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Czech Republic
∥Institute of Inorganic Chemistry, v.v.i., Academy of Sciences of the Czech Republic, 250 68 Řez,̌ Czech Republic
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ABSTRACT: The surfaces of electrospun polystyrene (PS)
nanofiber materials with encapsulated 1% w/w 5,10,15,20-
tetraphenylporphyrin (TPP) photosensitizer were modified
through sulfonation, radio frequency (RF) oxygen plasma
treatment, and polydopamine coating. The nanofiber materials
exhibited efficient photogeneration of singlet oxygen. The
postprocessing modifications strongly increased the wettability
of the pristine hydrophobic PS nanofibers without causing
damage to the nanofibers, leakage of the photosensitizer, or
any substantial change in the oxygen permeability of the inner
bulk of the polymer nanofiber. The increase in the surface
wettability yielded a significant increase in the photo-oxidation
of external polar substrates and in the antibacterial activity of the nanofibers in aqueous surroundings. The results reveal the
crucial role played by surface hydrophilicity/wettability in achieving the efficient photo-oxidation of a chemical substrate/
biological target at the surface of a material generating O2(

1Δg) with a short diffusion length.
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■ INTRODUCTION

The rapid development of novel nanomaterials based on
polymer nanofibers for a broad range of applications such as
filtration materials,1 wound dressings,2 scaffolds for tissue
engineering,3,4 and others has received great attention. The
most common method of fabricating such nanofiber materials is
via electrospinning from a polymer solution.5 The electrospun
materials, which have nanofiber diameters of approximately
100−400 nm, are characterized by a high surface area,
transparency to light, high oxygen permeability/diffusion, and
a nanoporous structure,5,6 which prevent bacteria and other
pathogens from passing through the nanofiber materials
because they are detained on the surface.7

Recently, we have developed nanofiber materials with
encapsulated porphyrinoid photosensitizers that generate
O2(

1Δg) at a high quantum yield upon irradiation with visible
light. The small diameter of the nanofibers allows the efficient
diffusion of O2(

1Δg) outside the nanofibers and the photo-
oxidation of chemical or biological targets. The short-living,
highly cytotoxic O2(

1Δg) efficiently kills bacteria such as
Escherichia coli, Staphylococcus aureus, Pseudomonas aerugino-
sa,8−11 nonenveloped polyomaviruses, and enveloped baculo-

viruses12 on the surfaces of such nanofiber materials. Currently,
these nanofiber materials are successfully applied in dermatol-
ogy as antibacterial wound coverings that are activated by
light.11 A common feature of such polymeric nanofiber
materials with encapsulated photoactive photosensitizers is a
low diffusion length for O2(

1Δg) (typically tens to hundreds of
nanometers),13 which limits the efficiency of the photo-
oxidation of chemical/biological targets in proximity to the
nanofiber surfaces. This problem is especially pertinent for the
photo-oxidation of polar chemical/biological targets in aqueous
solutions on the hydrophobic surfaces of polymer nanofiber
materials, in which case the photo-oxidation is significantly
decreased. More efficient photo-oxidation can be achieved by
attaching a photosensitizer to the surfaces of the nanofibers7

(where the photosensitizer is more sensitive and may possibly
leak into the surroundings, thus limiting the applications of this
approach) or near the surface, in which case the precise
placement of the photosensitizer is difficult to control.14
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Another method of improving the photo-oxidation efficiency
may involve increasing the surface wettability of the polymer
nanofiber materials, which would increase the effective contact
between the surface and the target.
The wettability of the surfaces of the polymers can be

modified using various chemical and physical methods. In
addition to traditional chemical-based surface modification,
which consists of the introduction of polar groups on the
polymer surfaces through a conventional reaction (e.g., through
sulfonation), polymers of a highly hydrophilic nature are often
achieved using oxygen plasma.15−18

The hydrophilicity/wettability of polymers treated with
oxygen plasma is primarily attributed to the introduction of
oxygen-containing functional groups on their surfaces. How-
ever, not all modifications can be attributed solely to the
interaction of plasma radicals with the polymer. Oxygen plasma
is a rich source of vacuum ultraviolet (VUV) radiation. This
radiation is sufficiently energetic to break the bonds in
polymers. The interaction of oxygen molecules with radicals
that are created through the bombardment of the polymer with
ions from the plasma can create hydroperoxides on the polymer
surface. The instability of these hydroperoxides might
contribute to the hydrophobic recovery that has been reported
in some cases.19 It has been observed that plasma treatment not
only causes surface functionalization but also can change the
surface morphology, especially in the 10 nm range.20 Therefore,
the hydrophilicity of the treated material depends on both the
type and concentration of the surface oxygen functional groups
as well as on the surface roughness.
Recently, it has been reported that catechols and compounds

derived from them form self-assembled adhesive biocompatible
coatings with increased wettability and cellular adhesion on
various materials, including polymers.21,22 In particular,
dopamine, or 4-(2-aminoethyl)benzene-1,2-diol (DA), in the
form of self-assembled polydopamine (PDA) has attracted
considerable interest for biomedical applications varying from
coatings for cell interfacing to drug delivery and biosensing.21,22

