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Increasing antimicrobial resistance requires the development of novelmaterials and approaches for treatment of
various infections. Utilization of photodynamic therapy represents an advanced alternative to antibiotics and
metal-based agents. Here,we report the fabrication of electrospunmaterial that possesses benefits of both topical
antimicrobial and photodynamic therapies. This material combines chitosan, as a biocompatible polymer, and a
second generation photosensitizer. The incorporation of photosensitizer doesn't affect the material morphology
and its nearly uniform distribution in fibers structure was observed by confocal Raman microscopy. Owing to
photosensitizer the prepared material exhibits the light-induced and spatially limited antimicrobial activity
that was demonstrated against Staphylococcus aureus, an important etiological infectious agent. Such material
can be potentially used in antibacterial therapy of chronic wounds, infections of diabetic ulcers, and burns, as
well as rapidly spreading and intractable soft-tissue infections caused by resistant bacteria.

© 2016 Published by Elsevier B.V.
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1. Introduction

Currently, one of the crucial tasks of antibacterial therapy is the de-
velopment of novel approaches that will not involve antibiotics for ei-
ther curing or preventing infections. In order to solve this problem the
researchers have extensively investigated antibacterial materials con-
taining various compounds. Among the options is the use of metal-
based materials (e.g. Ag nanoparticles). However, release of even low
concentrations of metals from such materials can support occurrence
and long living presence of antibiotic resistant genes in bacterial popu-
lations due to induction of co-transfer and gene fixation of both, namely
metal and antibiotic resistance genes, within bacterial cells [1].

Utilization of photodynamic therapy (PDT) represents much more
advanced alternative for the treatment of infectious diseases [2,3]. This
method is based on the combined use of a photosensitizing agent,
namely a photosensitizer, and irradiation by light of specific-wave-
lengths in the presence of oxygen. This interaction leads to the produc-
tion of reactive oxygen species (ROS) [3–5]. The antimicrobial action of
ROS production affects multiple targets within microbial cells, thereby
bacteria will not readily develop resistance against PDT. Among ROS

singlet oxygen is highly reactive and plays amajor role in photodynamic
inactivation of pathogens. It has a short half-life in biological systems as
well as a short radius of action, leading to localized response [6].

Additionally, this therapy is advantageous due to its practical use
that is based on two components: i) accumulation of a photosensitizer
in target cells or tissue and ii) illumination of the lesion in a spatially
controlled manner. PDT has also been utilized very efficiently against
multi-antibiotic resistant strains [3,7].

Although PDT has been increasingly used in biomedical applications,
the current treatment approaches are in general relied on applying liq-
uid solution of a photosensitizing agent on the infected surface follow-
ing by light irradiation. Thus, a number of drawbacks such as
uncontrollable release and diffusion of the photosensitizer along with
relatively high drug consumption, limit PDT from being one of the
well-recognized and widespread therapies. To address these problems
a variety of macromolecular nanocarrier platforms such as liposomes,
polymeric nanoparticles, and micelles have been investigated for sys-
temic delivery of photosensitizers [8]. However, for efficient topical an-
timicrobial therapy, PDT should meet several criteria such as high and
sustained concentration of antimicrobial substance (AS) at the site of in-
fection, limited total amount of AS, limited potential for systemic ab-
sorption and toxicity of AS [9]. PDT methods currently used can be
improved according to the above mentioned criteria by the
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impregnation of wound dressing with a photosensitizer. However, the
right material and method of its production should be correctly chosen.

Recent studies have been focused on chemical bonding of AS to tex-
tiles [10–12]. Therefore, it may be possible to incorporate the photosen-
sitizer directly into the polymer as a comonomer [13].

Due to its biocompatibility, biodegradability, large surface area to
volume ratio, high porosity, sorption capacity, vapor permeability and
feasibility to be functionalized and derivatized, nanofibrous mats pro-
duced from biopolymers are frequently used as wound dressings and
scaffolds in tissue engineering [14,15]. For mass production of one-by-
one continuous polymer nanofibers, electrospinning is one of the most
promising fabrication methods due to simplicity of this technique, its
low cost and high throughput [16,17]. Additionally, it is a very robust
method, which works with almost any soluble polymer and any other
fiber-forming solutions as it has been demonstrated through using var-
ious polymerswith potential biomedical, environmental, and antibacte-
rial applications in recent years [18,19]. Most importantly, different
additives could be incorporated into fibers structure during
electrospinning [20–29].

At present there are a few reports dedicated to electrospunmaterials
containing photosensitizers [30–35]. However, these materials contain
either non-biocompatible polymers, or utilize first generation photo-
sensitizers. In that respect, chitosan is among the most frequently
used polymers mainly because of its biocompatibility and biodegrad-
ability. This polymer and its derivatives have been widely investigated
as antimicrobial materials against various target organisms including
algae, bacteria, yeasts and fungi [36–39].

Phthalocyanines used in our study represent second-generation
photosensitizers (SGP) with the enhanced light absorption in the
near-infrared (NIR) spectral region (therapeutic window) where light
has its maximum depth of penetration into the tissue.

