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ABSTRACT: In the development of new antibacterial therapeutic

approaches to fight multidrug-resistant bacteria, antimicrobial photo-
dynamic therapy (aPDT) represents a well-known alternative to treat

local infections caused by different microorganisms. Here we present a s
polypropylene (PP) fabric finished with citrate-hydroxypropyl-3CD *Aurey
polymer (PP-CD) entrapping the tetra-anionic $,10,15,20-tetrakis(4-
sulfonatophenyl)-21H,23H-porphine (TPPS) as photosensitizer-elut- i &0 - d
ing scaffold (PP-CD/TPPS) for aPDT. The concept is based on host— 5 - RRN Bacterial
guest complexation of porphyrin in the cavities of CDs immobilized ; NN R 1 /-7
on the PP fibers, followed by its sustained and controlled delivery in
release medium and simultaneous photoinactivation of microorgan-
isms. Morphology of fabric was characterized by optical (OM) and
scanning electron microscopies (SEM). Optical properties were
investigated by UV—vis absorption, steady- and time-resolved
fluorescence emission spectroscopy. X-ray photoelectron spectroscopy (XPS) and FT-IR revealed the surface chemical
composition and the distribution map of the molecular components on the fabric, respectively. Direct 'O, determination allowed
to assess the potential photodynamic activity of the fabric. Release kinetics of TPPS in physiological conditions pointed out the
role of the CD cavity to control the TPPS elution. Photoantimicrobial activity of the porphyrin-loaded textile was investigated
against both Gram-positive Staphylococcus aureus ATCC 29213 (S. aureus) and Gram-negative Pseudomonas aeruginosa ATCC
27853 (P. aeruginosa). Optical microscopy coupled with UV—vis extinction and fluorescence spectra aim to ascertain the uptake
of TPPS to S. aureus bacterial cells. Finally, PP-CD/TPPS fabric-treated S. aureus cells were photokilled of 99.98%. Moreover,
low adhesion of S. aureus cells on textile was established. Conversely, no photodamage of fabric-treated P. aeruginosa cells was
observed, together with their satisfying adhesion.

Bl INTRODUCTION aPDT mechanism involves a photosensitizer (PS), which, 49

released in the infected site, is promoted to its excited singlet so
state ('PS) by shining light on its absorption bands. This s1
species evolves to the triplet state (°PS) that can decay by s2
transferring energy to the surrounding oxygen and molecular 53

Prevention of infection is a major medical and financial issue.
Nowadays, as the increase in multidrug-resistant bacteria, due
to the overstated use of antibiotics, research efforts are directing

on new antibacterial therapeutic approaches. Antimicrobial

Photodynamic Therapy (aPDT) is a well-known alternative to

treat local infection caused by different microorganisms, such as Received: November 28, 2016
Gram-positive and Gram-negative bacteria, viruses, fungi and Revised:  February 16, 2017
protozoa.l’2 Published: March 3, 2017
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Biomacromolecules

components. Radical oxygen species (ROS) and, in particular,
singlet oxygen ('0,), are generated and are responsible for the
photodynamic damage.”* aPDT is being investigated in the
treatment of surface wounds, burns, abscesses, oral sites, and
the middle ear infections. While preclinical aPDT studies have
largely been carried out by using primarily PS in solution,”*
there is an increasing debate to develop photodynamic anti-
infective surfaces both with permanent microbicidal activity and
with PS releasing properties.5 According to this approach, PS is
generally localized in the implant,” and the produced 'O, plays
cytotoxic activity at the required distance in the infected sites,
preserving healthy tissues. Recently, Mosinger et al. have
proposed different materials based on nanofibers bound to
cationic and neutral PSs, clarifying the site of interactions of PS
in the polymeric matrix”® and thus controlling the photo-
bactericidal activity.”'? PS-conjugate cellulose fibers'' have
been proposed as scalable scaffolds for anti-infective or self-
sterilizing materials.>~** Furthermore, inorganic nanostruc-
tured materials have been employed to modify textile
surfaces.”> When gold nano-objects decorate the surface, they
can be activated by suitable light, leading to photothermal
destructions of pathogens.'®'” In this direction, Martel et al.
have extensively developed biocompatible cyclodextrin (CD)
finished surfaces for controlled drug delivery from vascular
eluting stents,'® textile polyester prosthesis,'” and polypropy-
lene inguinal meshes.”””' The key role of the hydrophobic
macrocycle cavity in entrapping and sustaining release of
therapeutics to the sickly tissues has been pointed out.
Recently, antibacterial surfaces fabricated by embedding
antibacterial agents into polyelectrolyte multilayers assembled
on supports”””> or onto polycationic hydrophobic polymer
grafted on glass™* have been proposed. With this aim in mind,
different CD-polymer coatings were designed, that is, by using
polyelectrolyte multilayer CD films built-up by the layer-by-
layer technique.z" To this purpose, polycationic polymers, such
as chitosan or epichlorohydrin-CD polymer carrying trimethy-
lammonium groups, and polyanionic polymer, such as citric
acid-CD  polymer,”**” have been exploited. Alternatively,
reactive groups have been introduced on CD to increase the
CD amount grafted on cotton fabrics.”® One of the main
advantages of this approach is the high versatility in the
complexation of different typology of drug molecules in natural
or modified CD**~*" or in CD nanogels.”” Here we present a
polypropylene (PP) fabric finished with citric acid-hydroxy-
propyl-f-CD polymer (PP-CD) entrapping the tetra anionic
5,10,15,20-tetrakis(4-sulfonatophenyl)-21H,23H-porphyrine
(TPPS). TPPS was extensively considered as model compound
to investigate the cellular uptake of PS delivered by CD
nanoassemblies for PDT.** Furthermore, the entrapping of
TPPS in CDs is prevalently governed by interaction of the PS
with the cavity.”* Few papers report on photoinactivation of
bacteria by both anionic or neutral PS in solution, due to their
low interaction with biological membrane.””*® On the other
hand, a plethora of examples relies on the utilization of cationic
PS free in solution or loaded in nanoparticles to photoinactivate
Gram-positive or Gram-negative bacterial =strains,”*”>*"~*
fungi, and viruses."' Recently, TPPS and its Ni(II) and Zn(II)
metal derivatives have been proposed for photoinactivation of
Gram-negative bacteria.”” aPDT was apéplied after PS local-
ization in implanted intraocular lens,” following cataract
surgery, or in wound coverings for the treatment of skin
ulcers.” But, to the best of our knowledge, rare studies were
dedicated to aPDT treatment of nosocomial infection,