The adhesiveness of PDA is attributable to amino, imino,
hydroxyl, and catechol functional groups and π−π inter-
actions.23 These functionalities cause PDA to be adhesive to all
types of solid surfaces in aqueous or hydrated environments.
PDA coating has been observed to exhibit antimicrobial activity
against E. coli.23 PDA that is formed through the oxidation of
dopamine is composed of dihydroxyindole, indoledione, and
dopamine units, which are assumed to be covalently linked;
however, the detailed structure remains under investigation. In
addition, an alternative structure has been proposed for PDA
wherein the dihydroxyindole, indoledione, and dopamine units
are not covalently linked to each other but instead are held
together by hydrogen bonding or π−π stacking.24,25

In the present work, we evaluate the role played by surface
hydrophilicity/wettability in ensuring the efficient photo-
oxidation of a chemical substrate/biological target in an
aqueous environment at the surface of a material generating
O2(

1Δg) with a short diffusion length. We investigated the
photophysical, photo-oxidative, and (photo)antibacterial prop-
erties of nanofiber materials with encapsulated hydrophobic
5,10,15,20-tetraphenylporphyrin photosensitizer (TPP) in
hydrophobic polystyrene (PS) electrospun nanofibers before
and after three simple postprocessing modifications: (i)
sulfonation, (ii) cold oxygen plasma treatment, and (iii) PDA
coating on the surface of the nanofiber material. Each
modification can introduce interesting features into a pristine

polymer matrix. In a previous study, we observed that after
sulfonation, the PS nanofibers behaved as cationic ion
exchangers, which can be used for the effective removal of
heavy metals from an aqueous environment.7 Cold oxygen
plasma is a simple, widely used method for the introduction of
oxygen-containing groups on the polymer surface, which can
imbue the surface with antimicrobial properties.26 In addition,
PDA coating can endow the polymer matrix with new
functions, such as UV shielding and radical scavenging.27

■ EXPERIMENTAL SECTION
Chemicals. 5,10,15,20-Tetraphenylporphyrin (TPP), cyclohexa-

none, tetraethylammonium bromide (TEAB), LB agar, LB medium,
dopamine hydrochloride, tris(hydroxymethyl)aminomethane, KI, and
other inorganic salts were purchased from Sigma-Aldrich and used as
received. Sulfuric acid was used as received from Lach-Ner, Czech
Republic. Polystyrene Synthos PS GP 137 was purchased from
Synthos Kralupy a.s., Czech Republic. PBS was purchased from Lonza,
Belgium.

Electrospinning. A mixture of 0.07 wt % TEAB and 99.93 wt %
polystyrene (PS) was dissolved in cyclohexanone to prepare a 17%
solution for the fabrication of the PS nanofiber material. Similarly, a
mixture of 0.07 wt % TEAB, 98.93 wt % PS, and 1 wt % TPP in
cyclohexanone was used for the fabrication of the PS nanofiber
material with 1% TPP.

The nanofiber materials were produced using a modified Nano-
spider industrial electrospinning technology.8 This device was used for
the simultaneous formation of charged liquid jets on the surface of a
thin wire electrode, where the number and location of the jets
naturally assume their optimal positions (Figure S1, Supporting
Information).28 The diameters of the nanofibers were measured using
the image analysis software NIS Elements 4.0 (Laboratory Imaging,
Czech Republic). Before use, the pristine PS nanofiber material was
thoroughly rinsed with deionized H2O to remove trace TEAB.

Sulfonation. Electrospun PS nanofiber materials fixed on quartz
substrates were treated by immersion in 96% sulfuric acid29 at room
temperature for 2 h. The materials were washed with deionized water
and then neutralized with 25% ammonia hydroxide solution for
approximately 24 h. Finally, the materials were washed with deionized
water to achieve a neutral pH and stored in water.

