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ARTICLE INFO ABSTRACT

Keywords: Starch is a biodegradable and biocompatible carbohydrate that, when combined with bioactive molecules, can be
Polysacc'harides processed as biomimetic platforms with enhanced performance, allowing its use as active wound dressing ma-
Porphyrins terials. Porphyrinoid photosensitizers can tune the physicochemical/functional profile of biomacromolecules,
;):Sitriocpi)tl;obmty allowing their use in anti-infective strategies. In this work, the feasibility of using the cationic 5,10,15,20-tetrakis
Antimicrobial (1-methylpyridinium-4-yl)porphyrin tetraiodide (TMPyP) to enhance the physicochemical, mechanical, anti-

microbial performance, and wound healing ability of casted starch-based films was studied. TMPyP conferred a
reddish coloration to the films, maintaining their pristine transparency. It increased by 87 % the films hydro-
phobicity and, depending on the TMPyP used, conferred mobility to the starch polymeric chains. Starch/TMPyP-
based films effectively photoinactivated Escherichia coli (>99.99 %) and favored the wound healing process, even
in the absence of light. Therefore, the incorporation of TMPyP into starch-based formulations revealed to be a
promising strategy to tune the films compaction degree while giving rise to water tolerant and photosensitive
biomaterials that can act as multitarget antimicrobial medical dressings and glycocarriers of active compounds
relevant for effective skin wound healing.

Cellular migration

1. Introduction

Skin is the largest organ of the human body with the primary func-
tion of acting as organism barrier against physical, chemical, and bio-
logical assailants (Andreu, Mendoza, Arruebo, & Irusta, 2015; Zhong,
Zhang, & Lim, 2010). When its structural and functional integrity is
compromised by wounds, the body's endogenous wound healing process
immediately begins ensuring the skin's total recovery (Tottoli et al.,
2020; Zeng et al., 2018). Medical dressings aim to modify and/or
manipulate the wound environment to protect the wound from in-
fections and decrease the wound healing time. Currently, wound

dressings take variable forms, including semipermeable films, foams,
hydrocolloids, and hydrogels (Andreu et al., 2015; Gupta, Agarwal, &
Alam, 2010; Liang, He, & Guo, 2021; Mogosanu & Grumezescu, 2014;
Simoes et al., 2018; Zarrintaj et al., 2017). The next generation of wound
dressings are being explored as bioactive materials delivering collagen,
enzyme debriding or antimicrobial agents, that could modulate the
wound healing process, while decreasing the use of external substances
to maintain the asepsis, namely antibiotics (Andreu et al., 2015;
Mogosanu & Grumezescu, 2014).

Starch is a natural carbohydrate that has been explored for devel-
oping films, hydrogels, hydrocolloids, ointments, and nanofibrous
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scaffolds with potential to be used as wound dressings (Torres, Com-
meaux, & Troncoso, 2013). It is composed of two polysaccharides, the
mainly linear amylose and the highly branched amylopectin, both made
of polymeric chains containing p-glucopyranose residues linked by
(a1,4) glycosidic bonds and branches through (a1,6) glycosidic bonds
(Bertoft, 2017; Feng et al., 2018). Starch is of high value for various
industries due to its gelatinization capacity. Apart from its use as a
thickener, gelling agent, and glue in industrial applications (Ai & Jane,
2015), starch, due to its easy ability of acquiring thermoplastic prop-
erties, has also been explored for the development of biobased plastic
films (Ai & Jane, 2015; Hemamalini & Giri Dev, 2018; Liu, Xie, Yu,
Chen, & Li, 2009; S. Wang, Li, Copeland, Niu, & Wang, 2015; Zhu & Xie,
2018); and hydrogels (Hassan, Niazi, Hussain, Farrukh, & Ahmad, 2018;
Pal, Banthia, & Majumdar, 2006; Zhai, Yoshii, Kume, & Hashim, 2002,
Jukola, Nikkola, Gomes, Reis, & Ashammakhi, 2008; Sunthornvarabhas,
Chatakanonda, Piyachomkwan, & Sriroth, 2011; H. Wang et al., 2011).
Starch-based films are isotropic, odorless, tasteless, colorless, and non-
toxic (Ai & Jane, 2015; Laohakunjit & Noomhorm, 2004; Liu et al.,
2009). However, they tend to be brittle, due to their highly compacted
structure, and very sensitive to moisture conditions, due to the presence
of various hydroxyl groups in the polymeric chains. To overcome the
high brittleness and hydrophilicity of starch-based materials, the use of
chemically modified starch (Lancuski et al., 2017; W. Wang et al., 2016)
or starch blended with plasticizers (Laohakunjit & Noomhorm, 2004;
Liang & Ludescher, 2015; Liu et al., 2009) or synthetic polymers, such as
polyvinyl alcohol (Das, Uppaluri, & Das, 2019; Hassan et al., 2018; H.
Wang et al., 2011; Zhai et al., 2002), polylactic acid (Sunthornvarabhas
et al., 2011), and polycaprolactone (Jukola et al., 2008), have been
considered (Das et al., 2019). Starch-based films per si have limited
application as active wound dressings, once they have no particular
biological properties and can be easily metabolized by bacteria (Ruhl
et al., 1994), leading to wound-related infections. The development of
new active starch-based dressings as wound treatment systems is now
focused on the immobilization of active biomolecules, such as poly-
phenols (Lopes et al., 2021; Pyla, Kim, Silva, & Jung, 2010) and proteins
(Moreno, Atarés, & Chiralt, 2015), with antioxidant, anti-inflammatory,
and/or antimicrobial properties. For instance, Escherichia coli(E. coli)
0157:H7 cells were inactivated in 5-7 log CFU/mL by starch-based films
impregnated with fresh and thermally processed tannic acid (Pyla et al.,
2010); Staphylococcus aureus (S. aureus) growth was inhibited by starch-
based films coated with essential oils, showing zones of inhibition
ranging from 9 mm to 24 mm diameter (Kuorwel, Cran, Sonneveld,
Miltz, & Bigger, 2011); starch-based films blended with hyaluronic acid
and an ethanolic extract of propolis exhibited antibacterial activity
against S. aureus (inhibition zone diameter of 2.08 + 0.14mm), E. coli
(inhibition zone diameter of 2.64 + 0.18 mm), and Staphylococcus epi-
dermidis (inhibition zone diameter of 1.02 £+ 0.15mm) (Eskandarinia
et al., 2019). Nevertheless, their contribution to cell migration during
wound healing remains unexplored.

