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Abstract

Antimicrobial photodynamic therapy (aPDT) is a potent tool to surpass the global rise of antimicrobial resistance; still, the effective
topical administration of photosensitizers remains a challenge. Biopolymer-based adhesive films can safely extend the residence
time of photosensitizers. However, their wide application is narrowed by their limited water absorption capacity and gel strength.
In this study, pullulan-based films with a switchable character (from a solid film to an adhesive hydrogel) were developed. This
was accomplished by the incorporation of a betaine-based deep eutectic solvent (DES) containing curcumin (4.4 pug-cm-2) into the
pullulan films, which tune the films’ skin moisture absorption ability, and therefore they switch into an adhesive hydrogel capable
of delivering the photosensitizer. The obtained transparent films presented higher extensibility (elongation at break up to 338.2%)
than the pullulan counterparts (6.08%), when stored at 54% of relative humidity, and the corresponding hydrogels a 4-fold higher
adhesiveness than commercial hydrogels. These non-cytotoxic adhesives allowed the inactivation (~ 5 log reduction), down to the
detection limit of the method, of multi-resistant strains of Staphylococcus aureus in ex vivo skin samples. Overall, these materials
are promising for aPDT in the treatment of resistant skin infections, while being easily removed from the skin.

Keywords: adhesive films, bacterial resistance, pullulan, curcumin, deep eutectic solvents, photodynamic therapy,
skin infections, switchable behavior.

1. Introduction

Antimicrobial resistance has challenged the global healthcare system, becoming a threat during recent
decades to treat antibiotic-resistant infections [1,2]. Particularly, the migration of methicillin-resistant Staphylococcus
aureus (MRSA) from its hospital confinement and long-term care facilities to community-acquired infections has
narrowed the number of antibiotics that are still effective to tackle this critical health problem[3]. In the search for
alternative strategies to treat multidrug-resistant skin infections, antimicrobial photodynamic therapy (aPDT) has
proven to be a promising option[4]. This approach uses light with appropriate wavelengths, along with a
photosensitizing agent, which in the presence of molecular oxygen generates oxidant species [reactive oxygen species
(ROS) like superoxide and singlet oxygen, (*:O2)], that kill pathogens, including multidrug resistant bacteria [5].

Several aPDT approaches and photosensitizers have been studied in an attempt to inactivate MRSA
infections, including the exploitation of biopolymeric drug delivery systems to improve the therapeutic efficacy of
photosensitizer agents [6]. Curcumin is, an example of a natural and low cytotoxic photosensitizer, that has gained
increased relevance due to its photodynamic activity, as well as anti-inflammatory and antimicrobial actions [6,7].
Nevertheless, its poor aqueous solubility and low aqueous photostability hinders its application in aPDT but also its
inclusion in biopolymeric drug delivery systems. To this purpose, the development of curcumin formulations with



improved water solubility and of adequate biopolymeric delivery systems capable to release the photosensitizer at the
infection site, while being transparent for light activating purposes, remains a challenging task.

Within biopolymeric drug delivery systems, hydrogels have been recently considered in aPDT treatments for
wound therapy [8]. The advantage of these systems is the dual capacity for being used as both bandage material and
delivery system, while providing a moist healing environment [9,10]. Hydrogels originating from natural polymers,
such as alginate [11], keratin [11] and chitosan [12,13], have been applied for aPDT purposes. Adhesive hydrogel
films have the advantage of extending the residence time, allowing to prolong the local therapeutic action [14]. These
delivery systems are usually designed as flexible systems that can easily adapt to the site of application, being more
comfortable to use from the patient’s perspective [15,16]. Biopolymers like silk[17] and chitosan[12,13] have been
applied in the production of adhesives aiming to be applied in aPDT for tissue repair and oral and skin application
purposes. The use of natural polymers in this area has shown to enhance cell proliferation and tissue differentiation,
allowing to inhibit wound infection while promoting wound repair, which would be desirable in the treatment of skin
infections [18,19]. Yet, some of these biopolymers still display low water absorption capacity and gel strength, which
need to be ideally targeted to develop appropriate biopolymer-based systems for aPDT therapy [20,21].

Pullulan is an example of a polysaccharide that originates highly transparent materials such as films,[22]
which is an appealing feature for application as supports on aPDT. Additionally, this polysaccharide possesses good
mechanical performance, thermal stability and excellent water solubility [23,24]. Pullulan has also been reported for
its ability to improve wounds re-epithelialization, dermal regeneration, blood vessels formation and collagen synthesis,
proving that pullulan gels could be potential wound healing agents [25]. However, so far, the application of pullulan-
based systems in this domain is limited and is mostly focused on mucoadhesive-based systems for oral administration
[26], and to a smaller extent, to produce nanoparticles and nanogels for the photodynamic therapy of cancer [27,28].

Finally, improving the solubility of photosensitizers in aqueous media while being compatible with
hydrophilic biopolymers like pullulan can be tackled in distinct ways [29,30], among which deep eutectic solvent
(DES) aqueous solutions have attracted significative attention. DES can be described as a mixture of two compounds
(a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD)) that have a decreased melting point when
compared to the individual components, becoming liquid at room or body temperature. DES can be formulated based
on a myriad of HBDs (e.g. carboxylic acids) , and HBAs (e.g. ammonium salts), among which the use of nontoxic
natural compounds is extremely attractive by their inherent biocompatibility [31,32]. Among the vast panoply of
interesting properties, the potential of adequately selected DES, and their aqueous solutions, to improve solubility and
bioactivity of hydrophobic active ingredients, is of particular relevance in the context of the present study, as recently
demonstrated [33,34].

Herein, we aimed to develop a biopolymer-based adhesive film loaded with a photosensitizer that could
present enhanced mechanical and adhesive properties, as well as superior photodynamic action, for topical application.
To this purpose, the application of pullulan and curcumin, in the development of a delivery system to be used as aPDT
towards skin infections is explored. Furthermore, this system presents a switchable character when in contact with
skin moisture by transitioning from a solid film into a highly adhesive hydrogel, achieved by the incorporation of an
aqueous solution of a deep eutectic solvent (DES) composed of betaine (skin humectant with osmoprotectant
properties [35]) and levulinic acid (commonly used in skincare products). Due to their versatility of design, DES can
be fine-tuned to a specific formulation purpose and to present low cytotoxicity. Therefore, this betaine-based DES can
be considered a non-cytotoxic and environmentally friendly solvent, which was used to prepare curcumin formulations
with improved water solubility that were incorporated into the pullulan-based films. The resultant pullulan-based films
can simultaneously adhere to skin, switch into a hydrogel and deliver the photosensitizer in an infected area, and thus
enhance the photodynamic action of curcumin. All films were characterized in terms of optical, thermal and
mechanical properties, and the adhesiveness of the final films was tested on ex-vivo skin samples. The photodynamic
antimicrobial action was initially studied in S. aureus ATCC 6538 in solution and then, as a proof-of-concept, was
tested against MRSA strains on ex-vivo skin samples.

