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ABSTRACT: We have prepared photoactive multifunctional nanofiber membranes via
the simple electrospinning method. The antibacterial and photocatalytic properties of
these materials are based on the generation of singlet oxygen formed by processes
photosensitized by the tetraphenylporphyrin encapsulated in the nanofibers. The
addition of magnetic features in the form of magnetic maghemite (γ-Fe2O3)
nanoparticles stabilized by polyethylenimine enables additional functionalities, namely,
the postirradiation formation of hydrogen peroxide and improved photothermal
properties. This hybrid material allows for remote manipulation by a magnetic field, even
in hazardous and/or highly microbial contaminant environments.

■ INTRODUCTION
Due to the increasing resistance of bacteria to antibiotics,1

innovative strategies and novel antibacterial agents have been
developed to prevent and/or treat infections caused by
multidrug-resistant organisms.2 Antibacterial photodynamic
inactivation (PDI) is a promising alternative to antibiotic
therapy because bacteria do not readily develop resistance to
PDI.3,4 PDI utilizes light in combination with a photosensitizer
(drug) to kill the bacteria. The general mechanism starts with
the absorption of light by a photosensitizer followed by the
formation of reactive singlet oxygen O2(1Δg) with antibacterial
properties.
For more than a decade, electrospun polymeric nanofibers

have been used as solid supports for O2(1Δg) photosensitizers.
5

In contrast to bulk polymer films, nanofibers exhibit large
surface area to volume ratios, flexibility in surface functionality,
and superior mechanical properties (e.g., stiffness and tensile
strength) and can be used for a broad range of applications,
such as filtration,6,7 wound dressings,8 scaffolds for tissue
engineering,9,10 and sensing.11 Different types of antibacterial
polymeric nanofiber membranes with encapsulated or
externally bound photosensitizers suitable for biological
applications12 have been prepared, including water disinfec-
tion,13,14 pollutants,15,16 warfare agents,17 photodegradation, or
the fabrication of dressing materials to treat chronic wounds.8

The singlet oxygen photogenerated inside nanofibers with a
lifetime (τΔ) of a few tens of microseconds18 diffuses outside
to the environment and to biological targets (bacteria) to be
oxidized. In contrast, the value in aqueous environments and
cells decreases below 4 μs,19,20 with a diffusion length of
several tens of nanometers during a period of τΔ.

21 Due to the

low diffusion length of singlet oxygen, antibacterial applications
require nanofibers with a hydrophilic surface for the effective
adsorption of bacteria.22 Recently, we also prepared multi-
functional antibacterial materials tailored for other applications
capable of performing multiple tasks, e.g., photodisinfection,
decontamination, separation, or enzyme catalysis, using the
same material.23,24

Magnetic materials have recently undergone intensive
research because of their suitable properties for a diverse set
of potential applications in biomedicine and catalysis.25−28 At
the nanoscale, magnetic materials display novel physical effects
that distinguish them from their bulk counterpart.29

In this work, we prepared nanofiber membranes with
magnetic nanoparticles and measured their physicochemical
properties and ability to kill bacteria.
This type of magnetic nanofiber membrane should have the

advantage of easy-to-use magnetic manipulation/separation,
even in hazardous and/or highly microbially contaminated
environments.30

■ EXPERIMENTAL SECTION
Chemicals. Iron(II) chloride tetrahydrate, iron(III)

chloride hexahydrate, polyethylenimine (PEI, Mw ∼ 25,000),
24 wt % ammonia solution, 5,10,15,20-tetraphenylporphyrin
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(TPP), N,N′-dimethylformamide (DMF), uric acid sodium
salt, tetraethylammonium bromide (TEAB), ampicillin,
potassium iodide, and other inorganic salts were all obtained
from Sigma-Aldrich and used as delivered. Phosphate-buffered
saline (PBS), agar, and LB medium (Lennox) were all obtained
from Carl Roth GmbH and used as delivered. Tetrahydrofuran
(THF, Sigma-Aldrich) was dried with a PureSolv MD5 solvent
purification system (Innovative Technology). Tecophilic HP-
60D-60 (TECO) was purchased from Lubrizol (USA).

