NIR dye-based electrospun fibers for antimicrobial photodynamic therapy
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[bookmark: _Hlk21513966]Abstract
Antimicrobial photodynamic therapy (aPDT) has emerged as a promising strategy to improve antimicrobial treatment and face the antibiotic resistance to conventional therapy. Among the different photosensitizers, Near Infrared (NIR) polymethine dyes (Squaraines, SQs and Cyanines, CYs) have attracted considerable attention although, their poor aqueous solubility and stability still limit their application. Their incorporation inside nanoparticles (NPs) or into electrospun fibers, could help to prevent dye aggregation, protect their photochemical properties, and play a key role in the infection treatment.
Cys and SQs were characterized before and after the incorporation, showing improved optical properties and photostability. In addition, their ability to produce Reactive Oxygen Species (ROS), responsible of bacterial death, was evaluated, proving that the ROS generation ability is preserved after the incorporation. Furthermore, in vitro antimicrobial studies against Gram-negative and Gram-positive models showed a good antimicrobial effect after the irradiation, confirming the potential of these nanophotosensitizers for aPDT in the local treatment of infections.
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1	Introduction and Background
A possible strategy to fight the antimicrobial resistances in acute wounds is the application of antimicrobial photodynamic therapy (aPDT) [1]. 
As photosensitisers (PSs), polymethine dyes (PMDs) [2], i.e. cyanines and squaraines, with absorption in the NIR region are retaining great attention thanks to the use of NIR light which promotes deeper tissue penetration in the wound bed.
However, their low solubility and stability in aqueous media makes them ineffective for aPDT. A possible solution would be the incorporation of these dyes inside nanoparticles (NPs), or into electrospun fibers, which can prevent the formation of dye aggregates in physiological medium, protect their photochemical characteristics, and play an important role in the treatment of infection during the healing process [3]. 
2	Aims
In this context, the present contribution aims to develop a light responsive advanced wound dressing based on electrospun polymeric fibers incorporating cyanine or squaraine both free or loaded into different nanoparticles, to treat wound-associated infections while fighting antimicrobial resistance and avoiding toxicity against eukaryotic cells.
3	Methods
Different series of cyanines and squaraines with absorption in the NIR have been synthesized and fully characterized by means of UV-Vis and fluorescence spectroscopy as well as Nuclear Magnetic Resonance (NMR) and mass spectrometry to evaluate their photochemical properties and purity degrees, respectively. The indolenine ring has been functionalized with different substituent groups (bromine and carboxylic group) to understand the influence of the substitution on ROS generation ability and antimicrobial activity. Instead of the use of conventional VIS-light for the activation of the PS, the use of NIR light promotes tissue penetration with the consequent activation of the PS deeper in the wound bed. To overcome their issues related to the solubility and stability under physiological conditions, both cyanines and squaraines have been incorporated into nanoparticles of different nature (i.e., polymeric and/or Metal Organic Frameworks, MOFs) and fully characterized. In particular, the ability to produce reactive oxygen species (ROS) before and after the incorporation, upon irradiation, has been assessed. These dyes and dye-based nanomaterials have been then integrated in a polymeric based electrospun dressing in order to locally release the NIR dye to remove pathogenic bacteria after irradiation and accelerate the natural healing process. Once optimized the final formulation, the antibacterial action of the resulting wound dressing has been tested in an in vitro model of acute wounds to evaluate the antibacterial activity before and after the irradiation on different bacteria either in planktonic or sessile forms.
4	Results
The UV–vis absorption spectra recorded in Dimethyl Sulfoxide (DMSO) of all the Cyanine and Squaraine dyes showed a narrow absorption band in the NIR, perfectly matching the phototherapeutic window, with absorption maxima between 650 nm and 670 nm and high molar extinction coefficients. All the tested molecules revealed a faster and higher ROS generation ability, compared to toluidine Blue, used as standard, except for the molecules with the COOH substitution. NPs-dye complexes were characterized revealing a size ranging between 150 and 200 nm, excellent optical properties and remarkable photostability. The results demonstrated that ROS generation ability is preserved in NPs-dye complexes. Preliminary in vitro antimicrobial activity tests have been performed, showing promising results in the reduction of both Gram positive and negative bacteria viability. In particular, the CY with Bromine as substituent (Br-CY) showed the higher antimicrobial effect compared to the standard Toluidine Blue. Br-CY molecule was then selected for the incorporation into the electrospun fibers. Further tests are ongoing to fully characterize the dye-loaded wound dressing as well as to evaluate their antimicrobial activity.
5	Conclusion 
A structure-activity relationship study has been conducted on different CY and SQ showing absorption maxima in the range of 640 and 670 nm, matching the phototherapeutic window and a good ROS production. The incorporation of CYs and SQs into different systems (NPs or electrospun fibers) could be considered a good strategy to overcome the drawbacks related to the dyes. In fact, after the incorporation, both water solubility as well as the water stability after irradiation have been widely enhanced.
Among the others, Br-CY showed an interesting in vitro antimicrobial activity compared to the standard vs both Gram positive and Gram negative bacteria, suggesting that NIR- polymethine dyes may be considered valuable photosensitizers for aPDT. However, additional experiments are ongoing, to evaluate the antimicrobial behaviour of the dye-loaded electrospun fibers, to be used in the treatment of localized infections. 
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