics. Systemic side effects are avoided due 
to its local application. ROS are very short lived species so, residual 
doses do not induce adaptation mechanisms on bacteria as antibiotics 
do. Having multiple mechanisms of antimicrobial action due to the 
non-selective oxidative stress generated by ROS, the chances for bacteria 
to develop resistance are minimized when using aPDT.

In this context, the choice of PSs becomes pivotal in determining the 
success of the therapy. Since the first use of eosin in 1904, various PSs 
were investigated, and within the last 20 years, several approaches were 
designed to optimize the photodynamic properties of PS by modifying 
the chemical structure or by developing new classes of PSs [13–15]. 
Among them, the phenothiazinium group, which includes methylene 
blue (MB) and toluidine blue O (TBO) are widely used in aPDT thanks to 
their cationic nature, able to bind both gram-negative and positive 
bacteria [15,16]. As an alternative, polymethine dyes (PMDs) such as 
cyanines (CYs) and squaraines (SQs) are known for their fluorescence 
and absorbance in the near-infrared window (also known as optical 
window or therapeutic window), which is broadly defined in biomedical 
PDT literature to include wavelengths starting around 640 nm and 
extending beyond 700 nm [17,18]. This classification is functionally 
relevant due to its tissue penetration and phototherapeutic applicability 
with a reduced autofluorescence compared to blue or green light. In fact, 
water and biological chromophores (i.e., melanin, hemoglobin, etc.) 
show a minimal light absorption in that region and consequently light 
reaches deeper regions in the physiological tissues (compared to VIS 
light) [19,20]. This makes them ideal candidates for bioimaging and 
therapeutic applications, thanks to their extended conjugated system, 
resulting in unique optical properties with enhanced photostability, 
efficient singlet oxygen generation, and biocompatibility [13,21]. 
However, their tendency to self-aggregate in biological media can 
significantly affect their photochemical properties, detrimental in view 
of an efficient aPDT due to a reduction in the ROS generation capability. 
To overcome these drawbacks, a possible solution is the incorporation of 
these dyes inside drug delivery systems, allowing to prevent the for
mation of dye aggregates in physiological media and protect their 
photochemical characteristics [22–25]. For the effective management of 
infected wounds, a promising approach could be represented by the use 
of advanced wound dressings, which could play an important role dur
ing the healing process. In fact, ideal wound dressings containing anti
microbial compounds should protect the wound from physical damage 
and provide adequate gaseous exchange, absorb wound exudates, while 
reducing the bacterial bioburden on the wound bed [3,26].

In this context, electrospun fibers have gained significant attention in 
the field of biomedical applications, including both aPDT and wound 
healing. Electrospinning is a versatile technique that allows the pro
duction of nanofibrous materials with high surface area, porosity, and 
tunable properties, providing a high surface-to-volume ratio, thus 
facilitating the loading of large amounts of PSs within the fibers and also 
a better release and penetration of the PSs in the bacterial environment, 

aiding in their destruction after aPDT [26–28]. Compared with the use of 
the free PSs, electrospun PS-loaded dressings can act as controlled 
release systems with extended duration of action for the loaded PSs [29,
30]. Also, the dressing itself acts as a protective barrier to prevent PS 
degradation from photobleaching and from the physiological 
pro-inflammatory oxidative environment generated after wounding. 
The exploration of incorporating dyes into electrospun fibers has been 
extensive, particularly utilizing a range of biodegradable and biocom
patible polymers such as polycaprolactone (PCL), poly(lactic-co-glycolic 
acid) (PLGA), polylactic acid (PLA), and chitosan. Various commercial 
dyes like methylene blue, indocyanine green (ICG) and phthalocyanines 
have been loaded into these fibers for applications in aPDT and as po
tential regenerative medical devices with integrated aPDT capability 
[28,31]. For example, the combination of ICG and curcumin loaded into 
electrospun PLGA nanofibers has demonstrated a significant aPDT effect 
against both gram-positive and gram-negative bacteria [32]. Similarly, a 
curcumin-loaded PCL wound dressing showed aPDT efficacy in in vivo 
assays, leading to a notable decrease in the bacterial presence on 
infected mice wounds [33].

In the last few years, our group proposed different series of PMDs 
[34–36], among which different indolenine-based pentamethine cya
nines were developed. Interestingly, a brominated CY5 (Br-CY5) showed 
proper photochemical properties, excellent ROS production ability, and 
PDT activity against MCF-7 tumour cell lines [36] and could be 
considered as a potential candidate for aPDT. The present work aims to 
develop a light responsive advanced wound dressing based on electro
spun PCL fibers decorated with CY-loaded PLGA microparticles (MPs), 
able to inactivate bacteria after irradiation. Firstly, Br-CY5, COOH-CY5 
(used as negative control) and toluidine blue O (as gold-standard 
molecule) (see structures in Fig. 1) were tested as aPDT PSs against 
representative gram-positive Staphylococcus aureus bacteria (S. aureus). 
To achieve a sustained release and preserve the photodynamic activity 
of the most promising molecule Br-CY5, the dye was encapsulated in 
PLGA microparticles and subsequently sprayed onto PCL nanofiber 
mats. This strategy was chosen because PCL, while mechanically robust 
and suitable for chronic wound environments [37,38], degrades very 
slowly and can limit dye diffusion and photodynamic efficacy due to its 
high crystallinity. In contrast, PLGA enables a faster degradation profile 
and facilitates both initial surface dye release and prolonged release 
from its internal network. This bilayer approach thus combines the ad
vantages of both polymers to achieve a dressing capable of long-lasting 
antimicrobial action and mechanical resilience. Finally, the in vitro aPDT 
activity of the resulting electrospun fibers was evaluated.

2. Materials and methods

Polycaprolactone (PCL, Mn = 80,000 Da), phosphate buffered saline 
(PBS, 50 mM, pH 7.4) and toluidine Blue O were obtained from Sigma 
Aldrich (USA). PLGA (Resomer® RG 504) was obtained from Evonik 
Industries AG (Germany). Dichloromethane (DCM, >99 %), dimethyl 
sulfoxide (DMSO), N,N-dimethylformamide (DMF, >99 %) were ob
tained from Fisher Scientific (USA). All the chemicals were used without 
any further purification. GFP-expressing S. aureus strain, kindly donated 
by Dr. Iñigo Lasa (Universidad Pública de Navarra, Spain), was obtained 
using a pCN47 plasmid carrying a Phyper constitutive promoter as re
porter of the GFP expression.

