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Chronic wound infections, especially due to the emergence of
multidrug resistance in bacteria, require the urgent development
of alternative antibacterial therapies. Here, we developed a new
class of hydrogel nanofibrous membranes that show visible light-
induced disinfection. The presented photocatalytic disinfection is
based on the generation of reactive singlet oxygen from a conjugated
microporous polymer upon visible light irradiation. Therefore,
sustained protection of the wound area can be provided in the
presence of visible light. Fabrication of the photoactive wound
dressing consists of first synthesizing photoactive conjugated
microporous polymer nanoparticles by miniemulsion polymerization
and subsequently embedding the nanoparticles in polyvinyl alcohol
hydrogel nanofibers by colloid-electrospinning. The fibers were then
crosslinked in glutaraldehyde/HCl vapor to be water-insoluble. This
nanoparticle-in-nanofiber structure allows for a flexible combination
of the properties of the nanoparticles and supporting nanofibers. The
disinfecting properties of the membranes were evaluated with the
inactivation of Escherichia coli K-12 and Bacillus subtilis as model
systems of Gram-negative and Gram-positive bacteria, as well as
the inhibition of biofilm growth under irradiation of visible light.
Cytotoxicity tests on fibroblast cells revealed a high cytocompatibility
of the membranes. Furthermore, the good mechanical properties of
the membranes allow for their facile removal after use and prevent
the leakage of the embedded nanoparticles into the wound, making
the photoactive hydrogel membranes a promising candidate for
active wound dressing materials.

Introduction

Chronic wound infection by bacteria and other microorgan-
isms is one of the main factors that result in complications
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Conceptual insights

(1) A new class of hydrogel nanofibrous membranes that show visible light-
induced disinfection has been developed. The nanofibrous membranes
could be used as a potential antibacterial wound dressing material. (2)
Conventional wound dressing materials rather rely on the release of
antiseptic agents. Their effect can be likely inhibited due to the ever-
developing multidrug resistance of bacteria. Our study shows a different
concept of disinfection mechanism for wound dressing materials, which is
based on the generation of reactive singlet oxygen from the photoactive
polymers inside the nanofibers upon visible light irradiation. (3) We
constructed a “photoactive polymer nanoparticle-in-classical polymer
nanofiber” nanofibrous structure via colloid-electrospinning. This unique
structure allows a flexible combination of the properties of the nanoparticles
and supporting nanofibers. The disinfecting properties of the membranes
were evaluated with the inactivation of Escherichia coli K-12 and Bacillus
subtilis as model systems of Gram-negative and Gram-positive bacteria, and
the inhibition of biofilm growth under irradiation of visible light. The
cytotoxicity tests on fibroblast cells showed a high cytocompatibility of the
membranes. Additionally, the good mechanical properties of the membranes
allow for their facile removal after use and prevent the leakage of the
embedded nanoparticles into the wound.

during the wound healing process." Wound dressings have
been traditionally applied to protect open wounds from further
injuries and infections, as well as to provide an optimal
environment for skin regeneration.”® Among the materials
being developed for functional wound dressing, special attention
has been paid to electrospun polymeric nonwovens that are
composed of interconnected nanofibrous networks.** The electro-
spun membranes exhibit unique advantages as the conformable
nonwovens act as an effective physical barrier to protect a wound
from further physical damage and contamination while serving as
a template for the growth of skin cells during the self-repairing
process, which is beneficial for minimize scar formation.” At the
same time, electrospun nanofibrous mats are permeable to
moisture and air, therefore, extra exudate can be extracted from
the wound area in order to avoid further infections while still
keeping a local moist environment.? Moisture is essential for
the acceleration of the wound healing process and reduction of
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scar formation since in a wet environment skin is regenerated
without forming a scab.’

