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ABSTRACT: A substantial increase in the risk of hospital-acquired
infections (HAIs) has greatly impacted the global healthcare
industry. Harmful pathogens adhere to a variety of surfaces and
infect personnel on contact, thereby promoting transmission to new
hosts. This is particularly worrisome in the case of antibiotic-
resistant pathogens, which constitute a growing threat to human
health worldwide and require new preventative routes of
disinfection. In this study, we have incorporated different loading
levels of a porphyrin photosensitizer capable of generating reactive
singlet oxygen in the presence of O2 and visible light in a water-
soluble, photo-cross-linkable polymer coating, which was sub-
sequently deposited on polymer microfibers. Two different application methods are considered, and the morphological and chemical
characteristics of these coated fibers are analyzed to detect the presence of the coating and photosensitizer. To discern the efficacy of
the fibers against pathogenic bacteria, photodynamic inactivation has been performed on two different bacterial strains,
Staphylococcus aureus and antibiotic-resistant Escherichia coli, with population reductions of >99.9999 and 99.6%, respectively, after
exposure to visible light for 1 h. In response to the current COVID-19 pandemic, we also confirm that these coated fibers can
inactivate a human common cold coronavirus serving as a surrogate for the SARS-CoV-2 virus.
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■ INTRODUCTION

Hospital-acquired infections (HAIs) are rapidly becoming a
major threat to global health care.1 In these and related
instances, pathogens adhere to common surfaces and are able
to survive for extended periods of time or proliferate, thereby
creating a risk of transmission via fomites.2 On average, ∼5% of
hospitalized patients acquire HAIs, as reported3 by the U.S.
Centers for Disease Control and Prevention (CDC). Although
primarily affecting people suffering from compromised
immune systems, even relatively healthy patients are
susceptible to such infections. This statistic translates to
∼100 000 deaths annually in the United States alone. Of
growing concern in this vein are antibiotic-resistant pathogens
(ARPs). Improper use or unnecessary prescription of anti-
biotics, coupled with the introduction of antibiotics in the food
chain, has promoted a dramatic and worrisome increase in
ARPs.4 Examples of superbugs (urgent and serious threats as
per CDC classification or, as the media has coined,5

“nightmare bacteria”) that are resistant to last-resort antibiotics
include methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococcus faecium (VRE), and multi-
drug-resistant Escherichia coli (e.g., strain ST131) bacteria.
According to the CDC,6 more than 2.8 million infections result

each year due in the U.S. to ARP-related infections, leading to
∼49 000 deaths. A recent survey predicts7 that global
infections caused by ARPs will increase drastically to ∼10
million deaths annually, thereby surpassing all cancer-related
deaths, by 2050. In addition, the annual expenditure invested
in the treatment of these potentially fatal infections is
estimated to be $28−45 billion.1 While ARPs are limited to
bacteria and fungi, viruses such as influenza A and B (which are
responsible for epidemics every year),8 human adenovirus,9

and pathogenic coronaviruses (e.g., SARS-CoV and MERS-
CoV10) further contribute to the expanding HAI health crisis.
To combat this escalating threat, alternate routes of effective

antimicrobial inactivation on various substrates must be
identified and commercialized soon to prevent needless loss
of life, as well as reduce the financial strain on the healthcare
sector. Today, polymeric surfaces constitute one of the most
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ubiquitous substrates encountered in daily life. For this reason,
we exclusively consider polymer fibers in this study since they
account for a wide range of textile products used worldwide.
While various chemical11 and radiative12 methodologies are
routinely employed to kill surface microbes, they often require
labor-intensive application and strict adherence to protocols,
harm mammalian cells, contaminate the environment, and
remain temporary solutions (i.e., they do not prevent
recontamination). Strategies developed to endow thermo-
plastic and elastomeric substrates with self-sterilizing anti-
microbial properties rely extensively on either (i) surface or
bulk incorporation of metal (e.g., Ag13 or Cu14) or metal oxide
(e.g., TiO2

