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Abstract Self-disinfecting materials that are both
safe and scalable for production are increasingly in
demand, particularly in healthcare settings where they
can be used to combat hospital-acquired infections
(HAISs). Here, we employed the natural food colorant
chlorophyllin (E140ii) as a photosensitizer to prepare
photodynamic antimicrobial materials through both
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chemical conjugation and electrospinning, resulting
in chlorophyllin-grafted cotton fabric (Chl-fabric) and
chlorophyllin-embedded polyacrylonitrile nanofibers
(ChI-NF), respectively. The materials were character-
ized by a number of physical methods, as was their
ability to generate singlet oxygen upon visible light
illumination. The best results with Chl-fabric yielded
99.998% inactivation of vancomycin-resistant E. fae-
cium and 99.994% of methicillin-resistant S. aureus
after 60 min visible light illumination (400-700 nm,
80+5 mW/cmz), whereas Chl-NF inactivated both
bacteria by 99.9999%. Feline calicivirus was also
photodynamically susceptible, with 99.8% inactiva-
tion by both materials. Gram-negative Klebsiella
pneumoniae was not initially susceptible to photo-
dynamic inactivation by Chl-NF, however addition
of the photothermal agent MoS, fully inactivated
(99.9999%) this pathogen under NIR illumination,
indicative of synergistic photothermal and photody-
namic activities. These findings suggest that chloro-
phyllin can be used in photodynamic antimicrobial
materials against drug-resistant Gram-positive bacte-
ria, and that its efficacy can be synergistically ampli-
fied in the presence of a photothermal agent against
Gram-negative pathogens.
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Introduction

Pathogen survival on high touch surfaces signifi-
cantly contributes to the risk of transmission via
fomites (Neely and Maley 2000). One such example
of this risk are hospital-acquired infections (HAIs),
where in just the United States alone, pathogen sur-
face transmission results in 1 in 25 hospital patients
being diagnosed with at least one infection related
to hospital care, which annually causes nearly 1.7
million infections, ~ 100,000 deaths, and at a cost
of $45 billion (Scott 2009). Not limited to bacterial
infections, viruses can also be spread via fomites:
to illustrate this point, the SARS-CoV-2 virus can
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remain stable on several surfaces for long peri-
ods of time (up to 2-3 days on stainless steel and
unspecified plastic) (van Doremalen et al. 2020),
and even upwards of 7 days on surgical masks (Chin
et al. 2020). Regardless of the pathogen (bacteria,
viruses, or even fungi), antimicrobial materials are
increasingly in demand, particularly when it comes
to self-disinfecting personal protective equipment
(SD-PPE) commonly used in healthcare settings.
Many strategies have been explored as the underly-
ing antimicrobial mechanisms in SD-PPE, including
embedding different bactericidal agents like antibi-
otics (Peila et al. 2013), quaternary ammonium salts
(Zhang and Oyanedel-Craver 2013), and metal nan-
oparticles (Bober et al. 2014) into materials com-
monly used in PPE. While each of these has shown
a measure of success, a number of limitations to
these strategies remain, including their high-cost,
poor efficacy against drug-resistant pathogens (Ped-
dinti et al. 2018), inducing drug-resistance itself
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(Maldonado-Carmona et al. 2020), environmental
toxicity and/or unacceptable side effects, and the
inability for them to be easily integrated into current
PPE manufacturing lines (Stensberg et al. 2011).

Antimicrobial photodynamic inactivation (aPDI)
has been explored as a possible strategy to over-
come several of the aforementioned limitations in
the design of SD-PPE. The underlying basis for aPDI
is the generation of reactive oxygen species (ROS),
including hydroxyl radicals (OH), superoxide (O, ")
and singlet oxygen (0,), thus creating a highly oxi-
dizing environment that is localized directly to the
material surface. As microbicidal agents, the ROS
produced through a photodynamic mode of action
lead to the non-specific and irreversible damage to
bacterial cell membranes or viral components, thus
resulting in pathogen inactivation via necrosis or
oxidative damage (Abrahamse and Hamblin 2016).
Photodynamic inactivation is considered environmen-
tally-friendly, as it relies upon a nontoxic photosensi-
tizer, visible light, and molecular oxygen to generate
the ROS. A number of different photosensitizers have
been incorporated into aPDI-based materials, includ-
ing rose Bengal (Alexandrino et al. 2019), toluidine
blue-O (Decraene et al. 2006), methylene blue (Gha-
reeb et al. 2021), BODIPY dyes (Stoll et al. 2019),
and tetrapyrroles (porphyrins (Carpenter et al. 2015),
chlorins (Pucelik et al. 2020), and phthalocyanines
(Anaya-Plaza et al. 2017)). Although the biosafety
of these photosensitizers has been demonstrated in
the dark, increased concerns over material safety per-
sist, particularly when microbicidal photosensitizing
agents are used as additives.

As a semi-synthetic derivative of the natural green
pigment chlorophyll (Viera et al. 2019), the photosen-
sitizer chlorophyllin is generally recognized as safe,
and has been approved as a food colorant or a food
supplement (E141ii) in Europe, the United States,
and Brazil (Tumolo and Lanfer-Marquez 2012; Viera
et al. 2019). More importantly, as suggested by the US
Food and Drug Administration (FDA), chlorophyllin
can be safely ingested up to 300 mg per day (21 CFR
357.850). Relevant to our work here, a recent report
has shown that 2.5 pM (1.8 mg/L) E141ii solution
was able to inactivate 99.9999% methicillin-sensitive
S. aureus (ATCC 25923) after 60 min visible-light
illumination (625 nm, 30 J/cmz) (Caires et al. 2020).
However, to our best of our knowledge, studies incor-
porating chlorophyllin E141ii into photodynamic

antimicrobial materials are limited, and questions
remain regarding the design, scope, and efficacy of
materials employing chlorophyllin as a photosen-
sitizer, particularly when used in combination with
other photosensitizers or photothermal agents.