A variety of active wound dressings have been reported via
loading hydrogel networks with antibacterial agents such as
silver nanoparticles, metal oxide nanoparticles, essential oils,
antibiotics or their combinations.>'*"® Such dressing materials
allow for a sustained drug release into the wound bed, thus
inhibiting infections and accelerating the healing process.**
A combination of different antibacterial agents is also often
beneficial due to the fact that compounds with different
mechanisms of action may act synergistically by targeting multiple
sites in the cell,"” hence broadening the antibacterial spectrum,
reducing single drug dosage, decreasing side effects, and short-
ening the duration of treatment, as well as minimizing or
delaying the onset of drug resistance.’®®72° One representative
example for this approach is the combination of essential oils
with synthetic antimicrobial agents, which showed an enhanced
antibacterial effect in vitro.*** In our recent work, multiple
antibacterial agents with different polarities were able to be
loaded into a wound dressing via the design of multicompart-
ment nanofibrous membranes with a nanocapsule-in-nanofiber
structure.”® Nevertheless, these materials rely on the release of
pre-loaded antibacterial agents from the fibers, and therefore,
have a limited service lifecycle. Moreover, despite the fact that
such treatments can inhibit the proliferation of pathogens, they
can also prevent the proliferation of collagen in the corium and
the re-colonization of granulation tissue by keratinocytes, impeding
the healing process.”*

Recently, photodynamic therapy has emerged as an alternative
approach since its effectiveness is based on the generation of
reactive oxygen species, e.g. singlet oxygen, upon light irradiation.
Diaz-Uribe et al. studied the production of 'O, from tetra(4-
carboxyphenyl)porphyrin adsorbed on SiO, under visible light
irradiation. The photogeneration of "0, as the only photoproduct
was evidenced by TEMPO EPR spectroscopy and chemical
trapping.”® Therefore, it provides a new strategy for treatment
against antibiotic-resistant bacteria as well as preventing the
selection of resistant strains.>®*” Singlet oxygen has a lifetime
of 3.5 us in aqueous environments®® and its diffusion pathway in
polymers and aqueous solutions ranges from tens to hundreds of
nanometers.>® Taking this aspect into consideration, the photo-
induced disinfecting effect is relatively confined to the skin’s
surface in comparison to standard antiseptic treatments, and
therefore, it holds the advantage of not interfering with surrounding
proliferating tissues and deeper tissues.*® Leyland et al. prepared
titania coatings that were doped with fluorine and copper.*" The
doping was found to provide superior photocatalytic and anti-
microbial properties compared to pure titania coatings. These
findings were attributed to the higher production of reactive
hydroxyl radicals and the toxicity of copper toward pathogenic
bacteria. Ag,S/Ag heteronanostructures were found to efficiently
inactivate E. coli under UV irradiation.*

Combining photodynamic therapy together with wound
dressings represents a promising direction for developing a
new generation of active wound dressings. One approach is
doping polymer fabrics with hydrophilic photosensitizer (PS),
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e.g. methylene blue** and porphyrin.®** The antimicrobial
photodynamic activity of the material relies on the generation
of reactive oxygen species via irradiating the released PS in the
medium. However, the introduction of a PS into the wound
issue is not desirable in this case. As an alternative method
reported by Mosinger et al., hydrophobic PS tetraphenylporphyrin
was encapsulated in polyurethane or polystyrene nanofibers.***>"
Therefore, the leakage of the PS could be avoided, but due to the
insufficient contact between the hydrophobic fiber surface and the
biological targets in an aqueous medium, the photo-oxidation
efficiency was significantly decreased. Increasing the surface wett-
ability could improve the photo-oxidation efficiency of the fibers.*®
But introducing hydrophilicity to the fibers usually needs additional
surface modifications, e.g. chemical or plasma treatments or
polymer coating. More efficient photo-oxidation was also achieved
by attaching a cationic photosensitizer to the surface of sulfonated
nanofibers, where the photosensitizer is more sensitive and again
may leak into the surrounding tissues.**’

Taking the above developments and their limitations into
consideration, we present here a new class of visible light-active
hydrogel nanofibrous membranes for disinfecting wound dressings
(see Scheme 1). This photoactive membrane was fabricated by
first synthesizing conjugated microporous polymer nano-
particles in a miniemulsion and subsequently embedding the
nanoparticles in polyvinyl alcohol (PVA) hydrogel nanofibers by
colloid-electrospinning. The nanofibers were crosslinked in
glutaraldehyde/HCI vapor to be water-insoluble. The presented
design strategy allows for a flexible combination of the properties
of nanoparticles and supporting nanofibers, thereby providing a
versatile platform for the fabrication of multifunctional wound
dressings. Taking into consideration that the post-crosslinking of
the membranes was performed with the vapor of the crosslinker,
functional agents, e.g. therapeutic agents and growth factors,
could be loaded into the nanoparticles or/and into the fibers
without any leakage during the crosslinking process.