2.1. Synthesis of Br-CY5 and COOH-CY5

The typical synthesis of symmetrical pentamethine cyanine dyes 
involves the condensation of the quaternary heterocyclic salts bearing 
an activated methyl group, with a malonodialdehyde derivative. The 
synthetic procedure followed to prepare the Br-CY5 and COOH-CY5 has 
been described in Pontremoli et al. [36]. The characterization of the final 
Br-CY5 and COOH-CY5 as well as all the intermediate compounds agree 
with literature values [35,36].
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2.2. Evaluation of the reactive oxygen species (ROS) generation

To evaluate ROS generation, three different scavenger molecules 
were used as probes to detect generated ROS. Firstly, 1,3-Diphenyliso
benzofuran (DPBF) (>97 %, Sigma Aldrich) was selected by following 
the protocol previously described in the literature [22,34,36]. Stock 
solutions of DPBF [740 μM], Br-CY5 and COOH-CY [350 μM] were 
prepared in DMSO, while the stock solution of toluidine [350 μM] was 
prepared directly in PBS. Each solution was then diluted in PBS to obtain 
the final desired concentration (25 μM for DPBF, 5 μM for cyanines and 
toluidine) placed in a 1 cm quartz cell and irradiated in an aerated solar 
box (Solarbox 3000e, 250 W xenon lamp, CO.FO.ME.GRA) at various 
time intervals. Light was filtered through an optical filter with a 515 nm 
cut-off, to avoid DPBF degradation. At predefined time points, absorp
tion spectra were recorded on a Cary 300 Bio spectrophotometer (Var
ian, Santa Clara, CA, USA). Measurements were conducted within the 
300–600 nm range at room temperature using quartz cuvettes with a 1 
cm pathway length. The decrease in the DPBF absorption contribution at 
415 nm was plotted as a function of the irradiation time.

DCFH was employed as second probe to evaluate the ROS production 
of the dyes, by following the procedures reported in the literature [39,
40]. 2′,7′-Dichlorofluorescein (DCFH) is a nonfluorescent compound that 
after oxidation produces 2′,7′-dichlorofluorescein (DCF), a strong fluo
rescent molecule. DCFH was prepared starting from DCFH-DA (2′, 
7′-Dichlorofluorescein diacetate, Calbiochem) by mixing 0.5 mL of 1.0 
mM DCFH-DA in methanol with 2.0 mL of 0.01 N NaOH, at room tem
perature for 30 min. After the reaction time, the mixture pH was 
neutralized at pH 7.4 by using 10 mL of 25 mM NaH2PO4. This solution 
was stored in a freezer and protected from the light until further use. The 
1O2 scavenger activity can be monitored through an increase in the 
emission fluorescence of DCF at 520 nm, using the excitation wave
length of 495 nm.

All the measurements were performed in a total volume of 3.0 mL of 
phosphate buffer (10 mM, pH 7.4), containing 1 μL of DCFH solution and 
SQ (0.5 μM). Each solution was placed in a 1 cm quartz cell and irra
diated at different time points under stirring in an aerated solar box 
(Solarbox 3000e, 250 W xenon lamp, CO.FO.ME.GRA) with a 250 W 
lamp. Light was filtered in an optical filter with a 515 nm cut-off, to 
avoid DCFH degradation.

At predefined time points (30, 60, 90, 120, 240 and 300 s), fluo
rescence emission spectra were recorded by using a Horiba Jobin Yvon 
Fluorolog 3 TCSPC fluorimeter. The increase in the DCF fluorescence 
emission at 520 nm was finally plotted as a function of the irradiation 
time.

A third protocol was assessed to confirm if the ROS production ca
pacity of Br-CY5 was maintained when in contact with S. aureus by using 
the oxidation sensitive probe dihydrorhodamine 123 (DHR 123, Sigma- 
Aldrich, USA), modifying the protocol reported in the literature [39]. 
Briefly, a 109 Colony Forming Units per mL (CFU/mL) stock dispersion 
of S. aureus was prepared in PBS and a 400 μM stock solution of Br-CY5 
was prepared in DMSO. Then, both stock solutions were diluted in PBS at 
the final concentration of 1 × 105 CFU/mL of S. aureus and 100, 200 and 
400 nM of Br-CY5 and mixed in P96 well plates. A stock solution of DHR 
123 was prepared in DMSO and diluted in PBS at pH 7.4 to obtain a final 
concentration of 40 μM. After 1 h of incubation, the solution of DHR 123 
in PBS was added into each well and irradiated with a compact RED-LED 
array-based illumination system specifically designed and produced by 

Cicci Research s.r.l (Italy). This illumination system includes a RED-LED 
array (light source with excitation wavelength: 640 nm) composed of 96 
LEDs arranged in 12 columns x 8 rows. The irradiance was set at 5.5 
mW/cm2. At predefined time points (15, 30, 45 and 60 min), the fluo
rescence of each well was recorded with a Varioskan LUX multimode 
microplate reader (Thermo Fisher Scientific, USA) in order to evaluate 
the increase in the DHR 123 emission contribution at 530 nm (excitation 
wavelength 488 nm) characteristic of the ROS generated. The increase 
in the DHR 123 emission was then plotted as a function of the irradiation 
time. The obtained values were compared with an untreated solution of 
105 CFU/mL of S. aureus, used as a negative control. Moreover, the same 
experiment was conducted in the absence of S. aureus, replacing bacteria 
with PBS, in order to investigate if the ROS production of Br-CY5 was 
affected by the presence of S. aureus.

All measurements were performed in triplicate starting from 
different stock solutions and plotted as averages with the corresponding 
standard deviations.