To address these questions, we employed two dif-
ferent methods, chemical conjugation via triazine-
coupling and high voltage electrospinning, to prepare
photodynamic materials with chlorophyllin as the
photosensitizer. Many methods have been successfully
developed to prepare photosensitizer conjugated cel-
lulose materials (Fadavi et al. 2019; Hettegger et al.
2015). The coupling agent 24,6-trichloro-1,3,5-tria-
zine, also known as cyanuric chloride, has been devoted
to covalently attach a number of photosensitizers to
various cellulose scaffolds, with the reported advan-
tages of (1) ambient reaction conditions, (2) no metal-
based catalyst was needed, and (3) no chromatogra-
phy was needed for purification (Alvarado et al. 2019;
Wang et al. 2020). Similarly, electrospinning has been
successfully adopted to embed various photosensitizers
into polymers such as nylon and polyacrylonitrile (Stan-
ley et al. 2016; Stoll et al. 2019). The electrospun fibers
possess a number of characteristics important for aPDI,
including a high surface area that allows for increased
photosensitizer and pathogen interaction. Given the
facile nature of both these methods to produce photo-
dynamic materials, here we present the synthesis, char-
acterization, and aPDI studies of chlorophyllin-grafted
cotton fabric (Chl-fabric) and chlorophyllin-embedded
polyacrylonitrile nanofibers (Chl-NF). The materials
were characterized by both physical (SEM, ICP-OES,
TGA) and colorimetric (K/S, CIELab values) methods,
and their ability to generate singlet oxygen was also
evaluated. Photodynamic inactivation studies were per-
formed with both materials using Gram-positive/-neg-
ative bacteria as well as a non-enveloped virus under
different illumination conditions, and the photostability
of the Chl-fabric was also investigated. To explore if
chlorophyllin was compatible with other photodynamic
agents, we also incorporated molybdenum disulfide
(MoS,) as a photothermal agent into polyacrylonitrile
via electrospinning, and compared the activity of the
dual-agent chlorophyllin/MoS,-nanofiber (Chl/MoS,-
NF) against its single-agent material counterparts,
ChI-NF and MoS,-NF. Based on our previous study
(Shen et al. 2021), no mammalian cell cytotoxicity
was observed for MoS, when loaded onto a cellulose
membrane at the same concentration employed here.
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The results demonstrate that chlorophyllin is a promis-
ing candidate for photodynamic antimicrobial materials
from which SD-PPE can be produced without concerns
for the biosafety of the photosensitizer.

Materials and methods
Materials

Chlorophyllin was purchased from Hubei Yunmei
Technology Co. (Batch No. 20210408). Polyacry-
lonitrile powder (PAN: MW =150,000, 99%) was
purchased from Shaoxing Gimel Advanced Materials
Technology Co., Ltd. Commercially available cotton
yarns (80 S/2) with a plain weave (115X 152) struc-
ture were woven by Changhong Textile Co. Molybde-
num disulfide (MoS,) ultrafine powder was purchased
from Nanjing XFNANO Materials Tech Co. All
other chemicals were of laboratory grade and used
as received from commercial sources without further
purification.

Preparation of chlorophyllin-grafted cotton fabric
(Chl-fabric), chlorophyllin-embedded PAN
nanofibers (Chl-NF), MoS,-embedded PAN
nanofibers (MoS,-NF) and chlorophyllin/MoS,
dual-embedded PAN composite nanofibers (Chl/
MoS,-NF)

Pristine cotton fabric was cut into 15 cmXx 15 cm
(~5 g) squares that were individually soaked in 0.5 M
NaOH at 40 °C for 2 h and the fabric was then placed
in 200 mL 5 mM cyanuric chloride tetrahydrofuran
solution, and incubated for 12 h at 40 °C. After the
reaction period, deionized water and tetrahydrofuran
were used to wash out the unreacted cyanuric acid
and other impurities. The activated fabric was then
submerged in 200 mL 1.25 mM chlorophyllin aque-
ous solution at 40 °C for another 12 h. The conju-
gated fabric was first dried at 40 °C, and then washed
with deionized water to remove any remaining free
chlorophyllin. To ensure the absence of any unbound
photosensitizer, the fabric was further submerged in
deionized water (3 mL/cm? fabric) for 1 h and vor-
texed before the aqueous solution was transferred
to a cuvette and its absorption spectrum recorded.
When the spectrum of free chlorophyllin could no
longer be observed within the detection limit of the

@ Springer

spectrometer, the resultant Chl-fabric was then dried
at 40 °C in an oven and stored in the dark until further
use.

The electrospinning solution was prepared by first
dissolving 1.5 g polyacrylonitrile (PAN) powder into
15 mL DMF solvent with stirring until no aggrega-
tion was observed, followed by the addition of either
0.0375 g chlorophyllin (at 2.5 wt% with respect to
the mass of PAN), 0.15 g MoS, powder (at 10 wt%
with respect to the mass of PAN) or both. The solu-
tion was further stirred for 12 h prior to electrospin-
ning with the following parameters: needle-to-collec-
tor distance, 15 cm; voltage, 15 kV; solution feeding
speed of the syringe pump, 1 mL/h. The electrospun
fiber was collected on aluminum foil. As described
above for Chl-fabric, UV-visible spectroscopy was
employed to ensure the absence of free chlorophyllin
or MoS,. The Chl-NF, MoS,-NF, and Chl/MoS,-NF
materials were stored in the dark until further use.

Physical characterization

Inductively coupled plasma-optical emission
spectroscopy (ICP-OES)

The amount of chlorophyllin in both Chl-fabric and
Chl-NF were determined by ICP-OES (NC State Uni-
versity Environmental and Agricultural Testing Ser-
vice). Adapted from a previously published protocol
(Ghareeb et al. 2021), chlorophyllin was extracted
from Chl-fabric via overnight soak in ultrapure nitric
acid, and from Chl-NF via nanofiber dissolution
in DMF solvent followed by ashing. The amount of
chlorophyllin was calculated based on the detected
copper impurity when compared to an authentic sam-
ple of chlorophyllin, and the calculation details are
found in Table S1 and Table S2.

Photometry and colorimetric characteristics

The colorimetric characteristics [CIE (L* a%* and
b*) color space and color depth (K/S)] of the pristine
cotton fabric, Chl-fabric, Chl-NF, MoS,-NF and Chl/
MoS,-NF materials were evaluated using a Data-
color 650 spectrophotometer (USA) employing a D65
light source with an aperture of 9 mm. Each sample
was folded into 2 layers to give a sufficient thick-
ness to prevent show-through. The K/S values of the
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fabrics were calculated by the Kubelka—Munk func-
tion (Eq. 1) as follows:

K/S= (1- R)?/2R )

where K and S are the absorption and scattering coef-
ficient of the fabrics, and R is the reflectance of the
samples at A, . All spectra were normalized to the
baseline absorption at 700 nm.