Scheme 1 Schematic illustration of visible light active nanofibrous membranes
for antibacterial wound dressings. When light is irradiated on the dressing,
reactive singlet oxygen is produced that inactivates bacteria present in the
wound. The singlet oxygen is produced by photoactive benzolc]-1,2,5-
oxadiazole based conjugated microporous polymer nanoparticles (TBO
NPs) embedded in the nanofibers.

This journal is © The Royal Society of Chemistry 2018
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Experimental
Materials

Polyvinyl alcohol (Polysciences Inc., 88 mol% hydrolyzed) with
a molecular weight M,, of 205 000 g mol ™" was used as received.
1,3,5-Triethynylbenzene (97%), copper(r) iodide (99%), tetrakis-
(triphenylphosphine) palladium(0) (99%), benzofurazan (97%),
triethylamine (99%), iron (99%), 2,2,6,6-tetramethylpiperidine
(98%) and crystal violet (90%) were purchased from Sigma
Aldrich. Glutaraldehyde (GA, 50 wt% aqueous solution) was
purchased from Merck KGaA. Sodium n-dodecylsulfate (99%)
was obtained from Alfa Aesar. Magnesium sulfate and sodium
bicarbonate were purchased from Fisher Chemical. Escherichia
coli K-12 and Bacillus subtilis were purchased from DSMZ
Leibniz-Institute (Braunschweig, Germany). Demineralized water
was used through all the experiments if not specifically men-
tioned. All chemicals and solvents were used as received unless
otherwise specified.

Synthesis and purification of benzo[c]-1,2,5-oxadiazole based
conjugated microporous polymer nanoparticles (TBO NPs)

The synthesis of TBO NPs was performed using Sonogashira-
Hagihara cross coupling reaction in an oil-in-water miniemulsion.
First, 1,3,5-triethynylbenzene (50.0 mg, 0.33 mmol), 4,7-dibromo-
benzo[c]-1,2,5-oxadiazole (139.0 mg, 0.5 mmol), tetrakis(triphenyl-
phosphine) palladium(0) (19.7 mg, 0.017 mmol) and copper(r)
iodide (3.2 mg, 0.017 mmol) were dissolved in 2 mL of toluene.
Then, triethylamine (1 mL) and an aqueous solution (17 mL) of
sodium n-dodecylsulfate (200 mg) were added to the organic phase
and vigorously stirred using a Branson W-450D digital sonifier
operating at 70% of amplitude for 2 min. The reaction mixture was
then stirred and heated at 80 °C overnight. The resulting TBO NP
dispersion was transferred to a dialysis tube (MWCO 14 000 Da)
with continuous water substitution to remove the excess of
surfactant and further purified by centrifugation (10 000 rpm,
10 min, twice). The resulting final product was collected from the
supernatant and characterized. The synthesis of 4,7-dibromo-
benzo[c]-1,2,5-oxadiazole was carried out according to previous
studies and the data are consistent with the literature.*

Fabrication of nanofibrous membranes

2.25 mL of the as-synthesized TBO NP dispersion was added to
2.75 mL of 15 wt% PVA aqueous solution. The mixed solution
was magnetically stirred at 500 rpm overnight. In the case of
fabrication of the control sample (PVA membrane), the TBO NP
dispersion was replaced by demineralized water to mix with
PVA solution. The electrospinning process was carried out
using a setup fabricated by IME Technologies with an applied
voltage of 15 kV, a working distance between the spinneret and
the collector of 10 cm, and a feeding rate of 0.2 mL h™".

Crosslinking of PVA-based nanofibers

The electrospun membranes were carefully detached from the
aluminum foil collector. The non-wovens were then exposed to
GA/HCl vapor in a vacuum desiccator at 6 x 10~> MPa for 1 h.
1 mL of 50 wt% GA aqueous solution was used as a GA vapor

This journal is © The Royal Society of Chemistry 2018
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source. 20 pL of 37 wt% HCI aqueous solution was used as the
source of HCI vapor which catalyzed the crosslinking reaction
between ~OH of PVA and ~CHO of GA to form acetal bridges.*°
Afterwards, the crosslinked membranes were exposed to air flow
in a fume hood for 24 h to evaporate unreacted GA and HCI.