Preparation of Magnetic Nanoparticles and Nano-
fiber Material. Magnetic nanoparticles were prepared using
the modified chemical coprecipitation method.31 Briefly, 0.99 g
of iron(II) chloride tetrahydrate and 2.7 g of iron(III) chloride
hexahydrate (1:2 M ratio) were dissolved in 100 mL of
deoxygenated distilled water. The solution was heated to 80 °C
with vigorous stirring, and 10 mL of NH4OH (24 wt %) was
then added. The mixture was continuously stirred at 80 °C for
30 min, during which time the color changed gradually to
black. The resulting nanoparticles were separated using a
permanent magnet and washed five times with 100 mL of
deoxygenated distilled water. The washed nanoparticles were
resuspended in 100 mL of deoxygenated distilled water to
obtain the final stock solution.
To the nanoparticles magnetically separated from 20 mL of

the above stock solution, 20 mL of 200 mg/L PEI solution was
added to stabilize them. The nanoparticles in the mixture were
agitated using an Elmasonic S40H 340 W sonicator (Elma,
Germany) for 20 min. The mixture was then incubated at
room temperature on an orbital shaker at 150 RPM for 30 min.
The resulting nanoparticles stabilized by PEI (MNPs) were
separated using a permanent magnet and washed five times
with 25 mL of deoxygenated distilled water. The washed
MNPs were resuspended in 20 mL of deoxygenated distilled
water to obtain the final stock solution.
The nanofiber membranes were produced using a needle

electrospinning apparatus (Figure S1 in the Supporting
Information). A mixture of 1 wt % TPP, 0.12 wt % TEAB,
and 98.85 wt % TECO was dissolved in a 7:3 THF:DMF
mixture to prepare a 6 wt % solution used for the
electrospinning process. Ten milligrams of dried MNPs was
resuspended in 5 mL of TECO electrospinning solution and
agitated using an Elmasonic S40H 340 W sonicator (Elma,
Germany) for 5 min. The solution was loaded in a 20 mL
syringe capped with a 21 G blunted stainless steel needle
connected to the positive terminal of the high-voltage power
supply (20 kV). At a distance of 11 cm from the needle tip, a
grounded collector wrapped in aluminum foil was placed to
collect nanofibers. Standard electrospinning was carried out for
1 h at a rate of 1 mL/h.

Characterization of Materials. Nanofiber and nano-
particle morphologies were studied with a scanning electron
Nova NanoSEM 230 microscope (FEI, Czech Republic) and a
transmission electron JEOL JEM-1011 microscope (JEOL,
USA) equipped with a CCD camera with acquisition software
(Olympus, Germany). The nanofiber diameters were measured
using the NIS Elements 4.0 image analysis software
(Laboratory Imaging, Czech Republic). The nanoparticle
size, size distributions, and zeta potential in water were
determined by dynamic light scattering on a Zetasizer Nano
ZS particle size analyzer from Malvern (United Kingdom) after
10 min of 340 W sonication with an Elmasonic S40H (Elma,
Germany). The hydrophobic/hydrophilic nature of the
membranes was characterized by performing apparent contact

angle measurements using a surface energy evaluation system
(See System, Czech Republic). Temperature changes of the
membranes were characterized by GTC 400 C infra-red
camera (Bosch, Germany).
Mössbauer spectroscopy of 57Fe was performed on a Wissel

spectrometer using a transmission arrangement and scintillat-
ing detector ND-220-M (NaI:Tl+). α-Fe foil was used as a
standard, and the fitting procedure was performed using the
NORMOS program.
DC magnetization was measured on a 42.1 mg magnetic

nanofiber membrane (corresponding to 1.3 mg MNPs) using
an MPMS 7 T SQUID magnetometer under a helium
atmosphere (5 mbar) at 298 and 310 K in a magnetic field
from −2 to 2 T.

Spectral and Photophysical Properties. UV-vis absorp-
tion spectra were recorded using Unicam 340 and Varian 4000
spectrometers. The steady-state fluorescence spectra were
monitored using an FLS 980 (Edinburgh Instruments, UK)
spectrofluorimeter. For time-resolved measurements, nanofiber
membranes fixed on quartz plates were irradiated by a Lambda
Physik LPX 205 excimer laser (λexc = 308 nm, pulse length ∼
28 ns). Time-resolved near-infrared luminescence at approx-
imately 1270 nm was observed using optical filters and a
homemade detector unit (Ge diode Judson J16-8SP-R05M-HS
with amplifier) and averaged to increase the signal-to-noise
ratio. The luminescence of O2(1Δg) was calculated as the
difference between luminescence in the air atmosphere and
vacuum. This procedure was described in detail in our previous
paper.21