2.3. Effect of the time and irradiation power on the temperature

In order to investigate the effect of different irradiation times and 
power on bacterial inactivation, a preliminary temperature evaluation 
test was conducted to confirm that the bacterial inactivation was caused 
by the photodynamic effect induced by the presence of the PS and not by 
a photothermal effect. For this purpose, Br-CY5 was first dissolved in 
DMSO and then appropriately diluted in PBS to obtain different con
centrations of 100, 200 and 400 nM (total amount of DMSO <1 %). 
Then, solutions of Br-CY5 were placed in P96 well plates and irradiated 
by using a compact RED-LED array-based illumination system (Cicci 
Research s.r.l, Italy), using an irradiance of 5.5, 7, and 17.4 mW/cm2 up 
to 120 min. A thermocouple was immersed in each well in order to 
evaluate the potential increase in the temperature during the experi
ment. Moreover, the same experiment was conducted in the absence of 
Br-CY5 (using PBS, as a reference).

2.4. Evaluation of the Br-CY5 photodegradation

A stock solution of Br-CY5 was prepared in DMSO and diluted in PBS 
at the final concentration of 44 μM in P96 well plates and irradiated with 
a compact LED array-based illumination system (Cicci Research s.r.l, 
Italy). The irradiance was set at 5.5 mW/cm2. At predefined time points 
(1, 3 and 8 min), the absorbance of the Br-CY5 was recorded by using a 
Varioskan LUX multimode microplate reader in the range of 500–800 
nm at room temperature. The Br-CY5 photodegradation was evaluated 
by following the decrease in the absorbance at 650 nm as a function of 
the irradiation time.

2.5. Preparation of electrospun PCL nanofibers decorated with empty 
PLGA MPs and Br-CY5-loaded PLGA MPs

Electrospun PCL fibers were firstly prepared by following the pro
tocol previously reported in the literature [3,40] using a Professional 
LabDevice electrospinner (Doxa Microfluidics, Spain) equipped with an 
8 cm aluminum disc collector covered with aluminum foil and a needle 
(inner diameter, 0.6 mm) as injector. Collector and injector were con
nected to a negative and a positive high voltage source, respectively.

A solution of PCL (10 % w/w) in a mixture of DCM and DMF (1:1 v/v) 

Fig. 1. Molecular structure of the selected dyes.
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was prepared and stirred at room temperature overnight. The solution 
was transferred to a 10 mL syringe, sonicated to remove air bubbles, and 
connected to the injector. The distance between injector and collector 
was set at 18 cm, the flow rate was set at 1 mL/h and voltages were set at 
+7.2 and − 4.1 kV for the injector and the collector, respectively. A 2D 
motion module was applied for 2 h to obtain a homogeneous electrospun 
mat.

For the decoration of the previously formed PCL mats with PLGA 
MPs, a previously reported protocol was adapted [3]. Briefly, a PLGA 
solution (10 % w/w) in DMF was prepared. For Br-CY5 loaded MPs, a 
dye solution (10 mg/mL) in DCM was added to the PLGA solution to 
reach a final dye concentration of 0.5 mg/mL. This concentration was 
selected using toluidine as a dye model due to the availability of this 
commercial dye. When the toluidine concentration was above 0.5 
mg/mL, significant instability impaired the electrospraying process. 
Without removing the previously prepared PCL fiber mat from the col
lector, the injector to collector distance was changed to 30 cm, the flow 
rate was set at 0.5 mL/h and voltages were adjusted to +11.6 and − 4.1 
kV for empty PLGA MPs and +14.3 and − 4.4 kV for Br-CY5 loaded MPs, 
in order to obtain a stable Taylor’s cone (Table 1). A 2D motion module 
was applied for 4 h to uniformly cover the previously obtained PCL mat 
with the electrosprayed dye-loaded PLGA MPs. Samples were named as 
PLGA-PCL for PCL mats decorated with bare PLGA MPs and 
Br-CY5@PLGA-PCL for PCL mats decorated with Br-CY5 loaded PLGA 
MPs.

2.6. Characterization of the electrospun PCL nanofibers decorated with 
empty PLGA MPs and Br-CY5-loaded PLGA MPs

Scanning Electron Microscopy (SEM). The morphology of the bare PCL 
fibers, PLGA-PCL and Br-CY5@PLGA-PCL was evaluated by SEM using 
an Inspect F-50 microscope (FEI Company, Netherlands). For the SEM 
observations, fibers were attached with conductive carbon tape to a 
microscope sample holder and coated with a Pd layer (5 nm). The fibers 
thickness as well as the PLGA MPs diameters were measured using 
ImageJ software (N = 100).

Entrapment Efficiency (EE%) and drug loading content (LC%) evalua
tion. The amount of dye loaded in the electrospun Br-CY5@PLGA-PCL 
was calculated by a direct method using UV–Vis spectroscopy. A cali
bration curve of free Br-CY5 in DMSO (at the absorption wavelength of 
652 nm) was prepared as previously reported by the authors [36]. Then, 
5 mg of electrospun Br-CY5@PLGA-PCL were dissolved in DMSO and 
sonicated for 5 min to facilitate the dissolution of the MPs and the 
release of the encapsulated dye to the solution. The latter was then 
analyzed by UV–Vis in a Varioskan LUX multimode microplate reader 
and by using the Beer-Lambert equation (molar extinction coefficient, ε, 
of Br-CY5 = 265,000 M− 1cm− 1) the concentration of the released dye 
was calculated. The final entrapment efficiency as well as the drug 
loading content were calculated according to the standard equations (1) 
and (2) [41]: 

Entrapment Efficacy EE (%)=
mg of released Br − CY5

mg of initial weighted Br − Cy5
⋅100 (1) 

Drug Loading Capacity LC (%)=
mass of Br − CY5 (encapsulated)

mass of Br − CY5@PLGA − PCL fibers
⋅100

(2) 