Antimicrobial photodynamic therapy (aPDT) has emerged in recent
years as an alternative therapeutic technique to the conventional anti-
microbial treatment of various infections by bacteria, fungi, and viruses,
including drug-resistant microorganisms and those that form biofilms
(Mesquita, Dias, Neves, Almeida, & Faustino, 2018; Vallejo et al., 2021).
This methodology requires the activation of a photosensitizer (PS) by
irradiation with a specific visible light wavelength in the presence of
dioxygen (30s), giving rise to reactive oxygen species (ROS), mainly
singlet oxygen (105). ROS oxidize different biomolecules of the micro-
organisms' external structure and genetic material, such as lipids and
proteins, causing irreparable biological damages and consequent mi-
crobial photoinactivation (Kwiatkowski et al., 2018; Mesquita, Dias,
Neves, et al., 2018; Nyman & Hynninen, 2004; O’Connor, Gallagher, &
Byrne, 2009; Vallejo, Moura, Faustino, et al., 2021; Zhang et al., 2018).
On the other hand, these species can also trigger the skin wound
regenerative process through the immune system response to the
wound-site, inducing new tissue growth and neoangiogenesis (Vallejo
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et al., 2021; Vallejo, Moura, Faustino, et al., 2021). Additionally, since
102 and free radicals can interact with microbial structures and meta-
bolic pathways in microorganisms (Hanakova et al., 2014), the non-
specificity of ROS action avoids the microbial resistance to aPDT
(Costa et al., 2011; Tavares et al., 2010; Vieira et al., 2018). Among all
the classes of photosensitizing compounds, porphyrins are one of the
most studied for aPDT application. These aromatic tetrapyrrolic mac-
rocycles with a highly conjugated system show characteristic
ultraviolet-visible absorption spectra: an intense Soret band at ca. 400
nm region accompanied by a series of Q bands of lower intensity in the
500-700 nm region (Kadish, Smith, & Guilard, 2010). Porphyrins are
recognized to have adequate physicochemical characteristics for
different therapeutic applications due to their low toxicity in the absence
of irradiation. In addition, they do not produce toxic metabolites or
cause mutagenesis in microorganisms, and may also help in clinical
diagnosis due to their ability to emit fluorescence (Berg et al., 2005;
Kwiatkowski et al., 2018; Mesquita, Dias, Neves, et al., 2018; O’Connor
et al.,, 2009). Some of these features are particularly relevant in their
actuation as photosensitizers in aPDT and consequently to deal with the
growth of antibiotic resistance problematic. Although the PS production
cost can compromise the aPDT massification, its immobilization onto
inert solid supports allowing its recovery, reuse, and recycling, is turning
aPDT economically viable and environmentally friendly (Alves et al.,
2014; Carvalho et al., 2010; Mesquita et al., 2014). To this extent,
different supports like nanoparticles (organic, inorganic, and hybrids),
liposomes and derivatives, nanogels and nanofibers, films, biopolymers,
and carbon nanotubes have been used to immobilize porphyrins,
allowing to concomitantly tune the supports physicochemical, me-
chanical, and biological performance (Gomes, Neves, & Cavaleiro, 2018;
Jiang, Gan, Gao, & Loh, 2016; Mesquita et al., 2018; Mesquita, Dias,
Neves, et al., 2018). At an end-use stage, some of the non-biodegradable
and non-biocompatible materials are still forwarded to incineration.
However, supports based on polysaccharides with biodegradability,
biocompatibility, and the possibility to be absorbed by the human body
can be considered excellent alternatives to develop new delivery bio-
based systems for PS with zero-waste and have not been explored yet.

In this work, it is hypothesized that starch-based films doped with
porphyrins can be used for developing antimicrobial biomaterials and
glycocarriers of bioactive molecules suitable to enhance the skin wound
healing process. The influence of cationic 5,10,15,20-tetrakis(1-methyl-
pyridinium-4-yl)porphyrin tetraiodide, a highly efficient photosensi-
tizer, on chromatic, physicochemical, mechanical, photophysical,
antimicrobial, and wound healing properties of starch-based films was
evaluated.

2. Material and methods

Starch (70 % amylopectin (350 kDa) and 30 % amylose (50 kDa),
(Gongalves et al., 2020)) was recovered from potato washing slurries
supplied by A Saloinha, Lda, a Portuguese potato chips industry. Glyc-
erol was provided by LabChem (Lisbon, Portugal). 5,10,15,20-tetrakis
(1-methylpyridinium-4-yl)porphyrin (TMPyP) was synthesized by
reacting the corresponding neutral form, 5,10,15,20-tetrakis(pyridin-4-
yDporphyrin (TPyP) with methyl iodide, as described in the literature
(C. Simoes et al., 2016; Vallejo et al., 2021) and the purity checked by
chromatographic and 'H NMR techniques. The n-octanol:water partition
coefficient of TMPyP (milLog P = —6.37) was evaluated using the
MolinspirationWebME Editor 3.81, http://www.molinspiration.com
(accessed February 2023). Dulbecco's modified Eagle's medium
(DMEM, Invitrogen Life Technologies, Paisley, UK), 10 % fetal bovine
serum (FBS, Invitrogen Life Technologies, Paisley, UK), 1 % penicillin/
streptomycin (Invitrogen Life Technologies, Paisley, UK), Roswell Park
Memorial Institute 1640 medium (RPMI, Invitrogen Life Technologies,
Paisley, UK) were obtained for the wound healing assay. All the pur-
chased chemicals were of analytical grade.


