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grated electrospun
polyacrylonitrile nanofibers for photodynamic
inactivation of bacteria†

Xiuli Dong,‡a Dionne G. Mitchell,a Martha Y. Garcia Cervantes,a Basant Chitara,a

Liju Yang b and Fei Yan *a

Electrospun polyacrylonitrile (PAN) nanofibers integrated with different loadings of the photosensitizer rose

bengal (RB) were synthesized for photodynamic inactivation of bacteria. Our results suggest that the ionic

strength in themedium does not significantly affect the RB release from the RB-integrated electrospun PAN

nanofibers (RBiEPNs), which could release RB effectively in phosphate-buffered saline (PBS), physiological

saline (0.85%NaCl), and deionized H2O. However, the pH of themedium significantly influenced the release

of RB. A larger amount of RB was released in PBS at a higher pH (RB release: pH 9.0 > pH 7.4 > pH 5.0). The

RBiEPNs depicted high antimicrobial efficacy against both Gram-negative Escherichia coli (E. coli) and

Gram-positive Bacillus subtilis (B. subtilis) bacteria under white light irradiation. The antimicrobial efficacy

was potent and immediate against the bacterial cells, especially B. subtilis. The RBiEPNs containing

0.33 wt% RB demonstrated complete bacterial kills for B. subtilis and E. coli cells with log reductions of

5.76 and 5.94 in 30 s and 40 min, respectively. The generation of intracellular reactive oxygen species

(iROS) was examined after white light treatment of the bacterial cells in the presence of the RBiEPNs. A

significant correlation was found between the amount of iROS and the antimicrobial efficacy of the

RBiEPNs. The high antimicrobial efficacy could be attributed to several factors, such as the encapsulation

efficiency, loading capacity, and RB release behavior of the RBiEPNs, the presence of white light, and the

generation of iROS. Taken together, the facile incorporation of a photosensitizer into polymeric

nanofibers via blend electrospinning offers a feasible strategy for water disinfection.
Environmental signicance

Microbial contamination poses a serious risk in water resources worldwide. Despite considerable progress on the development of innovative water treatment
technologies, inexpensive and eld-deployable strategies are still urgently needed to address this public health issue. In this work, electrospun polyacrylonitrile
nanobers with different loadings of the photosensitizer rose bengal (RB) were synthesized via one-step blend electrospinning. The as-prepared RB-
functionalized nanobers depicted high antimicrobial efficacy against both Gram-negative Escherichia coli and Gram-positive Bacillus subtilis bacteria under
white light irradiation. Our results suggest that the incorporation of photosensitizers into electrospun polymer nanobers provides a very promising solution for
water disinfection.
Introduction

One of the biggest challenges facing humanity is the availability
of clean and affordable water.1 In many developing countries,
sanitation is a big problem and no access to clean water is
common. Contaminated water and poor sanitation cause
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disease transmissions. The World Health Organization (WHO)
reported that globally, at least 2 billion people use faeces-
contaminated drinking water sources, which pose the greatest
risk to human health.1 Pathogens in drinking water with faecal
origin (known as enteric pathogens) have caused many
illnesses2 and lead to �485 000 diarrhoeal deaths each year.1 A
number of waterborne gastroenteritis outbreaks have been
caused by diarrhoeagenic Escherichia coli (E. coli), which has
been detected in various ecological niches ranging from
mammalian intestines to aquatic environments.3 The other
waterborne pathogenic bacteria include Salmonella typhimu-
rium, Vibrio cholerae, Campylobacter jejuni, etc.4