15) nanoparticles or (ii) surface-grafted or -grown
organic building blocks that contain inherently antimicrobial
moieties such as quaternary ammonium compounds (QACs)16

or quaternary phosphonium compounds (QPCs).17 In the
specific case of bacteria, however, these pathogens can become
resistant to the toxicity of metal nanoparticles,18 which can
likewise leach into the environment and introduce new health
challenges associated with the food chain.19 Similarly,
quaternized compounds can have an adverse impact on the
environment.20 Moreover, metal (oxide) and cationic com-
pounds that kill bacteria through cell disruption or lysis of the
negatively charged cell membrane by electrostatic interaction21

are generally ineffective against non-enveloped viruses,
although enveloped viruses containing a phospholipid
membrane can be inactivated. The critical question we pose
here is as follows: can a facile and broad-spectrum disinfection
alternative be developed that is preventative, eco-friendly, and
compatible with the textile sector?
Recently, we have demonstrated two material designs that

indicate such alternatives are indeed possible. One design
derives from a partially sulfonated (anionic) multiblock
polymer that, in the presence of water, drastically lowers the
surface pH below what is tolerable by many pathogens, thereby
killing a wide range of bacteria and viruses to the minimum
detection limit (MDL) of 99.9999% in just minutes with no
additional stimuli.22 Recent studies23 confirm that this
approach is equally effective against the SARS-CoV-2 virus
responsible for the COVID-19 pandemic that has reportedly
infected nearly 25 million people, claiming the lives of over
840 000 around the world24 as of the time of this writing.
Although this revolutionary approach is promising, further
studies are necessary to functionalize the various polymers
used in the textile industry. The second material design
involves the surface attachment25,26 or bulk incorporation27 of
photosensitizer (PS) molecules that activate upon exposure to
incoherent visible light and generate cytotoxic singlet oxygen
(1O2) from ground-state oxygen. Singlet oxygen nonspecifically
reacts with multiple chemical constituents of microbial
membranes to induce inactivation,28 in which case even
drug-resistant microbes are susceptible with little to no chance
of developing resistance. Due to the relatively short lifetime of
1O2 (reported

29 as ∼2 μs in air), however, the distance from a
surface over which 1O2 remains antimicrobial is typically just a
few hundred nanometers in solution. Previously, we have
demonstrated30 that the addition of a porphyrin PS to a highly
nonpolar block copolyolefin prepared by solution casting,
followed by repeated melt pressing, yielded encouraging broad-
spectrum antimicrobial properties (>99.89% mortality) against
not only the same bacteria and viruses tested in our charged
multiblock copolymer study22 but also fungi.31

Here, we extend the concept of photodynamic polymers to
photodynamic polymer coatings by incorporating the same PS
into a photo-cross-linkable polymer that is water-soluble to
avoid the need for volatile organic compounds (VOCs) during
deposition. Of particular interest here are coatings on fibrous
polymer substrates since polymer fibers are representative of
personal protection equipment (PPE) and they afford more
surface area than films, thereby increasing PS/pathogen
interactions. The photo-cross-linking behavior of the coating
utilized in this work has been previously investigated,32 as have
the polymer fibers that constitute example substrates.33 As we
have already established the broad-spectrum efficacy of the PS
with regard to its ability to inactivate a wide range of bacterial
strains, we have elected to monitor just two representative
bacteria, one Gram positive and one Gram negative, for proof
of concept in the present antimicrobial photodynamic
inactivation (aPDI) study. In response to the ongoing
COVID-19 pandemic, we likewise examine the inactivation
of a human coronavirus (HCoV229E) that serves34 as a less
pathogenic proxy for the SARS-CoV-2 virus.

■ EXPERIMENTAL SECTION
Materials. The PS employed here was zinc tetra(4-N-

methylpyridyl)porphine (ZnTMPyP4+) tetrachloride, the chemical
structure of which is provided in Scheme 1. It was obtained from

Frontier Scientific (Logan, UT). The UV-cross-linkable coating, N-
methyl-4(4′-formylstyryl)pyridinium methosulfate acetal poly(vinyl
alcohol) (SbQ-PVA) with 4.1 mol % functional SbQ groups, was
purchased from Polysciences, Inc. (Warrington, PA) and is included
in Scheme 1. Bicomponent fibers composed of nylon-6 (PA6; BASF
B27E) “islands” embedded in a poly(lactic acid) (PLA; Natureworks
6202D) “sea” were produced in an “island-in-the-sea” cross-sectional
arrangement35 (with 37 PA6 channels in a PLA matrix). Spunbond
fabrics composed of the bicomponent PA6/PLA fibers were formed
on a Reicofil R4s Spunbond line (1.2 m wide) and bonded in an
Andritz hydroentangling unit, equipped with a prewet station and
seven injectors capable of pressures up to 250 bar, at the Nonwovens
Institute located at the North Carolina State University. Water jet
pressures used during hydroentangling were ramped from 30 to 225
bar. The PLA matrix was removed chemically in a Jet Dyeing
instrument (typically used for dyeing but likewise ideal for PLA
removal because of the constant agitation) to release the PA6
microfibers after hydroentangling. Operating parameters included the
following: 6−20 L liquor, 0.1−1.5 kg fibers, 4−30 m/min agitation
speed, 20−150 °C (at 4 bar), and a heating rate of 2−4 °C/min. The