2.7. Drug release studies from Br-CY5@PLGA-PCL fibers

Drug release studies were carried out in PBS supplemented with 
Tween-20 at 2 % v/v (in order to mimic the effect of amphiphilic 
compounds present in culture media). Some membranes of Br- 
CY5@PLGA-PCL fibers were cut and incubated in the release medium 
at 37 ◦C under agitation (150 rpm) for different times (0, 1, 2, 4, 6 and 
24 h) under sink conditions. At each time point, the corresponding 
membrane was removed and Br-CY5 absorbance (650 nm) was 
measured in a Varioskan LUX multimode microplate reader. Br-CY5 
concentration was obtained by interpolation with a calibration curve 
derived from different Br-CY5 solutions of known concentrations in the 
release medium. To gain a deeper understanding of the release mecha
nisms of the dye, the Korsmeyer–Peppas equation [42] was applied to 
estimate the release exponent n. This parameter helps classify the type of 
release mechanism. Specifically, an n value lower or corresponding to 
0.45 indicates diffusion-controlled release, values of n between 0.45 and 
0.89 denote an anomalous (non-Fickian) release while a value of 0.89 
suggests swelling or relaxation-controlled release, whereas n values 
exceeding 0.89 imply the involvement of additional mechanisms beyond 
diffusion and swelling/relaxation. Experiments were conducted in 
triplicate, with one membrane for each time point and three replicas.

2.8. In vitro bacterial assay for evaluating planktonic growth inhibition

GFP expressing S. aureus strain was selected to evaluate the antimi
crobial properties of Br-CY5, COOH-CY5, toluidine and electrospun Br- 
CY5@PLGA-PCL systems before and after irradiation.

To initiate the bacterial culture, a colony of the bacterium was 
cultured in 4 mL of TSB at 37 ◦C under stirring conditions (150 rpm) 
overnight. The bacterial culture was centrifuged (1500 rpm for 5 min) 
and the pellet was washed with PBS (to remove TSB) and finally diluted 
with PBS to obtain a concentration of 108 CFU/mL.

Due to their hydrophobic nature Br-CY5 and COOH-CY5 were firstly 
dissolved in DMSO and then appropriately diluted in PBS to obtain 
different concentrations of the samples with a total amount of DMSO less 
than 1 %, while toluidine was directly solubilized in PBS and diluted to 
the desired concentrations. Then, 20 μL of Br-CY5, COOH-CY5 and to
luidine solutions were placed in contact in a P96 well plate with 180 μL 
of the prepared S. aureus inoculum to obtain the final concentration of 
100, 200, and 400 nM for Br-CY5, COOH-CY5 and toluidine. Addition
ally, final concentrations of 1, 5, and 10 μM for toluidine were also 
tested, according to the amounts usually employed in the literature [43,
44].

The culture was incubated at 37 ◦C and under stirring conditions 
(150 rpm) for 120 min to allow the dye to diffuse. Irradiation (λ = 640 
nm) was then carried out by using the compact RED-LED array-based 
illumination system previously mentioned. For standard treatments, the 
following parameters were used: 15 min of irradiation, (irradiance 5.5 
mW/cm2, fluence 5 J/cm2). Other experiments were performed main
taining the irradiance at 5.5 mW/cm2, increasing the irradiation time: 
30 min (fluence 9.9 J/cm2), 45 min (fluence 14.85 J/cm2) and 60 min 
(fluence 19.8 J/cm2) or increasing both the irradiance at 7 mW/cm2 and 
the irradiation time: 15 min (fluence 6.2 J/cm2), 30 min (fluence 12.6 J/ 
cm2), 45 min (fluence 18.9 J/cm2) and 60 min (fluence 25.2 J/cm2). 
After 1 h of incubation, viable bacteria were quantified by the serial 
dilution method. To evaluate the potential dark toxicity, the same ex
periments were performed maintaining the samples in the dark. Each 
experimental condition was performed in duplicate in three 

Table 1 
Parameters for the preparation of the PLGA-PCL fibers and Br-CY5@PLGA-PCL fiber using electrospinning. “RH” stands for relative humidity and “HV” stands for high voltage.

Samples Temp. [◦C] RH [%] HV injector [kV] HV collector [kV] PCL-solution flow rate [mL/h] PLGA-solution flow rate [mL/h]

PLGA-PCL 28 19.3 +11.66 − 4.1 1.0 0.5
Br-CY5@PLGA-PCL 29 15.6 +14.3 − 4.4 1.0 0.5
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independent experiments.
The same experimental setup was maintained for the evaluation of 

the antimicrobial activity of the electrospun Br-CY5@PLGA-PCL system, 
by analyzing a piece of the fibers containing the highest concentration of 
tested free Br-CY5 (i.e., 400 nM) and evaluating also the 800 nM con
centration irradiated after an incubation of 1 and 24 h with bacteria.

2.9. Confocal analysis

In order to study bacterial adhesion to the synthesized electrospun 
systems, the intrinsic fluorescence of the GFP protein expressed by the 
S. aureus bacterial strain and the fluorescence of the Br-CY5 incorpo
rated into the MPs were both utilized. To visualize dead bacteria, the 
samples were stained with propidium iodide (PI). After 1 h of incubation 
of bacteria with the decorated fibers, those were fixed by incubation in a 
4 % v/v paraformaldehyde in PBS solution for 45 min. Subsequently, 
samples were washed with PBS and incubated in a 10 μM PI solution for 
30 min, followed by another PBS wash to remove the excess of PI in the 
samples before preparing them for visualization. This entire process was 
performed in the dark to prevent Br-CY5 and PI degradation. For the 
irradiated samples, the mats where irradiated at 17.4 mW/cm2 for 15 
min before fixation. Samples were visualized by using a confocal mi
croscope (Confocal Zeiss LSM 880, Zeiss, Germany).

2.10. In vitro cytotoxicity assay

The cytotoxicity of the Br-CY5 PS and the Br-CY5@PLGA-PCL sys
tems was evaluated in a 2D model with three different cellular lines: 
human dermal fibroblasts (NHDF-Ad, Lonza, Belgium), keratinocytes 
(HaCaT, kindly donated by Dr. Pilar Martin-Duque) and J774A.1 mac
rophages (ATCC-TIB-67™, LGC Standards, Spain). All cell lines were 
cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM 
w/stable glutamine, Biowest, France) supplemented with 1 % (v/v) 
antibiotic-antimycotic solution (PSA, Biowest, France), and 10 % (v/v) 
fetal bovine serum (FBS, Gibco, USA) in a 5 % CO2 atmosphere at 37 ◦C.