supplemental to surgery, using photodynamic coverings with
sustained release (i.e., after laparoscopic surgery) activated by
optical fibers of suitable wavelength.”” In this direction, here we
propose a finished fabric based on host—guest interaction
between PP-CD and TPPS for potential application in the
fabrication of novel anti-infective implants or coverings. PS
entrapped in CD and localized on the covering surface could be
efficiently eluted in controlled fashion to neighboring tissues
where bacterial cells are nested. As a consequence, bacterial
cells (directly in contact with surface or present in the
surrounding biological media) could be photoinactivated upon
irradiation, preventing bacterial adherence, the first stage of
biofilm formation. With respect to aPDT by using PS in
solution or entrapped in nanoparticles, the current approach
could be suitable to treat postsurgical local infections, thus,
minimizing the undesirable photosensitization effect due to the
PS systemic administration.** Hence, TPPS utilization can be
advantageous (i) to minimize dark toxicity, typical of cationic
PS, when porphyrin elutes from fabric and enters into in
circulation, and (ii) to be released in controlled way from CD
cavity where it can plausibly be complexed.**

Finished PP-CD/TPPS fabric morphology, chemical compo-
sition, and photophysical properties were investigated by
complementary microscopic and spectroscopic techniques.
Luminescence direct 'O, determination allowed to evaluate
the potential photodynamic activity of the textile.

Finally, photodynamic antimicrobial properties of PP-CD/
TPPS fabric were investigated against Gram-positive Staph-
ylococcus aureus ATCC 29213 (S. aureus) and Gram-negative
Pseudomonas aeruginosa ATCC 27853 (P. aeruginosa), two of
the most infective agents associated with medical devices.*~"

B MATERIALS AND METHODS

Chemicals. Solvents were purified and dried using standard
techniques. All the other reagents were of the highest available
commercial grade. They were used as received or purified by
distillation or recrystallization when necessary. All solutions used for
spectroscopic characterizations were prepared in pure microfiltered
water (Galenica Senese, Siena, Italy). Hydroxypropyl-fCD (HP-
BCD), Kleptose HP, MS = 0.85, where MS is the number of HP
groups per glucose units, was purchased from Roquette (Lestrem,
France). Citric acid monohydrate (CTR) and sodium dihydrogen
hypophosphite (NaH,PO,) were purchased from Aldrich chemicals
(Saint Quentin Fallavier, France). $,10,15,20-Tetrakis(4-sulfonato-
phenyl)-21H,23H-porphine (TPPS), §5,10,15,20-tetrakis(1-methyl-4-
pyridinium)porphyrin (H,T,), and 1-adamantanol (Ada-OH) were
purchased from Sigma-Aldrich (Milan, Italy).