Detection of Hydrogen Peroxide. Nanofiber membranes
on quartz plates (0.1 × 1 × 4 cm) were immersed in 0.77 M
sodium borate buffer (3 mL) and irradiated by visible light for
75 min using a stabilized xenon lamp (400 W, Solar simulator,
Newport).
For the scopoletin (SPT) fluorescence assay, 8 μM SPT in

the presence or absence of 88 nM horseradish peroxidase
(HRP) in 0.77 M sodium borate buffer (pH 8.2) was mixed
with the buffer solution (1:1) after the removal of the
nanofiber material treated with a solar simulator. Fluorescence
quenching of scopoletin by hydrogen peroxide catalyzed by
HRP was detected at 462 nm (λex = 350 nm).

Leaching Behavior. The leaching of the TPP photo-
sensitizer from the membrane in different environments was
tested using UV-vis and fluorescence spectroscopy. Typically,
the UV-vis and/or fluorescence spectra of the extract were
recorded after 72 h of immersion of the membranes (18 cm2)
into 3 mL of the water, PBS, saline, or sweat mimic medium
incubated at 37 °C.
For the detection of iron leakage from magnetic membranes,

a QuantofixTM assay for iron was used with a detection range of
2−100 mg/L. After shaking the magnetic membrane (10 cm2)
in 2.5 mL H2O for 12 days, traces of iron were detected in the
extract.

Photooxidation Properties. A piece of the nanofiber
material (2 cm2) fixed on quartz glass was placed in a
thermostatted 10 mm quartz cell (22 °C) that contained 0.12
M iodide detection solution or 10−4 M uric acid in 0.02 M
phosphate buffer (pH = 7.0). The cell was irradiated with an
18 W LED source (λem = 414 nm). The UV-vis absorbance
changes at 287 or 351 nm (attributed to the formation of I3− in
the iodide test) or 292 nm (attributed to photodegradation of
uric acid) were recorded at regular intervals and compared to
those of a blank solution of the same composition that was
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stored in the dark. The spectra and total irradiance of the used
light sources were evaluated with an ILT960 spectroradiometer
SpectriLight (International Light Technologies, USA). Details
were described in our previous paper.32

Antibacterial Assays. A culture of Escherichia coli DH5α
(Invitrogen, California, USA) with the plasmid pGEM11Z
(Promega, Wisconsin, USA) was incubated at 37 °C while
stirring in LB medium after the addition of ampicillin.
Incubation was terminated when the absorbance at 560 nm
reached approximately 2. The prepared culture was diluted
1000 times to the desired concentration in PBS. Nanofiber
materials (4 cm2) were placed on wet sterile cotton pads to
prevent drying. The surfaces of the materials were then
inoculated with 60 μL (approximately 4000 CFU) of the
diluted bacterial suspension. The samples were either
illuminated with white light from a 400 W solar daylight
simulator (Sol1A Newport, USA) with a water filter for 5 or 10
min or by an 18 W LED source (λem = 414 nm) or stored in
the dark. The samples were then placed in Eppendorf tubes
with 0.6 mL of PBS and shaken for 30 s on an IKA Vortex 3
(IKA-Werke, Germany), and the nanofiber materials were
removed. From the pellet media, 150 μL of each bacterial
suspension was placed on sterile agar plates. The plates were
incubated for 20 h in darkness at 37 °C to allow the individual
bacteria to grow and form colonies.
For SEM, a culture of Escherichia coli DH5α with an

absorbance of 0.8 at 600 nm was used. The culture was diluted
2000 times in LB medium. Nanofiber materials (4 cm2) were
placed on bacterial agar plates. The surfaces of the materials
were then inoculated with 200 μL (approximately 15,700
CFU) of a diluted bacterial suspension. The agar plates were
either illuminated for 5 min with an 18 W LED source (λem =
414 nm) or stored in the dark. Then, the agar plates were
incubated for 24 h in darkness at 37 °C. The samples were
placed into the wells of a six-well plate containing 2 mL of
2.5% glutaraldehyde in 0.1 M KH2PO4 (pH = 7.4) and
incubated overnight at 4 °C. The samples were washed three

times in 1 mL of 0.1 M KH2PO4 (pH = 7.4) and left to air dry
for 3 min. Subsequently, 50 μL of hexamethyldisilazane was
applied to each sample, and the samples were air dried for 24
h. A thin layer of gold was sputtered on the samples using a
Bal-Tec SCD 050 Sample Sputter Coater, and the samples
were observed using a JSM-IT200 scanning electron micro-
scope (JEOL).