Scheme 1. Chemical Structures of the Zinc Tetra(4-N-
methylpyridyl)porphine (ZnTMPyP4+) Photosensitizer
(Left) and the Water-Soluble N-Methyl-4(4′-
formylstyryl)pyridinium Methosulfate Acetal Poly(vinyl
alcohol) (SbQ-PVA) Photo-Cross-Linkable Coating (Right)
Employed in the Present Studya

aThe counterion on ZnTMPyP4+ is Cl−.
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aqueous liquor contained 8% NaOH, which readily removes PLA at
80 °C, and the resultant PA6 microfiber mats were coated as
produced. Buffer salts were procured from Fischer Scientific
(Pittsburgh, PA), whereas tryptic soy broth (TSB) and Miller
lysogenic broth (LB) were obtained from Teknova (Hollister, CA)
and EMD Chemicals (Billerica, MA), respectively. All media and
buffer solutions were prepared in deionized (DI) water.
Methods. Coating Protocols. After square sections measuring 5

cm × 5 cm and weighing ∼200 mg were cut from the PA6 mat, SbQ-
PVA was dissolved in DI water and stirred for 15 min at ambient
temperature until full dissolution was achieved according to the
unaided eye. For spray-coated (SCPA6) fibers, ZnTMPyP4+ powder
was added at three different PS loading levels (0.01, 0.1, and 1.0% w/
w ZnTMPyP4+/SbQ-PVA) to aqueous SbQ-PVA solutions at a
constant concentration of 10% w/v SbQ-PVA/water. For dip-coated
(DCPA6) fibers, the loading level was held constant at 10% w/w
ZnTMPyP4+/SbQ-PVA, but the solution concentration was varied
from 0.01 to 1.0% w/v (ZnTMPyP4+ + SbQ-PVA)/water to alter the
coating thickness. In both cases, the ternary solutions were
subsequently stirred for an additional 15 min prior to coating. Each
of the SCPA6 fibers was coated with ∼2 mL of solution from a
multipurpose precision airbrush with a 0.3 mm fluid tip, whereas the
DCPA6 fibers were produced by manual dipping into the above
solutions. All specimens were cured under UV light at 36 W for 1 h
and then immersed in the parent aqueous SbQ-PVA solution (to add
a capping layer) prior to final drying and UV curing for an additional
1 h. Two points warrant particular mention here: initial immersion of
the coated fibers into aqueous SbQ-PVA solutions likely extracted
some of the PS, resulting in marginally lower concentrations than the
original targets, and the PS-free capping layer further decreased the
extraction of ZnTMPyP4+. After this last step, all specimens were
washed overnight to remove unbound porphyrin to mitigate leaching
during aPDI analysis. This protocol was similar to that previously
reported.25−27,30 The specimens were thoroughly dried prior to
exposure to bacteria.
Fiber Characterization. The morphologies of the bicomponent

PA6/PLA, neat PA6, and coated PA6 fibers were examined by
scanning electron microscopy (SEM) performed in a variable-pressure
Hitachi S3200N microscope equipped with an Oxford energy-
dispersive X-ray spectroscopy (EDS) detector. The fiber mats were
mounted on aluminum stubs with carbon tape and sputtered with
∼35 nm of Au−Pd to reduce charging. Images and EDS spectra were
acquired at an accelerating voltage of 20 kV and a column pressure of
30 Pa (N2). Time-of-flight secondary ion mass spectroscopy (ToF-
SIMS) analysis was conducted on neat and coated PA6 fibers in an
IONTOF ToF-SIMS V instrument equipped with a 25 kV bismuth
ion (Bi+) sputtering gun. High-resolution ion-specific images were
collected wherein the chlorine counterion (Cl−) on ZnTMPyP4+

served to indicate the presence of the PS. Neat and coated PA6 fibers
were also subjected to X-ray photoelectron spectroscopy (XPS)
performed on a PHOIBOS 150 spectrometer operated at 10−14 kV.
The nitrogen (N) content and oxygen/carbon (O/C) ratio were
analyzed to ascertain the coverage of the SbQ-PVA coatings.
Antimicrobial Analysis. The aPDI studies were performed on two