Scanning electron microscopy (SEM)

The surface morphologies of the pristine cotton fab-
ric, Chl-fabric, Chl-NF and Chl/MoS,-NF materials
were visualized with a SU1510 (Hitachi, Ltd., Japan)
scanning electron microscope with an accelerating
voltage of 5.0 kV. Images were collected at 1000 X,
5000 or 10,000 X magnifications at room tempera-
ture. Prior to SEM imaging, the prepared samples
were fixed on a metal plate by conductive resin and
were sputtered with a thin layer of gold nanoparticles.

Thermal gravimetric analysis (TGA)

The thermal degradation behaviors of pristine cot-
ton fabric, Chl-fabric, pure PAN nanofibers, Chl-NF
and Chl/MoS,-NF materials were studied under an
inert nitrogen atmosphere using a thermogravimetric
instrument (TGA, SDTA 851, Beijing). Each sample
(~5 mg) was heated in a platinum pan sample holder
from 30 to 790 °C at a rate of 10 °C/min.

Photothermal properties

To understand the photothermal characteristics of
Chl-NF and Chl/MoS,-NF compared to MoS,-NF,
the samples were illuminated with an IR lamp (100
W, 760 nm <A <5000 nm, 15 cm sample distance)
for 20 min. An infrared thermal imager (FLIRC 7200,
FLIR, USA) was utilized to simultaneously record the
real-time temperature of the samples and obtain pho-
tothermal images every 5 min.

Singlet oxygen detection via photoluminescence

The Chl-fabric, Chl-NF, MoS,-nanofiber and Chl/
MoS,-NF materials were cut into 3 cm X 3 cm squares

and fixed to glass slides via double-sided tape. The
photoluminescence spectra were measured on an
Edinburgh fluorimeter (FS920) equipped with a near-
IR photomultiplier tube using 400 nm excitation. Due
to the weak nature of the 'O, phosphorescence emis-
sion band at 1278 nm, the excitation bandwidth was
5 nm, and the emission bandwidth was 15 nm. Emis-
sion intensities were baselined and integrated from
1250 and 1330 nm.

Antimicrobial photodynamic inactivation studies
Bacterial cell culture

Multi-drug resistant A. baumannii (MDRAB, ATCC-
1605) was grown in LB-Miller broth, methicillin-
resistant S. aureus (MRSA, ATCC-44) and methicil-
lin-susceptible S. aureus (ATCC-6538) were grown
in tryptic soy broth (TSB), K. pneumoniae (KP,
ATCC- 2146) was grown in BD Difco Nutrient Broth
#234000, and vancomycin-resistant E. faecium (VRE,
ATCC-2320) was grown in BD Difco Bacto Brain
Heart Infusion #237500. Bacterial strains were grown
to an initial concentration of 1-5x 10% CFU/mL and
the concentration of the cultures was monitored by
optical density measurements at 600 nm (ODg)
using a Thermo Electron Corporation Genesys 10
UV-VIS scanning spectrophotometer. Cultures were
pelleted via centrifugation at 4150 rpm for 10 min,
the supernatant was decanted, and the bacteria were
resuspended in 5 mL of phosphate buffered saline
(PBS; aqueous solution of 170 mM NaCl, 3.4 mM
KCl, 10.0 mM Na,HPO,, 1.8 mM KH,PO,, pH~7.2)
containing 0.05% Tween-80 prior to the aPDI assay.

Light sources

A LumaCare USA model LC122 PDT non-coherent
light source (PDT light) was employed for antimi-
crobial photodynamic inactivation studies. The lamp
was equipped with an OSRAM 64653 HLX Xeno-
phot bulb (250 W, 24 V), and employed a LUM V
(400-700 nm band pass filter) fiber optic probe with
a~95+3% average transmittance (7). A commer-
cially available white LED Light (10 W) and common
hood light were also employed to simulate real-world
illumination conditions. Fluence rates at different
wavelengths of the three light sources were meas-
ured in units of mW/cm? with an Ophir Orion power
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meter (Table S3). A xenon lamp (500 W) equipped
with a long-pass filter (A>420 nm) placed at a verti-
cal distance of 15 cm from the sample or assay was
employed to both photobleach the Chl-fabrics and
perform their corresponding aPDI assays against S.
aureus.

Antibacterial photodynamic inactivation assays

Photodynamic inactivation studies were performed
in sterile, flat-bottom 24-well plates (BD Falcon).
Briefly, samples were cut into 1 cmX 1 cm squares,
and individually placed into three adjacent wells of a
24-well plate. A 100 pL aliquot of bacterial suspen-
sion in PBS from Sect. "Bacterial cell culture" above
was added to each of the three wells. The 24-well
plate was then illuminated under the light source for a
fixed illumination time as indicated in the figure leg-
ends. Another 24-well plate containing two samples
was also prepared using the same procedure but was
kept without illumination as the dark control. Fol-
lowing illumination, 0.9 mL sterile PBS was added to
each well in both the illuminated and the dark con-
trol plates, and the plates were manually stirred with
a pipet to resuspend the bacteria. Each sample well
was then 1:10 serially diluted (40 pL in 0.36 mL ali-
quots of PBS) six times, and 10 pL from each diluted
well were separately plated in columns on gridded
six column square plates (LB- media-agar MDRAB,
TSB-agar for MRSA and S. aureus, BD Difco Nutri-
ent Broth #234000-agar for K. pneumoniae, and BD
Difco Bacto Brain Heart Infusion #237500-agar for
vancomycin-resistant E. faecium), followed by over-
night dark incubation at 37 °C. Two material-free
dark control samples were prepared by aliquotting
100 pL bacterial PBS solution into 0.9 mL sterile
PBS, and following the same serial dilution and plat-
ing process. The number of visible colonies on the
agar plates was determined by colony counting, and
the survival rate was determined by the average ratio
of CFU/mL of the illuminated or dark plates versus
the average ratio of the corresponding material-free
controls. The detection limit was 6 log units of inacti-
vation when starting with a concentration of 108 CFU/
mL. Survivability values limited to>0.0001% were
recorded, with this value representing the detection
limit. Statistical significance was assessed using an
unpaired Student’s two-tailed t-test.
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Photostability of chlorophyllin conjugated cotton
fabric

Chl-fabric was cut into 3 cm X 3 cm samples that were
then illuminated at a vertical distance of 15 cm from
a xenon lamp (500 W) equipped with a long-pass fil-
ter (\>420 nm) for either 2, 4, 6 or 8 h, after which
they were stored in the dark until use. The above
aPDI assays and controls were adopted to evalu-
ate the antibacterial efficacy of the photobleached
Chl-fabrics against S. aureus. The K/S values of the
photobleached Chl-fabrics were also recorded as
described above.