http://www.molinspiration.com
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2.1. Preparation of starch/TMPyP-based films

Starch- and starch/TMPyP-based films were prepared by solvent
casting, adapting a reported procedure (Goncalves et al., 2020). Dis-
persions of starch (4 % w/V), glycerol (30 % w/w related to the starch
dry weight), the plasticizer, and different TMPyP concentrations (0.25
%, 0.50 %, and 0.75 % w/w related to the starch dry weight) were
prepared in distilled water, heated at 95 °C, and stirred for 30 min with
constant magnetic stirring (200 rpm). Each gelatinized starch- and
starch/TMPyP-based dispersion was degassed using a vacuum pump
(Vacuum Pump V-300, Buchi, Maia, Portugal), transferred (21.0 + 1.0
g) to plexiglass molds (12 cm x 12 cm), and dried at 25 °C for 12 h.
Afterwards, the resulting films were pulled out from the molds and
stored for 20 days at room temperature (20 °C + 5 °C) in a chamber with
50 % =+ 5 % relative humidity controlled using a saturated magnesium
nitrate solution prior characterization. Films without TMPyP were pre-
pared and used as control.

2.2. Characterization of starch/TMPyP-based films

2.2.1. Chromatic properties

Chromatic parameters were determined through CIELAB colour scale
analysis using a Chroma meter CR-400 colorimeter (Konica Minolta
Sensing, Inc., Lisbon, Portugal) in indirect natural luminosity conditions
(Gongcalves et al., 2020). Samples were analyzed in triplicate.

2.2.2. Traction resistance

To determine the film's traction resistance, strips (7 cm x 1 cm) were
cut, and their thickness was measured using a Mitutoyo micrometer
(EACAMPOS, Porto, Portugal) in 3 to 5 different parts of the sample. The
mechanical properties analysis was performed at room temperature
(20 °C + 5 °C), at 50 % + 5 % relative humidity, through stress tests
using a TA.XTplusC texture analyzer (Stable Micro Systems, Godalming,
United Kingdom) equipped with miniature traction claws (A/MTG). The
test was performed at a speed of 0.5 mm/s and with a return distance of
50 mm. Mechanical parameters, such as the Young's modulus, tensile
strength, and elongation at break were determined based on the tension-
deformation curves obtained (expressed in strength, N, by distance, mm)
(Gongcalves et al., 2020). At least 6 replicates of each film were analyzed.

2.2.3. Wettability and water solubility

The films wettability was determined by measuring the contact angle
performed between a water drop and the film surfaces using an OCA 20
instrument (Dataphysics, Porto, Portugal). The films water solubility
was determined by weight loss percentage after water immersion,
following described methodologies (Basiak, Lenart, & Debeaufort, 2018;
Nunes et al., 2013).

2.2.4. Release of TMPyP in aqueous medium and PBS

The efficiency of starch-based films to act as TMPyP glycocarriers
was evaluated through the TMPyP release from the polymeric matrix to
the surrounding aqueous media. Squares (2 cm x 2 cm) of each devel-
oped film were immersed in distilled water containing sodium azide
(0.02 % w/V) and stirred at room temperature for 7 days. Afterward,
300 pL of each residual aqueous solution was transferred into 96-wells
sterile plates (Deltalab, Barcelona, Spain) and the corresponding
absorbance spectra between 380 nm to 480 nm were obtained. Each
absorbance measurement was carried out in triplicate. The calculation
of TMPyP release percentage was made based on the Beer-Lambert law,
considering the molar absorptivity (¢) of TMPyP solubilized in distilled
water containing sodium azide (0.02 % w/V) of 116,554 L mol 'em ™,
and an optical path length (1) of 0.686 cm based on information provided
by the manufacturer for the aqueous solution volume used (300 pL).

2.2.5. Ex vivo TMPyP skin permeation studies
The ex vivo permeation through pig abdominal skin of TMPyP
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entrapped in starch-based films was evaluated using Franz diffusion cells
(V-Series Stirrers for Franz Cells; PermeGear, Hellertown, PA, USA)
system with a diffusion area of 0.64 cm?. The pig skin was selected as a
model for human skin permeability since it presents properties like
barrier thickness and follicular structure that resemble human skin
(Barbero & Frasch, 2009; Ferreira & Ribeiro, 2015). Fresh abdominal
porcine skin was collected from a local slaughterhouse and the subcu-
taneous fat was removed using surgical scissors. Pig skin samples were
washed with phosphate-buffered saline (PBS, pH 7.4) and the samples
integrity was checked out with a portable magnifying lamp. The pig skin
sections were placed in the Franz diffusion cells with the dermis facing
the receptor compartment and the films were placed on the top of the
skin. Prior to the permeation studies, each developed film was weighted
and kept on a desiccator protected from light for 24 h. Pig skin and
starch- and starch/TMPyP-based films were fixed between the receptor
and the donor compartments, and the receptor compartment was filled
with 5.0 mL sodium lauryl sulfate (16 mM) micellar solution. To provide
a skin surface of 32 °C by heat dissipation, the micellar solution was
continuously stirred and thermostatized at 37 °C through a circulating
water bath (Ouitas & Heard, 2009). Aliquots were taken at specific time
points (1 h, 2 h, 4 h, 8 h, and 24 h) and the same volume was replaced
with micellar solution. Absorbance of each collected aliquot was
measured at 430 nm wavelength and the TMPyP amount was quantified
against a calibration curve (y = 0.7138x — 0.7777, r* = 0.9895) pre-
pared using increasing concentrations of TMPyP (0.0 pM, 2.0 puM, 5.0
pM, 10 pM, 20 pM, and 30 pM). The measurements were recorded in
triplicate using a microplate Synergy MX spectrofluorometer (BioTek,
Lisbon, Portugal) equipped with a temperature controller. At the
permeation experiments end, starch/TMPyP-based films were collected,
stored in a desiccator protected from light for 24 h, and further
weighted. The film weight loss percentage was determined according to
Eq. (1):