bacterial strains that promote nosocomial infections: methicillin-
susceptible Staphylococcus aureus 29213 (MSSA), an example of
Gram-positive bacteria, and ampicillin-resistant Escherichia coli
(AREC), an example of Gram-negative bacteria. While MSSA was
cultured without antibiotics in TSB, AREC BL21-(Dϵ3)pLysS
(Stratagene, San Diego, CA) was cultured in LB containing 100
μg/mL ampicillin. In each case, 5 mL of broth was used to grow each
bacterial strain in a culture tube incubated at 37 °C in an orbital
shaker operated at 250 rpm. A Genesys 10 UV scanning
spectrophotometer operated at a wavelength of 600 nm measured
the optical density (OD) of each bacterial broth. Both strains were
grown to broth concentrations possessing an OD of ∼0.4, which
corresponds to a bacterial concentration of (1−4) × 108 CFU/mL
(where CFU denotes colony-forming unit). Afterward, the broths
were centrifuged for 5 min at 3600 rpm, and the supernatant was
subsequently discarded. Resultant bacterial pellets produced in this

fashion were resuspended in 5 mL of phosphate-buffered saline (PBS)
solution prior to aPDI analysis of the SCPA6- and DCPA6-coated
fibers. This analysis required that the coated fiber mats were cut with
a hole punch into discs, each measuring ∼1.5 cm in diameter so that it
could fit precisely in the bottom of a well in a 24-well plate. After all of
the discs were inserted into the wells, 200 μL of bacterial solution was
pipetted from each PBS stock solution and uniformly deposited on
top of each disc. The HCoV229E virus was grown on the human
hepatocarcinoma cell line (Huh-7) in cell growth media (DMEM, 1%
antibiotics, 10% fetal bovine serum, FBS) at 33 °C. In this case,
fibrous mats were cut to precisely fit the well bottoms of a 96-well
plate, and 25 μL of virus suspension was added to the plates for a
given exposure time.

All aPDI analyses were performed under ambient conditions via
illumination provided by a LumaCare LC-122 incoherent visible light
source. The lamp was equipped with an OSRAM 64653 HLX
Xenophot bulb (250 W, 24 V) and employed an LUM V fiber-optic
probe (400−700 nm band-pass filter) with a 95 ± 3% average
transmittance. An Orphir Optronics Ltd. Orion power meter
measured the fluence rate of the light source. In accord with our
previous studies,30 illumination intensities of 65 ± 5 and 80 ± 5 mW/
cm2 were employed in aPDI studies of MSSA and AREC, respectively.
In the case of the HCoV229E virus, both light intensities were
employed to induce aPDI. After the introduction of microbial
suspension, the disc-containing wells were covered with Al foil and
stored in the dark for 60 min for two purposes: (1) the results served
as a dark control for aPDI and (2) the results would reveal if either
substrate or ZnTMPyP4+ possessed inherent toxicity in the absence of
light. For the bacterial tests, well plates containing only suspension
without a substrate served as a reference used to calculate the
inactivation for other control and illuminated specimens. Following
illumination under the above conditions, the discs were removed and
placed in a 15 mL centrifuge tube, and the bottom of each well was
washed with 5 mL of PBS and then added to the centrifuge tube
containing the disc. The tube was vortexed thoroughly to resuspend
the adhered bacteria.

After the discs were removed, the resulting suspension was
centrifuged at 3600 rpm for 5 min. The supernatant was discarded,
and the bacterial pellet was resuspended by vortexing in 200 μL of
PBS. Then, 40 μL of bacterial suspension was withdrawn and added
to 360 μL of PBS in an aliquot. This procedure was repeated five
times to generate six serial dilutions of each illuminated specimen.
Finally, 10 μL was pipetted from each aliquot and placed on six-
column-square plates that were previously prepared with agar and
antibiotic-free broth for both bacteria. The agar plates were stored
overnight in an oven maintained at 37 °C. The same procedure was
followed for specimens kept in the dark. Colony-forming units were
later counted, and the corresponding bacterial inactivation level
(along with the p-value from a student statistical t-test) was calculated.
After exposure of the HCoV229E virus to illumination for 60 min, 75
μL of infection media (MEM 1% antibiotics, 1% FBS, 1% HEPES
buffer) was added, and the virus was eluted by triturating several
times, followed by rapid transfer to new wells. Virus suspensions were
immediately diluted serially 10-fold, and six replicates of each dilution
were used to infect Huh-7 cells seeded the previous day at a density of
104 cells per well in a TCID50 assay protocol. After 2 h, 50 μL of cell
growth media was added and the plates were incubated at 33 °C with
5% CO2. After 96 h, the cytopathic effect was quantitated by visual
inspection, and resulting TCID50/mL values were calculated
according to the Spearman−Kaerber method.36,37