Oxygen Plasma Treatment. PS nanofiber materials were oxidized
in the radio frequency oxygen plasma using a low-pressure FEMTO
plasma system (Diener Electronic GmbH & Co. KG) pumped down
to a basic pressure of 8 Pa by scroll vacuum pump. The oxidation of
nanofibers was provided in pure O2 atmosphere at a pressure of 30 Pa
with a power of 8 W during 20 s in order to ensure hydrophilic surface
properties.

Polydopamine (PDA) Coating. Hydrophobic PS nanofiber
materials were dipped in EtOH for 2 min to ensure good contact
with the aqueous solution of dopamine. Then the materials were
immersed in an aqueous solution of dopamine (2 mg/mL in 10 mM
Tris, pH 8.5) for 30 min.30 A light gray coating on the white surfaces
of the PS materials, attributable to the self-polymerization of the
dopamine, could be easily observed (Figure S2, Supporting
Information).

Scanning Electron Microscopy (SEM). The nanofiber morphol-
ogy was studied using a scanning electron Quanta 200 FEG
microscope (FEI, Czech Republic).

Apparent Contact Angle Measurements. The hydrophobic/
hydrophilic nature of the PS surfaces was characterized by performing
apparent contact angle (ACA) measurements using a surface energy
evaluation system (See System, Czech Republic). The ACAs of the PS
surfaces before and after the modifications were measured using a 3 μL
droplet of deionized water. Each measurement was repeated three
times to obtain an average ACA value calculated through a multipoint
fitting of the drop profile using the See System software. The same
procedure was used to analyze the ageing of PS nanofibers in ambient
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air. The PS samples were stored in air at room temperature, in the
dark, and with a constant relative humidity of ∼22%.
Fourier Transform Infrared Spectra (FTIR). FTIR spectra were

collected using a Thermo Nicolet 8700 FTIR spectrometer in the
attenuated total reflectance (ATR) configuration using a Specac
Gateway six-reflection horizontal ATR accessory with a ZnSe ATR
prism. The ATR method was applied using an IR source, a KBr beam
splitter, and a liquid-nitrogen-cooled photodiode (MCT) as a detector.
The background spectrum was recorded using a clean ZnSe ATR
prism without PS. During the measurements, the PS material was
placed in an N2-purged chamber of the FTIR spectrometer.
UV/Visible Absorption and Fluorescence Spectroscopy. The

UV/vis absorption spectra were recorded using Unicam 340 and Cary
4000 spectrometers. The steady-state fluorescence spectra were
monitored using an Aminco Bowman (AB2) spectrometer.
Time-Resolved Near-Infrared Phosphorescence of O2(

1Δg).
The time-resolved near-infrared phosphorescence of O2(

1Δg) at 1270
nm was monitored using a Ge detector (Judson J16-8SP-R05M-HS)
with excitation by a Lambda Physik Compex 102 excimer laser (λexc =
308 nm) or an F3002 dye laser (λexc = 425 nm). The short-lived
signals produced by the scattering of the exciting laser pulse and by
porphyrin fluorescence were eliminated by exciting the sample in
vacuum and subtracting the obtained signal from the signal recorded in
an oxygen or air atmosphere. Individual traces were accumulated 200−
500 times to improve the signal-to-noise statistics.
Kinetics of Triplet States. Triplet states were recorded using an

LKS 20 kinetic spectrometer (Applied Photophysics, U.K.). The
samples were excited using the same lasers that were used for the
phosphorescence measurements. The triplet states of TPP were
monitored in both transmission and diffuse-reflectance modes. The
kinetics of the triplet states of TPP were probed at 480 nm using a 250
W Xe lamp equipped with a pulse unit and an R928 photomultiplier.
Photo-Oxidation of Iodide Caused by Nanofiber Materials. A

piece of the TPP-doped nanofiber material was placed in a
thermostated 10 mm quartz cell (22 °C) that contained iodide
detection solution. The cell was irradiated with visible light produced
by a stabilized xenon lamp (500 W, Newport) with a long-pass filter (λ
≥ 400 nm, Newport). The changes in the UV/vis absorbance at 351
nm, which were attributed to the formation of I3

−, were recorded at
regular intervals and compared with a blank solution of the same
composition that was stored in the dark.31

Antibacterial Tests. A culture of E. coli K-12 was incubated under
stirring in LB medium at 37 °C. Incubation was terminated when the
absorbance at 560 nm reached a value of approximately 1. The
prepared culture was diluted 2000× to the desired concentration in