2. Materials and methods
2.1. Chemicals and cell culturing
The DES studied herein was prepared by combining betaine anhydrous (98%, Alfa Aesar, Germany) and

levulinic acid (> 98%, Sigma-Aldrich, St. Louis, Missouri, USA). The photosensitizer used was curcumin (> 95,
Sigma-Aldrich, St. Louis, Missouri, USA). Pullulan powder (98 %, MW 272 kDa) was supplied by B&K Technology



Group (Xiamen, China). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) was purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Other reagents and solvents were from analytical or high-performance
liquid chromatography (HPLC) grades. For the bacterial cultures, Tryptic Soy Broth medium (TSB) and Trypic Soy
Agar (TSA) were used and supplied by Liofilchem (TE, Italy). The phosphate buffered saline solution (PBS, pH 7.4)
was prepared by dissolution of tablets acquired from Sigma-Aldrich (St. Louis, Missouri, USA). Immortalized human
epidermal keratinocytes (HaCaT cells) obtained from Cell Lines Services (Eppelheim, Germany) were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% of fetal bovine serum (FBS) and 1% of L-
glutamine, penicillin— streptomycin and fungizone (Life Technologies, Grand Island, NY, USA) and incubated with
5% CO; in a humidified atmosphere at 37 °C.

2.2. DES preparation

The DES investigated in this work was prepared by the heating method by mixing the respective precursors
(betaine and levulinic acid, Bet:Lev) in sealed glass vials at 1:1 molar ratio, instead of the typical 1:2 [36], to minimize
the acid content. These vials were placed under constant heating and stirring until a homogeneous transparent liquid
was obtained (maximum temperature of 85 °C). The DES was then allowed to return to room temperature. The
respective DES components’ integrity was confirmed by 'H NMR and *C NMR spectroscopy. The referred spectra
were recorded using a Bruker Avance 300 at 300.13 MHz and 75.47 MHz, respectively, in deuterated water and using
trimethylsilylpropanoic acid (TMSP) as an internal reference.

2.3. Curcumin’s solubility assay

The determination of the solubility of curcumin in water and in the aqueous solutions of Bet:Lev followed a
previously reported procedure [33]. Briefly, the solubility was determined by saturation of 2.0 g of pure water or of
each DES aqueous solution (0-90% (w/w) of DES) with curcumin at both room (25 °C) and human body (37 °C)
temperatures. A measured aliquot of each saturated solution was diluted to a well-defined final total v/v, carefully
filtered with a 0.45 pum syringe filter to remove any solid and subsequently quantified by high-performance liquid
chromatography with diode-array detection (HPLC-DAD) (Shimadzu, model PROMINENCE, Kyoto, Japan) to
determine the curcumin solubility. HPLC analyses were performed with an analytical C18 reversed-phase column
(250 x 4.60 mm?), Kinetex 5 um C18 100 A, from Phenomenex conducted in isocratic mode under a flow rate of 1
mL-min~* and operated at 35 °C. The mobile phase contained 40% (v/v) of methanol, 15% (v/v) of acetonitrile and
45% (v/v) of ultra-pure water with 0.3% (v/v) of ortho-phosphoric acid. Samples were analyzed at 377 nm in
duplicates and using an injection volume of 10 pL.

2.4. Photostability of curcumin in the Bet:Lev solution

Photostability was evaluated by placing the samples in 6-well plates filled with a final volume of 5 mL of
PBS and under stirring. DES aqueous solutions (50% w/w) comprising curcumin and aqueous solutions of curcumin
solubilized in acetone (50% wi/w) were added to each well to obtain specific curcumin concentrations in the range of
5to 200 pM. After 15 min of incubation in the dark, the samples were exposed to a light source with an irradiance of
50 mW-cm2 for 60 min. Aliquots (100 pL) of each well were collected at each 15 min and curcumin was quantified
by HPLC-DAD using the previously described method. Three independent studies for each curcumin concentration
were conducted, and each sample was analyzed at least in duplicate.

2.5. Preparation of the Pullulan-based films

Four different pullulan-based films were prepared using an aqueous solution of 6.0% (w/v) of pullulan, i.e.,
films without the photosensitizer (PL), with curcumin solubilized in aqueous solution with acetone (PL-C) (4.4
ug-cm 2 dose), with the Bet:Lev aqueous solution (PL-DES) and with curcumin solution in aqueous Bet:Lev (PL-
(DES+C) (4.4 ug-cm 2 dose). For the films with curcumin in aqueous Bet:Lev solution and the ones only with Bet:Lev
aqueous solution, the DES was added to present the same concentration of the biopolymer (1:1 mass ratio). For the
PL-C films, due to the low solubility of curcumin in water, the DES amount was replaced by aqueous acetone (both
50% w/w). Finally, films were obtained by casting the solutions in silicone plates with dimensions of 5 x 15 cm?,
placed at 40 °C in a ventilated oven overnight. All films were produced in triplicates. After preparation, the films were



immediately used for each assay. Exceptionally, a set of films was stored for 24h under a relative humidity (RH) of
54% (using a saturated solution of magnesium nitrate [37]) and at room temperature before being used for the
mechanical assays.

2.6. UV-Vis Spectroscopy

Transmittance spectra of the films were recorded at room temperature (200-800 nm). Acquisition was made
with a Shimadzu UV-1800 UV-Vis spectrophotometer (Shimadzu Corp.,Kyoto, Japan) equipped with a quartz
window plate, bearing the holder in the vertical position. For better comprehension of the UV-Vis spectra in
transmittance mode behavior of the films comprising the photosensitizer, curcumin absorption spectrum was also
recorded in the same conditions.

2.7. FTIR-ATR Spectroscopy

FTIR-ATR spectra were collected for all pullulan-based films and for the Bet:Lev and for the curcumin used
(for comparison purposes). With this aim, a FTIR system Spectrum BX (Perkin-Elmer Inc., Waltham, Massachusetts,
USA) equipped with a diamond crystal and a single horizontal Golden Gate ATR cell was used. All analyses were
performed at room temperature with controlled relative humidity (75-80%) in the range of 4000-400 cm™ with a
resolution of 4 cm™ and by accumulating 64 scans with an interval of 1 cm™. A background air spectrum was subtracted
in all the spectra acquired, and the results were recorded as transmittance values.

2.8. Thermogravimetric analysis

Samples were heated at a constant rate of 10 °C-min"* from room temperature up to 800 °C under a nitrogen
flow of 20 mL-mint. The assays were carried out with a SETSYS Setaram TGA analyzer (SETARAM
Instrumentation, France) equipped with a platinum cell.

2.9. Moisture uptake capacity

The moisture uptake measurement was conducted at two different relative humidity conditions, viz. 54 and
98% relative humidity. For that, film samples (PL, PL-C, PL-DES and PL-(DES+C)) were cut into squares (1 x 1
cm?), weighted, and placed in chamber desiccator cabinets containing a saturated aqueous solution of magnesium
nitrate (for 54 % RH) or of potassium sulfate (for 98 % of RH) [37]. Samples were weighted at specific time points
during 48 h. The moisture uptake values of each film were calculated following Eq.