Fibroblasts, macrophages and HaCaT cells were seeded in P96 well 
plates and cultured for 24 h to ensure the adhesion of cells to the bottom 
of the wells. Then, the culture medium was replaced with fresh medium 
containing the tested concentrations of Br-CY5 and the pre-weighed 
fragments of the Br-CY5@PCL-PLGA system. The PCL-PLGA system 
was also assayed to ensure the cytocompatibility of the polymers 
without the PS. After 24 h cytotoxicity was evaluated by measuring cell 
metabolism with the Blue Cell Viability assay (Abnova, Taiwan) 
following the manufacturer’s instructions. Cells were incubated with the 
reagent (10 % v/v in DMEM) for 4 h (37 ◦C and 5 % CO2 atmosphere) 
and the fluorescence was read (λex/λem 530/590 nm) in a Varioskan LUX 
multimode microplate reader. Viability was determined by interpola
tion, considering 100 % of cellular viability the fluorescence of un
treated cells.

Three experiments with 4 replicas were performed to obtain results 
as mean ± SD.

2.11. Statistical study

Data were reported as an average of 3 independent experiments with 
the corresponding standard deviations (SD). Statistical analyses were 
performed using the two-tailed Student’s t-test (Excel, Microsoft Office 
Professional Plus 2016) to determine the difference between the two 
groups (dark vs. light). Differences with a p-values (p) < 0.05 were 
considered statistically significant and represented as follows *: p < 
0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. Concerning the in 
vitro cytotoxicity tests, data were analyzed using GraphPad Prism 8 
(GraphPad Software Inc., USA) by two-way ANOVA followed by mul
tiple comparison tests. Statistical significance was defined as follows: *p 
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing un
treated control cells with treated cells.

3. Results and discussion

3.1. Evaluation of the ROS by using DPBF and DCHF as probes

To fully compare the photodynamic response of the three dyes, a 
preliminary assessment of the ROS production ability of the three PSs 
under study was conducted using both DPBF and DCHF as probes by 
monitoring the absorbance decay at 415 nm and the emission increase at 
520 nm, respectively, under simulated sunlight exposure. COOH-CY5 
was used as a negative control due to its lack of significant ROS pro
duction [36], while, as we mentioned before, toluidine, a 
well-established photosensitizer, served as a literature standard known 
for its antimicrobial properties. As previously reported [36] and 
described in Fig. S1A, the COOH-CY5 sample showed negligible DPBF 
decay, as well as toluidine which showed just a moderate decay. Br-CY5 
showed the highest rate of DPBF decay, indicating significantly greater 
ROS generation than both toluidine and COOH-CY5.

To confirm the ROS production trends observed with DPBF, addi
tional measurements were performed using DCHF as an alternative ROS 
probe. As shown in Fig. S1B, the fluorescence intensity at 520 nm 
increased minimally for COOH-CY5, confirming its negligible ROS 
generation. Toluidine displayed a moderate fluorescence increase, 
consistent with its known photosensitizing properties. In contrast, Br- 
CY5 induced the most pronounced fluorescence enhancement, further 
supporting its superior ROS production capacity under simulated sun
light exposure. These results are in agreement with those obtained using 
DPBF, reinforcing the higher photodynamic efficiency of Br-CY5 
compared to the other compounds tested. These overall results suggest 
that Br-CY5 could be a promising candidate for applications requiring 
high ROS generation, such as antimicrobial treatments.

3.2. In vitro bacterial evaluation of free PS for planktonic growth 
inhibition

Once assessed the ROS production capability, Br-CY5, COOH-CY5 
and toluidine were tested against GFP expressing S. aureus bacteria to 
evaluate aPDT activity. Initially, aPDT treatment parameters were 
selected based on previous studies [22,36,45]. These parameters 
included dye concentrations of 100, 200 and 400 nM in 1 × PBS buffer at 
pH 7.4, an irradiation time of 15 min, fluence of 5 J/cm2, and irradiance 
of 5.5 mW/cm2. All samples exhibited no toxicity under dark conditions. 
When irradiated, Br-CY5 showed a substantial bacterial eradication with 
an approximately 2-log reduction of bacteria viability at all the tested 
concentrations (Fig. 2A). On the other hand, both COOH-CY5 and to
luidine did not demonstrate any aPDT activity at those concentrations 
(Fig. 2B and C, respectively). The behavior observed for COOH-CY5 was 
presumably expected, due to its low ROS production as already observed 
against cancer cells [36]. Concerning toluidine, the literature reported 
that the concentration useful to inactivate bacteria is generally above 5 
μM [46,47]. Therefore, we observed that by increasing the toluidine 
concentration up to 10 μM, a large bacterial eradication was observed, 
with a 2.5-log reduction at 5 μM and a complete bacteria elimination at 
10 μM (Fig. 2D).

As reported in Fig. 2A, the reduction in bacteria viability induced by 
Br-CY5 was not dependent on the concentration. To further investigate 
this behavior, we decided to evaluate the ROS production of the Br-CY5 
at different concentrations when in contact with S. aureus, following a 
protocol that better mimics the antimicrobial PDT environment, by 
using the oxidation-sensitive probe DHR 123. The difference in ROS 
production at each concentration between the dye alone in PBS and 
when in contact with bacteria was found to be negligible (Fig. 2E and F, 
respectively). Irrespective of the concentration tested, the ROS pro
duction increased during the first 45 min, reaching a plateau. Notably, 
the presence of bacteria in contact with the dye did not significantly 
affect its ROS production.