PBS. The nanofiber materials (5 cm2) with or without encapsulated
TPP were placed on bacterial agar plates. The surfaces of the materials
were inoculated with 3 × 20 μL (approximately 6000 colony-forming
units (CFUs)) of a suspension of Escherichia coli in PBS. The agar
plates either were illuminated with white light from a 400 W solar
daylight simulator (Sol1A Newport, USA) with a water filter (for
elimination of the heating effect) for 5, 10, 15, or 20 min or were
stored in the dark. Then the samples were placed in Eppendorf tubes
with 1 mL of PBS. After brief shaking (2× 3 s on an IKA vortex 3), the
PS nanofiber matrix was removed. Each bacterial suspension was
centrifuged for 5 min at 3600g (7000 rpm). The supernatant (0.7 mL)
was carefully removed. From the pellet media, 100 μL of each bacterial
suspension was placed on sterile agar plates. The plates were incubated
for 15 h in darkness at 37 °C to allow the individual bacteria to grow
and form colonies.

■ RESULTS AND DISCUSSION

Preparation of Nanofiber Materials. The preparation of
the nanofiber materials with TPP encapsulated in PS
electrospun nanofibers before and after the postprocessing
modifications via sulfonation, oxygen plasma treatment, and
polydopamine (PDA) coating is described in the Experimental
Section and schematically described in Figure 1. The resulting
material consisted of some irregularities, such as nodes and
bundles of nanofibers.
The structure of the electrospun polystyrene (PS) nanofiber

materials (1) was visualized through scanning electron
microscopy (SEM). Figure 1 and Figure S2 (Supporting
Information) present SEM images of the nanofiber materials
before (1) and after postprocessing modifications through
sulfonation (2), oxygen plasma treatment (3), and PDA coating
(4). The nanofiber structure of the materials remained intact
after 2 h of sulfonation in concentrated H2SO4, 20 s of oxygen
plasma treatment, or 30 min of incubation in PDA solution (see
Experimental Section). The average diameters of the nanofibers
before the postprocessing modifications (1, 248 ± 29 nm) and
after sulfonation (2, 253 ± 22 nm), oxygen plasma treatment
(3, 232 ± 20 nm), and PDA coating (4, 268 ± 21 nm) remain
almost unchanged.

ATR-FTIR Spectra. To verify the chemical changes in the
PS nanofibers before and after treatment, FT-IR signals were
recorded (Figure 2). The FTIR spectrum of the original PS

Figure 1. A scheme illustrating the preparation of samples 1, 2, 3 and 4 accompanied by the distributions of the nanofiber diameters, SEM image of
sample 1 and reaction of the self-polymerization of dopamine.
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nanofiber material 1 reveals the presence of typical PS
functional groups: bands corresponding to aromatic C−H
stretching modes between 2850 and 3080 cm−1, an overtone
and combination band associated with C−H out-of-plane
bending at 1660−2000 cm−1, C−C stretching vibrations at
1600 cm−1, C−H aromatic-ring vibrations at 1491 cm−1, CC
aromatic-ring vibrations at 1450 cm−1, bands associated with
aromatic-ring C−C stretching and aromatic C−H in-plane
bending at 1000−1200 cm−1, and bands near 965 and 910 cm−1

associated with CH out-of-plane vibrations.32 In the spectrum
of 2, the region between 1300 and 900 cm−1 clearly reveals
changes associated with the sulfonate stretching bands. The
intensity of the doublet bands at 1180 and 1155 cm−1, which
correspond to asymmetric and symmetric SO stretching
vibrations, respectively, strongly increased. The spectra of 2 and
4 reflect a decrease in the intensity of the CH bands at 2850−
3080 cm−1 and an increase in the intensity of the OH-related
band compared with the original PS materials.
The spectrum of 3 indicates that the oxygen plasma

treatment introduced a new band at 1743 cm−1, which is
assigned to the stretching of carbonyl CO groups. The
spectrum also indicates the presence of a very broad band at
3100−3500 cm−1, which most likely corresponds to hydroxyl
groups from the oxygen species and/or adsorbed water.
In the spectrum of 4, the broad band at 3100−3400 cm−1 can

be assigned to the hydroxyl stretching vibrations of the
adsorbed water that overlap the stretching vibrations of the
amino groups (NH2). The new peak at 1300 cm−1 most likely
corresponds to C−N stretching vibrations.
Apparent Contact Angle Measurements. This method

is commonly used for differentiation between hydrophobic and
hydrophilic nature of nanofiber samples.33,34 It provides only
qualitative information and can be used only for comparison of
samples with the same or similar structure.
The original electrospun PS nanofiber material (1) washed