Moisture uptake (%) = (M) (D)
wo
Were w; and wy are the weight of the film after each time point of exposure to relative humidity (54 or 98%) and
the initial weight of the films, respectively.

2.10. Mechanical tests

The mechanical properties of the pullulan-based films were evaluated through tensile tests performed on an
Instron 5966 Series machine (Instron Corporation, Norwood, Massachusetts, USA). Analyses of the dried films were
conducted in traction mode at a crosshead velocity of 10 mm-min* and using a static load cell of 500 N and at room
temperature. Rectangular specimens (5 x 1 cm?) were used, and at least 5 replicates were tested for each sample, with
final values expressed as the average + SD. The Young’s modulus, the tensile stress and the elongation at break were



calculated using the Bluehill 3 material testing software. Multiple group comparisons were executed by One-Way
ANOVA analysis using GraphPad Prism, version 6.01 (GraphPad Software, San Diego, California, USA).

The mechanical properties of films stored at 54 % of RH (close to skin conditions) were assessed at a
crosshead velocity of 50 mm-min~t and using a static load cell of 50 N, at room temperature.

2.11. Adhesive properties

Tissue adhesiveness was determined by following the 180-degree peel and lap-shear standard protocols with
slight modifications (ASTM F2256 and ASTM F2255 respectively). Briefly, fresh porcine skin pieces obtained from
a local butcher (7 x 2.5 cm?) were washed with PBS to clean the skin surface. Glass films, with 1 mm of thickness
were applied using ethyl cyanoacrylate super glue (Loctite®) as a stiff backing for the skin pieces. Unless otherwise
indicated, all adhesives were tested upon an adhesion area of 2.5 cm width and 2.5 cm length and adhere to the skin
samples under gentle pressing; mechanical tests were performed 3 min after initial pressing to ensure moisturizing
equilibrium of the adhered samples. The commercial adhesive tested (Hydrocoll®) was applied to the skin following
the conditions provided in the manufacture’s manual. Since these do not possess double adhesive properties, they were
unable to be used in lap-shear tests. All tests were performed in an Instron 5966 Series (Instron Corporation, Norwood,
Massachusetts, USA) testing machine, equipped with a load cell of 50 kN and conducted with a constant speed of
10 mm-'min . Interfacial toughness was calculated by measuring the peeling force until a plateau was achieved and
then determined by dividing two times the resulting force by the width of the tested sample. Shear strength resulted
from the ratio of the maximum force by the adhesion area (0.25 mm?). Maximum adhesion force was distinguished as
the point at which the two skin pieces started to detach.

2.12. Cell viability

Cell culturing followed the protocol previously reported.[33] The cytotoxic effect of the Bet:Lev formulations without
the curcumin (20-50% (w/w) of DES), the curcumin formulated in Bet:Lev aqueous solutions (in a range of 0-25 uM
of curcumin), and the pullulan film containing the Bet:Lev aqueous solution comprising curcumin (20 pM) was
evaluated. HaCaT cells were seeded in 96-well plates at a concentration of 5 000 cells-mL™* and allowed to adhere for
24 h. After adhesion, cells were exposed to each formulation diluted in DMEM medium and incubated for 24 h at 37
°C in 5% of CO,. After this period, the wells were washed with PBS, and the cell viability was evaluated by the
colorimetric MTT assay (1 mg-mL ™t in PBS, pH 7.2), according to a previously reported protocol [33]. The percentage
of viable cells was calculated as the ratio between the absorbance of treated versus the control cells (Ct).

2.13. Bacterial strains and culture conditions

Staphylococcus aureus ATCC 6538, S. aureus DSM 25693, a methicillin-resistant (MRSA) strain, positive
for SE A, C, H, G, and I [38]; and MRSA M98070 strain isolated from a hospitalized patient at Hospital de Coimbra
(Portugal), possessing the mecA gene, were used in this work. These strains were grown on TSA medium at 37 °C for
24 h and posteriorly maintained at 4 °C. Each bacterium strain was inoculated whenever necessary in liquid medium
TSB and grown aerobically under stirring (100 rpm) at 37 °C for 24 h. Prior to each aPDT assay, an aliquot of this
culture (300 pL) was transferred twice into a new fresh TSB medium (subcultured in 30 mL) and grew overnight at
37 °C also under stirring.

2.14. In vitro photodynamic assays

The photodynamic treatment was first tested in vitro against S. aureus ATCC 6538 to validate the system
efficacy. The assays were performed in PBS in 6-well plates with a final volume of bacterial suspension of 5.0 mL
per sample with a final bacterial concentration of ~107 colony-forming unit per milliliter (CFU-mL). Curcumin
solutions in aqueous DES (50% wi/w) and in aqueous solutions of acetone (50% w/w) were added to each well to
attain a final concentration of 20 uM of curcumin. A blank of DES aqueous solution (50% w/w) (without the
photosensitizer) was also tested for comparison purposes. Light and dark controls were also conducted along with the
samples: in the light controls, a bacterial suspension in PBS was exposed to light without addition of photosensitizer
solution in aqueous DES; for the dark controls, all samples were exposed to the same conditions (time points, stirring



rate and temperature), however, protected from any light source. After the addition of the solutions to the bacterial
suspension, and as previously mentioned, the final solutions were incubated in the dark for 15 min under stirring to
promote the binding of the photosensitizer to the bacterial cells. After dark incubation, the samples and light controls
were exposed to a white light-emitting diode (LED) at an irradiance of 50 mW-cm™2, for 90 min under stirring. Dark
controls were analyzed over the same period. Aliquots (100 pL) of each sample and of each control were collected at
specific time points (0, 15, 30, 45 and 60 min). These were serially diluted in PBS and pour-plated in TSA Petri dishes.
After incorporation of the photosensitizer on pullulan-based films, we also tested in vitro the efficacy of the PL, PL-
C, PL-DES and PL-(DES+C) films (2.5 x 2.5 cm?) solubilized in the S. aureus suspension (5.0 mL) following the
previously described aPDT protocol but extending the irradiation time to 90 min. Experiments were carried out in
triplicated and repeated three times for each condition

2.15. Analysis of singlet oxygen and free radicals scavengers production

The responsible mechanism for curcumin’s activity in the PL-(DES+C) films, was evaluated by addition of
appropriated amounts of two different scavengers, namely D-mannitol (to detect free radicals, type | mechanism) and
L-histidine (to detect singlet oxygen, type Il mechanism) to a bacterial suspension of S. aureus ATCC 6538 (for a
final concentration of 100 mM) [39], using the same experimental conditions of the in vitro photodynamic assays.
Then, pullulan with Bet:Lev and curcumin at 20uM were added to the suspension. The final suspensions were
incubated in the dark for 15 min, and then irradiated as previously described, for 90 min under stirring. Once again,
aliquots (100 pL) of each sample and of each control were collected at specific time points (0, 15, 30, 60 and 90 min),
serially diluted in PBS and pour-plated in TSA Petri dishes. During the assay solutions were kept at room temperature
and under stirring. Experiments were carried out in triplicated and repeated three times for each condition.