A wide variety of techniques have been developed to remove
or inactivate bacteria in water, such as the use of wetland
© 2022 The Author(s). Published by the Royal Society of Chemistry
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systems,5 lters,6,7 occulants,8 antimicrobial reagents,8,9 Cu2O-
contained hybrids,10,11 antimicrobial nanobers,12 etc. Cu2O-
contained hybrids, including Cu2O particles on inorganic hal-
loysite nanotubes and on tourmaline, have been reported as
a promising antimicrobial technology to inactivate bacteria
completely within a short time.10,11 However, antimicrobial
nanobers produced by electrospinning exhibit several advan-
tages over others, including ease of preparation, efficient
synthesis procedure, cost-effectiveness, etc. The electrospinning
process uses a high voltage electric eld to produce electrically
charged jets from polymer solutions or melts and create nano-
bers by evaporation of the solvent, followed by a bre collec-
tion step through directing the highly charged bres towards
the oppositively charged collector by the electric eld.13 The
electric eld plays a key role in the electrospinning process for
mass production of nanobers. It was observed that the
morphology and diameters of nanober could be adjusted by
changing the needle distance and the applied voltage, which
may further inuence the mechanical performance of the
nanober yarn.14 Compared to conventional bres' structures,
electrospun nanobers show promising properties, such as
lightweight with small diameters, controllable pore structures,
and large surface area/volume ratio.15 These properties make
them ideal for the use in making lters, sensors, and protective
clothing, and for the application in tissue engineering, func-
tional materials, and energy storage.15,16 For instance, the
application of electrospun nanobers on tissue engineering
produced extracellular matrix-biomimetic structures with better
biocompatibility.17,18 Nanobers can be modied by the incor-
poration of different compounds to endow certain functions. In
biomedical eld, the nanobers have been loaded with many
bioactive substances, such as proteins, peptides, and small
molecule drugs for drug delivery.18,19

Many types of polymers have been used to make electrospun
nanobers, including cellulose acetate, acrylic resin, poly-
ethylene oxide, polyethylene terephthalate, polyacrylonitrile
(PAN), etc.13 Among them, PAN has been widely used for making
nanobers for ltration and for making wound dressing due to
its unique characteristics, such as high mechanical strength,
excellent thermal stability, chemical inertness, light resistance,
non-toxicity, and electrospinability.20–23 PAN can be effectively
used in nanocomposites and carbon bre production, and can
also be used in a copolymer form for bre productions.24

To produce antimicrobial electrospun nanobers, antimicro-
bial components can be integrated into nanobers during the
electrospinning procedure. The antimicrobial effects were
observed from electrospun nanobers integrated with silver
nanoparticles (Ag NPs),25 chitosan-silver NPs,16 graphene oxide,26

cinnamaldehyde,27 antimicrobial peptides,28 etc. RB is a hydro-
philic photosensitizer (PS) with a high absorption coefficient in
the visible region of the solar spectrum showing good quantum
yield of singlet oxygen,29 it has been used in the photodynamic
therapy (PDT) for cancer treatment due to its efficiency in cell
death induction and high selectivity for tumour cells.30 RB has
also emerged as a promising alternative to antibiotics for the
inactivation of multidrug resistant pathogens.31 Studies have
shown that a high-purity form of RB (>99.5% dye content) can kill
© 2022 The Author(s). Published by the Royal Society of Chemistry
a battery of G+ bacteria, including drug-resistant strains at low
concentrations (0.01–3.13 mg mL�1) under uorescent, LED, and
natural light in a few minutes.32 RB can also eradicate bacterial
biolms and the development of RB-resistance in bacteria is
extremely low (less than 1 � 10�13).32

In this work, electrospun PAN nanobers with different load-
ings of RB were synthesized via one-step blend electrospinning.
The as-prepared nanobers were characterized by scanning elec-
tron microscopy (SEM), attenuated total reectance Fourier
transform infrared spectroscopy (ATR-FTIR), UV-vis absorption
spectroscopy. To the best of our knowledge, no prior study has
reported the antimicrobial activity of RB integrated electrospun
nanobers, and this is the rst time that different amounts of RB
were integrated into PAN nanobers by one-step blend electro-
spinning for photodynamic inactivation of bacteria. The as-
prepared RB-integrated electrospun PAN nanobers or RBiEPNs
have the potential to inactivate bacteria in the contaminated water.

Materials and methods
Materials and reagents

Polyacrylonitrile (PAN), with a molecular weight of 150 000
dalton was purchased from Sigma Aldrich (St. Louis, MO). N,N-
Dimethylformamide (DMF, 99.9%), rose bengal, dihydrorhod-
amine (DHR) 123, and NaCl were purchased from Thermo
Fisher Scientic, (Waltham, MA). Escherichia coli (E. coli, Gram-
negative or G� bacteria, K12) and Gram-positive or G+ Bacillus
subtilis (B. subtilis) were purchased from the American Type
Culture Collection (ATCC; Manassas, VA). The power supply was
from Gamma High Voltage Research (ES40P-20 W/DA), the
syringe pump was from KD Scientic (KDS-100), and the
dehumidier from Comfort-Aire (BHD-301-H). All bacteria
samples were handled and disposed of using appropriate
biosafety guidelines.