Preparation of Fabric. PP-CD samples were prepared by a
method previously reported.”’ Briefly, PP nonwoven fabric was
preliminarily washed by Soxhlet with various solvents (petroleum
ether, isopropanol and water) to eliminate industrial finishing
products, especially sizing agents. Thereafter, the fabric was treated
with a pad—dry process using a horizontal two-roll padder and a
thermofixation oven (Roaches, Leek, U.K.). The padding liquor was an
aqueous solution containing CTR/NaH,PO,/HP-ACD in a 10/3/10
molar ratio, corresponding to the amount in grams of each reactant for
100 mL of solution. Impregnated fabrics were then roll-squeezed,
dried, and thermofixed and, finally, washed with hot water by a Soxhlet
extractor. Raw and treated samples were dried for 30 min at 104 °C
before being weighed. The weight gain of the treated fabric was 15%
wt, calculated by the following equation: % wt = 100 X (m; — m;)/m,
where m; and my are the weight of the sample before and after
treatment, respectively. The precision of the weight gain measure-
ments was +1.5% wt. By taking into account that the water-soluble
cross-linked CD polymer (polyCTR-CD) contains about 50% of HP-
PCD, as determined by NMR,*** CD grafted on PP was estimated to
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be 20.506 pmol/cm®. PP-CD/TPPS complexes were prepared by
dipping different samples (1 cm X 1 cm) of PP-CD into porphyrin
aqueous solution (1 mM, V = 3 mL) for 3 h. Afterward, the samples
were copiously washed with distilled water to obtain colorless wash
waters and eventually dried at 60 °C for 2 h.

Drug Loading Studies. Drug loading (DL) was determined by
UV—vis absorption using its molar extinction coefficient at the B-band
maximum (£,40m = 533 X 105 M™! cm™!)*° after complete
displacement of TPPS by dipping PP-CD/TPPS fabric (1 cm X 1
cm) in a saturated aqueous solution of 1-AdaOH (V = 3 mL). DL was
expressed as Weroy(Tpps) (mg/cm?), that is, the total amount of TPPS
embedded into a (1 cm X 1 cm) PP-CD sample. DL measurements
were carried out in triplicate, and the standard deviation value (+SD)
was calculated.

Release Studies. The release profiles of TPPS were evaluated in
10 mM phosphate buffer containing NaCl (137 mM) and KCl (2.7
mM) at pH 7.4 (PBS) and at 37 + 0.5 °C. TPPS release from PP-CD/
TPPS was investigated using 21 cm X 1 cm sample plunged in PBS (V
=3 mL), placed into a 1 cm path length quartz cuvette, and gently
stirred (200 rpm). The amount of TPPS released in solution was
evaluated using its molar extinction coefficient as above-described. For
comparison, the elution of TPPS was also evaluated in pure water, in
water, and in PBS enriched with 1-AdaOH, respectively. Elution
experiments were carried out both at 25 and 37 °C + 0.5 °C. The
release/elution experiments were performed in triplicate, and +SD was
calculated. The eluted/released amount of TPPS at a given time from
1 cm X 1 cm PP-CD/TPPS sample was expressed as (100 X Wipps/
Woror(rpps)), Where Wopps is the weight of released amount of TPPS
and Wrgytpps) is the total amount of TPPS loaded in the analyzed
patch.

Affinity binding constant (K,) was estimated by a simplified
procedure by considering the following equilibrium:

PP_CD(fabric) + TPPS(solution) < PP_CD/TPPS(fabﬂC) (1)

where PP-CD gpyc) and PP-CD/TPPS g, indicate the CD content
on textile without and finished with TPPS, respectively, and
TPPS (sojution) is porphyrin species in solution in equilibrium with the
species entrapped in the fabric.

From eq 1 it is possible to evaluate affinity constant (K,) as follows:

K, = app.cp /10PS(fabric)/ ATPPS (solution)PP-CD(fabric) (2)

where app.cp,Tpps(fabric)y ATPPS(solution)s 21 App.cp(fabric) are the activities
of PP-CD/TPPS, TPPS, and PP-CD, respectively, and for pure solids,
App.cp/TPPS(fabric) AN App_cp(fabricy €an be considered equal to the unit.
arpps in diluted solutions is approximately equal to the porphyrin
concentration ([TPPSjy0n)] = 7.8 M), which has been determined
assuming a nearly complete displacement equilibrium (eq 3) by
dipping textile (PP-CD/TPPSgy,;i), 1 cm X 1 cm) in a 1-adamantanol
satured solution (1-AdaOH gytion)), thus, forming PP-CD/1-
AdaOH(fabm) and TPPS(solution)'

PP'CD/TPPS(fabriC) + 1_deaOI—I(solution)
R PP-CD/l‘AdaOH(fabric) + TPPS(solution) (3)

UV—vis, Fluorescence Emission Spectra, and Microscopy.
UV/vis spectra were collected using a Hewlett-Packard mod. 8453
diode array spectrophotometer. Fluorescence emission measurements
were performed on a Jobin Yvon-Spex Fluoromax 4 spectrofluorim-
eter, using time-correlated single-photon counting for time-resolved
measurements. The excitation source was a NanoLED at 390 nm. All
the spectroscopic measurements were carried out at 25 °C. FEG-SEM
and OM measures were performed on the facilities at CNR-ISMN
(Monterotondo, Roma). FEG-SEM analysis was carried out by using a
high brilliance LEO 1530 apparatus equipped with an INCA 450
energy dispersive X-ray spectrometer (EDS) and a back-scattered
electron detector.”" Microscope images were registered on Leica
DMRX and MZ FL III optical microscopes, respectively, equipped
with a digital camera, for observation in transmittance, reflection,
absorption, and fluorescence. Photogeneration of 'O, by laser

excitation of the PS was monitored by luminescence measurements
on 1 cm X 1 cm PP-CD/TPPS 7}Jatch in a 1 cm path length quartz cell
in air, as previously described.’**