2.16. Photoinactivation on skin (ex vivo assay):

After the in vitro assays, we studied the inactivation of the collection strain of S. aureus and both MRSA
strains in ex vivo models after application of novel pullulan-based films. Porcine skin samples were prepared by
cleaning with cold running water and the remaining water was dried using soft filter paper. After dried, the adipose
tissue was removed using a scalpel. The skin was cut under sterile conditions into 9 cm? pieces (3 x 3 cm?) and placed
in sterilized 6-well plates. The skin samples were sprayed with 70% ethanol, incubated for 15 min, and then placed
under ultraviolet radiation, for 30 min each side. After the removal of the resident bacteria, the skin samples were
subjected to bacterial contamination with S. aureus or MRSA strains. Each strain was grown overnight and diluted in
PBS to be equally distributed over the skin, in order to obtain a concentration of ~10” CFU-mL™. After 1 h of bacterial
incubation on the skin, PL, PL-C, PL-DES and PL-(DES+C) film samples (2.5 x 2.5 cm?) were applied on the skin
pieces, one piece of skin per sampling time for each sample and for controls. Additionally, a bacterial control (not
contaminated) to which only PBS was added was used to verify the efficiency of the skin disinfection. All skin pieces
were incubated for 45 min in the dark, to promote the photosensitizer binding to bacterial cells. Posteriorly, all samples
and respective controls were irradiated using a light at 50 mW-cm2 for 180 min for S. aureus ATCC 6538 and 270
minutes for both MRSA strains divided by cycles of irradiation of 90 min each. For each cycle, a new sample of
pullulan-based film was applied to the skin over the initial sample and moistened with 200 pL of PBS to maintain the
skin humidity at surface. Dark controls were also performed alongside the aPDT samples. After specific time points
(0, 90, 180 or 270 min) of irradiation, samples were collected and the bacteria was removed from each skin portion
by sterile cotton wool swabs, 30 times each. The bacteria present in the cotton wool swabs were suspended in 1.0 mL
of PBS, serially diluted in PBS, and each sample dilution was pour-plated using TSA as culture medium. The plates
were incubated at 37 °C for 24 h and the CFU-mL™ was counted in all samples. Experiments were carried out in
triplicated and repeated three times for each condition.

2.17. Statistical analysis

The results presented are expressed as mean + standard deviation of at least three independent experiments
with three different measurements. In the case of mechanical studies, at least 5 different specimens were used for each
measurement. The statistical analysis of all data was done using a one-way ANOVA, with multiple comparisons. The
levels of significance were set at probabilities of *p<0.02, **p<0.002, ***p<0.0002 and ****p<0.0001 for moisture
uptake assays, * p<0.01, ***p<0.0007 and ****p< 0.0001 for mechanical assays, p< 0.01 and p< 0.002 for interfacial



toughness and adhesive strength, respectively, and of p < 0.04 and *p < 0.001, for the cytotoxicity experiments, all
analyzed with Graphpad Prism 8.0.1 software (GraphPad Software, San Diego, CA, USA).

3. Results and discussion

This work focused on the development and characterization of pullulan (PL)-based films loaded with a DES-
curcumin formulation, presenting improved mechanical, adhesive and antimicrobial photodynamic properties for
application in aPDT of bacterial resistant skin infections. The DES composed of betaine (N,N,N-trimethylglycine) and
levulinic acid (Bet:Lev), in a 1:1 molar ratio, was selected due to the known acceptance of both components in skin
care products [35,40]. The integrity of the pristine DES components in the formulation was confirmed by 'H and 3C
NMR spectroscopy, as shown in Supplementary Fig. 1a and 1b, respectively. The DES was used to tune the properties
of the pullulan-based films, while allowing to enhance the solubility and photostability of the photosensitizer.
Curcumin was solubilized in an aqueous solution of 50 % (w/w) of Bet:Lev, herein used as a co-solvent, and whose
concentration was selected according with optimization studies (Supplementary Fig. 2). The use of this solution
allowed to achieve remarkable concentrations of 1.4x10* uM and 2.6x10* uM of curcumin in agueous media at room
and body’s temperature, respectively. The solubility enhancement was accompanied by the extension of the
curcumin’s photostability (only 48-59% loss of the initial amount vs 100% loss in common solvent media like aqueous
acetone in 60 min — cf. Supplementary Fig. 3). Furthermore, the aqueous Bet:Lev studied here does not require to be
removed from the final formulations and can be advantageously used in the development of the delivery system.

Following this, pullulan adhesive films with ca. 353 =+ 68 pm of thickness were prepared by solvent-casting of a
6% (w/v) pullulan solution containing the photosensitizer (20 uM) in the aqueous solution of Bet:Lev (Fig. 1a),
resulting in films PL-(DES+C) containing 4.4 pg-cm2 of curcumin dose to be administered. Pullulan films loaded
with curcumin solutions in aqueous acetone (PL-C) with a 4.4 pg-cm= of curcumin dose were also studied.
Additionally, pure pullulan films (PL) and films only with aqueous Bet:Lev (PL-DES) were prepared for comparison
purposes. All obtained films were characterized in terms of their optical properties, structure, mechanical performance,
adhesiveness to skin, cytotoxicity towards immortalized human epidermal keratinocytes (HaCaT cells) and
antimicrobial activity against different S. aureus. The application of these adhesive films in the treatment of skin
infections was also investigated on ex vivo skin samples to evaluate their ability to inactivate MRSA strains relevant
in the clinical setting (Fig. 1b).
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Fig. 1. Schematic illustration of the (a) preparation and (b) application of pullulan-based hydrogel films loaded with Bet:LevS comprising
curcumin in the treatment of skin infections using the aPDT approach. Made using arm clipart from Servier Medical Art and adapted by the
authors according with Servier under the CC-BY 3.0 License (at https://smart.servier.com/, accessed on 15 June 2022).



2.1 Optical, structural and thermal characterization

The visual aspect of the films, when topically applied on ex vivo skin, are depicted in Fig. 2a. All the prepared
films are homogeneous and without insoluble particles. While PL and PL-DES based films are colorless and
transparent, PL-C and PL-(DES+C) show a uniform yellow color, which is characteristic of the photosensitizer, but
are still considerably transparent.

The optical properties of the films were also accessed by measuring their transmittances in the range of 200-700
nm (Fig. 2b). The spectrum of PL agrees with its visual aspect, indicating that the film is optically transparent, with
transmittance values of 75-81% in the visible range (400—700 nm) and up to 75% in the ultraviolet range (200—400
nm), which are consistent with previously reported data [22]. The addition of Bet:Lev did not impact the film
transparency, and, accordingly, the transmittance values in the visible range remained above 75% as for the pure PL
films. Yet, the incorporation of curcumin slightly decreased the transparency of the films, namely PL-C to 50-80%
and PL-(DES+C) to 48-76% in the visible range, due to the intense yellow color of the photosensitizer, which absorbs
energy in the visible region (near 425 nm), as depicted in Fig. 2b. However, the considerable preservation of
transparency is particularly relevant to ensure the adequate irradiation of the photosensitizer essential for the
antimicrobial action in the aPDT.