Synthesis of RBiEPNs via one-step blend electrospinning

The spinning solution was prepared by adding 1.62 g PAN into
15 mL DMF followed by mechanical stirring at 1000 rpm over-
night at ambient temperature until a homogeneous solution
was achieved. Subsequently, appropriate amount of RB
(0.16 wt%, 0.33 wt%, or 0.49 wt%) was dissolved in the homo-
geneous PAN solution by stirring for 2 h. The solution was then
transferred into a 12 mL plastic syringe equipped with a 21-
gauge blunt probe needle. When the electrospinning process
was performed, a DC voltage of 15 kV was applied, the tip to
collector distance was set as 13 cm, and the ow rate of the
syringe pump was set at 0.6 mL h�1. The collector was a round
20 cm aluminium plate covered with aluminium foil. Electro-
spinning was allowed to continue until all 12 mL of solution
were dispensed. The resulting membrane was carefully peeled
from the collection plate for further analysis and subsequent
treatment.

Characterization of RBiEPNs

SEM images were examined by an FEI Verios 460L SEM. FTIR
spectra were collected with a NICOLET iS5 spectrometer from
Environ. Sci.: Adv., 2022, 1, 736–745 | 737
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Fig. 1 SEM images of electrospun PAN nanofibers loaded with (a)
0.16 wt% RB, (b) 0.33 wt% RB, and (c) 0.49 wt% RB. Scale bar: 10 mm.
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Thermo Scientic, Inc. Each spectrum was collected in the
range 1000–3500 cm�1.

RB release test

The RBiEPNs were cut to the size about 1 cm � 1 cm (�2.4 mg)
for all the tests in this study. To test the effect of RB loading on
the RB release, the RBiEPNs with different loadings were placed
in 5 mL phosphate-buffered saline (PBS, pH 7.4), which was used
as RB release medium. The tubes were wrapped with aluminium
foil to avoid light irradiation and were placed on a shaker (Lab-
Line Instruments, Inc., IL) at the setting of 2. Different
sampling time was used and the optical densities (OD) of the
samples were measured at the wavelength 562 nm using Spec-
traMax M5 multi-detection reader with the soware SoMax
Pro5.4.5 (Molecular Devices Corp., CA). To test the effect of ionic
strength on the RB release, three release media were used, these
include: de-ionized water (DI-H2O), PBS (pH 7.4), and 0.85%NaCl
solution. To test of the effect of the pH on RB release, the release
media were PBS with a pH of 5.0, 7.4, and 9.0.

Antimicrobial assay

E. coli K12 or B. subtilis bacteria cells were freshly grown overnight
in tryptic soy broth (TSB) at 37 �C on a shaker before each test. The
cells were collected and the broth was removed by centrifugation,
followed by washing with PBS (pH 7.4) twice and re-suspended in
PBS. The cells were then diluted to the concentration of �1.2 �
107 colony-forming unit (cfu) mL�1 for the treatment.

50 mL of bacterial cells were placed on top of the surface of
the RBiEPNs containing different amounts of RB. The samples
were exposed to the white light (60 W) for light treatment or
kept in the dark for dark treatment at different times. Electro-
spun PAN nanobers without RB were used as controls (EPNs).
Aer the treatment, each sample was placed into a 1.5 mL-
centrifuge tube containing 950 mL PBS. The tubes were vigor-
ously vortexed in the dark for 3 min to release the cells. To test
viable cell numbers, ten-fold serial dilutions were made in PBS
(pH 7.4) and the cells were spread on tryptic soy agar (TSA)
plates. The colony number was counted aer 18 h at 37 �C in the
dark. The decrease of viable cell numbers by RBiEPN was due to
the antimicrobial effects.