Antiviral photodynamic inactivation studies

Feline calicivirus was grown to a titer of 10° TCIDs/
mL on the Crandall-Reese Feline Kidney (CRFK)
cell line in cell growth media (DMEM, 1% antibiot-
ics, 10% fetal bovine serum, FBS) at 35 °C. Three cut
pieces (6 mm diameter) of a material sample were fit-
ted into the well-bottoms of a 96-well plate, and 25
pL of virus suspension (free of the host CRFK cells)
were added into each sample-containing well for the
illuminated studies, and into 3 empty wells sepa-
rately for the material-free illuminated controls. The
prepared 96-well plate was illuminated under differ-
ent light sources for defined times as indicated in the
figure legends. Another 96-well plate was identically
prepared but was wrapped by aluminum foil and left
for the same defined illumination time, but without
illumination, for the dark controls and the material-
free dark controls. After illumination, 75 pL infection
media (DMEM 1% antibiotics, 1% FBS, 1% HEPES
buffer) were added to the wells in both plates, and the
virus was eluted by triturating several times, followed
by rapid transfer to new wells. Virus suspensions
were immediately diluted serially ten-fold, and 50 pL
of four replicates of each dilution were used to infect
CRFK cells seeded the previous day at a density of
10* cells per well in a TCIDs, assay protocol. The
plates were incubated at 35 °C with 5% CO,. After
72 h, the cytopathic effect was monitored by visual
inspection, and the resulting log;, TCIDs,/mL values
(minimum detection limit/MDL of 2.8 log;, TCIDs,/
mL) were calculated according to the Spearman-
Kaerber method.
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Scheme 2 Electrospinning
schematic and photographic
image of chlorophyllin-
embedded polyacrylonitrile
nanofibers (Chl-NF) and
chlorophyllin/MoS, dual-
embedded nanofibers (Chl/
MoS,-NF)

Automatic
syringe pump

Results and discussion
Material characterization
Material preparation and chlorophyllin loading

Chl-fabric was prepared by the conjugation of chloro-
phyllin to cotton fabric via 2,4,6-trichloro-1,3,5-tria-
zine (TCT) coupling (Scheme 1). The pristine cotton
fabric was initially pretreated by soaking in NaOH
for 2 h at 40 °C and then treated with TCT, followed
by reaction with the chlorophyllin photosensitizer to
yield the desired chlorophyllin conjugated cotton fab-
ric (Chl-fabric). While some inter-strand crosslinking
has been shown in previous studies (Alvarado et al.
2019) to occur upon reaction of cellulose with TCT,
sufficient non-crosslinked cellulose-TCT remains
available for subsequent reaction with the photo-
sensitizer. Chl-nanofiber (Chl-NF), MoS,-nanofiber
(MoS,-NF) and Chl/MoS,-nanofiber (Chl/MoS,-
NF) materials were prepared by simply mixing pre-
dissolved polyacrylonitrile in DMF solution with

Needle

PS contained
PAN solution

Liquid jet
Chl-NF

Peel off
)

High voltage
v

Il
Drum Il
collector

either chlorophyllin, MoS, or both, followed by elec-
trospinning (Scheme 2). The physical appearance of
both Chl-fabric and Chl-NF presented an obvious
color change to green corresponding to the inherent
color of chlorophyllin, which visually indicated the
successful loading of the photosensitizer into both
materials. Compared to Chl-NF, Chl/MoS,-NF pre-
sented a color combination of green and grey com-
ing from both chlorophyllin and MoS,, respectively.
The quantitative analysis of loaded chlorophyllin
was determined by ICP-OES based on the presence
of trace copper in the commercial chlorophyllin sam-
ple, and was found to be 0.41 nmol Chl/mg cotton for
Chl-fabric, and 5.19 nmol Chl/mg PAN for Chl-NF.
Compared to other PS-cellulose materials produced
via triazine-coupling, including hypocrellin-grafted
bacterial cellulose (155 nmol PS/mg material) (Wang
et al. 2020) and porphyrin-grafted cellulose paper
(109 nmol PS/mg material) (Alvarado et al. 2019),
the loading of chlorophyllin is significantly lower, and
is likely due to the lower surface area of the cotton
yarn fibers employed here as opposed to the nanofiber
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dimensions of bacterial cellulose and nanofibrillated
cellulose, respectively, used in those previous stud-
ies. In line with the low loading of chlorophyllin, the
spectroscopic methods employed here were unable to
conclusively demonstrate the presence of the covalent
linkage via triazine-coupling (due to the low degree
of substitution), however those aforementioned pre-
vious studies have demonstrated the cellulose-tria-
zine-PS covalent linkage. While the chlorophyllin
concentration was much higher in Chl-NF than Chl-
fabric, it was still lower than other PS-embedded
polyacrylonitrile-based electrospun materials, such as
BODIPY™-PAN (21.1 nmol PS/mg material) (Stoll
et al. 2019) and Por"”-PAN (34.8 nmol PS/mg mate-
rial) (Stanley et al. 2016). The negative charge of
chlorophyllin may be relevant to its poorer retention
in polyacrylonitrile as the polar nitrile group possess
a high dipole moment (3.9 D (Wu et al. 2012)), with
the nitrogen likely forming a stronger electrostatic
interaction with positively-charged photosensitizers
like BODIPY ™and Por™-PAN compared to chloro-
phyllin. The effect of PS loading on the antimicrobial
and antiviral activity of both Chl-fabric and Chl-NF
will be discussed later.