Photocatalytic antibacterial test

The glassware used was sterilized in an autoclave at 121 °C for
20 min. The bacterial cells were cultured in nutrient broth
(Sigma-Aldrich) and agitated at 300 rpm for 16 h at 37 °C and
30 °C for E. coli K-12 and B. subtilis, respectively. The cells were
washed with sterilized saline solution (0.9 wt% NaCl), and the
final cell density was adjusted to ca. 3.0 x 10° cfu (colony
forming units) mL™". 10 mg of PVA or PVA-TBO nanofibers
were first washed 3 times with MilliQ water, and then added
to the cell suspension with a final volume of 2 mL and kept in
the dark for 60 min. After this, the reaction mixture was
bubbled with oxygen and irradiated with visible light (460 nm,
0.1 W cm 2, OSA Opto Lights) for different periods of time.
At selected time intervals, aliquots of the sample were collected
and serially diluted with sterilized saline solution. An amount of
0.1 mL of the diluted sample was then immediately spread on
nutrient agar (Sigma-Aldrich) plates and incubated at 37 °C for
16 h to determine the number of viable cells (in colony forming
units, cfu). For comparison, control experiments with only E. coli
K-12 and B. subtilis bacterial cells were carried out in the absence
of nanofibers and in the dark. Control experiments were also
carried out with nanofibers in the absence of light. The survival
fraction was determined by dividing the number of cfu of the
samples incubated with nanofibers by the number of cfu of the
control group in the absence of nanofibers. All treated and
control experiments were performed in independent triplicates.

Biofilm formation assay

After performing the photocatalytic antibacterial test (2 h light
irradiation), treated B. subtilis in a cell density of about 3.0 X
10° cfu mL ™" was added to a final volume of 1 mL in each well
of a 24-well polystyrene microtiter plate (Greiner, USA) and
incubated at 30 °C for 24 h. After that, the solutions of bacteria
were carefully removed. The remaining formed biofilm and
wells were rinsed with sterile distilled water. Dark control
samples carried out with nanofibers in the absence of light,
control samples with bacterial cells in the absence of nano-
fibers and blank samples without bacteria were also prepared.
All samples were then stained with 0.4% (w/v) crystal violet for
30 min, washed with sterile distilled water to remove the excess
unbound dye, and eluted with 30% (v/v) acetic acid. Subsequently,
the absorbance at 590 nm was measured. The biofilm formation
was quantified by measuring the difference between the absorbance
of untreated and treated bacteria samples. All treated and control
experiments were performed in independent triplicates.

Cytocompatibility test of nanofibrous membranes

Cytocompatibility of the membranes was tested in terms of
cytotoxicity with NIH 3T3 Fibroblasts. The cells were seeded in
a 24-well plate with 100 000 cells per well in an RPMI medium

Nanoscale Horiz.,, 2018, 3, 439-446 | 441
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supplemented with 10% fetal bovine serum and 1% PenStrep.
After incubation for 24 h at 37 °C, the medium was refreshed.
The membranes were added in the well and the cells were
further incubated for 24 h. After incubation, the medium and
the membrane were carefully removed to avoid damage of the
attached cells at the bottom. Afterwards, the cells were washed
with DPBS. Trypsin-EDTA (0.25%) solution was added to detach
the cells. The cell suspensions were centrifuged at 300 g for
5 min. The collected cells were stained with Annexin V and
7-AAD for 30 min at 4 °C and then washed with DPBS. The cell
viability was measured by using a Flow Cytometer.

Photooxidation of a-terpinene

To quantify the 'O, generation efficiency, the photooxidation
of a-terpinene was performed using a mixture of o-terpinene
(0.1 M), photocatalyst (1 mg mL™ "), and mesitylene (0.1 M) as
an internal standard in 10 mL acetonitrile. Under an oxygen
atmosphere, the mixture was stirred at room temperature and
irradiated with visible light for 24 h. Aliquots of the sample
were then collected and filtered with a syringe filter and the
solution was analyzed by "H NMR spectroscopy. The "0, generation
rate was defined as: R('0,) = (obtained amount of ascaridole
[mmol])/(weight of photocatalyst [g])/(reaction time [s]).