Quantitation of intracellular ROS

150 mL of E. coli and B. subtilis cells were placed on RBiEPNs
containing 0.33 wt% RB. The samples were exposed to white
light with different times and then were immersed into 900 mL
PBS. The cells were washed off from RBiEPNs by vigorously
vortexed for 3 min. The cell suspensions were transferred into
new centrifuge tubes and the RBiEPNs were discarded. To
remove RB from the cells, the cell suspensions were centrifuged
at 9000 rpm for 5 min, the supernatants were removed, and
then the cells were washed once with 0.85% NaCl solution by
centrifugation and were re-suspended in 350 mL of 0.85% NaCl
solution. The cells were equally split into two tubes, one for
staining and another one as blank. To stain the cells, 175 mL of 2
mM dihydrorhodamine 123 (DHR 123) in 0.85% NaCl solution
was added into the cell suspension. As for the blanks, 175 mL of
738 | Environ. Sci.: Adv., 2022, 1, 736–745
0.85% NaCl solution without the dye was added. The cells were
incubated at the room temperature in the dark for 40 min. Aer
centrifugation, the supernatants were removed, the cells were
washed once with 0.85% NaCl solution and re-suspended in 320
mL of 0.85% NaCl solution. The uorescence intensities (exci-
tation 500 nm and emission 535 nm) were measured using the
SpectraMax M5 microplate reader. The increase of uorescence
intensity compared with the controls (no light treatment) was
considered the ROS generation in bacteria by RBiEPNs treat-
ment in the presence of light.

Results and discussion
Morphological characterization

Fig. 1 depicts the SEM images of the RBiEPNs containing
different amounts of RB. All three samples showed similar bre
morphology. While the entrapment of RB dye molecules had
little apparent effect on the inner diameter of the resulting
nanobers, the surface roughness increased for electrospun PAN
nanober with a 0.49 wt% loading of RB (Fig. 1c), which could be
due to the slight increase in viscosity of the precursor solution at
a higher RB concentration. The XRD pattern for electrospun PAN
nanobers did not show any phase changes aer the incorpo-
ration of different amounts of RB, as shown in Fig. S1, ESI†

FTIR spectral analysis

Fig. 2 displays the FTIR spectra of the RB dye, pure electrospun
PAN nanobers, and the RBiEPNs containing 0.49 wt% RB. In
the FTIR spectrum of neat RB powder (Fig. 2a), the absorption
peak near 1614 cm�1 could be attributed to carbonyl stretching
(]C–O) vibrations. The adsorption peaks at 2919 and
2848 cm�1 could be attributed to the vibrations due to ]C–H
stretching, and the other three strong peaks in the ranges of
1300–1600 cm�1 correspond to the C]C stretching vibrations.33

In the FTIR spectrum of electrospun PAN nanobers (Fig. 2c),
the stretching vibration of C^N in PAN was observed at the
peak of 2245 cm�1. The stretching vibrations of C]O and the
bending vibrations of C–H were found in the ranges of 1730–
1737 cm�1 and 1455–1460 cm�1, respectively.34 The distinctive
characteristic vibrational band of 1565 cm�1 of RB was detected
in the RBiEPNs containing 0.49 wt% RB (Fig. 2b), indicating
that RB was successfully incorporated into the PAN nanobers.

RB release proles in PBS (pH 7.4)

Fig. 3 illustrates the RB release proles from the RBiEPNs
containing different amounts of RB in a pH 7.4 PBS buffer
solution. The RB release was immediate and RB was detectable
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of (a) neat RB powder, (b) the RBiEPNs containing
0.49 wt% RB, and (c) electrospun PAN nanofibers.

Fig. 3 RB release profiles of the RBiEPNs in PBS (pH 7.4) in the dark.
Data is presented as mean values of triplicate measurements with
�standard deviation (SD) error bars.
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in PBS within 30 s, suggesting that many RB molecules were on
or near the bre surface. At the same release time, a larger
amount of RB was released from the RBiEPNs containing higher
loading of RB. For instance, aer 10 min release time the RB
concentrations in PBS were 0.41, 1.55, and 2.01 mM from the
© 2022 The Author(s). Published by the Royal Society of Chemistry
RBiEPNs containing 0.16 wt%, 0.33 wt%, and 0.49 wt% RB,
respectively. The RB concentration increased rapidly during the
rst 10 min, aer which the concentration slowly increased. In
the case of the RBiEPNs containing 0.49 wt% RB, the RB5
concentration increased 267.66% and 0.88% from the time
0.5 min to 10 min, and from the time 100 min to 120 min,
respectively. The initial burst release within the rst 10 min is
most likely linked to weakly bound or adsorbed RBmolecules to
the surface of the RBiEPNs. The release behaviour during the
sustained release stage could be explained by the diffusion-
mediated dissociation of RB from the RBiEPNs.