Colorimetric analysis

The color space coordinates [light-dark (L*), red-
green (a*), and yellow-blue (b*) values] for pristine
cotton fabric, Chl-fabric, Chl-NF, MoS,-NF and Chl/
MoS,-NF are provided in Fig. 1 and Table 1. The

Table 1 CIELab values of pristine cotton fabric, Chl-fabric,
Chl-NF, and Chl/MoS,-NF

L* a* b*
Pristine fabric 93.16 - 0.09 3.13
Chl-fabric 87.79 —-2.27 9.93
Chl-NF 87.19 -3.72 12.79
Chl/MoS,-NF 62.41 —2.04 5.79

pristine cotton fabric was off-white in appearance
with a value of — 0.09 for a*. After the loading of
chlorophyllin, the a* value of Chl-fabric showed a
decrease to — 2.27 compared to the pristine fabric,
consistent with the visual color change of the fab-
ric toward green as shown in Fig. 1A and Scheme 1.
Compared to the Chl-fabric, Chl-NF has a greater
negative a* of — 3.73, which is consistent with the
higher loading of chlorophyllin in the electrospun
material as demonstrated by the ICP-OES results
described above. The color depth (K/S values) was
determined by light reflectance measurements, and
the corresponding K/S curves are shown in Fig. 1B. It
was noted that both Chl-fabric and Chl-NF exhibited
two characteristic peaks ca 400 and 660 nm, which
match well with the absorption features of chloro-
phyllin in aqueous solution (Figure S1), while pristine
cotton fabric only exhibited a minor absorption below
450 nm. MoS,-NF exhibited a broad peak around
600 nm, which is consistent with the absorption peak
of MoS, and indicative of the successful loading of
MoS, into the nanomaterial (Shen et al. 2021).

B 113 — ChI/MoS,-NF
0.8 _ Chl-fabric
o ] — ChI-NF
= b
3 06 — MoS,-NF
S 0.4 _ — Pristine fabric
0.2 ]
360 460 560 660

Wavelength (nm)

Fig.1 A CIELab coordinates and B K/S curves for pristine cotton fabric, Chl-fabric, Chl-NF, MoS,-NF and Chl/MoS,-NF
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Fig. 2 Photographic (top) and SEM images (bottom) for a, d pristine cotton fabric, b, e Chl-fabric, ¢, f Chl-NF and d, g Chl/MoS,-

NF

Scanning electron microscopy (SEM)

The surface morphological features of pristine cot-
ton fabric, Chl-fabric, Chl-NF, and Chl/MoS,-NF
were investigated by scanning electron microscopy
(SEM) under different magnifications (Fig. 2). Con-
tinuous cotton fibers with typical convolutions and
a kidney-shaped structure (Messiry et al. 2015) can
be observed for both pristine cotton fabric and the
Chl-fabric under X 100 magnification (Fig. 2d, e).
Some crisscross patterns can be found on the sur-
face of the cotton fiber under x 1000 magnification

20 - — Pristine fabric

Chl-fabric

30 180 330 480 630
Temperature (°C)

(Fig. 2e) owing to the non-structured orientation of
cellulose and non-cellulosic materials from the pri-
mary walls (the secondary layer of cotton fibers),
while only smooth grooves (Fig. 2d) corresponding
to the wax layer on the cuticle were observed for
pristine fabric (Klemm et al. 2005), indicative of a
minor amount of surface damage to the cotton fiber
during the coupling reaction. However, neither com-
pact parallel structures corresponding to the highly
ordered crystalline cellulose of the inner secondary
wall, nor broken cotton fibers, were observed, which
demonstrate that the surface damage was limited.

b 100 -

80 - \
e
660-
-
=
)
;" 40-—PANNF

20 - ChI-NF

— Chl/MoS,-NF
0 ————r 77

30 180 330 480 630
Temperature (°C)

Fig. 3 Thermal gravimetric analysis of A pristine cotton fabric and Chl-fabric, and B pure PAN nanofibers, Chl-NF and Chl/MoS,-

NF
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The nanofiber dimensions of the electrospun PAN
in Chl-NF and Chl/MoS,-NF were also confirmed
by SEM. Under X 1000 magnification (Fig. 2f, g),
continuous fibers with a nearly uniform diameter
were observed, and their smooth surfaces match
well with those observed for pure PAN nanofibers
(Stoll et al. 2019), suggesting that neither chloro-
phyllin nor MoS, incorporation had an effect on the
morphology or structure of the nanofibers.

Thermal gravimetric analysis (TGA)

The thermal decomposition profiles of pristine cot-
ton fiber, pure PAN nanofibers, Chl-fabric, Chl-NF,
and Chl/MoS,-NF materials were investigated using
thermal gravimetric analysis (Fig. 3). In the first stage
up to 100 °C, a minor initial weight loss of around
1-5% were noted for all materials that was attributed
to the evaporation of adsorbed moisture in the materi-
als. Pristine cotton fabric and Chl-fabric exhibited a
similar onset temperature of main stage loss at around
300 °C and 305 °C, respective (Fig. 3A). Interestingly,
Chl-NF exhibited a significantly more stable thermal
property than pure PAN nanofibers, with the onset
temperature of main stage loss increasing from 270
to 320 °C (Fig. 3B). We surmise that this improved
stabilization for Chl-NF was due to the presence of
chlorophyllin, as the degradation of tetrapyrroles usu-
ally occurs above 390 °C (Norman et al. 2016). The
fact that this chlorophyllin-dependent thermal stabi-
lization was not observed for Chl-fabric (compared
to pristine cotton) is likely due to the 13-fold lower

C

loading of chlorophyllin in Chl-fabric vs. Chl-NF.
Compared to Chl-NF, the addition of MoS, does not
pose any negative effects on the photothermal stabil-
ity with a similar onset temperature of Chl/MoS,-NF
around 320 °C. Overall, Chl-fabric, Chl-NF and Chl/
MoS,-NF were thermally stable to 300 °C, suggesting
all the materials are sufficiently thermally robust for
real-world applications as SD-PPE.