■ RESULTS AND DISCUSSION
Preparation and Characterization of NPs. We prepared

maghemite nanoparticles to add magnetic properties to the
nanofiber materials. The similar iron oxide magnetite nano-
particles with typically higher-saturation magnetization readily
oxidize into the maghemite with the partial conversion of
ferrous ions into ferric ions.
Magnetic maghemite (γ-Fe2O3) nanoparticles (MNPs) were

prepared, purified, and stabilized using the modified
coprecipitation method described above. The size, zeta
potential, and magnetic properties are described in Figure 1.
Original magnetic particles were stabilized by PEI to produce
MNPs with an average DLS size of 170 nm (Figure 1A) and
zeta potential of 24 mV (Figure 1B).
The room-temperature 57Fe Mössbauer spectrum of the

prepared MNPs shows a superposition of the Lorentzian
singlet and two sextet subspectra (Figure 1C). This super-
position of the three subspectra is explained by the
nanoparticle’s broader size distribution or crystallinity. Some
of the MNPs in a sample are in a magnetically blocked state
(sextets), and others consist of smaller nanocrystalline particles
that are just above the blocking temperature in the super-
paramagnetic (SPM) state (singlet), where the superspin-flip
time (Neél relaxation), τN ≈ 10−9−10−10 s, is faster than the
time resolution of the technique, τm ≈ 10−8 s.33 The narrower
sextet with a larger hyperfine field and smaller isomer shift is
associated with Fe3+ in the tetrahedral A sublattice in the spinel
structure (Table 1).

Figure 1. Properties of MNPs. (A) DLS particle size distribution for MNPs. (B) Distribution of zeta potential for magnetic nanoparticles without
(blue line) and with stabilization by PEI (black line). (C) 57Fe Mössbauer spectrum of MNPs in the external field of Bext = 0 T at room temperature
(298 K) fitted by one singlet (green line) and two sextets (blue and pink lines). (D) DC magnetization of the TECO-TPP-MNPs sample at 298 K.
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The second sextet was relatively broad; therefore, it was
refined by including hyperfine field magnetic distribution
(HFMD), leading to a better fit quality than using two discrete
sextets. The refined HFMD sextet corresponds to the Fe3+/
Fe2+ ions in the octahedral sites of the spinel structure.
However, in the bulk stoichiometric magnetite structure, the
Fe in the B sublattice is described with a typical isomer shift of
0.66 mm/s,34 which does not agree with our obtained isomer
shift value of 0.353(4) mm/s. Additionally, the observed values
of the hyperfine fields for both sextets are lower than those for
bulk magnetite caused by the smaller particle size, where the
magnetization fluctuations in directions close to an easy axis
exist. Moreover, the isomer shift of the A site is higher than
that generally reported for bulk magnetite, suggesting that
charge transfers can also occur in the A site due to the cationic
distribution. In addition, the obtained surface area B:A =
2.7(2) ratio does not agree with the maghemite structure
(1.66).35 All of the above results suggest that the present MNP
sample has a nonstoichiometric magnetite structure or core−
shell structure with a lower amount of Fe2+ caused by the
oxidation of small MNPs. The magnetite/maghemite structure
ratio in NPs was determined by the “center of gravity” (COG)
method,36 which considers the area-weighted isomer shift, δRT̅.
According to COG analysis, δRT̅ = 0.34(6) mm/s was
obtained, resulting in a 10% magnetite contribution by weight.
The averaged magnetization measurement (Figure 1D) of

the magnetic membrane (TECO-TPP-MNPs) measured at 25
°C was fitted by the Langevin function with a linear
contribution compensating unsaturated spins in the magnetic
field. A Langevin-like shape is typical for the SPM state. The
same curve width was found at 37 °C.