The FTIR-ATR spectrum of PL (Fig. 2¢) shows the characteristic absorption bands of this polysaccharide at 3280
cm, consistent with the O—H stretching vibration of the hydroxyl groups, and at 2918 and 2900 cm™ corresponding
to the C—H and CHj stretching vibrations, respectively [22,41]. The C—O-C stretching of the glycosidic bridges are
observed in the region of 1176 to 940 cm™, whereas the typical a-glycosidic bond stretching appears at 850 cm™. The
incorporation of curcumin solubilized in acetone in the biopolymer matrix does not lead to significant differences due
to the low amount of the photosensitizer used in the film preparation. However, the loading of Bet:Lev into the pullulan
film leads to the appearance of some characteristic bands of the DES, particularly at 1710 cm™ related to the COO—
stretching vibration of both DES components [42]. However, when considering the spectra of the PL-DES and PL-
(DES+C) films, interestingly, the most significant difference when compared with those of both PL and PL-C films
is the bending motion of the adsorbed water at 1621 cm™, which is particularly increased due to the high-water
sensitivity of the pullulan films with the DES[42]. This could be related with the high water affinity of the DES and
in part with the decrease in the strong intramolecular interactions between the polymeric chains, which are in part
replaced by intermolecular hydrogen bonding between pullulan and Bet:Lev, as happens with the addition of
plasticizers [43].

Thermogravimetric analysis (TGA) of the pullulan-based films was performed under a nitrogen atmosphere. The
respective thermograms are provided in Fig. 2d. The thermal degradation profile of pullulan follows a single weight-
loss step with initial and maximum decomposition temperatures of 273 and 400 °C, respectively, leaving a residue at
800 °C corresponding to about 20% of the initial mass. This single-step degradation profile can be associated with the
degradation of the PL skeleton and is in accordance with previous findings [22]. The incorporation of Bet:Lev into
pullulan films led to a slight decrease in the thermal stability in comparison to the pristine polysaccharide, decreasing
the maximum decomposition temperatures to 253 °C for PL-DES and 241 °C for PL-(DES+C). This alteration can be
attributed to the fact that the incorporation of Bet:Lev decreases the interactions between the pullulan chains, thereby
decreasing its stability. Such modifications have been also reported for the incorporation of these co-solvents in other
biopolymer matrices, like nanocellulose [44]. Despite this decrease and the thermal degradation of curcumin observed
at 171 °C (both in PL-C and PL-(DES+C), these values are still above the adequate range for typical sterilization
procedures, which take place around 120 °C for biomedical purposes [45].
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Fig. 2. (a) Visual appearance of the pullulan-based films (PL) loaded with Bet:Lev (PL-DES), comprising curcumin (PL-C) and with the DES and
curcumin formulation (PL-(DES+C)) placed onto the ex-vivo porcine skin. (b) UV-vis spectra of the films (solid lines) and absorption profile of
curcumin (dashed line). (c) FTIR-ATR spectra of all films and of the DES and curcumin used in the Bet:Lev formulations, presented for
comparison purposes. (d) Thermograms of the studied pullulan systems with different compositions.

2.2. Moisture uptake and mechanical performance

The moisture-uptake capacity of PL, PL-C, PL-DES and PL-(DES+C) was determined by submitting the films
to different controlled atmosphere humidity conditions. For this, samples were kept at 54% of RH over 48 h, to
understand their behavior in conditions close to those found when in contact with hydrated skin (Fig. 3a). and at 98%
of RH to evaluate their moisture uptake in extreme moisture conditions, since in case of infections, exudates are
commonly found [46] (Fig. 3b). The low moisture uptake values observed for the PL (7.2%) and PL-C (7.2%) films,
at both humidity conditions after 48h h of exposure, confirmed the non-hygroscopic nature of pullulan. However, the
addition of Bet:Lev to the pullulan matrix considerably improved the moisture uptake capacity of the films, allowing
a 2-fold increase in the humidity absorption at 54% RH (Fig. 3a) and 3-fold at 98% RH. Specifically, the moisture
uptake of PL-DES and PL-(DES+C) films, reached 12.2% and 11.8% at 54% RH and 51.4% and 63.7% at 98% RH,
respectively. This behavior is highly desired for the intended application, because after application, the films can



absorb skin moisture (and exudates at the infection site), and maintain the hydration of the affected area. Moreover,
the absorption of humidity will allow the film transition into a hydrogel with improved delivery of the photosensitizer
and a better contact with the bacterial cells. Another important factor that can be affected by the moisture uptake
enhancement by the incorporation of DES formulation is the mechanical performance of the studied films, which were
evaluated by tensile tests. The Young’s modulus, tensile stress and elongation at break were determined from the
corresponding stress-strain curves, determined in dry (immediately after preparation) and in wet conditions (after a
24h exposure to a 54% RH atmosphere, close to skin conditions) (Fig. 3c-e).

Dried PL films present high stiffness as confirmed by their easily breakable nature during handling, and by the
high Young’s modulus (2.7 GPa, Fig. 3c) and tensile stress (35.4 MPa, Fig. 3d), and low elongation at break (1.81%,
Fig. 3e) values, which are in accordance with data previously reported for this polysaccharide [22,47]. The
incorporation of curcumin (dissolved in acetone) into pullulan (4.4 pug-cm?) has only a minimal impact on the
mechanical performance, slightly decreasing the Young’s modulus and the tensile stress to 2.0 GPa and 23.3 MPa,
respectively, and increasing the elongation at break to 2.3%. Therefore, these films still present low plasticity and a
brittle character, being difficult to adapt to the skin irregularities and to be used for topical applications. This behavior
has been described when incorporating this photosensitizer into other biopolymer-based systems, such as
gelatin/chitosan[48] and carboxymethyl cellulose-based films [49]. After storage at 54% RH, PL films presented a
slightly lower Young’s modulus (1.6 GPa, Fig. 3c) and tensile stress (29.2 MPa, Fig. 3d) and higher elongation at
break values (6.08 %, Fig. 3e) than dried films. This behavior is associated with the incorporation of some water
molecules in the biopolymer matrix that slightly weaken the interaction between the biopolymeric chains interaction,
increasing their mobility.
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Fig. 3. Moisture-uptake capacity of PL, PL-C, PL-DES and PL-(DES+C) after being in a chamber with controlled humidity of (a) 54% RH and
(b) 98% RH, for 48h at room temperature. *p<0.02, **p<0.002, ***p<0.0002 and ****p<0.0001, calculated through one-way ANOVA, in
comparison to PL. (¢) Young’s modulus (GPa), (d) tensile stress (MPa) and (e) elongation at break (%) of the pullulan-based films in dry and wet
(54% RH) conditions. The results are expressed as mean + SD. Levels of significance were set at probabilities of * p<0.01, ***p<0.0007 and
****p< 0.0001, calculated through one-way ANOVA and in comparison, to the PL system. (f) Graphical display of the extensibility of the PL-
(DES+C) adhesive film in dry conditions.