Therefore, ourmotivation and consequently the novelty of this study
are in the creation of the electrospun fibers based on combination of
biocompatible polymer, namely chitosan, and second-generation pho-
tosensitizer (SGP). For the first time, here we reported the use of
electrospinningmethod to prepare this novelmaterial combining chito-
san, together with SGP, especially for its usage in topical antimicrobial
PDT applications.

To reach our goal we followed three specific criteria: (i) to produce
the material loaded with hydrophilic and clinically tested SGP, (ii) to
characterize the properties of this material in view of its production op-
timization and (iii) to test potency of this new material to use it in PDT
against bacterial infections.

2. Material and methods

2.1. Materials

Chitosan (degree of deacetylation, 85%;MW, 200 kDa), polyethylene
oxide (PEO; MW, 1000 kDa) were purchased from Sigma-Aldrich.

Photosenswas kindly supplied by the Institute of Organic Intermedi-
ates and Dyes (Moscow, Russia). This photosensitizer is a mixture of
sulfonated aluminum phthalocyanines with different degrees of sulfo-
nation (n = 2, 3, and 4). It exhibits a 675-nm absorbance peak and
can induce the generation of reactive oxygen species at the energy of
100 J/cm2.

Reagents for in vitro experiments, if not otherwise indicated, were
purchased from Sigma-Aldrich.

2.2. Electrospinning process

The detailed preparation of solutions and the electrospinning proce-
dure itself were described in our previous work [40].

Briefly, solutions with different proportions of chitosan/PEO/PS (88/
7/5, 90/7.5/2.5, 91/8/1, and 93/7/0) were prepared.

A laboratory device for textile electrospinning, NanoSpider NS 200
(Elmarco, Czech Republic), was utilized to produce fibers from the pre-
pared polymer solutions. The polymer solutionswere electrospun using
a four-wire rotating electrode and a stationary wire electrode. The dis-
tance between the spinning electrode and the collecting electrode was
150 mm. The applied voltage was set to 80 kV.

2.3. Measurements of fiber size

Scanning electron microscopy (SEM) images of the nanofibers were
obtained with SEMMIRA\\LMU 2, microscope (Tescan, Czech Republic)
at a 20-kV acceleration voltage. Before the measurement, all the sam-
ples were sputtered with gold by Emitech K450X setup (Quorum Tech-
nologies, UK). SEM images were postprocessed with Atlas Image
Processing software. The diameters of the fibers were obtained from
three independent sets of 100 random measurements for each sample.
Thereafter, the size distribution, average diameter, and standard devia-
tion of the fibers were statistically analyzed with the Origin program
(OriginLab Corporation). An independent t-test was applied to compare
themean fiber diameters, in which the p b 0.05 values were considered
statistically significant.

2.4. Fiber spectroscopic analysis

Diffuse reflection spectra were acquired in triplicate by using a scan
UV–Visible spectrophotometer (UV-2500, Shimadzu) equippedwith an
integrating sphere assembly (ISR-204A).

We analyzed the uniformity of distribution of the photosensitizer
agent by confocal Raman microscope (Renishaw inVia, UK) equipped
with a diode-pumped 785 nm NIR laser for excitation. Laser power
was below 60 mW and controlled by a neutral optical density filter.
The laser beam was focused through a 50× (Leica N PLAN, NA = 0.5)
microscope objective. The spectra were acquired with a
thermoelectrically cooled CCD detector optimized for near IR (with
spectral resolution of about 1 cm−1). All the spectra were collected by
using WiRE software V4.1 (Renishaw, UK).

2.5. Antimicrobial PDT activity of newly developed material

The antibacterial activity of chitosan/PEO/PS composite material
against Staphylococcus aureus was defined by using the modified agar
disk diffusion method (Fig. 1). The experiment was conducted in tripli-
cate to ensure its reproducibility.

Sterile solid nutrient agar (NA) medium (20 ml) solidified in the
Petri dishes (2R = 7.5 cm) was used. We inoculated the surface of NA
by spreading the 100 μl suspension of freshly grown overnight Staphylo-
coccus aureus (ATTC 25923) cultures containing approximately 103 bac-
terial cells on the medium. Strain Staphylococcus aureus ATCC 25923
was kindly provided by Saratov Institute of Traumatology and Orthope-
dics (Saratov, Russia). After that, four disks (with diameter d = 1 cm)
were disinfected in 70% alcohol, two of pure chitosan scaffolds and
two disks of PS loaded scaffolds (with 5% w/w of PS; 10 mm in diame-
ter), respectively, were placed on the surface of inoculated solid media
and incubated at 37 °C for 2 h, aiming to release PS from fibers. Follow-
ing this incubation period two out of four disks, one of the pure chitosan
disks and one of the PS-loaded, were irradiated with a 675 nm light
emitting diode (Polironik, Moscow, Russia) for 10 min at the power
density of 80 mW/cm2. The area of the light spot on the plate surface
was about 28 cm2. The samples that were not exposed to irradiation
were considered as a control.

After the light irradiation, plates were incubated for 24 h at 37 °C to
obtain confluent growth of bacteria on the solid media surface. To eval-
uate the antimicrobial efficiencywemeasured the size of growth inhibi-
tion zones observed as complete absence of bacterial confluent growth.
The results were expressed as arithmetic means with standard
deviations.
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