with deionized H2O to remove trace of TEAB additive
exhibited hydrophobic properties with an apparent contact
angle (ACA) of approximately 130 ± 4°. The traces of polar
TEAB can alter the surface properties of nanofibers. All surface
modifications dramatically changed this hydrophobic PS surface
into highly hydrophilic surfaces with ACAs below 5° (Figure 3
and Figure S5 in Supporting Information). The low value of
ACAs may be also influenced by the tendency of water droplets
to immerse through pores. This effect allows diffusion of
photoxidation targets into porous structure of the materials,

where they can be attacked easily by O2(
1Δg) than on the

surface of the materials.
The observed ACA for the original PS nanofiber material was

smaller than that reported in the literature (155 ± 3°),33 most
likely because of the greater roughness of the surface. In
addition, for the PDA coating, the observed ACA was not
consistent with the published values of 50−60° that have been
observed for this coating applied to other materials.35 Evidently,
the nanoporous nature of the materials employed in this study
strongly affected the ACA, with a tendency toward higher
wettability. It is also known that in some cases, the
functionalization of a polymer through the nonequilibrium
oxygen plasma treatment of the samples can cause either the
decay or reorientation of the functional groups on the surface.
These effects can lead to a loss of surface wettability.19,20

However, a change in the surface wettability can also be
ascribed to many other effects, such as those to surface charge
and roughness as well as changes in the chemical structure of
the material.36 The water-drop ACAs of all samples were
determined after various storage times. The same ACAs of all
samples were observed during their ageing in open air after the
same elapsed times (Figure 3, red and black curves). The ACAs
of the nanofiber materials (1, 2, 3, and 4) were identical to
those of the materials with encapsulated TPP photosensitizer
(1-TPP, 2-TPP, 3-TPP, and 4-TPP).
An interesting phenomenon was observed for the PS

nanofiber material with PDA coating on only one side, e.g.,
after treatment of the material coiled on quartz surface. For
some experiments, the solid support may be removed. The
resulting Janus nanofiber material exhibited properties similar
to those of a nanofiber material based on the polyamide
matrix.34 On the untreated side, the PS material exhibited
hydrophobic properties, with a water contact angle of 130 ± 4°,
whereas the opposite side of the material was converted into a
highly hydrophilic surface (ACA less than 5°). When this
material was placed on a water surface, the effects of self-
orientation and self-stretching were observed, most likely
because of the combination of the hydrophobic effect of the
untreated side and the effect of hydrogen bonding on the side
with the PDA coating (Figures S3 and S4, Supporting
Information).

UV/Visible Absorption and Fluorescence Spectra. UV/
vis absorption and fluorescence spectra were measured to
evaluate the effects of the postprocessing modifications of the
materials on the encapsulated TPP. The untreated, TPP-doped
PS nanofiber material (1-TPP) exhibited characteristic
porphyrin absorption and fluorescence spectra: a Soret band
at 421 nm, four Q bands at 516, 550, 592, and 648 nm, and

Figure 2. ATR-FTIR spectra of a sample of the original electrospun
nanofiber material (1) and the corresponding samples after surface
modifications (2, 3, and 4).

Figure 3. ACA measurements of samples 1 (red, 130°), 2, 3, and 4
(black, <5°) in time. Upper picture shows water droplet on the surface
of sample 1. Lower picture shows the same on the surface of sample 3.
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fluorescence emission bands at 653 and 719 nm. These values
are similar to those of TPP in organic solvents, e.g., CH2Cl2.
The absorption and emission spectra of the photosensitizer
encapsulated in the PS nanofibers before (1-TPP) and after
postprocessing modifications (2-TPP, 3-TPP, and 4-TPP)
were essentially identical (Figures S6, S7, and S8, Supporting
Information). The formation of porphyrin dimers and higher
aggregates, which is typically accompanied by red or blue shifts
and broadening of the Soret band37,38 or quenching of the
fluorescence, was not observed. The observations indicated that
the 1 wt % TPP that was incorporated into the PS nanofibers
remained predominantly in the monomeric state even after the
surface modifications.
Kinetics of the Triplet State and Singlet Oxygen

O2(
1Δg). In our previous study, we presented the kinetics of

3TPP encapsulated in unmodified PS nanofibers and the
photogeneration of O2(

1Δg) using time-resolved spectrosco-
py.13 The kinetics of 3TPP can be described as follows:

τ= −t[ TPP] [ TPP ] exp( / )3 3
0 T (1)

τ τ= + k p1/ 1/T T0 q O2 (2)

where τT0 and τT are the lifetimes of 3TPP in vacuum and in an
oxygen atmosphere, respectively, pO2 is the oxygen pressure,
and kq is the bimolecular constant of the quenching of 3TPP by
oxygen.
The singlet oxygen was directly measured from the

phosphorescence at 1270 nm, corresponding to the O2(
1Δg)