■ RESULTS AND DISCUSSION
Fiber Characteristics. The method for producing

relatively uniform PA6 microfibers for use in this study
requires bicomponent fiber spinning wherein PA6 is dispersed
within a PLA matrix. Such fiber spinning can exploit a wide
range of cross-sectional geometries, but one that is used to
recover a large population of microfibers for nonwoven mats is
the “island-in-a-sea” configuration.35 In the present study, 37
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equally sized/spaced PA6 islands are arranged in a continuous
PLA matrix. Cross-sectional SEM images of such bicomponent
fibers are presented elsewhere33 and are not reproduced here.
Since the PLA is a hydrolyzable polyester whereas PA6 is
highly resistant to dilute alkaline solutions, the PLA can be
selectively removed by exposure to NaOH(aq), thereby leaving
behind discrete PA6 microfibers measuring about 2−3 μm
across, according to SEM images such as that displayed in
Figure 1. The series of SEM images provided in Figure 2

confirms the existence of a SbQ-PVA coating on SCPA6 and
DCPA6 fibers, and the average coating thickness is estimated
to be ∼150−200 nm on SCPA6 fibers. Neither coating process
appears to be particularly efficient, as indicated by the
formation of cross-linked SbQ-PVA webs and sheets located
between, and thus connecting, adjacent fibers. This feature is
particularly evident when a second SbQ-PVA coating is
applied. The extent to which the PA6 is coated can also be
gleaned from XPS spectra (cf. Figure 3). As seen from the
extracted elemental compositions listed in Table 1, addition of
the SbQ-PVA coating is signified by an increase in surface O
and a reduction in N (from PA6). In fact, the surface N
content of the SCPA6 specimen is below the detection limit,
which implies that the PA6 fiber is largely, if not completely,
unexposed, whereas the DCPA6 specimen exhibits a detectable
N level corresponding to either very thin or only partial fiber
coverage. Moreover, the O/C ratios of the two coated
specimens are quantitatively similar, whereas that for neat
PA6 is noticeably lower. These conclusions are further
corroborated by EDS in which Cl from the counterion on
ZnTMPyP4+ (see Scheme 1) is used to monitor the PS loading
level (see Table 2).
Another method by which to visualize the extent to which

the PA6 microfibers are coated with ZnTMPyP4+-containing
SbQ-PVA involves ToF-SIMS imaging. Here, three ionic
species are of particular interest: CNO− from neat PA6,

C2H3O2
− from SbQ-PVA, and Cl− from ZnTMPyP4+. Images

acquired from each of these species are presented for neat PA6,
DCPA6, and SCPA6 specimens in Figures 4−6 and reveal

several noteworthy features. In the case of unmodified PA6
(Figure 4), only CNO− ions from the neat fibers are
sufficiently detectable at the acquisition conditions employed
to generate an image. This confirms that the fibers are
uncoated. Images of the DCPA6 specimens in Figure 5 at
different coating concentrations (coating thicknesses) indicate
the presence of both CNO− and C2H3O2

− ions, verifying the
presence of the SbQ-PVA coating. As the coating concen-
tration is increased, the intensity of the CNO− images
systematically decreases, while that of the C2H3O2

− images

Figure 1. SEM image of unmodified PA6 microfibers recovered upon
removal of the PLA matrix in bicomponent PA6/PLA “island-in-the-
sea” fibers, followed by hydroentanglement to form a nonwoven mat.

Figure 2. SEM images acquired from DCPA6 (top row) and SCPA6
(bottom row) fibers coated with SbQ-PVA + ZnTMPyP4+ at different
coating concentrations (DCPA6), PS loading levels (SCPA6), and
coating layers (labeled along the top).

Figure 3. XPS spectra collected from PA6, as well as DCPA6 (1.0%
w/v) and SCPA6 (1.0% w/w), fibers (labeled and color-coded) with
relevant elemental binding energies identified. The shaded area
highlights the binding energy for nitrogen.