W, — W,
Weight;,, (%) = —-— x 100 €3]

f

where W; and Wy corresponds to the film's initial and final weight,
respectively. To determine the TMPyP amount that migrates onto the pig
skin surface, the skin samples were collected, sliced, immersed in DMSO
for 4 h with constant stirring (200 rpm), and the concentration of TMPyP
migrated onto the pig surface was spectrophotometrically obtained
using the aforementioned calibration curve. The TMPyP amount that
remained in the pig skin sections was calculated according to Eq. (2):

TMPYP,,_yi,(%) = TMPyP; — (TMPyP; + TMPyP,) @)

where TMPyP; and TMPyP; correspond to the amount of TMPyP in
starch/TMPyP-based films before and after permeation, respectively,
and TMPyP; corresponds to the TMPyP amount that permeated the pig
skin. To determine the TMPyP amount that remained entrapped into the
starch-based polymeric matrices, the films were immersed in DMSO,
stirred until complete dissolution, and the TMPyP concentration was
spectrophotometrically obtained as previously described. Ex vivo TMPyP
skin permeation studies were performed in triplicate.

2.2.6. Singlet oxygen generation

The photochemical ability of starch/TMPyP-based films to generate
singlet oxygen (105) was evaluated by measuring the absorption decay
of 1,3-diphenylbenzofuran (DPiBF) at 415 nm, selected as the 10,
quencher (Spiller et al., 1998). Each film was cut in strips of equal mass
(28.5 mg), immersed into 3 mL N, N-dimethylformamide (DMF) and then
kept at room temperature for 30 min protected from light. After this
period, 50 uM of DPiBF was added to each film container and the initial
DPiBF absorbance value at 415 nm was registered using a UV-2501PC
spectrophotometer (Shimadzu, Kyoto, Japan). Each sample was irradi-
ated with red light LEDs (630 nm + 20 nm, 14 mW/cm?) at room
temperature under magnetic stirring (50 rpm) and the DPiBF absorption
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decay, due to the singlet oxygen production, was measured after 15 min
and 30 min of light irradiation. Singlet oxygen production measure-
ments were performed in duplicate for each developed starch/TMPyP-
based material using DPiBF as control.

2.2.7. Antimicrobial photodynamic properties

The antimicrobial ability of starch/TMPyP-based films was deter-
mined by monitoring the bioluminescence of an E. coli (Top 10, Invi-
trogen, USA), previously transformed (Alves et al., 2008), in a 20/20
GloMax® luminometer (Promega Corporation, Madison, Wisconsin).
Since the viability of this bacterium is related with its bioluminescence,
this allows to evaluate, in real-time, the aPDT efficiency of the starch/
TMPyP-based films. The strong correlation between the colony-
forming units (CFU) and the bioluminescent signal of the biolumines-
cent E. coli used in this work has already been proved and described
(Alves et al., 2008). Thus, an overnight growth culture of biolumines-
cent E. coli culture was tenfold diluted in phosphate-buffered saline
(PBS), pH 7.4, to a final bioluminescence of 107 relative light units
(RLU) (corresponding to a concentration of ~ 107 CFU/mL). The ob-
tained suspension was equally distributed (10 mL) in the wells of a six
wells plate. Then, films containing the lowest and the highest TMPyP
concentrations were cut as thin strips to add 20 pM of TMPyP into the
wells. The following controls were included in the assays: i) light control
(LC) - comprising just the bacterial suspension submitted to the same
irradiation of the aPDT protocol; ii) 0.00 % TMPyP control - comprising
bacterial suspension and starch-based films without TMPyP and sub-
mitted to the same light irradiation of the aPDT assays; iii) dark control
(DC) - comprising the bacterial suspension and the starch/TMPyP-based
films (0.25 % TMPyP or 0.75 % TMPyP corresponding to 20 pM TMPyP)
protected from light. All the bacterial suspensions were incubated in the
presence of starch/TMPyP-based films in the dark under magnetic stir-
ring for 30 min. Afterward, the light control, the neat starch-based film
0.00 % TMPyP, and the films containing 0.25 % TMPyP and 0.75 %
TMPyP were irradiated with white light delivered by a commercial LED
system at an irradiance of 25 mW/cm?, measured with a power and
Coherent FieldMaxII-Top energy meter connected to a high-sensitivity
PS19Q sensor (Coherent, Saxonburg, PA, USA), for a minimum period
of 30 min. Aliquots of 1.0 mL were removed from each well at constant
intervals of 5 and 10 min for bioluminescence measurement using the
20/20 GloMax® luminometer (Promega Corporation, Madison, Wis-
consin). For the quantification of colony-forming units per mL (CFU
le), several dilutions (from 10! to 10> of the initial concentration)
of the collected aliquots at times 0 min and 30 min were pour plated in
trypticase soy agar (TSA). The plates were incubated at 37 °C for 18 h,
and then the obtained colonies were counted. Two independent tests
were carried out and the results were averaged. Furthermore, TMPyP
release from starch-based films to PBS was also assessed using the
method described in Section 2.2.4.