XPS. Surface XPS analysis was performed by using a Thermo
Scientific ESCALAB 250Xi X-ray photoelectron spectrometer,
equipped with a microfocusing X-ray twin-crystal monochromator
with a 500 mm Rowland circle. The spectrometer can be used for both
imaging and small area XPS, thanks to a two-dimensional detector for
imaging and a detector based on channel electron multipliers for
spectroscopy when high count rates have to be detected. XPS spectra
were acquired by using a standard Al anode as X-ray source (Al K,
radiation, hv = 1486.6 eV). The 180° hemispherical energy analyzer
operated in the CAE mode at a constant pass energy of 20 eV. XPS
data analysis was performed by a nonlinear least-squares curve-fitting
program using a properly weighted sum of Lorentzian and Gaussian
component curves, after background subtraction according to
Sherwood et al.>*

FTIR. Chemical imaging analyses were performed by a NICOLET
iN10 MX Infrared Imaging microscope (ThermoFischer Scientific).
Infrared chemical images were collected with a single element detector
and aperture set at 50 X 50 um. Spectra were registered at 8§ cm™'
resolution and the image size was 250 X 250 ym®.

Bacterial Photoinactivation Studies. The antimicrobial activity
of PP-CD/TPPS was assessed against Staphylococcus aureus ATCC
29213 and Pseudomonas aeruginosa ATCC 27853. S. aureus and P.
aeruginosa were stored at —80 °C in glycerol/broth medium (30% v/v)
and grown in Tryptic Soy broth and Luria—Bertani broth (LB),
respectively, incubating at 37 °C under continuous shaking (180 rpm)
for 4—6 h. For antimicrobial activity test, 1 mL of each culture was

259

centrifuged (3700 g, S min) and washed three times with 2 mL of 275

sterile PBS. The pellets were then resuspended in sterile PBS to a final
density of ~1 X 10° colony forming units X mL™'(CFU/mL).

276
277

Bacterial counts were evaluated using standard plating methods. A 278

total of 1 mL of bacterial suspension was incubated in the dark with
PP-CD/TPPS and PP-CD patches (1 X 1 cm) at 37 °C for 30 min.
After the contact with bacterial suspension, patches were, respectively,
transferred into a quartz cuvette (previously decontamined with 70%
ethanol for 30 min and washed three times with sterile deionized
water) through a sterile needle and placed at § cm distance from a cold
white light of a SO0 W halogen lamp (Osram). The irradiating beam was
filtered through a UV filter (Hoya glass type UV-34, cutoff: 340 nm) in
order to cut the UV component. A 1 cm cell filled with water was used
to remove the IR component. Patches without TPPS (PP-CD) were
irradiated for 10, 20, and 30 min, respectively. Each PP-CD/TPPS
patch was irradiated for 30 min, and overheating was prevented by
ventilation. A light dose of 25 J cm™ was estimated. At the same time,
patches of PP-CD and PP-CD/TPPS were incubated at room
temperature in the dark and used as control without irradiation.
Then, all the patches, irradiated and not, were removed and transferred
into 1 mL of sterile PBS 0.1% Tween 80 and stirred with a blender for
1 min in order to release bacteria entangled in the patches. The 0.1 mL
aliquots of each bacterial suspension were collected and then diluted.
Each bacterial resuspension was 1:10 serially diluted (100 yL into 900
UL of sterile PBS) six times, and 100 uL from the undiluted and each
diluted sample was plated on agar medium. The plates were incubated

290
291
292
293
294
295
296
297

overnight in the dark at 37 °C. The survival rate was determined by 301

the ratio of CFU/mL of the irradiated sample versus that of the not
irradiated identical sample, coming from the dark control. The
minimum detection limit was 100 CFU/well. The experiments were
carried out in triplicate. For epifluorescence microscopy imaging, the
same above-mentioned procedure was used for the PP-CD/TPPS
patches, irradiated or not, that were removed and stained with 10 uL
of LIVE/DEAD BacLight. Bacterial Viability Kits (Molecular Probe
Thermo Fisher Scientific) were incubated for 15 min in the dark and
observed using a Leica DMRE epifluorescence microscope equipped
with a Leica DC300F Camera. For each sample, at least five images
were acquired by Qwin software.

Extinction and Fluorescence Spectra on Bacterial Cells. An
aliquot of bacteria suspension (0.1 mL) was incubated in the dark with
PP-CD/TPPS patches at 37 °C for 30 min. Hence, suspension was
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200 pm

Figure 1. Preparation of fabric based on PP-CD/TPPS with chemical structures of TPPS and PolyCTR-CD coating components and representative
FEG-SEM (A, B) and OM images registered in transmittance (C), reflection (D), UV—vis (E), and fluorescence (F) modalities.