Based on these considerations, we decided to investigate the aPDT 
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effect of Br-CY5 by increasing both irradiation time and power. How
ever, the increase in power and irradiation time could lead to an un
wanted increase in temperature, potentially causing bacterial death (due 
to a photothermal effect and not due to a photodynamic one). Thus, 
before proceeding with the antibacterial test, an additional experiment 
was carried out to measure the kinetic increase in temperature under the 
presence of different concentrations of Br-CY5 (100, 200 and 400 nM) as 
a function of time (up to 2 h) with three selected irradiances (5.5, 7 and 
17.4 mW/cm2). As reported in Figs. S2A, S2B, and S2C irrespective of 
the irradiance selected, the temperature slightly increased from ~25 to 
~30 ◦C during the first hour of irradiation and then reaching a plateau 
until the maximum time evaluated (2 h). The same behavior was also 
observed for the samples just treated with PBS as control. These results 
confirm that the LED irradiation used, in the presence of Br-CY5, does 
not induce a sufficient temperature increase to cause bacterial death and 
the bacterial eradication observed was due a photodynamic effect solely.

Once assessed that the irradiation did not induce a relevant tem
perature increase, the antimicrobial assay was performed, by setting the 
different parameters reported in Table 2.

Fig. 3A, B and 3C report the antibacterial activity of different con
centrations of Br-CY5 under different irradiations over time. Specif
ically, Fig. 3A shows the response in terms of bacterial counts for Br-CY5 
irradiated at 5.5 mW/cm2. As previously observed (Fig. 2A), no signif
icant decrease in bacterial counts was evident in dark conditions for any 
of the concentrations tested. After irradiation, a significant reduction in 
bacterial counts could be observed. Nonetheless, the decrease in bac
terial count was not proportional to either dye concentration or irradi
ation time.

When the irradiance was increased to 7 (Figs. 3B) and 17.4 mW/cm2 

Fig. 2. In vitro antimicrobial effect of different concentrations of A) Br-CY5 at 100, 200 and 400 nM, B) COOH-CY5 at 100, 200 and 400 nM, C) Toluidine at 100, 200 
and 400 nM and D) Toluidine at 1, 5 and 10 μM against S. aureus (640 nm LED, irradiation time 15 min, fluence of 5 J/cm2, and irradiance of 5.5 mW/cm2). Each 
experimental condition was performed in duplicate in three independent experiments. Statistical analyses were performed using the two-tailed Student’s t-test (Excel, 
Microsoft Office Professional Plus 2016) to determine the difference between the two groups (dark vs. light). Differences with a p-values (p) < 0.05 were considered 
statistically significant and represented as follows *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. 
ROS production of Br-CY5 dye in PBS (E) and in contact with S. aureus (F) using DHR 123 (640 nm LED irradiance of 5.5 mW/cm2). All measurements were 
performed in triplicate starting from different stock solutions and plotted as averages with the corresponding standard deviations.

Table 2 
Parameters used for the aPDT treatments against S. aureus.

Irradiance (mW/cm2) Fluence (J/cm2)

15 min 30 min 45 min 60 min

5.5 5 9.9 14.8 19.8
7 6.3 12.6 18.9 25.2
17.4 15.8 31.3 46.8 62.6
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(Fig. 3C), a greater effect of both concentration and irradiation time was 
observed, with a significant reduction in bacterial counts especially 
when irradiated at 17.4 mW/cm2 at a concentration of 400 nM (up to 
approximately 4-log reduction). However, it is also evident that 
increasing the irradiation time for Br-CY5 at 400 nM using 17.4 mW/ 
cm2 irradiance did not result in a proportional decrease in bacterial 
viability, instead a plateau in the reduction of bacteria viability was 
observed. To further investigate this phenomenon, we decided to eval
uate the photostability of the molecule under different irradiations. As 
shown in Fig. S3, the dye exhibited photodegradation already when 
irradiated at 5.5 mW/cm2. Specifically, after 8 min of irradiation, the 
absorption peak decreases by 70 %, highlighting that the photosensitizer 
is probably uncapable to produce ROS. Thus, to protect the dye from the 
photodegradation, Br-CY5 was incorporated into PLGA MPs which were 
subsequently deposited on the electrospun PCL mats.

3.3. Preparation and physicochemical characterization of electrospun 
PCL nanofibers decorated with Br-CY5-loaded PLGA MPs

To be potentially used as wound dressings, Br-CY5 loaded PLGA MPs 
were electrosprayed onto the PCL mats previously prepared by elec
trospinning, as reported in the experimental section. For comparison, 
PCL mats decorated with empty (i.e., lacking Br-CY5) PLGA MPs were 
also prepared.

Morphological analysis was performed by SEM; for both the mats 
decorated with empty and Br-CY5 loaded PLGA MPs. On the bottom 
part, PCL mats revealed that nanofibers present high porosity, high 
tortuosity and a homogeneous diameter of 1.03 ± 0.2 μm (Fig. 4A and 
S4A). On the top side, electrosprayed PLGA MPs showed a spherical 
morphology and a uniform distribution, with a diameter of 0.80 ± 0.21 
μm (Fig. 4B and S4B). As evidenced in Fig. 4A despite the high porosity 
of the mats, MPs did not percolate through them, being only present on 
their top part, consistent with our previous work [3]. The loading of the 
Br-CY5 into the PGLA MPs did not modify the morphology of the par
ticles, while a slight increase in their sizes can be observed, with a 
diameter of 1 ± 0.2 μm, as is shown in Fig. 4C and D, S4C and S4D. The 
encapsulation efficiency of Br-CY5 in Br-CY5@PLGA-PCL was 57 wt%, 
with a loading content of 0.12 wt%.