Thermal properties

The photothermal properties of the MoS,-NF (M)
and Chl/MoS,-NF (CM) materials were evaluated
using IR images captured in 5 min intervals under
continuous illumination by an IR lamp (100 W, 760
nm <A <5000 nm, and 15 cm sample distance) using
the Chl-NF (C) material as a reference (Fig. 4a). As
illustrated in Fig. 4b, within the first 5 min of IR illu-
mination, both MoS,-NF and Chl/MoS,-NF exhib-
ited an increase in temperature to~41 °C, while
ChI-NF only reached ~36 °C. Over the entire 20 min
illumination period, higher temperature increases
were observed for both MoS,-NF and Chl/MoS,-
NF (Tq,q=52.9 and 55.0 °C, respectively) when
compared with Chl-NF (Tg,,=43.1 °C), indicat-
ing that MoS, was serving (as designed) as a photo-
thermal sensitizer. Furthermore, the uniform tem-
peratures observed across the samples indicated the
even distribution of MoS, within the nanomaterials,
whereas the similar thermal profiles of both MoS,-NF
and Chl/MoS,-NF suggested that the presence of

80°C b
55
ChI-NF
. =t~ MoS,-NF
O 50 -
s =+ Chl/MoS,-NF
£ 45
=
=
1™
2. 40 -
E
D
= 35
30 T T T J
0 5 10 15 20
0°C Illumination time (min)

Fig. 4 Photothermal images and heating curves and of the Chl-NF (C), MoS,-NF (M) and Chl/MoS,-NF (CM) as a function of IR

illumination time
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Fig. 5 Photoluminescence spectra indicative of singlet oxygen
production (1270 nm Jiang et al. 2019; Mathai et al. 2007))
obtained from the visible light excitation (400 nm) of Chl-fab-
ric, Chl-NF, MoS,-NF and Chl/MoS,-NF materials

chlorophyllin did not negatively affect the photother-
mal properties of the composite nanomaterials.

Singlet oxygen production by Chl-fabric, Chl-NF,
MoS,-NF and Chl/MoS,-NF materials

The formation of singlet oxygen by Chl-fabric, Chl-
NF, MoS,-NF and Chl/MoS,-NF materials under
aerobic conditions and visible light illumination
(400 nm) was probed using the characteristic 1O2
photoluminescence peak at 1270 nm (Mathai et al.

=

% Survival

A 100
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L
E 0.1
0.01
N
0.001
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0.00001 1 : .

INlumination Time (min)

Fig. 6 Time-dependent photodynamic inactivation studies
of A Chl-fabric and B Chl-NF against methicillin-resistant S.
aureus ATCC-44 (MRSA), vancomycin-resistant Enterococcus
Sfaecium ATCC-2320 (VRE), multidrug-resistant A. baumannii
ATCC-1605 (MDRAB), and NDM-1 positive K. pneumoniae
ATCC-2146 (KP). The % survival of the dark controls after

. T — 0.00001
0 20 40 60

2007). As shown in Fig. 5, both Chl-fabric and Chl-
NF exhibited a photoluminescence peak consistent
with singlet oxygen production. As expected, due to
its higher photosensitizer loading, the signal from
Chl-NF was significantly stronger than that from
Chl-fabric. The 1O2 photoluminescence presented by
MoS,-NF also confirmed the production of singlet
oxygen by MoS, under illumination, and is consist-
ent with the observation that MoS, can be used as
both a photodynamic and a photothermal photosensi-
tizer (Shen et al. 2021). Chl/MoS,-NF possessed the
strongest signal among all the nanofiber materials,
which is attributed to the presence of both chlorophyl-
lin and MoS, photosensitizers in the composite nano-
material. Although these data cannot rule out other
reactive oxygen species produced via a Type I photo-
dynamic mechanism, the observation of singlet oxy-
gen formation upon visible light illumination demon-
strates the potential for both Chl-fabric and Chl-NF
materials to at least inactivate microorganisms via a
Type II mechanism. The consequence of the greater
singlet oxygen production of Chl-NF on antimicrobial
efficacy versus Chl-fabric will be discussed below.

100
10

1

0.1
0.01
0.001
0.0001

INlumination Time (min)

60 min incubation are displayed as the % survival represent-
ing illumination at O min. For both panels, displayed are the
% survival of the illuminated studies (15-60 min, 400-700 nm,
80+5 mW/cm?) compared to the material-free dark control
(set as 100%)
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Photodynamic antimicrobial inactivation studies

Photodynamic inactivation of Gram-positive
and Gram-negative bacteria by Chl-fabric
and Chl-NF

To evaluate the photodynamic antibacterial efficacy
of Chl-fabric and Chl-NF in vitro, Gram-negative
[multi-drug resistant A. baumannii ATCC-1605
(MDRAB) and K. pneumoniae ATCC-2146 (KP)]
and Gram-positive [vancomycin-resistant E. fae-
cium ATCC-2320 (VRE) and methicillin-resistant S.
aureus ATCC-44 (MRSA)] bacteria were employed,
all of which were drug-resistant. Unless otherwise
noted, assays were carried out under fixed illumina-
tion conditions (400-700 nm, 80+5 mW/cm?) from
0 to 60 min and employed a starting concentration of
1-4x 10® CFU/mL as determined by colony count-
ing. The survival rates and P values were calculated
based on the bacterial survival of the material-free
dark controls (set as 100%). No notable inactivation
was observed for any of the dark controls against
MDRAB, KP, VRE and MRSA after 60 min incuba-
tion with O min illumination (Fig. 6). Both MDRAB
and KP were found to be highly tolerant to inactiva-
tion by either Chl-fabric or Chl-NF, with< 1 log unit
inactivation after 60 min illumination for both materi-
als. This was not entirely unexpected, as it is widely
accepted that, due to their more complicated cell
wall structure (Malik et al. 1988), the photodynamic

A 100
10
31
é 0.1
0.01
£
0.001
0.0001
0.00001 +————

0 30 60 90 120
INlumination Time (min)

Fig. 7 Time-dependent photodynamic inactivation studies
under LumaCare PDT light (400-700 nm, 30+5 mW/cm?;
MRSA: blue triangle, VRE: red circle) or LED light (white
light, 3+1 mW/cm? MRSA: green triangle, VRE: grey cir-
cle) for A Chl-fabric and B Chl-NF. The % survival of the dark
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inactivation of Gram-negative bacteria is more dif-
ficult than for Gram positive ones. Moreover, it is
known that the anionic chlorophyllin photosensi-
tizer is generally ineffective against Gram-negative
bacteria. Gratifyingly, however, both Gram-positive
bacteria were found to be highly susceptible to pho-
todynamic inactivation by Chl-fabric and Chl-NF.
In the presence of Chl-fabric, both VRE and MRSA
were similarly inactivated by 99.998% (4.76 log units,
P=0.0013) and 99.994% (4.26 log units, P <0.0001),
respectively, after 60 min visible light illumination.
Compared to Chl-fabric, Chl-NF presented a higher
inactivation efficacy against MRSA and VRE, with
99.9999% (detection limit, 6 log units, P<0.0001)
and 99.94% (3.27 log units, P<0.0001) inactivation,
respectively, after just 30 min of visible light illumi-
nation, with detection limit inactivation (99.9999%)
of both pathogens after 60 min illumination (6 log
units, P=0.0006 for MRSA and P=0.0006 for VRE).
The relatively higher antibacterial efficacy of Chl-NF
corresponds to its higher chlorophyllin loading com-
pared to Chl-fabric, and is consistent with its greater
singlet oxygen/ROS production noted above.