316 centrifuged (3200g, S min), washed with 0.5 mL of sterile PBS to
317 eliminate eventual free TPPS, and resuspended in 0.1 mL of
318 fluorescence mounting medium (Agilent Techonologies, Santa Clara,
319 U.S.A.). Some drops of this bacterial culture were cast on sterilized
320 glass and covered with a coverslip. Images of bacterial cells were
321 acquired by using an inverted Zeiss microscope (Axiovert $100) with a
322 50X objective, equipped with a cooled DVC color camera.
323 Transmission measurements were carried out by using a 100 W
324 halogen lamp, whereas fluorescence measurements were acquired by
325 using the green line (546 nm) of a 75 W Hg lamp as excitation source.
326 By using an optical fiber (100 ym core size) positioned on the image
327 plane equivalent to that of the camera, the spectral information was
328 obtained on a defined portion of the image (1 pm sized). The
329 extinction and fluorescence spectra were collected at various sites by
330 using an array dual spectrometer (Avantes) as detecting device. The
331 resolution of the extinction and fluorescence spectrum is 0.7 and 4 nm,
332 respectively. The background absorbance and fluorescence values were
333 collected outside the bacterial cells.

33+ l RESULTS AND DISCUSSION

335 Preparation and Morphology of PP-CD/TPPS Fabric.
336 PP nonwoven fabrics functionalized with HP-CD (PP-CD)
337 were fabricated as previously reported.”’ They consist of PP
338 fibers coated by a cross-linked CD polymer issued from the
339 polyesterification reaction between CTR and HP-SCD
340 (polyCTR-CD) in a curing oven. TPPS-loaded PP-CD fabric
341 was prepared by dipping PP-CD patches (1 cm X 1 cm) into
342 porphyrin aqueous solutions. The gradual uptake of the
343 porphyrin can be easily monitored in situ by fluorescence
344 emission spectroscopy on patches dipped into porphyrin
345 solution for different times (Figure S1). Since after 2 h only
346 a negligible increase of porphyrin amount embedded into the
347 PP-CD was found, this time has been selected to maximize the
348 content of TPPS onto the fabric. Several cycles of washing and
349 drying were necessary to eliminate PS physically adsorbed on
350 fabric, and not specifically bound to polyCTR-CD coating. On
351 the contrary, by dipping PP nonwoven patches uncoated with
352 polyCTR-CD in TPPS solution, no embedding of porphyrin
353 was detected. The leakage of the dye in water from our
354 functionalized fabric was monitored spectrophotometrically by
355 following the increase of the TPPS absorption band, when 1 cm

X 1 cm samples were dipped in 3 mL of water directly in a 3s6
cuvette. In about 3 h at 25 °C, 226% of dye was released in 357
aqueous solution (Figure S2). At longer times porphyrin release 3ss
in water remarkably slowed (vide infra). The amount of TPPS 359
embedded into the PP-CD was determined by using the molar 360
extinction coefficient at the Soret maximum (5.33 X 10° M™ 361
cm™'), after complete release of the dye in water. This latter 362
was obtained through immersion of fabric samples into an 363
aqueous solution saturated with 1-AdaOH. This reagent 364
displaces TPPS from fabric to solution, due to its higher 36s
affinity for CD cavity. It has been found that each 1 cm X 1 cm 366
sample is able to load 0.022 (£0.0019) mg that corresponds to 367
0.0215 (+0.0018) pmol of TPPS. These + SD values, which 368
mainly can be ascribed to homogeneity of the PP treatment 369
(the precision of weight gain is 2+1.5% wt), suggests a good 370
reproducibility of the entrapping process and following washing 371
off of physically adsorbed PS. In this way, by taking into 372
account the displacement of TPPS included in CD cavity from 373
1-AdaOH, and considering CD grafted on PP as pure solid 374
species with activity unitary, a K, between PP-CD and TPPS of 375
approximately 1.3 X 10° M~ was estimated. Although K, was 376
obtained by a simplified procedure (see Materials and 377
Methods), it fairly agrees with the reported binding constant 37s
of fCD/1-AdaOH complex (9.8 x 10* M™!)>* in aqueous 379
solution, whereas it is higher with respect to binding constants 380
which have been determined by Kano et al. for the 381
complexation of f-CD with TPPS in aqueous solution (K; & 382
1.7 X 10* M™" and K, & 2.3 x 10> M™')** by considering a 383
host/guest molar ratio of 2:1. By knowing that the CD total 384
concentration grafted on fabric is 20.506 pmol X cm? and is 385
higher than the loaded TPPS (220.0215 M X cm?), we assume 386
that most of TPPS is complexed in CD grafted on PP. 387
Conversely, the entrapment in PP-CD fabric of a cationic 388
porphyrin (H,T,) was proved, but only a very low amount was 389
detected (data not shown), confirming the role of grafted CD 390
which more strongly interacts with TPPS with respect to 391
H2T4.34 Therefore, PP-CD/TPPS finished fabric was selected 392
for further investigations. Figure 1 shows a schematic 39311
representation of the PP-CD/TPPS fabric preparation together 394
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395 with FEG-SEM and the corresponding optical micrographies.
396 These latters evidence the entanglement of TPPS onto the
397 fibers and, in particular, FEG-SEM reveals no prominent
398 morphology modification, due to the chromophores inclusion,
399 with respect to the PP-CD fibers precursor (Figure S3), except
400 for a detectable increase of the fiber roughness.