The addition of the aqueous solution of Bet:Lev, on the other hand, has a remarkable effect on the mechanical
performance of the prepared films, by promoting a significant decrease in the Young’s modulus to around 100 MPa
and in the tensile stress to 2.4 MPa, along with a noticeable increase in the elongation at break to 131.4%, in dry
conditions. These results clearly disclose that Bet:Lev induces a strong plasticizer effect with a considerable influence
on the mechanical properties of the resultant films, in agreement with other studies where different DES have been
incorporated on polymeric materials [50,51]. Furthermore, when curcumin is added to the DES aqueous solution, its



impact on the corresponding films (PL-(DES+C)) is verified by a decrease in the Young’s modulus and the tensile
stress, as well as elongation at break values, in comparison to the PL-DES films. For the PL-(DES+C) film, a Young’s
modulus of 60 MPa and a tensile stress of 1.04 MPa were observed, along with values of elongation at break of 68.2%.
This can be attributed to the fact that the incorporation of the photosensitizer in the biopolymer matrix might create
slight breaking points that allow an easier disruption of the PL-(DES+C) films than wihth PL-DES [52]. Yet, it must
be highlighted that the effect obtained with Bet:Lev in the PL-(DES+C), particularly on the improvement of
extensibility of pullulan, is higher than that observed when using common plasticizers employed in the preparation of
pullulan-based films, such as glycerol [22,43]. Thus, the results obtained with PL-(DES+C) surpass these values,[53]
particularly, at 54% RH, where a drastic increase in the elongation at break to 546.5% for PL-DES and 338.2% for
PL-(DES+C), a 4 to 5-fold increase, was verified. Concomitantly, a great decrease in the Young’s modulus (2.6x10
GPa for PL-DES and 1.2x10* GPa for PL-(DES+C)) and tensile stress (2.5x102 MPa for PL-DES and 5.7x102 MPa
for PL-(DES+C)) were also observed, (depicted in Figure 3c-e).

Since skin infections can cause clinical manifestations, such as edema and skin deformation [53], the
improvement in the film pliability is advantageous since it enables the system to better adapt and keep up with the
skin elasticity. PL-(DES+C) system herein developed presents a high degree of stretchability when handled (even in
dried conditions before skin application), as portraited in Fig. 3f.

2.3. Adhesive properties

For photodynamic treatment purposes, adhesiveness might be particularly demanding, since the film loaded with
the photosensitizer must be sustained at the infection site during the treatment period [54]. The adhesive capacity of
the pullulan films prepared in this study (PL, PL-C, PL-DES and PL-(DES+ C) was evaluated through different
mechanical tests, by measuring the interfacial toughness through peel tests (Figure 4a) and the adhesive strength by
lap-shear tests (Fig. 4b). Porcine skin was chosen as model tissue for this evaluation, due to its similarity to human
skin [55]. After immediate application onto skin, both PL-DES and PL-(DES+C) maintain their solid film appearance
and were able to establish tough adhesion with the porcine skin samples upon contact and after application of gentle
pressure. However, after the application, the films with DES start to absorb the skin moisture, transiting into hydrogels,
as portrayed in Fig. 4c and in Supplementary Video V1. These hydrogels, by contrast, exhibit remarkably higher
interfacial toughness values in comparison to the commercial system (Figure 4b). This switchable character allows to
enhance the interfacial toughness of the PL-DES film from values ranging from 47.3 to 124.6 J.m, and even more
notoriously from 44.27 to 252.78 J.mfor the PL-(DES+C) film. The interface toughness of PL-(DES+C) after switch
into a hydrogel state presents a 2-fold increase in comparison to PL-DES and a 4-fold increase than that of the
commercially available hydrocolloid Hydrocoll® (66.6 J.m™). This DES possess a high-water absorption capacity due
to the hydrophilic nature of its components [56]; therefore, Bet:Lev might enhance the removal of interfacial water
from the tissue surface, while also enabling the establishment of hydrogen bonding interactions between the
biopolymer system with the skin epithelium.[57] In addition to the high adhesion capacity, these films highly
withstand stress after adhesion. The adhesive strength of the films towards the porcine skin was found to be 2.1x103
kPa for PL-DES and 1.3x103 kPa for PL-(DES+C) (Fig. 4b). These values can be compared to other types of systems
found in literature [58], [25] and clearly highlight the positive effect of the incorporation of Bet:Lev into pullulan-
based films in comparison to the pristine material [25].
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Fig. 4. Adhesion performance of PL-DES and PL-(DES+C) on porcine skin, determined by (a) interfacial toughness and (b) adhesive strength,
respectively. *p< 0.01 and **p< 0.002 increase in interfacial toughness in comparison to commercial adhesives (Hydrocoll®). (c) Visual
appearance of the transition from solid to hydrogel of the PL-(DES+C) adhesive systems upon skin moisture absorption.

2.4. Biocompatibility of DES formulations and pullulan-based systems

The cytotoxicity of curcumin, curcumin in agueous solution with Bet:Lev and of the final adhesive system to be
topically applied was initially determined on human keratinocytes (HaCaT cell line) (Fig. 5). Control groups were
also studied cultivating them in the absence of the studied samples. Firstly, the influence of the aqueous Bet:Lev (50%
(w/w)) on the overall toxicity of the formulations was appraised, after 24 h of exposure (Fig. 5). The aqueous Bet:Lev
is non-cytotoxic to HaCaT cells in the studied concentration with cell viabilities above 80%; therefore, it will not
significantly impact the cytotoxicity of the studied adhesive systems. Following this, the effect of curcumin on cell
viability was accessed at the concentration included in the aqueous solution of 50 % (w/w) of Bet:Lev during the
previous experiments (20 uM).
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Fig. 5. Effect of Bet:Lev formulation (Bet:Lev 50% w/w) curcumin concentration (20 uM) in aqueous Bet:Lev and pullulan-based films (PL-
(DES+Q)) in the viability of HaCaT cells. Cytotoxicity profiles after 24 h of exposure vs control cells (Ct). Results are expressed as mean + SD



of three independent experiments. *p<0.05 and **p<0.001 cell viability compared to the control cells.

Curcumin is non-cytotoxic in this concentration, with cell viabilities higher than 75 %. This is expected since
curcumin affects the non-cytotoxic cells viability in a dose-dependent manner. In fact, it was reported that at
concentrations higher than 20 uM, curcumin effectively inhibited the proliferation and induced apoptosis of HaCaT
cells with a rate as high as 34% [59,60]. Therefore, the concentration selected to be incorporated in the pullulan-based
adhesive films is safe to be in contact with healthy skin cells. Finally, the cytotoxicity of the pullulan-based films
containing curcumin (equivalent to a 4.4 pug-cm=2 dose) solubilized in aqueous Bet:Lev was evaluated. Our results
reveal that both curcumin and aqueous Bet:Lev do not impact the overall cell viability of pullulan-based adhesive
films (cell viability > 80% obtained by direct exposure of the film to HaCaT cells). This could be expected since
pullulan-based materials do not seem to present cytotoxicity towards this type of cell line [61], indicating their safeness
for contact with healthy skin cells and being suitability for topical application.