Table 1. Surface Composition Results of Neat and Coated
Microfibers According to XPS Analysis

specimen C (atom %) O (atom %) N (atom %) O/C

PA6 75.2 20.6 4.2 0.27
DCPA6 (1.0% w/v) 75.1 21.7 1.9 0.29
SCPA6 (1.0% w/w) 76.1 23.2 0.0a 0.30

aBelow the detection limit.

Table 2. Bulk Composition Results of Neat and Coated
Microfibers According to EDS Analysis

specimen C (wt %) O (wt %) Cl (wt %)

PA6 72.8 24.9 0.0
DCPA6 (0.1% w/v) 77.2 19.4 1.2
DCPA6 (1.0% w/v) 75.1 20.3 2.4
SCPA6 (0.1% w/w) 71.0 18.9 1.8
SCPA6 (1.0% w/w) 71.9 17.7 3.4

Figure 4. ToF-SIMS images of Cl− (the PS counterion), CNO− (the
PA6 substrate), and C2H3O2

− (the SbQ-PVA coating) acquired from
neat PA6 microfibers.
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conversely increases, implying that the fibers become
increasingly better coated. Several isolated bright spots in the
Cl− images likewise establish the existence of the ZnTMPyP4+

PS, most likely in the form of discrete aggregates. Qualitatively
similar results are observed for the SCPA6 specimens in Figure
6 with two notable exceptions. The CNO− images
corresponding to PA6 are significantly less well defined and

intense, which suggests that the SCPA6 fibers are more
consistently coated with SbQ-PVA than the analogous DCPA6
ones, in agreement with our XPS findings. The second
difference is that the Cl− image collected from the SCPA6
specimen at a 1 wt % PS loading level (relative to the coating)
displays continuous regions that indicate the ZnTMPyP4+ PS is
located throughout the coated fibers within these regions.
Taken together, these results suggest that the coatings on the
SCPA6 fibers should be more effective at aPDI than their
DCPA6 counterparts.

aPDI Analysis. Due to the difference in the structure of
Gram-positive and Gram-negative bacteria, two different
illumination intensities (65 ± 5 and 80 ± 5 mW/cm2,
respectively) have been utilized in this aPDI study. Gram-
negative bacteria possess an extra layer of outer membrane in
addition to the plasma membrane and peptidoglycan layer that
together protect the intracellular components of Gram-positive
bacteria. The peptidoglycan layer, mainly composed of sugars
and amino acids, is relatively easy to disrupt, which
subsequently leads to cell wall lysis and leakage of intracellular
components from Gram-positive bacteria. The extra layer of
outer membrane in Gram-negative bacteria, on the other hand,
impedes efforts to destroy the cell wall, thereby sheltering the
intracellular components. For this reason, a higher light
intensity is required against Gram-negative AREC to produce
more 1O2 and induce cell wall disruption. Another important
consideration in the present study is fiber coating uniformity,
which is expected to influence the antibacterial performance of
the SCPA6 and DCPA6 fibers. This difference, as well as the
role of coating concentration, is apparent in Figure 7 for coated

fibers exposed to MSSA bacteria. While both types of coated
fibers unequivocally display evidence of antibacterial effective-
ness, the SCPA6 fibers tend to outperform their DCPA6
analogues at the same coating concentration even though the
DCPA6 fibers possess a higher ZnTMPyP4+ PS level. In the
case of SCPA6 specimens, an increase in ZnTMPyP4+ loading
promotes improved antibacterial performance, eventually
reaching the MDL (99.9999% inactivation, with a 6 log unit
reduction in CFU/mL and a p-value <0.0001) at the highest
level tested. The efficacy of the DCPA6 fibers with regard to
MSSA inactivation in Figure 7, as well as for AREC
inactivation in Figure 8, is, however, generally less pronounced
than the SCPA6 fibers and, in the specific case of MSSA,
appears to become independent of solution concentration (i.e.,
coating thickness). It is important to remember that both

Figure 5. ToF-SIMS images of Cl− (the PS counterion), CNO− (the
PA6 substrate), and C2H3O2

− (the SbQ-PVA coating) acquired from
DCPA6-coated fibers at different coating concentrations (labeled).

Figure 6. ToF-SIMS images of Cl− (the PS counterion), CNO− (the
PA6 substrate), and C2H3O2

− (the SbQ-PVA coating) acquired from
SCPA6-coated fibers at different coating concentrations (labeled).