2.2.8. Wound healing in vitro assay

For the wound healing assay, skin human microvascular endothelial
cells (HMEC, ATCC) and skin human dermal fibroblasts (HDF, ATCC)
were used. HMEC were cultured in Roswell Park Memorial Institute
1640 medium supplemented with 10 % FBS and 1 % penicillin/strep-
tomycin. HDF were cultured in Dulbecco's modified Eagle's medium,
supplemented with 10 % fetal bovine serum and 1 % penicillin/strep-
tomycin. Cell cultures were used at 8-12 and 20-24 passages for HMEC
and HDF, respectively, and maintained in a humidified atmosphere
containing 5 % CO; at 37 °C. HDF and HMEC were allowed to grow until
70-80 % confluence. For sub-culturing attached cells, the old medium
was removed from the plate and the cells were washed out with PBS
solution and 1.0 mL of trypsin was added. After 1 min, trypsin was
removed, and the plate was incubated for 5 min at 37 °C. Complete
medium for the respective cell type was added and cells were counted
using a Double Neubauer Ruled Metallized Counting Chamber. For the
wound healing experiment, the ibidi® culture-insert 2-well for gap
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formation was used in a 24 well culture plate, according to the manu-
factured. A suspension of cells with density of 5 x 10° cells mL™! was
prepared and 70 pL were added to each well of the culture-insert
chamber and incubated for 24 h in a humidified atmosphere at 37 °C
(5 % CO»). The insert was removed, the cells were washed with PBS to
remove cell debris. Then, 200 pL of cell culture medium was added to
each well with the respectively treatment. Treatment samples were
previously prepared: starch- and starch/TMPyP-based films (0.25 %,
0.50 %, and 0.75 % TMPyP w/w related to the starch dry weight) were
cut using a 6 mm punch to obtain 28.27 mm? discs, different portion of
the discs were added and incubated under dark conditions at 37 °C for
30 min. Control group only had complete cellular medium. For PDT-
assisted experiments, one plate was irradiated with a red-light LED
lamp (652 nm at an irradiance of 5.0 mW em~?) for 15 min, corre-
sponding to 4.5 J cm? while the other one was kept in the dark. After-
ward, both plates were incubated in a humidified atmosphere at 37 °C
(5 % COy) for 24 h. The light irradiance was measured with a power and
Coherent FieldMaxII-Top energy meter connected to a high-sensitivity
PS19Q sensor (Coherent, Saxonburg, PA, USA). Pictures of the gaps
were taken at time point 0 and after 24 h, using an inverted microscope
(Nikon, TMS-F model) with D40X Nikon camera. The experiments were
performed in triplicate (n = 3). Wound closure was measured by gap
area using the Java-based software program Image J.

2.2.9. Statistical analysis

A t-test was performed with equal variances and a 0.05 p-value using
the Microsoft Excel 2018 software to analyze the statistical significance
of data obtained in all the performed starch- and starch/TMPyP-based
films characterization tests. Significance between the different samples
was represented in the form of lowercase letters. The significance of
bacterial viability between treatments, and along the experiments, was
assessed by two-way ANOVA analysis of variance. Tukey's multiple
comparison test was used for a pairwise comparison of the means. For
different treatments, the significance of differences was evaluated by
comparing the results obtained in the test samples with each other and
with the results obtained for the correspondent control samples, for the
different times. A value of p < 0.05 was considered significant. Two
independent experiments were conducted in duplicate for each assay.
For the in vitro wound healing assay statistical analysis of the obtained
data was carried out by GraphPad Prism® 7.04 (GraphPad Software, CA,
USA), using a one-way analysis of variance (ANOVA), with a Tukey test
for multiple comparisons. A p < 0.05 of the mean comparison between
the groups and against the non-irradiated cell control was considered as
statistically significant in each experiment.

3. Results and discussion

Starch-based films containing different percentages (0.00 %, 0.25 %,
0.50 %, and 0.75 % w/w related to the starch dry weight) of the cationic
5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin tetraiodide
(TMPyP) were prepared by solvent casting method, characterized, and
tested on wound healing as described below.

3.1. Physical and mechanical characterization of starch/ TMPyP-based
films

The characterization of starch/TMPyP-based films referred as 0.25 %
TMPyP, 0.50%TMPyP, and 0.75 % TMPyP showed that TMPyP amount
affected the physical and mechanical features of the starch-based film,
when compared with the material without porphyrin (0.00 % TMPyP).
From a chromatic point of view (Fig. 1), TMPyP decreased the lightness
(L*) values from 92 to 57 and increased the red-green (a*) coordinate
values from 0.50 to 28 of starch-based films (Fig. 1A), thus conferring
them a reddish coloration while maintaining their characteristic trans-
parency (Fig. 1B). These chromatic changes varied linearly with the
TMPyP concentration and were caused by the pristine intense red
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Fig. 1. Chromatic properties of starch- and starch/TMPyP-based films: (A) digital images and (B) lightness (L*) and red-green (a*) coordinate values.

coloration of TMPyP. Moreover, no aggregates formation at the bio-
based polymer surface was noticed upon the addition of TMPyP, even in
the starch-based film doped with the higher concentration of PS. The
lack of TMPyP aggregates and the good uniformity/consistence of the
films prepared show good compatibility between TMPyP and the sup-
port structure, affording starch/TMPyP-based films with appropriate
features to generate ROS, mainly singlet oxygen, and to be used as
photosensitizer materials in wound healing.

Regarding the influence of TMPyP concentration on the thickness
and traction properties of starch-based films (Fig. 2), 0.25 % and 0.50 %

TMPyP originated thinner films than the neat ones, decreasing their
thickness from 74 pm to 60 pm (Fig. 2A). In contrast, 0.75 % TMPyP did
not significantly change the thickness of the films, although still pre-
senting a slightly lower thickness value than the control sample. As the
same weight of gelatinized starch- and starch/TMPyP-based dispersions
was used in the solvent casting process, the films thickness decrease
resulted from the starch/glycerol ratio change promoted by the TMPyP
incorporation which influences the intermolecular molecular bonding
between starch, glycerol, and TMPyP molecules and, therefore, the
subsequent molecular rearrangement. On the other hand, the highest
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Fig. 2. Traction performance of starch- and starch/TMPyP-based films: (A) Thickness; (B) elongation at break; (C) Young's modulus; and (D) tensile strength. (For
statistic difference analysis, lower-case letters were used to highlight the significant differences (p < 0.05) between the starch- and starch/TMPyP-based films).
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TMPyP concentration difficulted the hydrogen bonding between starch,
glycerol, and TMPyP molecules, thus avoiding the films thickness
decrease.