Preparation and Characterization of Nanofiber
Membranes. Four basic types of nanofiber membranes
from polyurethane TECO polymer were prepared by the
electrospinning method, namely, TECO with TPP (TECO-
TPP), TECO with magnetic nanoparticles MNPs (TECO-
MNPs), and TECO with both TPP and MNPs (TECO-TPP-
MNPs). Their structures were visualized by SEM and TEM
(Figure 2). The average nanofiber diameter was 208 ± 54 nm
for TECO, 159 ± 40 nm for TECO-TPP, 368 ± 111 nm for
TECO-MNPs, and 250 ± 56 nm for TECO-TPP-MNPs,
showing a higher diameter for nanofibers electrospun from the
solution containing MNPs.
To check the surface wettability of the nanofiber

membranes, we measured the apparent contact angle. This
measurement provides only qualitative information for nano-
fiber materials and can be used only for the comparison of
samples with the same or similar structure.22 Water droplets
were deposited on the nanofiber surface, and the average
contact angle for TECO-MNPs was below 5°, documenting
the hydrophilic character of the membrane (Figure 3). The
increase in the surface wettability of nanofibers with
encapsulated photosensitizer yielded a significant increase in
the photo-oxidation of external polar substrates and in the
antibacterial activity of the nanofibers in aqueous surround-
ings.22 In contrast, a similar hydrophobic polystyrene nanofiber
membrane exhibited an apparent contact angle of 140°.
The incorporation of MNPs into nanofibers allowed simple

remote manipulation with the membranes using a common
magnet (Figure 4). The applications of photocatalytic
membranes include also filters for water treatment or
application in medicine even in highly infected media. In this
respect, application of an external magnetic field gradient for

Table 1. Mössbauer Parameters of the Sample MNPs at Room Temperature: Isomeric Shift (δ), Quadrupole Shift (2ε), and
Hyperfine Field (Bhf)

a

subspectrum site and valence δ (mm/s) 2ε (mm/s) Bhf (T) area (%)

singlet Fe3+ in SPM 0.337(7) 31.6(5)
sextet (Fe3+)A 0.328(4) 0.007(4) 46.40(2) 18.4(2)
HMFD sextet [Fe3+]B 0.353(4) −0.018(1) 41.28(9)b 50.0(4)

aFitting assumed one SPM state (singlet), one tetrahedral (sextet), and one octahedral (HMFD sextet) position of FeIII. bBHF is the average value
of HFMD.

Figure 2. SEM micrographs: TECO (A), TECO-TPP (B), and TECO-MNPs (C) and TECO-TPP-MNPs (D) nanofiber membranes. TEM
micrographs of TECO with encapsulated (E) and surface-deposited (F) MNPs on nanofibers.
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remote manipulation with membranes can be important,
especially in biologically and/or chemically contaminated
environments, for removing pathogens and/or hazardous
chemicals absorbed on the membrane during the photo-
catalytic process. Equally easy manipulation was observed in
the aquatic environment (Figure S2 in the Supporting
Information). Additionally, the MNPs dispersed in aqueous
solutions can be magnetically separated.

UV-vis Absorption and Fluorescence Spectra, Leach-
ing Behavior. Encapsulation of TPP into nanofibers was
confirmed by UV-vis absorption and fluorescence spectrosco-
py. The UV-vis absorption spectra of TECO-TPP are
characterized by the Soret band, four Q absorption bands
(Figure 5B), and two fluorescence bands in the red part of the
spectrum (Figure 5C) that are typical of the D2h molecular
symmetry of free base porphyrins. The addition of MNPs
(TECO-TPP-MNPs membrane) had a negligible effect on the
location of individual bands and indicated no direct
communication between TPP and MNPs.
We also investigated the leaching of the TPP photosensitizer

from the membrane in different environments by UV-vis and
fluorescence spectroscopy, because this leaching is unfavorable
for their long-term use in practical applications, especially in
the biomedical field. The immersion of the membranes in
water, PBS, saline, or sweat mimic medium did not reveal any

traces of TPP in the biomedically relevant medium
surrounding the membranes (Figure S3 in the Supporting
Information). Similarly, the Quantofix assay for iron showed
almost no trace of Fe2+/Fe3+ from MNPs for TECO-TPP-
MNPs and TECO-MNPs. After rigorous shaking of 10 cm2

(total weight of membrane was 16 mg, corresponding to 0.5
mg of MNPs) of TECO-TPP-MNPs immersed in 2.5 mL H2O
for 12 days, only negligible traces of iron could be found in the
extract. The amount of iron in the extract corresponds to 2
mg/L, i.e., the maximum leakage corresponds to less than 1%
of the total iron quantity.