Analytical methods

The morphologies of the nanoparticles and nanofibers were
examined with a Gemini 1530 (Carl Zeiss AG, Oberkochem,
Germany) scanning electron microscope (SEM) operating at
0.35 kv and a Jeol 1400 (Jeol Ltd, Tokyo, Japan) transmission
electron microscope (TEM) operating at an accelerating voltage
of 120 kv. SEM and TEM samples of nanoparticles were
prepared by casting the diluted nanoparticle dispersions on
silicon wafers and carbon layer-coated copper grids, respectively.
The samples of nanofibers for SEM and TEM were prepared by
depositing electrospun nanofibers directly on silicon wafers and
carbon layer-coated copper grids, respectively. To visualize the
distribution of TBO NPs in the fibers, the PVA-TBO samples were
stained with RuO, vapor in a glass-covered dish for 20 min. The
diameter of the electrospun nanofibers was estimated by evaluat-
ing 100 nanofibers from SEM micrographs. The hydrodynamic
diameter of the nanoparticles was evaluated by dynamic light
scattering (DLS) using a Nicomp particle sizer (Model 380, PSS,
Santa Barbara, CA) at a fixed scattering angle of 90°. The UV/Vis
absorption spectra were recorded on a Perkin Elmer Lambda
25 UV-Vis spectrometer. FT-IR spectra were recorded on a Nicolet
730 FT-IR spectrometer. Polymer surface area and pore size
distribution were measured by nitrogen adsorption and desorption
at 77.3 K using an Autosorb-1 from Quantachrome Instruments.
The data were evaluated using QuadraWin software (Quanta-
chrome Instruments). Pore size distributions and pore volumes
were derived from the adsorption branches of the isotherms
using Quenched Solid Density Functional Theory (QSDFT, N,,
assuming carbon as an adsorbent with slit pores). Samples were
degassed at 150 °C for 24 h under vacuum before analysis. The
BET surface area calculation was based on data points obtained
from 0.05 < P/P, < 0.35 and the nonlinear density functional
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theory (NLDFT) equilibrium model was used for the BET model
fitting. Electron paramagnetic resonance (EPR) was measured
on a Magnettech Miniscope MS200 spectrometer with 2,2,6,6-
tetramethylpiperidine (TEMP) as the singlet oxygen trapper.
Cyclic voltammetry (CV) was recorded on an Autolab Potentio-
stat PGSTAT204 (Metrohm). A glassy carbon electrode drop-cast
with the TBO NPs as the working electrode, Pt wire as the
counter electrode, a Hg/HgCl (in saturated KCI solution) electrode
as the reference electrode, and Bu,NPF, (0.1 M in acetonitrile) as
the electrolyte were used. The reduction potential was recorded
with a scan rate of 100 mV s~ . The mechanical properties of the
nanofibrous non-woven were tested by using a ProLine table-top
testing machine Z005 from the company Zwick/Roell. The tests
were conducted at a crosshead speed of 10 mm min " by using
dumbbell specimens with the dimensions of 13 mm x 2 mm
(gage length x width). The thickness of the membranes was
measured by vernier caliper. The water absorption ratio of the
membranes was defined as the swelling degree in this study. To
evaluate the swelling degree, the membranes were dried at 80 °C
under vacuum for 12 h. Subsequently, the dry membranes were
soaked in demineralized water in a thermomixer (HLC MKR 23,
Ditabis) at 37 °C for 24 h. The weight of the swollen samples was
measured after the excessive water on the surface was removed
with filter paper. The swelling degree of the membranes is defined
as follows:

Swelling degree = ms’;;mo x 100% 1)
o

where mg and m, are the weights of the swollen and dry samples,
respectively. All samples were triplicate in the experiment. To
characterize the distribution of nanoparticles in the nanofibers,
the fibers were imaged in transmission and fluorescence mode
using a confocal laser scanning microscope (Leica TCS SP5,
Wetzlar, Germany).