Similar release patterns were observed in many compound-
loaded electrospun nanobers by others.35–37 Severyukhina
et al.35 fabricated chitosan-based nanobers containing the PS
Photosens by electrospinning and studied Photosens release
proles in PBS during a 96 h period. The authors observed that
Photosens' release proles contained a burst release during the
rst 24 h and a sustained release thereaer.35 Zong et al. prepared
poly(lactic acid) (PLA) electrospun bres containing Mefoxin and
observed a burst release ofMefoxin in the rst 3 h, and a complete
release within 48 h.38 Samadi et al.37 incorporated graphene oxide/
TiO2/doxorubicin (GO/TiO2/DOX) complex in electrospun
chitosan/PLA nanobers and observed initial burst release of DOX
and subsequent sustained release from the nanobers with the
thicknesses of 30 and 50 mm. The authors indicated that the
thickness and the density of nanobers affected drug release,
showing that the thicker nanobers reduced the DOX release rate
and the drug diffusion from the pores of nanobers was
a predominant reaction for DOX release from nanobers with
thicknesses of 30 and 50 mm.37 The duration of the initial burst
release stage in our study was much shorter than those observed
by others.35,37 It was known that the selection of compound–
polymer–solvent systems determines the burst release of drugs.39

The difference in the compound type, compound loading, the
polymer, and the solvent might explain the difference in release
proles between our study and those done by others.

In our present study, the RB release proles from the
RBiEPNs could be approximated by the Peppas equation:35,40,41

Q ¼ ktn (1)

where Q is the cumulative RB dye release, t is the release time
(min), k is a constant related to the geometry and the structure
of the electrospun PAN nanobers, and n is a coefficient related
to the mechanism and kinetics of the release of RB.40,41

The kinetic parameter “n” was found to be 0.21, 0.50, and
0.38 for the RBiEPNs containing 0.16, 0.33, and 0.49 wt% RB,
respectively (see Table 1), suggesting Fickian diffusion is the
dominant mechanism for the release of RB from the electro-
spun PAN nanobers.34

Effect of ionic strength and pH on the RB release

The effect of different media ionic strengths and pH on the RB
release kinetics was studied. Fig. 4A shows that RB was released
effectively from the RBiEPNs containing 0.33 wt% RB into these
three media within 120 min. A slightly larger amount of RB was
released in PBS (pH 7.4) than in 0.85% NaCl solution or DI-H2O
Environ. Sci.: Adv., 2022, 1, 736–745 | 739
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Fig. 4 Effects of ion (A) and pH in PBS (B) on the RB release from the
RBiEPNs containing 0.33 wt% RB in the dark. Data is presented asmean
values of triplicate measurements with �SD error bars.
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at all the sampling times. The kinetic parameter “n” was found
to be 0.41, 0.47, and 0.40 for the release of RB from the RBiEPNs
containing 0.33 wt% RB in DI-H2O, 0.85% NaCl solution and
PBS (pH 7.4), respectively (see Table 2). This observation was
different from what was reported by others, which demon-
strated a much higher PS (Photosens) release from chitosan-
based nanobers in PBS (pH 7.4) than in distilled H2O (pH
5.5).35 This discrepancy might be due to the differences on the
pH of DI-H2O, the characteristics of the loaded compounds, the
lipophilicity of the polymers used for nanober synthesis, etc.

The pH of the release medium showed a signicant effect on
RB release. Fig. 4B shows that PBS at a higher pH favoured RB
release. As the pH of the release medium increases, faster
kinetics is observed as indicated by slightly higher “n” values
during the rst 30 min as shown in Table 3. The kinetic
parameter “n” was found to be 0.51, 0.52, and 0.55 for the
release of RB from the RBiEPNs containing 0.33 wt% RB in PBS
solution at pH 5.0, pH 7.4, and pH 9.0, respectively. It was
possible that the interaction between RB and PAN decreased
with the increasing of the pH in the environment. Similar
observations were reported by others.42,43 Sayin et al.42 synthe-
sized RB-loaded water-soluble polyvinyl alcohol (PVA) nano-
bers with a thin layer of poly(4-vinylpyridine-co-ethylene glycol
dimethacrylate) p(4VP-co-EGDMA) coating and found that RB
released more at pH 6.5 and pH 9 than pH 4, showing the RB
release was proportional to the pH of the solution. Gupta et al.43

observed that RB adsorption on the bottom ashes from the
furnace decreased with the increase of pH, and the dilute NaOH
solution could release 91% of the adsorbed RB from the ashes,
suggesting that alkaline solutions were suitable for RB release.
The other important factor besides pH that might affect RB
releases was the structure of nanobers, including the bre
diameter, density, thickness, and the pore size.