2.5. In vitro antimicrobial action towards S. aureus

Skin and soft tissue infections can range from uncomplicated to invasive and life-threatening situations, of which
S. aureus is a major contributor [62]. Therefore, the S. aureus ATCC 6538 strain was chosen to firstly address
photodynamic antimicrobial action, given that it is used as reference in standard bactericidal tests. Since the
effectiveness of aPDT can decrease with the sample complexity [63], it is particularly relevant to initially test
controlled conditions. In this case, the aqueous solution of Bet:Lev comprising the photosensitizer was added directly
to the bacterial suspension before testing it after incorporation in the pullulan film (Fig. 6a). Initially, the antimicrobial
activity of the Bet:Lev aqueous solutions and of curcumin (20 uM) solubilized in these formulations (50% (w/w) of
Bet:Lev in water) was assessed in the dark. Curcumin solution (20 uM) in an aqueous acetone (50% (w/w)) solution
was also studied to infer about the curcumin’s photodynamic activity in the absence of Bet:Lev. As indicated in Fig.
6b, without irradiation, none of the tested solutions displayed antimicrobial activity towards S. aureus ATCC 6538.
Then, samples were incubated in the dark for 15 min and irradiated with a light dose of 50 mW-cm™. In this case, it is
possible to verify that both acetone and Bet:Lev do not affect the cell viability of the bacterium (Fig. 6¢).
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Fig. 6. (a) Schematic illustration of the in vitro aPDT assay process for the eradication of S. aureus. (b) Antimicrobial activity of each
solution tested initially for dark controls. (c) Photoinactivation of S. aureus ATCC 6538 incubated with each sample and irradiated with LED at
an irradiance of 50 mW-cm-2, using curcumin at 20uM. (d) Photoinactivation profiles of S. aureus treated with pullulan-based films loaded with
curcumin, with the DES, Bet:Lev and with Bet:Lev comprising curcumin. Light controls (Ct) represent the exposure of the bacteria to the same

conditions in the absence of the photosensitizer. Results are expressed as mean = SD of three independent experiments with three replicates each.



On the contrary, both curcumin aqueous solutions (20 uM) lead to successful bacterial reduction when irradiated.
Thus, the bacterial reduction is owing to the photodynamic treatment. Specifically, curcumin in aqueous acetone leads
to a 3.9 logso of inactivation (p < 0.0001) after 30 min of irradiation, decreasing to 4.2 logso of inactivation (p < 0.0001)
after a 60 min with aPDT (Fig. 6c¢), while curcumin in aqueous Bet:Lev solution led to an abrupt inactivation of S.
aureus, originated an 8.1 logio reduction (p < 0.0001) of the bacterium in only 30 min. The difference in the
bactericidal activity between both samples can be attributed to the fact that not only curcumin is more prone to
precipitate in the bacterial suspensions [64] when solubilized in an acetone solution but also curcumin dissolved in
aqueous acetone completely degrades after 15 min (for further details - see Supplementary Fig. 3a). On the contrary,
curcumin in aqueous Bet:Lev shows improved photostability (Supplementary Fig. 3b), enabling the photosensitizer
to exert its effect for a longer period, being possible to fully inactivate S. aureus suspensions.

After the obtained promising results, the antimicrobial activity of the formulation incorporated in the adhesive
film (4.4 pg- cm=2 of curcumin) was investigated. PL, PL-DES and PL-C were also tested for comparison purposes.
Fig. 6d shows the photoinactivation profiles of S. aureus treated with all the pullulan-based films and with the control.
Since the photosensitizer is loaded in the biopolymeric film, aPDT treatment was extended by an additional 30 min
period to guarantee the complete release of curcumin into the media [65]. PL-C and PL-(DES+C) films exhibit a
similar photoinactivation behavior in the first 15 min with a 3.2 logse reduction (p < 0.0001) of the viability of the
bacterium. In contrast, in the PL-(DES+C), since the photosensitizer shows an enhanced photostability as previously
stated, this is reflected in the complete photoinactivation of the bacteria after 60 min of the aPDT.

The mechanism of action of curcumin in aPDT, is typically associated with the generation of free radicals (type
I mechanism) [66], as well as to the production of singlet oxygen (type Il mechanism) [67]. To verify the main
mechanism of action of curcumin in the PL-(DES+C), we used specific ROS scavengers (L-histidine for singlet
oxygen and D-mannitol for free radicals) and studied their inhibitory effect (results presented in Supplementary Fig.
4). Given the decrease in curcumin’s efficacy in the presence of L-histidine, it can be concluded that in the first 15
mins the production of singlet oxygen is more relevant for the photoinactivation efficacy. However, perhaps since
oxygen is depleted from the media and the samples continue to be irradiated, the production of free radicals starts to
have a similar contribution to photoinactivation of the bacterium. The obtained results indicate that unlike in some
curcumin-based delivery systems, where the mechanism of action of curcumin is suggested to be solely of type 11 [67],
in PL-(DES+C) both free radical and singlet oxygen take part in the process, fitting both type I and type Il mechanisms
of photoinactivation.

Given the high efficacy of the tested conditions and the bactericidal enhancement of the PL-(DES+C) system in
comparison to the PL-C one, we further investigated their effect on infected skin samples.

2.6. Bacterial photoinactivation on an ex vivo skin model

To better evaluate the final effectiveness of the aPDT using the developed adhesive films against S. aureus ATCC
6538, the aPDT conditions were first adjusted in skin. Following this, the treatments on skin samples contaminated
with MRSA DSM 25693 and with MRSA M98070, a clinically isolated strain that comprehend different colonization
and toxin factors, were conducted. Aiming to resemble the conditions found in in vivo skin infections, porcine skin
samples were individually contaminated with each strain. The adhesive films were placed over the contaminated site
and the photosensitizer was allowed to incubate. During the incubation period the adhesive absorbs skin moisture and
switches into a hydrogel, as previously described. After this, the samples were irradiated with a light dose of 50
mW-cm? over 90 min. Owing to the skin complexity, photoinactivation is not as simple to attain as it is in vitro
suspension. Therefore, attempting to achieve high inactivation rates, initially two cycles of 90 min irradiation each
were performed, using a new adhesive in each cycle. Fig. 7a illustrates aPDT treatment cycle using the PL-(DES+C)
adhesive films on infected skin for a better understanding.