Results and discussion

The preparation of the photoactive wound dressing material
consisted of two steps (see Scheme 2). In the first step, benzo|c]-
1,2,5-oxadiazole based conjugated microporous polymer nano-
particles (TBO NPs) were synthesized via a palladium-catalyzed
Sonogashira-Hagihara cross-coupling polycondensation reaction
in an oil-in-water miniemulsion. As a result, a stable dispersion of
spherical TBO NPs in an aqueous medium was obtained (see
Fig. 1a). The nanoparticles display an average hydrodynamic
diameter of 85 + 37 nm, as measured by dynamic light scattering
(see inset in Fig. 1a). The Fourier transform infrared (FT-IR) spectra
of the TBO NPs showed a characteristic vibrational signal at ca.
2205 cm ™', corresponding to the alkynes (-C= C-) of the polymer
(see Fig. S1, ESIt). Vibrational peaks at ca. 1384 cm ' and
1577 ecm™ ! are attributed to N-O stretching modes of the BO
units, which were incorporated into the conjugated polymer net-
work as strong electron acceptors. The BO units could effectively
improve the n-electron delocalization and increase visible light
absorption.*' As shown in Fig. 1b, the UV/Vis diffuse reflection
(DR) spectrum of the TBO NPs showed a broad absorption range

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Schematic description of the fabrication process of the visible
light active nanofibrous membrane. (a) Synthesis of TBO NPs by miniemulsion

polymerization; (b) fabrication of PVA-TBO nanofibers by colloid-
electrospinning.
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Fig. 1 (a) TEM micrograph and the inset is the size distribution of TBO
NPs. (b) UV-Vis absorption spectra and the inset displays the Kubelka—
Munk-transformed reflectance spectrum.

in the visible region up to approximately 520 nm with a maximum
at ca. 410 nm. From the Kubelka-Munk-transformed reflectance
spectrum, an optical band gap of 2.64 eV could be estimated (see
the inset in Fig. 1b)."> To further reveal the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) positions of the TBO NPs, a cyclic voltammetry
(CV) measurement was carried out. As shown in Fig. S2 (ESIT), a
reduction onset potential of —0.71 V vs. SCE could be determined.
Correspondingly, the HOMO level was derived to be +1.93 V (vs.
SCE) via the extraction of the LUMO value from the optical band
gap. The porosities of the TBO NPs were investigated by nitrogen
adsorption/desorption experiments. TBO NPs showed a typical
Type I adsorption isotherm (see Fig. S3a, ESIf), which indicated
a predominant microporous structure. The Brunauer-Emmett-
Teller (BET) method revealed the surface area of the particles to
be 412 m* g™, with an average pore diameter of ca. 1.4 nm (see
Fig. S3b, ESIY).

In the second step, TBO NPs were electrospun with polyvinyl
alcohol (PVA) to form PVA-TBO nanofibrous membranes (see
Fig. S4, ESIf for the photos of the membranes). Uniform
nanofibers with an average fiber diameter of ca. 250 nm were
collected as a non-woven (see Fig. S5, ESIT). PVA-based nanofibers
were rendered water-insoluble via crosslinking in a glutaraldehyde/
HCI vapor.*® In this case, TBO NPs were embedded into the
crosslinked fiber matrix, which shall prevent the release of NPs

This journal is © The Royal Society of Chemistry 2018
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into the wound bed. The crosslinked fiber membranes remained
hydrophilic, confirmed by the spreading of water droplets after
contacting them with the membranes (see Fig. S6, ESIT). The
nanofibrous structure of the membranes was well preserved after
immersing in water for 4 days at 37 °C (see Fig. S7, ESIY).
The swelling degrees of the crosslinked PVA and PVA-TBO
membranes were ~300%. The high swelling ratio favors the
absorption of wound exudate into the dressing material, thus
avoiding infections taking place while still keeping a local moist
environment. Moisture is beneficial for the wound healing
process because it can reduce the formation of scars and allow
for a painless removal of the dressing materials.** The swollen
hydrogel membranes are translucent, which allows the penetration
of light through the material.*

Good mechanical properties are also essential for membranes
in wound dressing applications. We compared the mechanical
properties of crosslinked PVA and PVA-TBO membranes with a
thickness around 100 pm. As shown in Fig. 2e and Fig. S8 (ESIt),
PVA-TBO membranes exhibited an average tensile strength of
11.9 & 0.7 MPa, which is higher than the tensile strength of PVA
membranes (8.8 £ 0.8 MPa). Similarly, there is an increase of
~18% of the Young’s modulus of the PVA-based membrane due
to the incorporation of TBO NPs.