401 Spectroscopic and Photophysical Studies. Spectro-
402 scopic characterization on PP-CD/TPPS fabric surface was
403 carried out in order to elucidate the interaction sites of TPPS
404 into the fibers and its photodynamic potential. Fluorescence
405 emission spectra showed the typical two-banded emission
406 profiles for this porphyrin with maxima centered at 654 and 715
407 nm, respectively (Figure 2). According to literature, these
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Figure 2. Fluorescence emission (A, = 420 nm) and the

corresponding excitation spectra (4., = 654 nm, inset) of PP-CD/
TPPS fabric, at T = 25 °C.

408 features were attributed to TPPS entrapped in the CD-modified
409 macromolecular matrix.’® Moreover, the excitation profile in
410 the Q-bands region shows the presence of four bands centered
411 at 520, 554, 595, and 643 nm that match the Q-bands
412 extinction spectra of PS, confirming the embeddmg of TPPS in
413 the polyCTR-CD coating (Figure 2, inset).*®

414  Since aggregation of porphyrins plays a key role in the
415 photodynamic activity,”” fluorescence lifetimes were measured
416 to determine the PS aggregation state into the fabric. Time-
417 resolved fluorescence measurements carried out at room
418 temperature showed a biexponential decay with a short lifetime
419 of 1.5 ns (37% amplitude), ascribable to oligomeric supra-
420 molecular aggregates and a long-living emitting species with
#1 lifetime of 8.3 ns (63% amplitude) due to porphyrin monomer
422 (data not shown).”® The presence of the monomeric species
423 with longer lifetime guarantees a significant photodynamic
424 inactivation. In order to ascertain the generation of '0,, species
425 mainly responsible for photodamage, a phosphorescence profile
426 of 'O, monitored by infrared luminescence at 1270 nm has
427 been registered in air (Figure 3). The typical kinetic trace has
428 been fitted by a first-order decay’””” with a lifetime (7,) of
429 approximately 67 us.

430 Even if the photophysical behavior of PP-CD/PS textile
431 needs further studies, the lengthening of 7, in TPPS-loaded
432 fabric in air versus porphyrin immobilized inside nanofibers®
433 agrees with PS accommodation on the surface of PP-CD.
434 Furthermore, PP-CD/TPPS materials are hydrophilic and
435 highly wettable, as demonstrated by sustained release in
436 physiological media (vide infra). Therefore, our fabrlc, similar
437 to other nanofibers externally modified with PS,’ is promising
438 to photodamage target species localized close to the surface.
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Figure 3. Typical kinetic trace of 'O, generated upon laser excitation
(532 nm) of PP-CD/TPPS fabric (T = 25 °C) in air. The trace was
best-fitted by first-order kinetic equation (red).

XPS and FTIR Characterization. XPS analysis was carried 439
out in order to get insights on the complexation sites of TPPS 440
in PP-CD. Analysis was performed by focusing selected small 441
areas that resulted visually enriched (red area) or depleted 442
(white area) by porphyrin. The S 2p photoelectron peak on the 443
surface of PP-CD/TPPS was detected at a binding energy BE = 444
168.3 eV and it is assigned to the presence of sulfonate 445
groups.”’ The C 1s spectrum is dominated by the hydrocarbon 44
component with a shallow tail in the high binding energy side. 447
The curve-fitting procedure indicated the presence of several 448
carbon species in different chemical environments, mainly due 449
to N and O. Results of the XPS curve-fitting of the C 1s 4s0
photoelectron peak in the white (A) and red (B) areas of a PP- 451
CD/TPPS sample are shown in Figure 4. In Table 1, the 452 f4u
surface distribution of carbon species, expressed as percentage 453
of the total carbon peak area (100%), is reported. Both in the 454
white and red areas of the sample, the C 1s signal can be 455
deconvoluted by five components, corresponding to C— C/ C— 456
H, C-N, C-0, O—C-0, and O—C=0 bonding states.”' The 457
presence of the oxygenated components in the 286—290 eV 4s8
binding energy range resulted more evident in the C 1s 459
spectrum of the red area (Figure 4B). As shown by the surface 460
distribution of carbon species in Table 1, the intensity of all of 461
the C—N and C—O components increased in the red area 462
compared to the white area. This evidence can be attributed to 463
the presence of the polyCTR-CD/TPPS coating on the PP 464
fibers. 465

The FTIR analysis of the PP-CD/TPPS fabric is reported in 466
Figure S. FTIR spectra on the right side refer to the areas in the 4675
infrared chemical image (left) pointed by arrows. 468