→ O2(
3Σg

−) transition, after excitation of the nanofiber
materials by a pulsed nanosecond laser. The time-resolved
phosphorescence intensity plots (Figure 4, panel A) reveal the

significant generation of O2(
1Δg) in 2-TPP by the quenching of

the 3TPP with O2(
3Σg

−) (Figure 4, panel B); similar signals
were observed for all tested materials (before and after
postprocessing modifications). The kinetics of O2(

1Δg) can
be described using a rise-and-decay model:8

τ
τ τ

τ τΔ =
−

− − −Δ

Δ
ΔA t t[O ( )] (exp( / ) exp( / ))2

1
g SO

T
T

(3)

where ASO is a parameter that is proportional to the quantum
yield of O2(

1Δg) and τΔ is the lifetime of O2(
1Δg).

Equations 1−3 provide good fits to the photophysical data
(Figure 4). The values of τT, τΔ, and kq calculated using fitting
functions derived from eqs 1−3 are summarized in Table 1.
Oxygen Permeability and Diffusion Length of O2(

1Δg).
The oxygen-permeability values P(O2) (proportional to kq) for
all modified PS nanofiber materials (2-TPP, 3-TPP, and 4-

TPP) were calculated from the slopes of the modified Stern−
Volmer equation (eq 2) in the form of eq 4:10

τ τ α π σ= + N P p1/ 1/ 4.145 4 (O )T T0 A 2 O2 (4)

where α is the probability of quenching in the encounter
complex, NA is Avogadro’s number, σ is the collision diameter
of the 3TPP−O2 complex, and pO2 is the oxygen pressure. The
values of α and σ were calculated from eq 4 using P(O2) = 1.9
× 10−13 cm3 cm/(cm2 s Pa) for unmodified PS as the standard
(Table 1).10 Under the assumption that the oxygen solubility of
S(O2) = 6.86 × 10−7 cm2 cm/(cm3 Pa) remained unchanged in
the bulk of the PS material,10 the corresponding diffusion
coefficient D(O2) = P(O2)/S(O2) could be determined.
The effective range of photogenerated O2(

1Δg) inside the
doped nanofibers was estimated using the diffusion equation.
The mean rad ia l d iffus ion leng th of O2(

1Δ g ) ,
lr = (6D(O2)τΔ)

1/2, was calculated from the values of τΔ that
were obtained by measuring the decay time of the O2(

1Δg)
phosphorescence at 1270 nm and the calculated values of
D(O2) for the individual PS nanofiber materials (Table 1).
Evidently, the effective range of a photogenerated O2(

1Δg)
inside the material (lr ≈ 44−47 nm) was not significantly
affected by any type of surface modification. For the typical
D(O2) value in H2O (∼2 × 10−5 cm2 s−1),39 the maximum
value for the lr traveled by a photogenerated O2(

1Δg) from the
surface to a point in the aqueous surroundings of the nanofibers
at which a substrate/target is located was calculated to be 205
nm for a typical value of τΔ = 3.5 μs in H2O.

40 Thus, the
diffusion length is sufficient only for the photo-oxidation of a
substrate/target located in proximity to the surface.

Photo-Oxidation of External Substrates. The assump-
tion that the wettability (inversely proportional to the ACA,
Table 1) contributes to the photo-oxidation capability of the
nanofiber materials was tested using a sensitive method based
on the photo-oxidation of I− to I3

− in aqueous solutions.31 The
photoproduced concentration of I3

− is directly proportional to
the concentration of O2(

1Δg). The relative photo-oxidation
efficacy (PE) of the samples was calculated as the slope of the
dependence of A(I3

−)/∑I0(1 − 10−Ai) on irradiation time,
where A(I3

−) is the absorbance of the photoproduced I3
− at

351 nm and ∑I0(1 − 10−Ai) is the sum of all absorbed light
intensities at wavelengths λi (400−700 nm), which was
compared with that of the 1-TPP sample (Table 1, Figure
5). No photo-oxidation was observed in the dark upon
irradiation in the absence of dissolved oxygen or upon the
irradiation of the TPP-free nanofiber materials. No leakage of
TPP into the aqueous solutions was detected. The PE values
increased in D2O because the effective lifetime of O2(

1Δg) was
higher by a factor of approximately 20 compared with that in
H2O.