Correspondingly, the elongation at break of the membranes
was reduced from 111% (PVA) to 64% (PVA-TBO), indicating
the role of incorporated TBO NPs as reinforcing nanofillers to
the fibers. This enhancement from the presence of nano-
particles also indicates their uniform distribution in the fiber
matrix since defects formed due to particle aggregation are
detrimental to the mechanical properties of materials.

The distribution of TBO NPs in the PVA fiber matrix was
further investigated. The weight percentage of TBO NPs in PVA-
TBO membranes was calculated to be 2.1 wt%. Transmission
electron microscopy (TEM) of the nanofibers was used for nano-
particle identification. Composite nanofibers with a nanoparticle-
in-nanofiber structure were previously studied by TEM and silica
nanoparticles” and core-shell silica nanocapsules*® could be
clearly identified in the PVA nanofibers. However, in the current

——PVA-1
PVA2
PVA3

——PVA-TBO-1

——PVA-TBO-2
PVA-TBO-3

© %
Strain (%)

—noPC

200 e )
Magnetic field (G)

Fig. 2 CLSM images of PVA (a and b) and PVA-TBO (c and d) nanofibrous
membranes in the fluorescence mode (a and c¢) and transmission mode (b
and d); (e) stress—strain curves of PVA and PVA-TBO membranes from 3
measurements; and (f) EPR spectra of TEMPO-'O, adducts from PVA, TBO
NPs and PVA-TBO without and with light irradiation.
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study, TBO polymer nanoparticles were difficult to distinguish
against the PVA matrix due to the insufficient contrast between
the matrix and the nanoparticles. This issue is indeed consistent
with our previous study, in which polystyrene nanoparticles could
not be distinguished from a PVA matrix by TEM.*® After staining
the composite nanofibers with RuO,;, TBO NPs were clearly
visualized in the PVA matrix by TEM (see Fig. S5d, ESIt). An
alternative approach is to use confocal laser scanning micro-
scopy. PVA NFs and PVA-TBO NFs were imaged in fluorescence
and transmission modes (see Fig. 2a-d). The fiber membranes
were placed on a 170 pm coverslip and immersed in water in
order to reduce light scattering. Excited by light from an argon
laser (wavelengths 458 and 488 nm), the fibers containing TBO
NPs showed a weak broad emission. The maximum of the
emission spectrum was detected at ~520 nm (full spectrum in
Fig. S9, ESIT). Because this signal was absent in the case of pure
PVA membranes, we concluded that the emission signal was
generated by the conjugated polymer. The excitation intensity of
PVA NFs with PVA-TBO NFs was identical (Fig. 2a and c), the
detection window was set to 518-620 nm, and the gain adjusted
to 820 V. The resolution limit of confocal fluorescence micro-
scopy using 488 nm excitation was approximately 230 nm. There-
fore, the individual NPs were too small to be resolved. However,
the emission was visible all along the fibers, i.e. there were no
dark regions. The minor variation of the emission along the
fibers could be considered as a statistical distribution of TBO NPs
inside the fibers.

The disinfecting properties of the PVA-TBO membranes are
based on the generation of active oxygen species, especially
singlet oxygen ('0,), from the conjugated microporous poly-
mers under light irradiation. The UV/Vis absorption spectrum
of the TBO NPs was preserved after their embedding in PVA
nanofibers (see Fig. S10, ESIt). To verify the photogeneration of
singlet oxygen, electron paramagnetic resonance (EPR) spin
trapping experiments were conducted by using 2,2,6,6-tetra-
methylpiperidine (TEMP) as a singlet oxygen trapping agent.
Fig. 2f shows strong 2,2,6,6-tetramethylpiperidinyloxyl (TEM-
PO-'0,) adduct signals from PVA-TBO membranes under
visible light irradiation, whereas much weaker signals were
found under dark conditions. To further quantify the 'O,
generation efficiency, an additional experiment was performed
with a-terpinene as an 'O, trapping agent (see Fig. S11-S14 and
Table S1, ESIT). With 2.5 mg mL ™" PVA-TBO fiber (PVA fiber
containing 4 wt% TBO NPs) in the test medium, an 'O,
generation rate of 6.48 x 10> mmol g ' s~ ' was obtained.
For comparison, 1 mg mL ™' pure TBO NPs yielded an 'O,
generation rate of 2.89 x 10 * mmol g ' s~ .