Photogeneration and Diffusion of O2(1Δg). The
encapsulation of TPP in nanofibers allows generation of
O2(1Δg) with high quantum yield (ΦΔ > 0.5).37 The
photocatalytic mode promises long-term action.38 The
formation of O2(1Δg) upon excitation by UV-vis light was
confirmed by measuring the characteristic near-infrared
luminescence at 1270 nm.
Both the TECO-TPP and TECO-TPP-MNPs membranes

efficiently photogenerated O2(1Δg) (Figure 6A). In contrast,
TECO-MNPs did not provide any measurable NIR lumines-
cence. The heterogeneity of nanofiber materials does not allow
a comparison of the efficiency of O2(1Δg) photogeneration
between individual membranes simply based on amplitudes of
corresponding luminescence signals. The temporal profiles of
the O2(1Δg) luminescence were fitted to a single exponential
decay to calculate the lifetime of singlet oxygen (τΔ). A lower
value of τΔ for TECO-TPP-MNPs (31 ± 1 μs) than for
TECO-TPP (36 ± 1 μs) indicates some quenching of O2(1Δg)
by MNPs incorporated in nanofibers. Nevertheless, a
comparison with literature data for polymeric nanofiber
membranes with photosensitizers (τΔ ∼ 10−40 μs)18,21,39
shows that quenching is not efficient and that the magnetic
TECO-TPP-MNPs membranes can provide a high concen-
tration of O2(1Δg) for photooxidation reactions and anti-
bacterial treatment.
The diffusion of O2(1Δg) out of nanofibers toward

chemical/biological targets is necessary for the successful
application of nanofiber materials.21,40 We used uric acid
(UA), a known acceptor of O2(1Δg),

41 and an iodide test42 to
detect the O2(1Δg) photooxidation ability outside of nanofiber
membranes. During the irradiation of samples of photoactive
nanofiber membranes in UA detection solution by an 18 W
LED source, a linear degradation of UA at 292 nm was
observed (Figure 6B). Similarly, the irradiation of photoactive
samples in iodide detection solution led to linearly increasing
absorbances of I3− (photooxidation product between I− and
O2(1Δg)) observed at 351 nm (Figure 6C). The entire kinetic
experiments are shown in Figure S4 in the Supporting
Information. No absorbance changes were found for samples
kept in the dark or irradiated samples without the TPP or
irradiated samples containing TPP but in the presence of 0.01

Figure 3. Contact angles of hydrophilic membrane TECO-MNPs (A)
with ACA < 5° and model hydrophobic polystyrene membrane (B)
with ACA = 140°.

Figure 4. Magnetic separation of MNPs in aqueous dispersion (1−4)
and vertical movement of dry nanofiber membrane TECO-TPP-
MNPs on air (5−8) with a permanent magnet.

Figure 5. Structure of TPP (A), absorption (B), and fluorescence (C) spectra of TECO-TPP (blue) and TECO-TPP-MNPs (red) membranes.
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M NaN3 (specific quencher of O2(1Δg), not shown). These
chemical tests showed that both photoactive membranes
(TECO-TPP and TECO-TPP-MNPs) exhibit negligible dark
oxidation but effective photooxidation of selected substrates in
aqueous solutions, attributed mainly to O2(1Δg) photo-
generation.

Photogeneration of Hydrogen Peroxide. Hydrogen
peroxide (H2O2) was detected using the H2O2-specific
scopoletin fluorometric assay based on the decrease in the
fluorescence of scopoletin (SPT) due to its proportional
oxidation by H2O2 via HRP catalysis.43

The concentration of photogenerated H2O2 was estimated
by comparing the SPT fluorescence of the sample and the
standard solutions with known concentrations of H2O2. Under
the experimental conditions described above, approximately
0.5 mg/L H2O2 was found in the surroundings of the TECO-
TPP-MNPs nanofiber material irradiated for 10 min by a solar
simulator. The fluorescence measurements indicated that
H2O2 was gradually released into the surrounding medium
during the irradiation time (Figure 7).
Based on control experiments, only the combination of light,

photosensitizer, and TECO-TPP-MNPs in 0.77 M sodium
borate buffer (pH 8.2) yielded photogenerated H2O2 (Figure
7). A smaller amount of H2O2 was also released from the

nanofibers without the presence of PEI. The blank experi-
ments, where the undoped TECO nanofiber material was
irradiated for the same amount of time and the TECO-TPP-
MNPs nanofiber material doped with TPP was kept in the
dark, showed no formation of H2O2.
The photogeneration of O2(1Δg) by TPP is a prevailing

photophysical process induced by light with the formation of
trace concentrations of H2O2 in TECO-TPP-MNPs mem-
branes. The minor formation of H2O2 is due to the presence of
photosensitizer in the presence of polymers (TECO/PEI). We
can speculate that H2O2 is generated by electron transfer from
excited TPP to oxygen via an electron-rich polymer (TECO/
PEI), yielding O2