After being exposed to a traction force, it was observed that TMPyP
concentrations higher than 0.25 % decreased the films elongation at
break from 3 % to 1 % (Fig. 2B), thus originating less stretchable ma-
terials than the neat materials. On the other hand, when 0.25 % and
0.75 % TMPyP were added into the starch-based formulations, the films
Young's modulus decreased from 10,740 MPa to 8360 MPa and 8850
MPa, respectively (Fig. 2C), thus increasing the films elasticity. For 0.50
% TMPyP, the films Young's modulus changed oppositely, increasing
from 10,740 MPa to 12,860 MPa, thus becoming more rigid than the
control films. Furthermore, TMPyP decreased the films tensile strength
from 23 MPa to 8 MPa (Fig. 2D), although with minor impact for films
containing 0.50 % TMPyP (17 MPa), thus decreasing the traction
resistance of the neat starch-based films. Therefore, 0.25 % and 0.75 %
TMPyP promoted mobility to the starch polymeric chains, while 0.50 %
TMPyP increased their rigidity. These mechanical changes may result
from the intermolecular bonds that TMPyP established within the starch
network and/or other TMPyP molecules (Goncalves et al., 2021). When
added in lower or higher concentrations than 0.50 %, the intermolecular
hydrogen bonding between starch polymeric chains can be disrupted by
TMPyP molecules, allowing their disentanglement. In turn, for TMPyP
concentration around 0.50 %, besides these intermolecular bonds with
starch, other interactions between the TMPyP molecules can also take
place in the system, promoting the film structure compaction. Similar
trend has been reported for glycerol and genipin that within a certain
range of concentrations act as a plasticizer, promoting the films exten-
sibility by increasing intermolecular spacing, while for quantities
outside this concentrations range compromises the plasticizing effect,
inducing the films compaction (Goncalves et al., 2021; Torres et al.,
2013). Thus, the mechanical tuning ability that TMPyP promotes in
starch-based films allows to develop biomaterials suitable to manage a
wide variety of wound types. Furthermore, the outstanding Young's
modulus observed for all the developed starch-based films highlights the
networked formed during the starch retrogradation phase, providing
films with strength against deformation (Goncalves et al., 2020; Thakur
et al., 2018).

From the wettability point of view (Fig. 3), TMPyP significantly
increased water contact angle of the bottom surface (in direct contact
with the plexiglass plate during casting) of starch-based films from 39°
to 91°, reaching a stationary value for TMPyP concentrations above
0.50 %, thus conferring hydrophobicity to the bottom film's surface. This
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Fig. 3. Water contact angle values of starch- and starch/TMPyP-based films.
TOP and BOTTOM are related with the film faces exposed to air and in direct
contact with the plexiglass plate during the solvent casting process, respec-
tively. (For statistic difference analysis, lower-case letters were used to high-
light the significant differences (p < 0.05) between the starch- and starch/
TMPyP-based films).
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tendency was also evidenced on the film's top surface (exposed to air
during casting), however, the water contact angle just increased up to a
45° - 49° range and, therefore, this film surface remained hydrophilic.
Thus, starch/TMPyP-based films showed hydrophobic and hydrophilic
surfaces, particularly for TMPyP concentrations higher than 0.25 %.
This heterogeneous wettability profile is caused by the different density
values of each component (starch, glycerol, water, and TMPyP) that,
during solvent casting, originate their distinct distribution over the final
material (Goncalves et al., 2020). When incorporated into the starch-
based formulations, TMPyP becomes the most hydrophobic molecule
in the system due to the lower amount of polar functional groups than
the ones present in starch and glycerol, justifying the water contact
angle increase in the bottom surface of each developed film. On the
other hand, as glycerol is soluble in water, the solvent used in the films
preparation, over the casting, tends to migrate to the top part of the
starch-based polymeric matrix, thus contributing for the top film surface
hydrophilicity. Furthermore, as a metal complex constituted by a
n-conjugated macrocycle (Kuzmin, Chulovskaya, & Parfenyuk, 2018),
TMPyP may acquire nonplanar conformation onto the films surface,
which might impart roughness and, thus, minimizing their water
wettability.

Despite TMPyP increased the water tolerance of starch-based films,
when immersed into distilled water containing sodium azide, TMPyP did
not significantly change their water solubility, showing an average film
weight loss of 20 % after 7 days (Fig. 4A). However, the supernatant
waters acquired a coloration ranging from yellowish to reddish, whose
intensity at 430 nm (absorbance band can be associated to TMPyP Soret
band (Kadish et al., 2010) increased with the TMPyP content in the film
(Fig. 4B). This band was not evidenced for supernatant waters in which
starch-based films without TMPyP were immersed. Therefore, as no
disintegration of the films was observed, the films weight loss can be
associated with the glycerol (Goncalves et al., 2020) and TMPyP release
from the starch-based films. When compared to the TMPyP initial
amount added to each formulation, the highest TMPyP release (29 %, in
relation to initial TMPyP amount, Table 1) was observed for films con-
taining 0.25 % TMPyP, while the lowest one (19 %, Table 1) occurred for
films containing 0.75 % TMPyP. Therefore, the films compaction
(Fig. 2A) promoted by starch polymers, glycerol, and TMPyP intermo-
lecular interactions minimize the TMPyP molecular interaction with
water molecules and its diffusion into the surrounding aqueous media.
This barrier to the lowest molecular compounds present in the starch-
based network suggests that the developed biomaterials may acquire
semipermeable properties similar to commercially available wound
dressings (Yusof, Wee, Lim, & Khor, 2003), while offering a possibility to
obtain biocompatible materials either with a fast or slow TMPyP kinetic
release profile.