Figure 7. MSSA survival after aPDI in the presence of SCPA6- and
DCPA6-coated fibers for 1 h at a light intensity of 65 ± 5 mW/cm2.
The controls and PS loading levels (SCPA6) or solution
concentrations (DCPA6) are labeled and color-coded. The error
bars correspond to the standard error.
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series of coated fibers contain a second coating of
ZnTMPyP4+-free SbQ-PVA, which serves as a capping layer
to prevent ZnTMPyP4+ leaching during the aPDI tests. Upon
illumination, any 1O2 generated by the ZnTMPyP4+ PS in the
active coating layer must diffuse through the capping layer to
ultimately affect bacteria. This consideration, coupled with
thinner and possibly less uniform coatings on the DCPA6
fibers, most likely constitutes the reason for the lower efficacy
of the DCPA6 fibers relative to the SCPA6 fibers despite the
higher ZnTMPyP4+ loading level in the DCPA6 fibers.
To compare the results from the coated fibers developed

here against our previously reported results wherein the PS is
embedded in a nonpolar block copolyolefin matrix,30 the
individual results displayed in Figures 7 and 8 are combined
with those earlier findings in Figure 9 to elucidate the efficacy

of the incorporation protocols as a function of PS loading level.
As expected from the discussion above, we anticipate that the
antimicrobial performance will be more pronounced for the
Gram-positive (MSSA) bacterial strain than for the Gram-
negative (AREC) strain. Our prior study has demonstrated
that reduction levels of at least 99.89% can be achieved for

several Gram-negative strains, including AREC, Acinetobacter
baumannii and Klebsiella pneumoniae, under the same exposure
conditions. This series of bacterial strains is especially relevant
here since these pathogens are resistant to various traditional
and contemporary pharmaceuticals,38−43 largely comprising
the ESKAPE series (i.e., E. faecium, S. aureus, K. pneumoniae, A.
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
of bacteria primarily responsible for HAIs,44 and they can
likewise cause other infectious outbreaks (e.g., food contam-
ination45,46). For AREC, in particular, bulk-functionalized
polymer films yield 99.95% inactivation,30 which is comparable
to the best result achieved here (99.86% for the SCPA6 fibers
at a 1 wt % PS loading level). In marked contrast, Gram-
positive bacteria such as MRSA, MSSA, and VRE are much
more susceptible to aPDI, previously attaining the MDL (at
99.9999% inactivation) under identical exposure conditions.30

Here, the maximum inactivation levels are 99.9999 and 99.99%
for the SCPA6- and DCPA6-coated fibers, respectively, at a 1
wt % PS loading level. As our prior study clearly indicated,
however, the level of bacterial inactivation achieved is
sensitively dependent on the coupling between light intensity
and exposure time.
While the primary intention of this study has been to focus

on the antibacterial efficacy of PS-containing coatings on
polymer fibers, the need for effective, long-lasting, and
comprehensive antimicrobial coatings on PPE around the
globe is evident in the present COVID-19 pandemic. This
need is particularly urgent since recent studies47−49 have
established that the SARS-CoV-2 virus can survive for several
days on plastic substrates, including nonwoven fibrous
facemasks, and can thus be transmitted by direct contact, in
addition to water droplets and aerosols dispersed in the air.50

Due to its infectivity and facile transmission, the SARS-CoV-2
virus requires Biosafety Level 3 containment, which was not
readily attainable for this study. For this reason, we have
chosen to examine the HCoV229E virus as a less pathogenic
surrogate that has been shown to possess similar environ-
mental stability as the more pathogenic coronaviruses (SARS-
CoV, MERS-CoV, and SARS-CoV-2).34 In addition, clinical
disinfection protocols are common among all coronaviruses.
On the basis of our parallel pH-drop inactivation strategy, we
have observed23 that the HCoV229E virus is more resistant to
a precipitous reduction in surface pH than the SARS-CoV-2
virus, although both viruses are completely inactivated (to the
MDL) in a significantly shorter exposure time (5−20 min)
relative to more traditional antimicrobial surfaces such as
copper.47 The aPDI results obtained here for HCoV229E are
presented in Figure 10 and reveal that the uncoated
microfibers have little, if any, effect on the virus within
experimental uncertainty. In contrast, microfibers subjected to
a PS-containing spray coating (1 wt % PS) reveal a substantial
reduction in virus survivability after exposure to light at an
intensity of 65 mW/cm2 for 60 min. In this case, the level of
inactivation is 99.7%. By increasing the light intensity to 80
mW/cm2 for the same exposure time, the inactivation level is
dramatically increased to 99.9998% (corresponding to the
MDL), which is comparable to the antibacterial effectiveness
measured here. These results are extremely promising,
indicating that the aPDI approach can be applied (in the
form of a coating) directly to polymer fibers used in PPE, as
well as in fibrous furnishings found in homes, offices,
temporary housing, and medical facilities.