−·and following fast disproportionation to
H2O2:

+ +· +O 2 H H O O2 2 2 2

Ferrites also possess photocatalytic activity upon exposure to
visible light; an electron (e−) is excited from the valence band
to the conduction band, leaving behind a photogenerated hole
(h+).44 The e−/h+ pairs facilitate redox reactions that give rise
to reactive oxygen species (ROS).
A small amount of H2O2 was also detected by an iodide test

using an LED irradiation source. To distinguish the photo-
oxidation of iodide by short-lived O2(1Δg) and H2O2, a

Figure 6. (A) Kinetics of O2(1Δg) luminescence at 1270 nm for TECO-TPP (blue), TECO-TPP-MNPs (green), and TECO-MNPs membranes
(black) after excitation with a Nd-YAG laser (λem = 355 nm, pulse length of ∼5 ns). The red lines are single exponential fits to the experimental
data, and the initial parts of the plots, which are affected by light scattering and O2(1Δg) formation kinetics, were excluded. (B) Photooxidation of
uric acid monitored as absorbance changes at 292 nm. (C) Photogeneration of I3− monitored as absorbance changes at 351 nm. The membranes (B,
C) were irradiated by an 18 W LED source (λem = 414 nm); individual colors represent TECO-TPP (red), TECO-TPP-MNPs (black), and
TECO-MNPs (blue) membranes, and a nonirradiated TECO-TPP-MNPs membrane was used as a blank for comparison (green). The lines are
least square linear fits to the experimental data.

Figure 7. Fluorescence spectra of SPT (A) and kinetics of fluorescence quenching by horseradish peroxidase (HRP) at 462 nm after the addition of
sodium borate buffer that was in contact with nanofiber material (assigned as extract) and the control experiments (B, C). (B) SPT/1 mM H2O2
immediately after mixing (black line), SPT/HRP (red), SPT/HRP with extract from irradiated TECO (green), SPT/HRP with extract from
irradiated TECO-TPP (blue), SPT/HRP with extract from irradiated TECO-TPP-MNPs (cyan), and SPT/HRP/H2O2 (magenta). (C) SPT with
extract from irradiated TECO (black), SPT/HRP with extract from irradiated TECO-TPP (red), scopoletin/HRP/with extract from irradiated
TECO-TPP-MNPs (green), SPT/HRP with extract from irradiated TECO-TPP in 200 mg/L solution of PEI (blue), and SPT/HRP/H2O2 (cyan).
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modified postirradiation test was carried out (Figure 8). The
test is based on the increase of I3− in the iodide detection

solution after the immersion of a wetted membrane that was
irradiated separately by the LED source. Only longer-lived
H2O2 can contribute to the formation of I3−, whereas O2(1Δg)
is deactivated in less than 200 μs after irradiation (Figure 6A).

Photothermal Effect. During the irradiation of MNPs or
nanofiber membranes with MNPs (TECO-TPP-MNPs and
TECO-MNPs) by a solar simulator or the LED source, an
increase in the temperature was detected by an IR camera. The
photothermal effect of the irradiation of 50 mg MNPs by the
solar simulator for 10 min is quite notable, as indicated by an
increase in temperature of up to 12.5 °C (Figure 9A−C). The

photothermal effect for membranes containing MNPs (up to 4
°C, during irradiation, Figure 9D−F) was much lower due to
the lower amount (approximately 0.1 mg) of light-harvesting
MNPs and fast dissipation of thermal energy, but it remained
nonnegligible. The increase in temperature may be much
higher in the local surroundings of MNPs in nanofibers.
Notably, increasing the temperature increases the amount of
O2(1Δg) produced by the photosensitizing process in the
Tecophilic matrix and increases photooxidation and PDI.21,45

The reason may be higher oxygen diffusion coefficient and
oxygen solubility in the polymer. The photophysical measure-

ments were complicated by irreversible thermal shrinkage and/
or absorption of water.