The disinfecting property of the PVA-TBO membranes was
evaluated with E.coli K-12 and B. subtilis as model systems for
Gram-negative and Gram-positive bacteria, respectively (see
Fig. 3). A suspension of bacteria was incubated with crosslinked
PVA-TBO nanofibrous membranes and exposed to visible light
irradiation for different time intervals. The viability of bacteria
was assessed using the standard plating method. As shown in
Fig. 3a, PVA-TBO membranes could achieve 100% cell death
against E.coli after 120 min of visible light irradiation. Similarly,
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Fig. 3 Photocatalytic inactivation of E. coli K-12 (a) and B. subtilis (c) in the
presence of PVA and PVA-TBO membranes under dark conditions and
visible light irradiation. Photographs of E. coli K-12 (b) and B. subtilis (d)
colonies on an agar plate. The control samples contain neither PVA nor
PVA-TBO membranes. Data represent the results of three independent
experiments (mean + SE of the mean). *p < 0.01.

PVA-TBO also showed a high disinfection efficiency against B.
subtilis (see Fig. 3c), reaching about 100% of cell death after
60 min of visible light irradiation. These results indicated the
high efficiency of PVA-TBO membranes in inactivating both
Gram-negative and Gram-positive bacteria. The possible mechanism
of inactivation is associated with the generation of 'O, in the
photocatalytic process as indicated in Fig. 2f. Remarkably,
neither PVA nor PVA-TBO membranes showed any toxicity to
bacteria cells without light irradiation. At the same time, pure
PVA nanofibers did not present any inactivation of bacteria
under light irradiation.

Biofilms also play an important role in a wide variety of
microbial infections, with an estimate of 80% of association in
all infections.”” Bacterial cells living in a biofilm are usually
physiologically distinct from planktonic cells of the same species.
One of the key aspects in the microenvironment in biofilms is the
increased resistance to detergents and antibiotics, as the dense
extracellular matrix and the outer layer of cells protect the interior
of the community. In some cases antibiotic resistance can be
increased 1000-fold.** A chronic wound infection cannot be
effectively managed without controlling the growth of biofilms.
Therefore, the antibiofilm properties of the PVA-TBO membranes
were further studied. As shown in Fig. 4, PVA-TBO membranes
incubated in a solution of bacterial cells and further irradiated
under visible light did not present any biofilm formation after
24 h. Comparatively, neither PVA nor PVA-TBO membranes
showed any inhibition to the formation of a biofilm in the absence
of light irradiation; pure PVA membranes did not present any
inhibition to biofilm formation under light irradiation.

This journal is © The Royal Society of Chemistry 2018
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Cytocompatibility of the fiber membranes was investigated
in terms of cytotoxicity with NIH 3T3 fibroblasts. The cells were
incubated with fiber membranes at 37 °C for 2 h under dark or
blue light irradiation. The cytotoxicity of the membranes was
analyzed by using flow cytometry (see Fig. S15, ESIt). It turns
out that >94% of the cells were still alive in both cases of
incubation with PVA and PVA-TBO membranes, without and
with light irradiation (see Fig. 5). No significant decrease in cell
viability was observed in comparison with the negative control
sample, indicating the good cytocompatibility of the photo-
active membranes.

Conclusions

Nanofibrous membranes with visible-light-responsive disinfecting
properties were developed for potential wound dressing materials.
The fabrication process of the membranes consisted of first
synthesizing photoactive conjugated microporous polymer
nanoparticles and subsequently embedding nanoparticles in
polyvinyl alcohol nanofibers by colloid-electrospinning. The fiber

This journal is © The Royal Society of Chemistry 2018
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membranes possess good mechanical properties and cyto-
compatibility. The antibacterial properties of the photoactive
membranes were demonstrated with the efficient inactivation
of Gram-negative and Gram-positive bacteria, as well as the
inhibition of biofilm formation under visible light irradiation,
which shows the potential of the visible light active nano-
fibrous membrane for future wound dressing applications.
Because the material is photoactive, this new generation of
wound dressing is efficient for parts of the body that are not
covered by clothing.
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