Figure 8. AREC survival after aPDI in the presence of SCPA6- and
DCPA6-coated fibers for 1 h at a light intensity of 80 ± 5 mW/cm2.
The controls and PS loading levels (SCPA6) or solution
concentrations (DCPA6) are labeled and color-coded. The error
bars correspond to the standard error.

Figure 9. MSSA (filled circles) and AREC (filled triangles) survival
on SCPA6- (black, bottom abscissa axis) and DCPA6- (red, top
abscissa axis) coated fibers as measured in Figures 7 and 8,
respectively. The solid lines serve to connect the data, whereas the
dashed and dotted lines identify the MDL and 99% death conditions,
respectively. All of these results are statistically significant with p-
values below 0.0236. Included for comparison are results obtained
earlier for the same PS embedded at 1.0 wt % in a block copolyolefin
matrix (open yellow symbols). The blue shaded region indicates the
survival range for all of the Gram-negative bacteria reported
elsewhere,30 whereas all of the Gram-positive bacteria in the same
study achieve the MDL, after comparable exposure conditions.
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■ CONCLUSIONS
Photodynamic polymer coatings have been prepared by
incorporating a ZnTMPyP4+ PS in UV-cross-linkable SbQ-
PVA, followed by deposition, using two different approaches,
on microfibers of a common thermoplastic (nylon-6) in the
textile industry. An important consideration here is that these
coatings are anticipated to remain fully antimicrobial (i.e.,
capable of producing 1O2 in the presence of visible light and
atmospheric O2) insofar as the integrity of the coating is not
compromised by factors such as mechanical abrasion/cracking
or photobleaching due to long-term activation of the PS. Even
if the coatings become damaged, the underlying fibers can
readily be recoated using the methodologies reported here.
According to SEM analysis, the present microfibers are coated
and, depending on the concentration of the coating solution
and the number of coatings applied, sheets connecting adjacent
fibers are also present. The coverage of coatings prepared by
spray deposition is particularly encouraging since correspond-
ing XPS spectra display no signal from nitrogen, which is a
characteristic signature of the nylon-6 substrate. These spectra
likewise corroborate that the surface oxygen/carbon ratio of
fibers coated by either dip or spray deposition increases to a
constant level exceeding that of the substrate. Ion-specific
images acquired by ToF-SIMS further corroborate these
independent results by identifying the presence of C2H3O2

−

from SbQ-PVA and Cl− (the counterion) from ZnTMPyP4+

on both types of coated fibers.
Antimicrobial photodynamic inactivation studies conducted

against Gram-positive and Gram-negative bacterial strains
indicate that, despite deposition-related variations in coating
coverage, all of the coated fibers examined here are
antibacterial. In fact, a maximum of 99.9999% inactivation
(at the MDL) is achieved with methicillin-susceptible S. aureus,
whereas 99.86% inactivation is observed with ampicillin-
resistant E. coli. While these results compare favorably with
our previous study30 of the same PS in a nonpolar copolyolefin,
we note that considerable inactivation (78.57−99.91%) occurs
with these coatings at a significantly (100×) lower
ZnTMPyP4+ concentration. With this substantial reduction in
PS loading and the use of polymer fibers in conjunction with
an eco-friendly water-borne coating, we have demonstrated an
economically viable and process-friendly alternative by which
to produce anti-infective materials that show promise in the
healthcare, agricultural, defense, textile, and food packaging
industries. Moreover, although only two bacterial strains have
been investigated in this study, we expect on the basis of our
consistent findings here (cf. Figure 9) that our previous

successes with other bacteria (e.g., MRSA), as well as
(un)encapsulated viruses30 and fungi,31 will translate to these
coated fibers. In this spirit, we also report that the inactivation
of a human coronavirus serving as a surrogate for the SARS-
CoV-2 virus34 can reach 99.9998%, thereby confirming that
PS-containing coatings can be used in conjunction with PPE to
help prevent the spread of COVID-19.
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