The TMPyP release out was also observed when starch/TMPyP-based
films were put in contact with pig skin (Fig. 5). The pig skin in contact
with the starch/TMPyP-based films acquired a coloration ranging from
yellowish to reddish (Fig. 5A), whose colour intensity varied linearly to
the TMPyP dosage. Due to the interference of the pig skin matrix, it was
not possible to confirm the TMPyP permeation through the pig skin
samples. The TMPyP leached out area was well noted by the films
decolorization till reaching the optical characteristics of the pristine
starch-based films. Fig. 5B allows to observe that the higher the TMPyP
incorporated into the starch-based films, the higher was the film's
weight loss percentage, increasing from 2 % to 9 %. As no TMPyP was
added in the neat films, the 2 % weight loss of starch-based film can be
related with the glycerol diffusion onto the skin surface. The successful
TMPyP release from starch-based films to the pig skin highlighted the
film's application for wound management by increasing the TMPyP
concentration at the wound target site, increasing the photosensitizer
efficacy during PDT (Fadel, Kassab, Abdel Fadeel, & Farag, 2020).
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Fig. 4. Water solubility of starch- and starch/TMPyP-based films: (A) Percentage of film weight loss after immersion into distilled water containing sodium azide for
7 days and (B) UV-Visible spectra of the supernatant waters. (For statistic difference analysis, lower-case letters were used to highlight the significant differences (p

< 0.05) between the starch- and starch/TMPyP-based films).

Table 1
Percentage of TMPyP released from starch-based films containing 0.25 % TMPyP
and 0.75 % TMPyP when immersed in PBS and distilled water for 24 h.

Solvent Sample TMPyP release (%)
PBS 0.25 % TMPyP 99.6

0.75 % TMPyP 97.8

0.25 % TMPyP 29.0

Distilled wat
1stifled water 0.75 % TMPyP 19.0

3.2. Singlet oxygen generation and antimicrobial photodynamic activity
of starch/TMPyP-based films

In order to have an insight on the photodynamic efficiency of the
starch/TMPyP-based films towards the Gram(—) bacterium E. coli, their
ability to generate 'O was first indirectly evaluated by monitoring the
DPiBF absorption decay after red light irradiation for 15 min and 30 min
in the presence of starch- and starch/TMPyP-based films (Fig. 6). When
the neat films were irradiated with a red light (630 nm + 20 nm) for 30
min, a decay of 14 % in the DPiBF absorption was observed, indicating
that the neat starch-based films might possess some photodynamic ac-
tivity. This property can be related with the presence of light-sensitive
phenolic compounds derived from potato processing (Lopes et al.,
2021), since the starch used in this work was obtained from potato
washing slurries without any purification step. In the presence of 0.25 %
TMPyP, the DPiBF absorption decreased 67 %. This 0, production was

(A) ) _
Skin Films
0.00% TMPyP | g F

0.25% TMPyP r@, ‘ﬂ
0.50% TMPyP @ Q

S (]
0.75% TMPyP @] g

less pronounced for films containing 0.50 % TMPyP, in which the DPiBF
absorption decreased 56 % upon 30 min of irradiation with red light.
This phenomenon can be related with the highest rigidity observed in
starch/0.50 % TMPyP-based films and higher compaction of the poly-
meric network (Fig. 2). Therefore, although entrapped within the starch
network, TMPyP maintained its high efficacy to generate 'O, upon
irradiation.

The antimicrobial photodynamic activity of starch/TMPyP-based
formulations towards an E. coli bioluminescent strain was evaluated
using the films prepared with the lowest (0.25 %) and the highest (0.75
%) TMPyP concentrations used in this work, having the films without
TMPyP as control (Fig. 7). E. coli was selected to perform the aPDT
studies once the presence of an intricate outer membrane leads to an
impermeable barrier to PS agents when compared to Gram-positive
bacteria which have a porous cell wall making easier the penetration
of the PS into the cell (Delcour, 2009; Pereira et al., 2014). The results
had shown that, after 30 min exposed to a photodynamic treatment with
white light (400-800 nm) at an irradiance of 25 mW/cmZ, in the pres-
ence of starch/TMPyP-based films, the bioluminescence of E. coli suffers
an irradiation time-dependent decrease, indicating the loss of bacterium
viability under irradiation (Fig. 7A). The photodynamic kinetic profiles
were similar for all the TMPyP-based films, where the detection limit of
the methodology was achieved after 15 min of irradiation, resulting in a
decrease of 4.0 log1¢ (99.99 % of abundance reduction, p < 0.05) in the
bioluminescence RLU of E. coli. No significant variations on the biolu-
minescent signal (RLU) of E. coli were observed (ANOVA, p > 0.05),
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Fig. 5. TMPyP release from starch-based films to pig skin surface: (A) Visual aspect of pig skin and starch- and starch/TMPyP-based films; (B) Percentage of starch-
and starch/TMPyP-based films weight loss after the contact with the pig skin surface. (For statistic difference analysis, lower-case letters were used to highlight the
significant differences (p < 0.05) between the starch- and starch/TMPyP-based films).
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Fig. 6. Photodecomposition of DPiBF photosensitized by starch- and starch/
TMPyP-based films in DMF upon irradiation with red light (630 nm + 20
nm) at an irradiance of 14 mW/cm? for 15 min and 30 min.

when the starch film (with no TMPyP) was evaluated, showing that the
inactivation mechanism of action was related with the TMPyP photo-
dynamic effect.

The decrease in E. coli bioluminescence signal was also confirmed
with the pour-plate methodology. The results obtained (Fig. 7B) confirm
that both starch/TMPyP-based films loaded with the TMPyP were effi-
cient in the photoinactivation of E. coli, causing a decrease of 6.0 logig
(99.9999 % of CFU/mL reduction, p < 0.05) in the viability of E. coli
after 30 min of light irradiation. No significant differences were
observed between the starch/TMPyP-based with the different concen-
trations of TMPyP (p > 0.05). The development of biocompatible starch/
TMPyP-based films loaded with different amounts of the PS agent able to
induce full bacteria photoinactivation is of great significance whereas
permits to develop fine-tunned photoactive material without losing ef-
ficiency in the aPDT procedure. Once bacterial infections are one of the
issues responsible for ineffective regenerative processes (Nesi-Reis et al.,
2018), effective bacteria eradication by PS can promote enhanced
wound healing mechanisms.