The ex vivo experiments were first conducted for the same photosensitizer concentrations (topical application of
4.4 pg- cm2 of curcumin dose) and irradiance source (50 mW-cm), tested in the previous assays but extending the
dark incubation time from 15 to 45 min. This modification was considered since it has been already shown that a
prolonged incubation period is required in the transition from ex vivo skin model as compared to the in vitro
circumstances [63]. This update in the aPDT did not produce relevant alterations regarding the action of PL-C on S.
aureus ATCC 6538 (Fig. 7b). Even after 2 cycles of aPDT, no inactivation of the bacterium is verified when applying
PL-C, and the viability of the bacterium was not affected in the dark controls (data not shown). However, when the
PL-(DES+C) adhesive was used, a 2.6 logio reduction (p < 0.0001) is observed over one cycle of the aPDT. Over two



cycles of the aPDT it is possible to inactivate the bacterium down to the detection limit of the method (Fig. 7b). In
addition, the PL-DES system shows only a slight impact in the photoinactivation, allowing 1.5 logio reduction (p <
0.0001). Based on these results, it is possible to conclude that the efficacy of PL-(DES+C) adhesive is not only due to
the photodynamic treatment, but also to a synergistic effect between Bet:Lev and curcumin.

As shown in Fig. 7c, by observation of the respective agar plates used in the photodynamic experiments, the PL-
C films do not exhibit any bacterial killing effect; thus, the continuous application of the PL-(DES+C) adhesives seems
to be an effective strategy to treat S. aureus infections. Such fact prompted us to apply these adhesives in skin samples
infected with MRSA strains, under the same conditions. Interestingly, these systems also show high photodynamic
antimicrobial ability, enabling a similar inactivation profile for both MRSA strains over two cycles of
photoinactivation (Fig. 7d). However, for these two bacterial strains an additional aPDT cycle was necessary. With
this addition, it is possible to inactivate MRSA DSM 25693 (>4.7 logio) down to the detection limit of the method and
to obtain a reduction of 3.3 logi (p < 0.0001) in the bacterial viability of the clinically isolated MRSA strain. The
increase in the incubation period, where the PL-(DES+C) adhesive gradual switches from a solid film into a thick
hydrogel, together with the high stability of the curcumin in this system, allows to deliver the photosensitizer in the
infected area. As result, not only the adhesion of the photosensitizer to the bacteria is enhanced, but more importantly,
the combined delivery of both Bet:Lev and the photosensitizer might improve their permeation into the bacterial cell
membrane. Thus, a higher yield of ROS, both singlet oxygen and free radicals, is likely achieved upon the treatment.
This contrasts with the reported reduced attachment and penetration of photosensitizers in ex vivo and in vivo
conditions, which lead to a lower inactivation efficacy [68]. As herein verified, the antimicrobial activity is enhanced
even in situations where agglomeration and biofilm formation can be foreseen, such as verified for the results of
contaminations with both MRSA strains. MRSA strains obtained from chronic wounds seem to harbor more virulent
genes compared to other strains and different abilities for biofilm formation [69]. Such a fact can justify the slight
difference between the photoinactivation of S. aureus ATCC 6538 and of both MRSA strains after four cycles of the
aPDT. Furthermore, by using the adhesive film with Bet:Lev and curcumin, it is achieved a higher killing efficacy
than liquid porphyrinic formulations tested ex vivo on skin contaminated with similar MRSA strains [70]. The
application of these liquid formulations usually implies the use of water—ethanol solutions, which are not only
associated with the photobleaching of the photosensitizer, but also dry the stratum corneum impacting the efficacy of
the aPDT in skin samples.
The systems herein developed are capable to overcome the drawbacks of liquid formulations without causing skin
staining after application, particularly in the adhesive film form (as portrayed in Fig. 7€) and also after transition into
the hydrogel. More importantly, these adhesives can be easily removed after the treatment (in hydrogel form) with
water, due to the soluble character of all employed components, while being gentle to skin.
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Fig. 7. (a) Graphic representation of an aPDT treatment cycle using the adhesive film PL-(DES+C). (b) Photoinactivation of S. aureus ATCC
6538 by pullulan-based films irradiated with LED at an irradiance of 50 mW-cm, (c) Visual appearance of the aPDT treatment with PL-C and
PL-(DES+C) and its impact on skin samples contaminated with S. aureus ATCC 6538 (d) Photoinactivation of MRSA DSM 25693 and MRSA

strain clinically isolated, treated with the adhesive film PL-(DES+C). Results are expressed as mean + SD of three independent experiments with
three replicates each; and (e) photographs of the skin application and removal of PL-(DES+C) adhesives (2.5x5 cm?).

4. Conclusions

In this study, pullulan-based adhesive films loaded with Bet:Lev and curcumin formulations were developed.
The selection and use of 50% (w/w) aqueous Bet:Lev allowed not only to solubilize curcumin in aqueous media, but
also enabled to extend its photostability and the incorporation in an hydrophilic matrix like pullulan. The resultant
pullulan-based films presented enhanced mechanical properties, namely higher moisture uptake capacity, extensibility
and adhesive properties. The developed adhesive films present a switchable character, being capable to absorb skin
moisture, and thus passing from solid films to strong adhesive hydrogels with higher adhesiveness than commercial
hydrogels (4-fold increase). These adhesives are capable to deliver the photosensitizer in specific skin areas, with no
significant cytotoxicity associated (HaCaT cell viability >80%). More importantly, the combination of these properties
provides a higher therapeutic effect than the photosensitizer solubilized in common solvents such as acetone. This
translates into a higher in vitro photodynamic antimicrobial action against S. aureus ATCC 6538 during the aPDT.
PL-(DES+C) adhesive films allow to decrease the viability of multidrug-resistant bacteria, such as MRSA strains,
below the detection limit of the method when tested in ex vivo skin sample models. These results are of high relevance
since the PL-C films do not present antimicrobial activity in any of the ex vivo assays. Overall, the developed novel
switchable adhesive films loaded with curcumin solutions in aqueous Bet:Lev proved to be effective systems to
eradicate skin infections caused by drug-resistant strains.
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Supplementary Fig. 1. (a) *H NMR and (b) **C NMR spectra of betaine:levulinic acid DES in D;0.

Betaine:levulinic acid: *H NMR (300.13 MHz, D;0): § 2.06 (3H, s, H-5); 2.42 (2H, t, H-2); 2.70 (2H, t, H-
3); 3.10 (9H, s, N(CHa)3); 3.74 (2H, s, H-2°) ppm. °C NMR (75.47 MHz, D,0): § 27.84 (C-2); 29.82 (C-
5); 37.87 (C-3); 53,25 (N(CHs)s); 65.93 (C-2¢); 168.84 (C-1¢); 177.12 (C-1); 213.34 (C-4) ppm.
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Supplementary Fig. 2. Solubility behavior of curcumin in aqueous solutions of Bet:Lev at room (25 °C) and body

(25 °C) temperatures. Results are expressed as the mean + standard deviation (SD) of independent experiments and
independent measurements for each sample.
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Supplementary Fig. 3. Photostability of curcumin in (a) acetone aqueous solutions and (b) DES aqueous solutions at
50% (w/w), exposed to 50 mW-cm? irradiation at room temperature under stirring. Values are expressed as the
mean + SD of independent experiments and independent measurements for each sample.
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Supplementary Fig. 4- Inhibitory effect of D-mannitol and L-histidine in the photoinactivation efficacy of S. aureus
ATCC 6538 irradiated with LED (50 mW-cm?) over 90 min, using curcumin at 20uM. Results are expressed as the
mean + SD of three independent experiments and independent measurements for each sample.
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