3.4. In vitro bacterial assay of Br-CY5@PLGA-PCL system

The photodynamic effect of the Br-CY5@PLGA-PCL against Gram- 
positive S. aureus was investigated using the parameters described in 
Table 2, irradiating for 15 min and incubating the samples for 1 and 24 
h. Concerning the samples incubated for 1h, as reported in Fig. 4E, by 
using an irradiance of 5.5 mW/cm2, no bacterial inactivation was 
observed even at high concentrations (up to 800 nM). By increasing the 
irradiance to 7 mW/cm2, 1-log reduction was evident only at 800 nM 
dye concentration. On the contrary, 2-log reduction was obtained when 
irradiating at 17.4 mW/cm2, when working with 800 nM concentration. 
This decrease in the aPDT effect, compared to the free dye (see 
Fig. 3A–C), can be ascribed to the influence of the PLGA polymeric 
matrix. In fact, the presence of the polymeric matrix can scatter the 
incident light, decreasing the light dose able to excite the loaded cyanine 
dye [23]. Moreover, this experiment was performed just after 1 h of 
incubation of the system with bacteria. This time did not allow a sub
stantial release of the dye as shown in Fig. 4F. In the first hour of in
cubation just about 5 % of the dye was released, probably corresponding 
to the dissolution and the fast diffusion of the dye from the outermost 
part of the particles in contact with the aqueous release medium. The 
release kinetics of Br-CY5 could be probably ascribed to its reduced 
aqueous solubility in aqueous buffer as well as to the slow ero
sion/swelling of the PLGA MPs (i.e., a complete matrix erosion is 
reached after 3 months for Resomer® RG 504, according to the manu
facturer). To clarify the dye release mechanism, the equation of 
Korsmeyer-Peppas was employed to estimate the release exponent n. 
Br-CY5 delivery from PLGA microparticles turned out to be a purely 
Fickian diffusion-driven release, with an n exponent of 0.2. This suggests 
that the release is predominantly governed by passive diffusion through 
the polymer matrix, confirming the minimal contribution from polymer 
relaxation or erosion processes within the studied timeframe. Based on 
these considerations, the antimicrobial activity studies of 
Br-CY5@PLGA-PCL were also conducted after incubating the mem
branes with bacteria for 24 h. In Fig. 4E, a 1-log bacterial reduction was 
observed upon irradiation for 15 min at 5.5 mW/cm2, at both 400 and 
800 nM concentrations. The same behaviour can be observed increasing 
the irradiance to 7 mW/cm2, which led to a 1-log reduction for the 400 
nM of encapsulated Br-CY5 dye, and to a 1.5-log reduction was achieved 
when using the 800 nM one. Finally, the irradiation by using an irra
diance of 17.4 mW/cm2 for 15 min resulted in a 3-log reduction for both 
concentrations. These results indicate that the photodynamic antibac
terial activity of the encapsulated dye is less effective compared to that 

Fig. 3. In vitro antimicrobial effect of Br-CY5 against S. aureus bacteria at 
concentrations of 100, 200, and 400 nM, and irradiation times of 15, 30, 45, 
and 60 min (640 nm LED, Irradiance of A) 5.5 mW/cm2, B) 7 mW/cm2 and C) 
17.4 mW/cm2. Each experimental condition was performed in duplicate in 
three independent experiments.
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for the free dye, which achieved a 4-log bacterial viability reduction at 
400 nM at 17.4 mW/cm2. However, encapsulation provides photo
protection, allowing the dye to maintain its photodynamic activity even 
after 24 h of incubation and resulting in an extended duration of its 
antimicrobial action, which represents a very positive outcome.

3.5. Confocal fluorescent microscopy analysis

In order to visualize the detailed information about the spatial dis
tribution and dynamics of the antimicrobial photodynamic effect upon 
light irradiation, we performed confocal fluorescent microscopy. As 
shown in Fig. 5, confocal microscopy revealed the successful encapsu
lation of Br-CY5 within the PLGA MPs (blue channel) and the GFP 
expressed by viable bacteria (green channel). When bacteria die, their 
membrane becomes permeable, allowing PI to penetrate and stain the 
bacteria by binding to their intracellular DNA (red channel). As depicted 
in Fig. 5A, when fluorescent S. aureus bacteria were incubated with Br- 
CY5@PLGA-PCL mats but not irradiated, no dead bacteria were 
observed, as only fluorescent spots were seen in the green channel, and 
no fluorescent signal was observed in the red channel. However, when 
samples were irradiated at 17.4 mW/cm2, the bacteria began to die, as 
evidenced by the appearance of the red PI signals in the images. Addi
tionally, the orthogonal 3D projections displayed in Fig. 5B, showed that 
the bacteria were located on the outermost layer of the mat without 
penetrating it. Therefore, Br-CY5@PLGA-PCL mats can be effectively 
used also as prophylactic barriers, preventing the re-infection of the 
treated wounds, as bacteria are unable to traverse them.

3.6. In vitro cytotoxicity of Br-CY5@PLGA-PCL

Finally, we evaluated the in vitro cytotoxicity of the Br-CY5@PLGA- 
PCL fibers against epithelial and immune cells. In previous studies, it 

was found that Br-CY5 was cytotoxic against tumoral cells at concen
trations higher than 200 nM [36]. This concentration is considerably 
lower than the Br-CY5 concentration encapsulated in the material syn
thetized in this work but in this device the released dye exhibits bacte
ricidal activity against S. aureus and no cytotoxic effect against epithelial 
and immune cells attributed to the sustained release to the medium. It 
has been previously reported that the encapsulation of PSs in polymeric 
matrices could reduce their toxicity [3,48–50]. We assessed the deter
mination of the cytotoxicity in fibroblasts, keratinocytes, and macro
phages. According to the ISO 10993–5:2009 standard, a minimum 
viability of 70 % is considered a device as non-cytotoxic [51]. As shown 
in Fig. 6, the bactericidal concentration Br-CY5 (800 nM) was cytotoxic 
for the cellular lines tested, except for the fibroblasts (Fig. 6, left). 
However, when Br-CY5 was encapsulated in PLGA MPs, its cytotoxicity 
was significantly reduced exhibiting cell viability comparable to that of 
the untreated controls (Fig. 6, right). Therefore, the encapsulation of 
Br-CY5 in PLGA MPs, and their incorporation into PCL membranes, not 
only protects the PS from degradation but also reduces its cytotoxicity, 
allowing its use as a bactericidal agent that does not affect the eukary
otic cells tested.

4. Conclusions

This study explores the development of a light-responsive advanced 
wound dressing based on electrospun polymeric fibers decorated with 
cyanine-loaded polymeric microparticles (MPs), specifically designed 
for antimicrobial photodynamic therapy (aPDT). The incorporation of a 
brominated cyanine dye (Br-CY5) into PLGA microparticles and its 
subsequent integration into PCL electrospun fibers demonstrated sig
nificant antibacterial efficacy, presenting a promising approach for 
infection control in wound care.