41 The efficacy was nearly zero in the presence of NaN3
(>0.01 mol L−1), an effective quencher of O2(

1Δg).
31

The differences in photo-oxidation depended only on the
intensity of absorbed light and the wettability of the surface
because the nanofiber diameters, the photophysics of the
photosensitizer, the permeability, and the diffusion coefficient
of oxygen in the polymer matrix did not change (Table 1). The
PE of the hydrophobic 1-TPP sample was accelerated by all
postprocessing modifications. For 2-TPP (PE = 3.47) and 3-
TPP (PE = 3.50), the increase in photo-oxidation was nearly
identical. The lower PE of 4-TPP (PE = 1.44) can be primarily
attributed to the filter effect of the light gray PDA coating,
which reduced the transmittance of the pristine PS material in
the TPP absorption region by 14.5−8% (Figure S9, Supporting

Figure 4. (A) Time-resolved phosphorescence of O2(
1Δg) at 1270 nm

and (B) time-resolved reflectance of the triplet state of 2-TPP in an
oxygen atmosphere. The red curves designate the fitting lines by the
least-squares method (eq 3 and eq 1).
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Information). The PE of 4-TPP can be approximately
corrected for the filter effect using the expression A(I3

−)/
∑(T(4)i/T(1)i)I0(1 − 10−Ai), where T(4)i/T(1)i is the ratio of
the individual transmittances of 4 and 1 at the corresponding λi,
representing the decrease in the initial light intensity I0. When
the filter effect is considered, the value for 4-TPP (PE = 3.55)
attains a value similar to those of 2-TPP and 3-TPP within the
estimated error of approximately 10%.
Antibacterial Activity. The role played by the wettability

of the surfaces of the PS nanofiber materials in determining the
surfaces’ antibacterial activity was also tested using the
procedure described in the Experimental Section. Figure 6
depicts an example of bacterial colonies on agar plates after
inoculation with E. coli harvested from the surfaces (irradiated
or stored in the dark) of 2 and 2-TPP and incubation
overnight. The agar plates that were inoculated with bacteria

from 2-TPP stored in the dark and from irradiated 2 were used
as negative controls. A very strong inhibition of bacterial
growth was observed in the colonies from the 2-TPP irradiated
by visible light in contrast to both controls (2-TPP stored in
the dark and irradiated 2). This effect is attributed to the
efficient photogeneration of antibacterial O2(

1Δg).
8−11

The 3-TPP and 4-TPP samples also exhibited high
antibacterial efficiency compared with the hydrophobic 1-
TPP sample, whose antibacterial efficiency was low (Figure 7).

The antibacterial efficiencies of the samples represented in
Figure 7 are consistent with their ability to oxidize external
substrates (Table 1, Figure 5). Evidently, the surface
composition has a significant effect on the surface wettability
and, consequently, the bacterial adhesion. The increase in
wettability achieved through postprocessing treatment increases
the antibacterial efficiency on the surface because more
bacterial pathogens lie within the cytotoxic diffusion range of
O2(

1Δg). It is known that PDA itself has a moderate
antimicrobial effect, but this effect is correlated with the cells
being coated with a layer of PDA controlling cell division and/
or created barriers with reduced permeability to nutrients.23 We
did not observe any dark antibacterial effect on the surface of 4
or 4-TPP (Table S1, Supporting Information). We also
observed a much less efficient antibacterial effect for 4-TPP
on light due to filter effect of the PDA coating.

Table 1. Properties of Nanofiber PS Materials Doped with 1% TPPa

PS nanofiber material

1-TPP 2-TPP 3-TPP 4-TPP

average nanofiber diameter (nm) 248 ± 29 253 ± 22 232 ± 20 268 ± 21
ACA (deg) 130 <5 <5 <5
τT (μs) 17.1 16.9 16.9 8.0
kq (s

−1 Pa−1) 1.9 1.8 1.7 1.7
τΔ (μs) 13.4 13.9 13.1 13.7
P(O2) (10

13 cm3 cm/(cm2 s Pa)) 1.9b 1.8 1.7 1.7
D(O2) (10

7 cm2 s−1) 2.8 2.7 2.5 2.5
diffusion length (nm) 47 47 44 45
PE 1.0 3.47 3.50 1.44 (3.55c)

aτT is the lifetime of the TPP triplet state (3TPP) in an air atmosphere. kq is the rate constant of the quenching of
3TPP by oxygen. τΔ is the lifetime

of the O2(
1Δg) signal. P(O2) and D(O2) are the oxygen permeability and diffusion coefficients of the material, respectively, as calculated from the

Stern−Volmer equation (eq 4), and PE is the relative photo-oxidation efficacy of I− in an aqueous solution. bStandard used for the calculation of
P(O2) (eq 4). cCorrected for the PDA filter effect.