The chemical images were obtained by measuring the 469
intensity of the resonance at 1649 cm™" attributed to O—C=0 470
stretching of polyCTR-CD. Analysis of the intensities confirms 471
that blue, green and red area in the chemical images are mostly 472
occupied by PP fibers, PP-CD and PP-CD/TPPS, respectively. 473
However, in all the areas, contributions due to polyCTR-CD/ 474
TPPS functionalization (in the range 1800—1500 cm ~') can be 475
evidenced. Figure SA reports the FTIR spectrum in the area 476
covered mostly by PP fibers.”” In Figure 5B, signals in the 477
2900—3600 cm™' range reflect contributions of primary and 478
secondary OH groups of CD and of water located inside the 479
CD caVIty or at the interstices between different CD 480
molecules.”> In the 1800—1500 cm™! region, the signals 481
attributed to O—C=0 stretching of the citrate linked to CD 4s2
were observed. Also, in the same range, resonances ascrlbable 483
to phenyl ring of TPPS appeared, even if they are less intense.”* 484
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Figure 4. XPS curve-fitting of C s photoelectron peak in the white
(A) and red (B) areas of the PP-CD/TPPS sample.

Table 1. XPS Surface Distribution of Carbon Species in the
White and Red Areas of the PP-CD/TPPS Sample,
Expressed As Percentage of the Total Carbon Peak Area
(100%)
C 1s component c-C C-N Cc-0 0-C-0 0O-C=0
BE (eV) 285.1 285.9 286.6 287.8 288.9

A (white area) 86.0 5.9 5.9 1.6 0.6
B (red area) 75.9 8.8 8.9 3.7 2.7

485 These bands, pointed by black arrows in Figure 5B, remarkably
486 changed in the red area corresponding to PP-CD/TPPS fabric
487 (Figure SC), thus, pointing out the interaction of TPPS with
488 CTR moieties close to CD rims.

480 Release Kinetics and Competition Experiments. All the
490 spectroscopic data indicated the successful entrapping of TPPS
491 in cyclodextrin portions of the PP-CD matrix. Even if it is not
492 possible, a priori to rule out an aspecific entanglement of TPPS
493 on the PP sections of finished fabric, the interaction of TPPS
494 with CD cavity was visually demonstrated by competition
495 experiments in the presence of 1-Ada-OH (Figure S4). This
496 latter, interacting preferentially with the CD cavity, displaces
497 TPPS from fabric as evidenced by its rapid elution both in
498 aqueous solutions (Figure 6) and in PBS (Figure SS) in
499 comparison with the release in absence of 1-AdaOH. These

results agree with the literature data demonstrating the soo
inclusion of phenyl-sulfonate group of TPPS into the CD so1
cavity.34 502

Furthermore, the release profiles of TPPS from PP-CD/ s03
TPPS were evaluated under physiological conditions. As so4
reported in Figure 7, after a burst effect during the first hour sos 7
with a release of about 50% of PS, the system is able to sustain s06
TPPS release for about 2 days. The elution of TPPS from fabric 507
in PBS was extremely slower at 25 °C than at 37 °C (Figure sos
S6). This evidence points out to potential applications of this so9
fabric as porphyrin eluting system in biologically relevant sio
medium both close to room and physiological temperature.  s11

Altogether, these results could bring out the feasibility to si2
apply our textile device in controlling the amount of released s13
PS, by changing time of exposure to infected biological sites s14
and typology of CD-avid molecules. These latter could be sis
uptaken from biological media and be contended with 516
porphyrin for CD cavity or be externally coentrapped and s17
released differently than PS. 518

Biological Investigations. Biological studies were, first, s19
focused on S. aureus, a microorganism that showed to be s20
sensitive to PDT by TPPS® and, in the second part, sz
experiments were carried out also with P. aeruginosa, a s22
microorganism not sensitive to TPPS treatment.®® 523

TPPS Uptake and Antimicrobial Photodynamic Effect s
on S. aureus. As PS uptake seems to be related to sis
photodynamic efliciency, uptake investigations have been s26
performed.”® A S. aureus suspension was incubated in the s27
dark with PP-CD/TPPS fabric, washed to eliminate free TPPS, s28
transferred onto glass and covered with coverslip (see Materials 529
and Methods). 530

In Figure 8 are reported the transmission (A) and s31fs
fluorescence optical images (C) of the cast bacterial suspension, s32
respectively. UV—vis extinction spectra (Figure 8B) registered s33
on bacterial cells show a band with a maximum at 420 nm, s34
ascribed to TPPS. The presence of PS into the bacterial cells s3s
was confirmed by fluorescence emission spectra, which show s36
the peculiar bands centered at 651 and 718 nm, respectively. 537
Even if this setup needs some implementation for quantitative s38
analysis of internalized PS, microscopic observations and s39
spectral changes are in agreement with the uptake of TPPS s40
into S. aureus cells and, in particular, within the cell wall*® (high sa1
fluorescence in the peripheral regions in Figure 8C could be s4
ascribed to insoluble fabric residues). The antibacterial efficacy s43
of PP-CD/TPPS patch was investigated by a comparison of the s44
number of viable cells in the S. aureus suspension incubated in s4s
the dark with fabric and irradiated, compared to that one s46
incubated in the dark with patch and not irradiated. As a 547
control, S. aureus was incubated with PP-CD and irradiated by s48
confirming that, in the absence of PS, a light dose equal to that s49
one here used (ie, S J/cm?®) does not exert a substantial sso0
bactericidal effect.”’ 551