It should be noted that the Peppas model is semi-empirical,
and it is only suitable for studying release kinetics up to 60% of
release.44 In this study, the t parameters obtained are mainly
used to interpret the effect of the ionic strength and the pH on the
release kinetics and provide insights into the dominant mecha-
nism, as opposed to thoroughly explaining the activemechanisms
associated with the release. Deviations from the model may occur
due to the possible dissolution or swelling of the polymer itself,
the difference in the porosity and surface morphology of electro-
spun polymers in the presence of different amounts of RB, or the
aggregation of RB dye molecules at high concentrations etc.
Antimicrobial efficacy testing

To test the effect of light exposure on bacteria, E. coli K12 cells
with a total number of 6.33� 105 were treated with the RBiEPNs
Table 1 Peppas parameters of RB release profiles in PBS (pH 7.4)

RBiEPNs samples R2 k N

0.16 wt% RB 0.98 0.29 0.21
0.33 wt% RB 0.98 0.47 0.50
0.49 wt% RB 0.98 0.92 0.38

740 | Environ. Sci.: Adv., 2022, 1, 736–745
containing 0.49 wt% RB under the light or in the dark for 0, 30,
or 60 min. The electrospun PAN nanobers (EPNs) in the
absence of RB were used as controls. Fig. 5 shows that EPNs
alone did not change the viable cell numbers even aer 60 min
treatment compared to the initial cell numbers, indicating that
(i) EPNs did not have antimicrobial effects on E. coli cells, and
(ii) E. coli cells did not have strong affinity to EPN surfaces and
were completely released from EPNs into PBS. Similar to the
results of the control study, the dark treatment on RBiEPNs did
not show obvious antimicrobial effects on E. coli cells. When the
light was present, RBiEPNs were highly effective to inactive E.
coli cells, showing a complete killing effect with 60 min light
treatment time. RBiEPNs caused 3.65 and 5.80 log reductions of
total cell numbers with the treatment time of 30 and 60 min,
respectively.

The antimicrobial effects of the RBiEPNs with different RB
loadings were tested against both E. coli and B. subtilis cells
under white light irradiation at various times. Fig. 6 shows that
the antimicrobial efficacy of the RBiEPNs was dependent on the
amount of RB-loading and the duration of light treatment. With
the same treatment time, the RBiEPNs with higher RB loadings
Table 2 Peppas parameters of RB release profiles in media with
different ionic strength

Release medium R2 k N

DI H2O 0.9918 0.56 0.41
0.85% NaCl 0.9919 0.39 0.47
PBS (pH 7.4) 0.9906 0.63 0.40

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Peppas parameters of RB release profiles in PBS buffer at
different pH during the first 30 min

pH R2 k N

5.0 0.9998 0.31 0.51
7.4 0.9993 0.46 0.52
9.0 0.9996 0.54 0.55

Fig. 5 Antimicrobial effects of electrospun PAN nanofibers in the
absence of RB (EPNs) and with a loading of 0.49 wt% RB (RBiEPNS) on
E. coli K12 cells. Data is presented as mean values of triplicate
measurements with �SD error bars. Fig. 6 Antimicrobial effect of the RBiEPNs on E. coli K12 cells (A) and B.

subtilis (B) cells with different treatment time under white light irradi-
ation. Data is presented as mean values of triplicate measurements
with �SD error bars.
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showed higher antimicrobial effects. For instance, with
a 40 min light treatment, the RBiEPNs containing 0.33 wt% RB
completely inactivated E. coli cells, showing 5.94 log reductions
of cell numbers, whereas the RBiEPNs containing 0.16 wt% RB
caused 3.58 log reductions of cell numbers and did not show
a complete killing effect (Fig. 6A). Similarly, the RBiEPNs with
the same RB loadings showed higher antimicrobial efficacy with
a longer light treatment. The log 10 values of viable E. coli cell
numbers aer being treated with the RBiEPNs containing
0.49 wt% RB were 5.66, 4.84, 3.11, and 0 with a treatment time
of 10, 20, 30, and 40 min, respectively. At the treatment time
60 min, even the RBiEPNs containing 0.33 wt% RB showed
a complete killing effect. B. subtilis cells were much more
vulnerable to the RBiEPNs than E. coli cells. Although RBiEPNs
treatments in the dark did not show antimicrobial effects on E.
coli cells, they showed antimicrobial effects on B. subtilis cells
(at light treatment time 0), especially the RBiEPNs with
0.49 wt% RB loading (Fig. 6B).