Figure 5. Time profiles of I3
− absorbance at 351 nm related to the

absorption of excitation light in 3 mL of an air-saturated, 0.05 M
iodide detection solution containing a piece (2.5 cm2) of 1-TPP
(black), 2-TPP (blue), 3-TPP (red), or 4-TPP (green) under
continuous irradiation at 25 °C. Irradiation source was a 500 W Xe
lamp with a long-pass filter (λ ≥ 400 nm).

Figure 6. Colonies of E. coli on agar plates after inoculation with
bacteria harvested from the surfaces of (A) 2 and (C) 2-TPP stored in
the dark and from the same materials after 20 min of irradiation and
incubation overnight ((B) and (D), respectively). Irradiation was
performed using a 400-W solar simulator equipped with a water filter.

Figure 7. (Photo)antibacterial activity estimated as a proportion of the
CFUs of E. coli observed on agar plates after inoculation with bacteria
collected from the surfaces of samples with and without photo-
sensitizer: 1-TPP/1 (black), 2-TPP/2 (red), 3-TPP/3 (blue), and 4-
TPP/4 (green). The samples were irradiated by a 400 W solar
simulator equipped with a water filter for 5, 10, 15, or 20 min and
incubated overnight.
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The experiment for the estimation of the antibacterial activity
was designed to determine the activity as a proportion of the
CFUs observed on the agar plates after inoculation with
bacteria harvested from the surfaces of the samples with TPP
(1-TPP, 2-TPP, 3-TPP, 4-TPP) and from the corresponding
samples without TPP (1, 2, 3, 4) in the dark and under
irradiation to eliminate the effect of the light itself and any
differences in the intake of nutrients from the agar plates to the
bacteria caused by the different functionalizations of the
nanofiber surfaces. Although the antibacterial efficiencies of
the samples with and without the photosensitizer can be
directly compared under the same experimental conditions, the
efficiencies of samples with different surfaces are difficult to
compare with each other. In addition to the lack of
homogeneity of the samples with a defined degree of
derivatization and different intakes of nutrients, for 4 and 4-
TPP, we must consider the filter effect of the PDA coating.
Nevertheless, the results clearly indicate that all hydrophilic
modifications strongly increased the photoantibacterial activity
toward E. coli. The differences arise with irradiation time
(Figure 7, Table S1, Supporting Information). For example, 20
min of irradiation of 2-TPP under simulated daylight caused a
significant decrease in the number of CFUs (approximately 0−
10% of the corresponding CFUs in the dark) in contrast to 1-
TPP (approximately 90% of the corresponding CFUs in the
dark).
The low photoantibacterial efficiency on the surface of 1-

TPP is not as surprising if we calculate the portion of the
volume of a water droplet of a bacterial suspension on the 1-
TPP surface that is accessible by O2(

1Δg). For example, if we
consider a 20 μL volume of inoculum as a model water droplet
on the surface of 1-TPP and a maximum diffusion length of 205
nm for O2(

1Δg) in H2O, the simple static mathematic model
(Figure S10, Supporting Information) indicates that only
approximately 1/18000 of the total volume is accessible by
O2(

1Δg) in a certain time.
The photo-oxidation of the chemical substrate (I−) and the

photoantibacterial activity toward E. coli (an example of a
biological target) in an aqueous environment clearly illustrate
the key role of the surface wettability/hydrophilicity of O2(

1Δg)
photogenerating materials in both processes.

■ CONCLUSIONS
Here, we described the fabrication and properties of electro-
spun nanofiber materials with model TPP photosensitizer
encapsulated in the hydrophobic PS nanofibers after three
postelectrospinning modifications: sulfonation, oxygen plasma
treatment, and the application of a thin PDA coating on the
surface of the nanofiber material. All modifications strongly
increased the wettability/hydrophilicity of the hydrophobic PS
nanofibers without causing damage to the nanofibers, leakage of
the photosensitizer, or any change in the spectral characteristics
of TPP, the lifetime of the triplet state or singlet oxygen, or
even the oxygen permeability of the polymer nanofibers. The
increase in the surface wettability resulted in acceleration of the
photo-oxidation of external substrates and an increase in the
antibacterial activity of the nanofibers. The lower photo-
oxidation and antibacterial efficiencies of nanofiber material
with PDA coating in comparison with plasma treated and
sulfonated materials are due to partial absorption of light by
PDA.
These results reveal the crucial role played by surface

hydrophilicity/wettability in ensuring the efficient photo-

oxidation or photoinactivation of a chemical substrate or
biological target at the surface of a material generating O2(

1Δg)
with a short diffusion length.
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