Photodynamic inactivation under low intensity
illumination

To explore material performance under alterna-
tive illumination conditions, the above aPDI studies
employing Chl-fabric and Chl-NF against VRE and

B 100
10
.‘g 1
é 0.1
0.01
o\c
0.001
0.0001
0.00001 +¥——————————

0 30 60 920 120
Illumination Time (min)

controls after 90 min of incubation (LumaCare PDT light) or
120 min incubation (LED light) controls are displayed as the
% survival representing illumination at 0 min. For both panels,
displayed are the % survival of the illuminated studies against
the material-free dark controls (set as 100%)
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MRSA were repeated at two lower intensity light
conditions using: (1) the same LumaCare PDT light
as above but at 30+5 mW/cm? (400-700 nm), and
(2) a commercially available 10 W LED white light
at 3+1 mW/cm? (Fig. 7). In the presence of Chl-
fabric (Fig. 7A), with the LED light, neither MRSA
nor VRE were susceptible to photodynamic inacti-
vation even after 120 min illumination, whereas the
LumaCare PDT light at the lower light intensity still
yielded detection limit (99.9999%, 6 log units) inacti-
vation of MRSA (P=0.0002) and VRE (P=0.0013)
after 90 min illumination. As expected, due to its
higher chlorophyllin content, Chl-NF exhibited bet-
ter inactivation metrics (Fig. 7B): with the LED
light, VRE and MRSA were inactivated by 88.4%
(0.94 log units, P<0.0001) and 99.9999% (detec-
tion limit, 6 log units, P <0.0001), respectively, after
120 min illumination. With the LumaCare PDT light
at the lower light intensity, Chl-NF was able to inac-
tivate VRE and MRSA by 99.997% (4.58 log units,
P=0.0003) and 99.9999% (detection limit, 6 log
units, P<0.0001), respectively. Overall, both Chl-
fabric and Chl-NF demonstrated the capability to
inactivate both Gram-positive bacteria under lower
intensity light conditions, with the Chl-NF material in
particular exhibiting more promising efficacy.

A 025 1 0.25
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< éou
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Fig. 8 A Illumination time dependent K/S curves for Chl-fab-
ric (Xe lamp, 500 W, 15 cm sample distance, A >420 nm) for
0-8 h, inset: corresponding K/S values at 410 nm as a func-
tion of illumination time. B aPDI studies employing pristine
and ‘photo-aged’ Chl-fabric against S. aureus ATCC-6538.

350 400 450 500 550 600 650 700

Photostability of Chl-fabrics against Gram-positive
S. aureus

The photostability of the Chl-fabric was assessed
through both colorimetry (K/S value) and antibacte-
rial photodynamic inactivation studies (Fig. 8). The
K/S curves of Chl-fabric were recorded after 2 h illu-
mination intervals (Xe lamp, 500 W, 15 cm sample
distance, A>420 nm), and the K/S value at 410 nm
(the characteristic absorption peak of chlorophyl-
lin) as a function of illumination time (‘photo-aged’
materials) shows a gradual bleaching of the photosen-
sitizer (Fig. 8 A). Interestingly, the chlorophyllin pho-
tobleaching was only observed over the first 4 h, with
the K/S value remaining constant afterwards. The four
‘photo-aged’ Chl-fabric samples (2, 4, 6, and 8 h illu-
minated) were employed in aPDI studies against S.
aureus ATCC-6538, and compared to pristine Chl-
fabric (0 h). The aPDI studies were carried out under
fixed illumination conditions (Xe lamp, 500 W, 15 cm
sample distance, A >420 nm, 60 min) and employed
a starting concentration of 1-4x10® CFU/mL as
determined by colony counting. Consistent with the
decrease observed in K/S value upon chlorophyllin
photobleaching, a decrease in inactivation efficacy
from 99.96% (3.35 log units P=0.0026) for pristine
Chl-fabric (0 h) to 98.8% (1.95 log units, P=0.0078)
for 2 h ‘photo-aged’ Chl-fabric was observed
(Fig. 8B). A more significant drop in antimicrobial

mDark mLight
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Photobleaching time (h)

<

% Survival
[—y

Displayed are the % survival (vs material-free dark control) for
the 60-min dark control (black) and illuminated (green) condi-
tions. Illumination conditions: Xe lamp, 500 W, 15 cm sample
distance, A >420 nm, 60 min

@ Springer



2488

Cellulose (2024) 31:2475-2491

Virus density
(Log,,TCID50/mL)

AR 391 [BIIAEIA
991 [BLIIBIAl

yaeq AN-1YD
PELT(EIRT L O L)

65+5 mW/cm?

0.2+0.05 mW/cm?

Fig. 9 Antiviral photodynamic inactivation studies employing
Chl-fabric and Chl-NF against feline calicivirus (FCV). For
each grouping, displayed are the material-free dark control and
the material-free illuminated control (left two columns in the
groups), material-present dark controls (middle columns), and
the illuminated samples (right columns)

efficacy was noted for the 4-8 h ‘photo-aged’ Chl-
fabric samples. Given the high intensity of the Xe
lamp used in these photo-aging studies, the results
here demonstrate that Chl-fabric has the potential to
be used as disposable or other short-term use textiles
in hospitals and healthcare settings. Although these
studies were not performed on Chl-NF, we surmise
that the higher photosensitizer loading would likely
translate to even better results than those shown here
for Chl-fiber. Note that previous studies (Shen et al.
2021) demonstrated that MoS, has good photother-
mal stability over the short-term (<6 h) intended
use applications and antimicrobial studies performed
here.