One of the goals of this study was to test the application
potential of RBiEPNs to inactivate the microorganisms in water.
Water has different pH values in nature. Knowing the pH effect
on RBiEPNs can help us optimize the treatment condition. As
shown in Fig. 4B, the RB release was affected by the pH value.
PBS with a higher pH value caused more RB release at a given
time. Since the antimicrobial effects from RB are at a concen-
tration-dependent mode, displaying that a higher RB release
© 2022 The Author(s). Published by the Royal Society of Chemistry
from, or a higher RB loading in, RBiEPNs showed higher anti-
microbial effects (Fig. 6), we can deduce that RBiEPNs are more
effective to inactivate bacteria at neutral or alkaline conditions
than at acidic conditions due to more RB release.

The effectiveness of RB release from the RBiEPNs during
bacterial treatments could explain the observed antimicrobial
effects. The antimicrobial efficacy of RB has been widely
accepted and used to photo-inactivate various types of bacteria
including multidrug resistant bacteria and biolms.31,32 It was
reported that the minimal bactericidal concentrations of RB
with a high-purity form (>99.5% dye content) on B. subtilis
ATCC6051, E. faecium NR-32065, and E. coli 35218 under the
light were 0.02, 0.78, and 1.6 mg mL�1, respectively.32

The RBiEPNs displayed much higher antimicrobial efficacy
against G+ B. subtilis than G� E. coli. This might be due to the
difference in their cell envelope structures. The G� bacterial cell
envelope contains the outer membrane, the peptidoglycan cell
wall, and the inner membrane.46 The outer membrane plays
a major role in protecting G� bacteria from the environment by
excluding toxic molecules and providing an additional stabilizing
layer around the cell.46 The outer membrane can reduce the
degree of PS permeability and contribute to PDI resistance.47,48 As
for the G+ bacterial cell envelope, there is no outer membrane but
Environ. Sci.: Adv., 2022, 1, 736–745 | 741
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Fig. 7 Fluorescence intensities from iROS generated in B. subtilis cells
and E. coli cells after treated on the surface of the RBiEPNs containing
0.33 wt% RB under white light irradiation. Data is presented as mean
values of triplicate measurements with �SD error bars.
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multiple layers of peptidoglycan.46 The absence of outer
membrane in G+ bacteria might be the major reason that G+ B.
subtilis cells were much more vulnerable to RB than G� E. coli
cells. Silva et al.48 observed that the photo-killing process by RB
and erythrosine with green LED light changed the surface prop-
erties of the bacterial cells and induced potassium (K+) leakage.48

K+ leakage from G+ bacteria was higher than G� cells. G+ bacteria
such as S. aureus, L. innocua, and E. hiraeweremore vulnerable to
photosensitization than G� E. coli cells.48 Other studies also re-
ported that higher PS concentrations or longer irradiation times
were needed to inactivate G� bacteria.31,49

The antimicrobial efficacy of the RBiEPNs was much higher
and more immediate than those reported by others. For
instance, chitosan-based electrospun nanobers (1 cm2)
reduced bacterial growth of 99.93% E. coli, 99.9% L. innocua,
99.14% S. aureus, and 96.81% S. typhimurium aer 4 h incuba-
tion in PBS.50 Electrospun poly(ether amide) nanobers con-
taining Ag NPs inhibited >99.9% E. coli and S. aureus with 24 h
treatment time.51 The cationic starch nanobers loaded with
carvacrol@casein NPs reduced B. cereus by 2 log cfu g�1.52
Quantitation of intracellular ROS generation in B. subtilis and
E. coli

DHR 123 was used as an indicator for intracellular ROS (iROS)
generation in E. coli and B. subtilis bacterial cells. DHR 123 is an
uncharged and non-uorescent ROS indicator, which can
passively diffuse across membranes, be oxidized to cationic
rhodamine 123 in the mitochondria, and exhibit green uo-
rescence. Our results showed that aer bacteria being placed on
the surface of the RBiEPNs containing 0.33 wt% RB and exposed
to white light, the iROS was generated immediately and
increased with the increasing of the treatment time, especially
in B. subtilis (Fig. 7).