PDI of E. coli. The photoantibacterial activity was estimated
as a proportion of the colony-forming units (CFUs) observed
on the agar plates after inoculation with bacteria collected from
the surfaces of the samples with TPP photosensitizer and the
corresponding samples without photosensitizer. The activity
was also analyzed with samples in the dark and under
irradiation to eliminate the effect of the light itself. The agar
plates that had been inoculated with bacteria from the samples
stored in the dark and irradiated samples without photo-
sensitizers were used as negative controls.
Very strong inhibition of bacterial growth was observed for

the colonies from the irradiated TECO-TPP and TECO-TPP-
MNPs compared to the controls (TECO-TPP and TECO-
TPP-MNPs stored in the dark and samples without photo-
sensitizer irradiated by visible light) (Figure 10). The effect of
PDI is mainly attributed to the efficient photogeneration of
antibacterial O2(1Δg), as the most effective antibacterial effect
was found on the surfaces of samples with an encapsulated
photosensitizer.
Two light sources were used in this study, a polychromatic

400 W solar simulator and a monochromic 18 W LED source
(λem = 414 nm). Their corresponding irradiance spectra are
presented in Figure 10B,D. For the solar simulator, some
minor antibacterial effect was found even for TECO-MNPs
(Figure 10A), which is not surprising due to the near UV light
in the solar spectrum. This effect was not found for the LED
source.
The most effective photoinduced antibacterial effect was

found for samples of TECO-TPP-MNPs. We can speculate
that such a strong PDI can be influenced not only by the
photogeneration of O2(1Δg) but also by the formation of H2O2
via photoreaction I (Figures 7 and 8). The nanofiber surface
composition and broadening of nanofiber diameters in the
presence of MNPs (Figure 2) can also affect the surface
bacterial adhesion, which is essential for an efficient photo-
antibacterial effect.22

Examples of SEM of TECO-TPP-MNPs inoculated with E.
coli bacterial suspension kept in the dark (Figure 10E) or
shortly irradiated (Figure 10F) by the LED source (after the
next 24 h of incubation) illustrate both abilities of nanofiber
membranes to detain bacteria and facilitate a very strong PDI
on the surface of these O2(1Δg) photogenerating nanofibers.
Note that electrospun polymeric materials based on O2(1Δg)

production with antibacterial properties tested on E. coli are
also efficient against other strain of bacteria and even viruses
including SARS-CoV-2.8,46

■ CONCLUSIONS
The prepared nanofiber membranes with magnetic nano-
particles exhibited PDI against E. coli and almost completely
inhibited bacterial growth upon short, 10 min irradiation by
visible light due to the formation of singlet oxygen and the
minor contribution of H2O2. The advantages of the described
SPM material compared with similar nanostructured materials
and nanoparticles are the easy fabrication in large quantities by
a one-step electrospinning process and the formation of singlet
oxygen with a high quantum yield. The electrospun magnetic
nanofiber membranes have an efficient filtration effect based
on very small pore sizes, as well as both photocatalytic and
antibacterial properties. They are prospective sterile and
photodisinfecting materials for broad applications in environ-

Figure 8. Postirradiation effect. Absorption changes in the iodide
detection solution (3 mL) after the immersion of TECO-TPP-MNPs
(black), TECO-TPP (red), TECO-MNPs (blue), and empty TECO
(green) membranes irradiated by the LED source (18 W) for 10 min.
Individual membranes were wetted with 20 μL H2O before
irradiation.

Figure 9. Photothermal effects. Photograph (A) and IR images of 50
mg MNPs before (B) and after (C) 10 min of irradiation by a solar
simulator. Photograph (D) of TECO-TPP (left) and TECO-TPP-
MNPs (right) and IR images after irradiation by a solar simulator (E)
and IR image during irradiation by the LED source (F).
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mental science and medicine for pollutant degradation and
combat against pathogens, especially in high infection or
harmful media, where remote manipulation with membranes is
needed.
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Figure 10. Antibacterial activity estimated as a proportion of CFU of E. coli found on agar plates after inoculation with bacteria collected from the
surface of samples with TECO-MNPs, TECO-TPP, and TECO-TPP-MNPs and samples without photosensitizer (TECO blank) kept in the dark
or irradiated for 5 and 10 min and then incubated overnight (A, C). CFU and corresponding statistics were collected from three independent tests.
Irradiation was performed by using a 400 W solar simulator equipped with a water filter (B) or an 18 W LED source (D). SEM of TECO-TPP-
MNPs inoculated with an E. coli bacterial suspension (200 μL, 15,700 CFU) kept in the dark (E) or irradiated for 5 min with an LED source
followed by 24 h of incubation (F).
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