Photodynamic antiviral inactivation of non-enveloped
Fcv

The antiviral photodynamic activity of Chl-fab-
ric and ChI-NF under either LumaCare PDT light
(60 min, 65+5 mW/cm?) or common fume hood
light (120 min, 0.2+0.05 mW/cm?) were evalu-
ated against non-enveloped feline calicivirus (FCV).
No considerable inactivation was observed for the
material-free controls (with and without illumina-
tion, left two columns in each grouping in Fig. 9),
nor for the material-present dark controls (middle
two columns in the groups). In the presence of the
Chl-fabric, upon LumaCare PDT light illumination,
99.8% (~2.67 log units, P=0.0756) of virus (relative
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Fig. 10 Photodynamic inactivation studies of ChI-NF,
MoS,-NF, and the composite Chl/MoS,-NF against NDM-1
positive K. pneumoniae ATCC-2146 (KP) under visible light
(60 min, 400-700 nm, 80+5 mW/cm?) and near-infrared
light (60 min, 400-825 nm, 80+5 mW/cm?) illumination.
Displayed are the % survival of the dark controls with 60 min
incubation (black columns), and the % survival of the illumi-
nated studies and dark controls were calculated against the
material-free dark controls (set as 100%)

to the material-free dark control) was inactivated,
while no statistically significant inactivation of FCV
was observed upon hood light illumination (50.4%
inactivation, P=0.2695). Chl-NF also achieved
detection limit inactivation of 2.67 log units (99.8%,
P=0.0756) under LumaCare PDT light illumination,
and a notable inactivation of 97.6% (~1.67 log units,
P=0.0755) under hood light illumination. Overall,
both Chl-fabric and Chl-NF demonstrated the capa-
bility to photodynamically inactivate the non-envel-
oped FCV virus under the relatively high light dose
provided by the LumaCare PDT light, with Chl-NF
still exhibiting notable photodynamic inactivation
against FCV under the relatively low light dose pro-
vided by the fume hood light.

Synergistic photothermal and photodynamic
antimicrobial activity of Chl/MoS,-NF

NDM-1 positive K. pneumoniae ATCC-2146 (KP),
the bacterium that presented<1 log unit inactiva-
tion with Chl-NF under visible light (400-700 nm,
80+5 mW/cm?) illumination (Fig. 6), was employed
to explore the synergistic antibacterial effect of the
dual-agent chlorophyllin/MoS, composite nanofiber
(Chl/MoS,-NF). Considering the absorption of MoS,
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in the near infrared window (Shen et al. 2021), aPDI
studies employing near-IR light (400-825 nm, 80+5
mW/cm?) were also performed (Fig. 10). To rule out
the possibility that any observed inactivation was due
to a temperature increase by NIR illumination, the %
survival of the material-free (bacteria only) control
under illumination is also displayed. No notable inac-
tivation of KP was observed for any of the dark or the
visible light controls. Under 60 min NIR illumination,
the material-free control showed that KP was inacti-
vated by 79% (0.69 log units, P=0.0004). Given that
KP is a heat-sensitive bacterium, we surmise that
the temperature increase created by the NIR illumi-
nation itself is responsible for this modest level of
inactivation (Mason and Hamer 1987; Verrips et al.
1979). A similar level of inactivation (~1 log unit)
with the Chl-NF was also observed under both NIR
and visible light illumination, again likely attributed
to a modest rise in temperature upon illumination.
Notably, however, aPDI studies with MoS,-nanofiber
showed an impressive 99.993% inactivation (4.15 log
units, P=0.0004) after 60 min NIR illumination. No
inactivation of KP was observed with MoS,-nanofiber
under visible light illumination, consistent with MoS,
being a NIR photothermal agent (as opposed to a
photodynamic one). Impressively, the dual-agent
Chl/MoS,-NF composite nanofiber achieved detec-
tion limit inactivation of 6 log units (99.9999%,
P=0.0004) under NIR illumination (400-825 nm),
which suggests that both MoS, and chlorophyllin are
synergistically inactivating KP through photother-
mal and photodynamic mechanisms, respectively.
Specifically, the 1.85+1og units greater inactivation
achieved by the composite Chl/MoS,-NF when com-
pared to pure MoS,-nanofiber can be ascribed to the
singlet oxygen produced by chlorophyllin, despite the
Chl-NF only inactivating KP by~1 log unit under
IR illumination (less than 1 log unit). We surmise
that the singlet oxygen formed by chlorophyllin has
a greater effect on the heat-stressed KP than at room
temperature. Note that the temperature increase of
ChI-NF is relatively minor (to 30 °C) after 20 min
NIR illumination, whereas the temperature of both
MoS,-NF and the composite Chl/MoS,-NF increased
to over 50 °C under the same NIR illumination condi-
tions (Fig. 4). The results here show that simultane-
ous photodynamic (chlorophyllin) and photothermal
(MoS,) inactivation mechanisms are able to synergis-
tically yield detection limit inactivation of KP.

Conclusions

Chlorophyllin was successfully incorporated as a
photosensitizer into photodynamic antimicrobial
materials by both triazine coupling and electrospin-
ning. The presence of chlorophyllin in both materials
was confirmed qualitatively by visual appearance, and
quantitatively by colorimetric characterization and
ICP-OES elemental analysis. The addition of chloro-
phyllin posed no notable effects on the surfaces, mor-
phologies or thermal stabilities of the cotton fabric or
PAN nanofibers. The production of biocidal singlet
oxygen by Chl-fabric and Chl-NF upon visible light
illumination were confirmed by photoluminescence
spectroscopy. The drug-resistant Gram-positive bac-
teria MRSA and VRE, and the non-enveloped FCV
virus, all exhibited high susceptibility to both materi-
als. The higher photosensitizer loading in Chl-NF led
it exhibit a greater photodynamic inactivation activity
than Chl-fabric. Although photobleaching at longer
illumination times and high light intensities remains a
challenge to overcome, the Chl-fabric presented with
sufficient photostability as to be useful for disposable
and other short term use textiles. While no significant
inactivation of MDRAB and KP was observed owing
to the known inability of chlorophyllin to inactivate
Gram-negative bacteria, incorporation of the photo-
thermal agent MoS, yielded a composite Chl/MoS,-
NF material capable of the detection limit inactivation
(99.9999%) of KP under NIR illumination through a
synergistic photothermal/photodynamic effect. While
Chl/MoS,-NF was the optimal material composition
with regards to singlet oxygen yield and antibacterial
efficacy against both bacterial strains examined, when
considering the cost of the material relative to its cor-
responding antibacterial efficacy, Chl-NF is likely
the better material for scalable manufacturing. Taken
together, these findings suggested that the natural
food colorant chlorophyllin can be grafted or embed-
ded in the production of photodynamic antimicrobial
materials for use as self-disinfecting textiles against
drug-resistant Gram-positive bacteria, and that its
efficacy as a photosensitizer can be synergistically
amplified in the presence of a photothermal agent for
use against Gram-negative pathogens.
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