The level of iROS in B. subtilis increased 93.03% aer a 30 s
light exposure and further increased to 119.2% aer a 4 min
light exposure compared to the controls. This explained the
complete killing effect aer a 30 s treatment from the afore-
mentioned results. The iROS generation in E. coli cells was also
observed, although the level was lower than that observed in B.
subtilis, even with much longer treatment time. The level of
iROS in E. coli cells increased 27.11% and 76.28% aer a 10 and
40 min light treatment, respectively. The higher iROS genera-
tion in B. subtilis than in E. coli was correlated with the obser-
vation that B. subtilis cells were more vulnerable to the RBiEPNs
than E. coli cells. In general, the mechanisms of photodynamic
inactivation of bacteria are as follows. The photosensitizing
molecules bind to bacterial cell walls, or penetrate through cell
walls.53 In the presence of light, the photosensitizing molecules
are excited and energies are transferred from these molecules to
dissolved molecular oxygen, leading to the formation of
ROS.31,54 The ROS can irreversibly damage bacterial cells, cause
protein oxidations, lipid peroxidation, and nucleic acid
damages, and eventually lead to cells' death.31,54,55 As for the
PDT on cancer cells, the quantum yield of ROS generation from
the photosensitizing molecules signicantly inuences the PDT
efficiency in cancer cells.45
742 | Environ. Sci.: Adv., 2022, 1, 736–745
There were two pathways of ROS generation in PDT. The type I
pathway mainly generates superoxide radicals (O2c

�), hydroxyl
radicals (cOH), and other cytotoxic ROS through hydrogen or
electron transfer.56,57 The type II pathway, on which most of the
PDTs related to clinical applications are based, generates singlet
oxygen (1O2).56,57 RB is a well-known type II PS and forms 1O2.30

1O2 is the most important reactive species in PDT-mediated
cytotoxicity.30 1O2 diffuses freely through cells and can cross cell
membranes. For instance, Skovsen et al.58 created 1O2 in a single
nerve cell upon irradiation of a PS (5,10,15,20-tetrakis(N-methyl-
4-pyridyl)-21H,23H-porphine) incorporated in the cell nucleus
using a focused laser beam, and observed that a signicant
fraction of 1O2 formed in the nucleus is able to diffuse over
appreciable distances including across the cell membrane into
the extracellular medium.

The iROS generated by RB in this study could come from two
major sources: (i) a direct diffusion of 1O2 from the extracellular
environment through the damaged cell walls and cell
membranes, and (ii) an inux of 1O2 being produced intracel-
lularly through RB penetration. It is highly possible that due to
the difference in the bacterial cell envelope structure between E.
coli cells and B. subtilis cells, the penetrations of RB and 1O2 into
the cells were deeper in B. subtilis, leading to higher intracel-
lular 1O2 levels in B. subtilis cells.

The oxygen supply in the environment is considered as
a crucial factor in the efficacy of photodynamic inactivation of
bacteria,59 the other factors include the light source, the type of
the PS, and the penetration depth of light into the treatment
medium or tissue.60 Our results suggest that the RBiEPNs
effectively produced 1O2 through the activation of RB under
white light irradiation, and the RBiEPNs were highly effective
for bacteria inactivation.
Conclusions

The RBiEPNs containing different amounts of RB could effec-
tively release RB in DI-H2O, PBS, and 0.85% NaCl solution. The
ionic strength did not signicantly affect the release of RB.
However, the RB release was signicantly inuenced by the pH
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the release medium and was accelerated with the increasing
of the pH. The RBiEPNs were highly effective to inactivate both
G+ B. subtilis and G� E. coli bacteria under white light irradia-
tion. The killing effects were potent and immediate, especially
against B. subtilis. The RBiEPNs containing 0.33 wt% RB dis-
played a complete killing effect against B. subtilis and E. coli
cells with a log reduction of 5.76 in 30 s and a log reduction of
5.94 in 40 min, respectively. The antimicrobial efficacy of the
RBiEPNs was correlated with the amount of iROS, as evidenced
by the presence of higher iROS levels in B. subtilis cells than in
E. coli cells. The simplicity and scalability of the electrospinning
process, together with the excellent antimicrobial activity of the
PS under visible light irradiation make it a feasible strategy for
water disinfection.
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