Viable cells collected from irradiated PP-CD/TPPS patches ss2
were 4 unit log lower than that collected from not irradiated ss3
patches, corresponding to 99.98% kill (cells from not irradiated ss«
patches were 4.3 X 10° versus 8 X 10* from irradiated ones, see sss
Figure 9, left). Microscopic observation showed that, although ss6
single bacteria were not observable, a widespread green signal ss7
compatible with viable cells were linked to fibers of not sss
irradiated patches (Figure 9A), whereas a low signal was sso
observed in irradiated PP-CD/TTPS fabric(Figure 9B). More s60
importantly, almost all the cells were red-stained after 30 min s61
incubation with LIVE/DEAD. These data suggest that the cell s62
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Figure S. FTIR analysis of the PP-CD/TPPS fabric. FTIR spectra on the right refer to the corresponding areas in the infrared chemical image on the
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Figure 6. Elution profile of TPPS in aqueous solution (full circles) and
in the presence of 1-AdaOH (empty circles) from PP-CD/TPPS (1
cm X 1 cm, T = 25 °C, SD < 0.5%).

membranes of S. aureus were altered after patches irradiation,
explaining the great decrease in the observed cell density.
Antimicrobial Photodynamic Effect on P. aeruginosa.
Photodynamic antimicrobial activity of PP-CD/TPPS fabric
was also investigated against P. aeruginosa, with the aim to
increase the sensitivity of these Gram-negative bacteria toward
TPPS with respect to the reported issues.”” The rationale of
this attempt relies with the achievement of uptake of this PS by
exploiting, in principle, the help of CD that can sustain TPPS
release. Differently from S. aureus, P. aeruginosa cultures
incubated with PP-CD/TPPS fabric and irradiated did not
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Figure 7. In vitro release profile of TPPS in PBS (10 mM, pH = 7.4 at
37 °C) from PP-CD/TPPS (1 cm X 1 cm). Data are reported as the
mean of three independent experiments + SD.

undergo to valuable reduction (cells from not irradiated patches s74
were 1.7 X 10° vs 1.8 X 10° from irradiated ones, see Figure 9, 575
left). The microscopic observation (Figure 9C, D) also showed s76
adhesion of P. aeruginosa cells, arranged on the fabric in both 577
samples. In this case, the LIVE/DEAD staining showed fully 578
viable bacteria (green color). These data, in agreement with s79
literature, confirm that P. aeruginosa is much more tolerant to s8o
photodynamic action than other bacteria.”® 581
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A satisfying PDT activity by TPPS was observed against S.
aureus. Considering a 50% of entrapped TPPS released in 30
min of incubation, a concentration = 4 yM was released by
fabric under the tested conditions. This amount of TPPS is
reasonably lower with respect to free TPPS concentration
utilized in solution to partially photoinactivate S. aureus, even if
in that case the samples were irradiated with a lower dose of
light (0.5 J/cm?).%> Although the solution of cationic PS (i.e.,

I

methylene blue and cationic porphyrins) is much more effective

against bacteria, including S. aureus,

38,68 conversely the utilized

amount of TPPS or other anionic PSs in solution are higher65

or somewhere comparable to our results.

36,69

Altogether, our findings suggests the feasibility of TPPS-
loaded fabric to concentrate and release anionic PS in
physiological medium to photoinactivate S. aureus. This

app

roach could be promising to design implants with
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photodynamic properties, which can be activated by optical
fiber using light at suitable wavelengths in the postsurgical
treatment of local infections, minimizing the systemic exposure
of PS solutions and nanoparticles dispersions.*

B CONCLUSIONS

Fabric based on polypropylene nonwoven fibers coated with
citric acid-hydroxypropyl-fCD crosslinked polymer and loaded
with an anionic porphyrin were designed and fully characterized
by complementary spectroscopic and microscopic techniques.
Our findings pointed out that porphyrin is hosted into the CD
cavity, presumably by exploiting the interactions both with
inner and CTR-conjugate rims of macrocycle. These fabrics are
able to elute about 50% photosensitizer in few hours and
sustain its release in physiologic conditions for about 3 days.
Together with their propensity to photoinactivate S. aureus,
these properties strongly support further research on textile-
based photosensitizer eluting system for potential aPDT
applications as coverings or implants in infected sites. Both
the control of the released photosensitizer versus time of
exposure of fabric to the infection and the codelivery of other
cyclodextrin avid drugs, open the way to investigate novel
multifunctional textiles against multidrug-resistant bacteria.
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