Experiments of TMPyP kinetic release in PBS using films containing
0.25 % and 0.75 % TMPyP (Table 1) showed that the kinetics of TMPyP
release was much faster in the presence of PBS than in distilled water.
This may be explained by the salting-in effect of PBS, capable of dis-
rupting the hydrophobic interactions established between TMPyP and
the starch polymeric chains. Moreover, the films washed with PBS,
which retained only 2.2 % of the initial TMPyP amount, were able to
inactivate E. coli in 60 min (Fig. 7), only 4 times slower than the time
required with the non-washed starch/TMPyP-based films. The ability to
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control the TMPyP kinetic release with the chemical composition of the
surrounding aqueous medium can be of great interest to develop wound
dressings whose release of the active compound can be tuned based on
the wound infection degree, allowing to improve the efficiency of the
regenerative process.

3.3. In vitro wound healing ability of starch/TMPyP-based films

To validate the skin wound healing ability of starch- and starch/
TMPyP-based films, two in vitro wound healing assays, with and
without light irradiation, were carried out: one for mimicking the effect
in skin vascularization with human microvascular endothelial cells
(HMEC) and another for mimicking the skin connective tissue with
human dermal fibroblasts (HDF) (Fig. 8). After the cells were confluent,
a gap has created for endothelial cells (Fig. 8A, 8B) and fibroblasts
(Fig. 8a, 8b) before the different treatments were applied. In 24 h, non-
irradiated (Non-IR) cells were able to decrease the gap area (GA) from
100 % to 63.3 % and 4.5 % for HMEC and HMF, respectively (Figs. 8C,
8c), showing, as reported, that HDF mediates the wound closure (Tefft,
Chen, & Eyckmans, 2021). When exposed to red-light, HMEC rapidly
presented a GA decrease to 9.9 % (Fig. 8D), corroborating with a report
that emphasizes the endothelial cells viability after irradiation with red-
light LED lamp at 630 nm (Oh, Park, Lee, & Park, 2018), a similar one
used in this study (red-light LED lamp at 652 nm). In turn, the applied
phototherapy did not increase the HDF migration, reaching GA values
like the ones observed in the non-irradiated treatment (Fig. 8c, 8d). The
presence of neat starch-based films, even under dark conditions,
decreased the GA for HMEC to 7.7 % (Fig. 8E), thus potentiating their
migration over the wound, and HDF decreased the GA to 57.5 %
(Fig. 8e). It is possible that neat starch-based films acted as a source of
nutrients promoted mainly by the endothelium amylase, thus promoting
HMEC migration. When red-light was irradiated during the wound
healing with starch-based films, this tendency changed oppositely, being
the wound closure compromised for both HMEC and HDF, reaching a GA
of only 21.9 % and 26.9 %, respectively (Fig. 8F, 8f), possibly a conse-
quence of the ROS formation that interferes with the mitochondria
metabolism (Fckl et al., 2018; Sulek, Pucelik, Kobielusz, Barzowska, &
Dabrowski, 2020). Incorporating TMPyP into the starch-based films
decreased the HMEC cells migration promoted by the neat films,
increasing the GA values either when the wound healing was performed
under dark or irradiated conditions (Figs. 8G-8J). This behavior can be
related to the TMPyP release through the surround media and conse-
quent ROS availability. When applied to HDF, the starch/TMPyP-based
films promoted lower GA values than the neat films for the wound
healing carried out under dark and red-light conditions (Figs. 8g-8j),
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Fig. 7. Photodynamic profile of starch- and starch/TMPyP-based films for E. coli: (A) E. coli bioluminescence profile and (B) variation of colonies forming units (CFU)
when exposed to starch-, starch/0.25 % TMPyP-, starch/0.75 % TMPyP-, and washed starch/0.75 % TMPyP-based films in the presence of white light at an irradiance
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particularly for the films containing the highest TMPyP dosages.

As a successful wound closure requires a balanced between the slow
proliferation of fibroblasts, in order to allow a proper collagen deposi-
tion and fibers orientation, and the rapid migration of endothelial cells
to facilitate the skin tissue revascularization and remodeling (Barbero &
Frasch, 2009), starch- and starch/TMPyP-based films revealed suitable
properties to be used on active wound healing.

4. Conclusion

TMPyP conferred a yellowish/reddish coloration to starch-based
films, whose intensity directly varied with the TMPyP dosage, main-
taining their inherent transparency. In addition, TMPyP increased the
films surface hydrophobicity and, depending on the TMPyP amount
used, promoted mobility to the starch polymeric chains. Starch/TMPyP-
based materials photoinactivated E. coli bacterium in an effective and
fast way. Moreover, starch/TMPyP-based films favored the skin wound
healing without requiring light. Overall, doping starch-based films with
TMPyP revealed to be a promising approach to develop antimicrobial
and glycocarrier biomaterials with potential to promote active and
aseptic skin wound healing, opening an opportunity for extending their
application to anti-infective therapies.
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Fig. 8. Representative images of in vitro wound-
healing assay using skin human microvascular endo-
thelial cells (A-H, upper case letters) and human
dermal fibroblasts (a-h, lower case letters). Unin-
duced images were the gap created at 0 h, before
treatments (A, a, B, b). No film images correspond to
cell migration after 24 h without starch and non-
irradiated (C, ¢) and irradiated (D, d). After 24 h of
exposure to starch- (0.00 % TMPyP) and starch/
TMPyP (0.25 % TMPyP and 0.75 TMPyP)-based
films, either in dark conditions or after 15 min of
irradiation with red light (IR). Cellular control (no
film applied) and dark control (non-irradiated, Non-
IR) were used for comparison purposes. The gap
area (GA) was expressed in percentage mean =+ SD.
The experiment was performed in triplicate. (For
statistic difference analysis, lower-case letters were
used to highlight the significant differences between
starch- and starch/TMPyP-based films).
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