At a concentration of 400 nM, the selected cyanine dye Br-CY5 

Fig. 4. SEM images of A) bottom side of PCL fibers decorated with empty PLGA MPs; B) top side of the mats having electrosprayed empty PLGA MPs; C) bottom side 
of PCL fibers decorated with Br-CY5 loaded PLGA MPs; D) top side of the mats having Br-CY5 loaded PLGA MPs. E) In vitro antimicrobial effect of Br-CY5@PLGA-PCL 
after 1and 24 h of incubation against S. aureus bacteria at concentrations of 400 and 800 nM after 15 min of irradiation using 640 nm LED and irradiances of 5.5, 7 
and 17.4 mW/cm2. Each experimental condition was performed in duplicate in three independent experiments. Statistical analyses were performed using the two- 
tailed Student’s t-test (Excel, Microsoft Office Professional Plus 2016) to determine the difference between the two groups (dark vs. light). Differences with a p-values 
(p) < 0.05 were considered statistically significant and represented as follows *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. F) Release profile of Br-CY5 
from Br-CY5@PLGA-PCL system. Measurements were performed in triplicate starting from different stock solutions and plotted as averages with the corresponding 
standard deviations.
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Fig. 5. Confocal fluorescent microscopy images: A) 2D visualization of Br-CY5@PLGA-PCL mats incubated with S. aureus expressing GFP without irradiation (top) 
and after irradiation at 17.4 mW/cm2 for 15 min (bottom), B) orthogonal 3D projections visualization of Br-CY5@PLGA-PCL mats incubated with S. aureus expressing 
GFP without irradiation (left) and after irradiation at 17.4 mW/cm2 for 15 min (right). Blue fluorescence corresponds to Br-CY5, GFP green fluorescence to GFP 
protein of viable S. aureus bacteria and red fluorescence to PI bound to the DNA of dead bacteria.

Fig. 6. In vitro cytotoxicity studies of Br-CY5 and the Br-CY5@PLGA-PCL system on different eukaryotic cell lines. Three experiments with 4 replicas were performed 
to obtain results as mean ± SD. Data were analyzed using GraphPad Prism 8 (GraphPad Software Inc., USA) by two-way ANOVA followed by multiple comparison 
tests. Statistical significance was defined as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing untreated control cells with treated cells.
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achieved a remarkable 2.5-log reduction in bacterial growth, a higher 
reduction compared to the 5 μM threshold required for toluidine (used 
as standard) to exhibit antimicrobial efficacy. The use of extended 
irradiation at varying irradiances revealed a light-dose-dependent bac
terial reduction, with 99.99 % eradication of S. aureus achieved after 15 
min of irradiation at 17.4 mW/cm2, offering a compelling solution for 
efficient aPDT applications. The investigation into the reactive oxygen 
species (ROS) production capacity of Br-CY5 highlighted its superior 
efficiency, surpassing even toluidine in generating ROS within the first 5 
min of exposure. However, Br-CY5 showed photodegradation after 8 
min of irradiation. To face this drawback and to design a wound dressing 
to treat bacterial infections, Br-CY5 has been incorporated into PLGA 
microparticles (MPs) and then deposited onto PCL nanofiber mats that 
allowed to protect the dye’s photochemical integrity while ensuring 
stable release and enhanced efficacy. The morphological examination of 
the PCL nanofibers revealed a highly porous structure with a diameter of 
around 1 μm. After an optimization process, Br-CY5 loaded PLGA MPs 
with a size of 1 ± 0.21 μm were successfully and uniformly distributed 
on the surface of PCL nanofiber mats, to be potentially used as advanced 
wound dressings. With a high entrapment efficiency reaching a con
centration of 1.2 μg of Br-CY5 per mg of Br-CY5-PLGA@PCL mat and 
consistent distribution of the loaded MPs, the developed nanofiber mats 
demonstrated a sustained release of the dye in 24 h and a substantial 3- 
log reduction in bacterial growth after 24 h of incubation and 15 min of 
irradiation, offering a promising approach for improving aPDT strate
gies. Overall, this study presents a novel, efficient, and stable material 
for targeted antimicrobial therapy, with strong potential for applications 
in infection control and wound healing.
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Biocompatible indocyanine green loaded PLA nanofibers for in situ antimicrobial 
photodynamic therapy, Mater. Sci. Eng. C 115 (2020) 111068, https://doi.org/ 
10.1016/j.msec.2020.111068.

[32] B. Gutberlet, E. Preis, V. Roschenko, U. Bakowsky, Photothermally controlled drug 
release of poly(d,l-lactide) nanofibers loaded with indocyanine green and curcumin 
for efficient antimicrobial photodynamic therapy, Pharmaceutics 15 (2023) 327, 
https://doi.org/10.3390/pharmaceutics15020327.

[33] K.B.R. Teodoro, A.D. Alvarenga, L.F. Rocha Oliveira, P.A. Marques Chagas, R. 
G. Lopes, R. da S. Andre, L.A. Mercante, F. Alves, M.D. Stringasci, H.H. Buzza, N. 
M. Inada, D.S. Correa, Fast fabrication of multifunctional PCL/curcumin 
nanofibrous membranes for wound dressings, ACS Appl. Bio Mater. 6 (2023) 
2325–2337, https://doi.org/10.1021/acsabm.3c00177.

[34] B. Ciubini, S. Visentin, L. Serpe, R. Canaparo, A. Fin, N. Barbero, Design and 
synthesis of symmetrical pentamethine cyanine dyes as NIR photosensitizers for 
PDT, Dyes Pigments 160 (2019) 806–813, https://doi.org/10.1016/j. 
dyepig.2018.09.009.

[35] L. Serpe, S. Ellena, N. Barbero, F. Foglietta, F. Prandini, M.P. Gallo, R. Levi, 
C. Barolo, R. Canaparo, S. Visentin, Squaraines bearing halogenated moieties as 
anticancer photosensitizers: synthesis, characterization and biological evaluation, 
Eur. J. Med. Chem. 113 (2016) 187–197, https://doi.org/10.1016/j. 
ejmech.2016.02.035.
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