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Antimicrobial Personal Protection Clothing: Development of
Visible Light Activated Antimicrobial Coatings for
Nonwoven Polypropylene Fibers
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Joerg Bruenke, Tim Brust, Francesco Tessarolo, Fabian Kiessling, Magnus Rueping,

and Srinivas Banala>

During the COVID-19 pandemic, the use of polypropylene fleece-based
personal protection equipment (PPE) increased significantly to over ten
million tons. Typically, most PPEs are discarded after a single use, to prevent
self-infection of users and spread of infectious agents. However, in order to
minimize plastic waste without compromising the protective properties of
PPE, it is crucial to explore new reusable or longer-lived materials. Here, a
visible light-activatable antimicrobial photodynamic dye coating for PPEs is
presented. In this context, coating with thiomorpholino-methylene blue
(TMB), derived from methylene blue by introducing two thiomorpholine units,
is found to show high antibacterial activity. TMB is integrated into rotary
printing suspension, a commercial nitrocellulose-based printing matrix. The
concentration of TMB in adhesive is optimized, and found that 5% TMB is
suitable for coating PPE, for reducing the number of Gram-positive and
-negative bacteria by 99.99% after 6 h of white light irradiation. Bacterial
filtration efficiency and breathability tested according to EN 14683, confirmed
that TMB coating does not affect the filter performance. Thus, this
antimicrobial photodynamic dye coating technique offers a promising
solution for a safer and extended use of PPE, and reduction of plastic waste

1. Introduction

Personal protection equipment (PPE,
e.g., surgical masks, head caps, gowns,
and coveralls) aims to prevent trans-
mission of infections in healthcare
settings.[l Respiratory masks like N95,
FFP2, FFP3, and multi-layered surgi-
cal masks can filter out aerosolized
droplets of a certain size and prevent
airborne pathogens from entering the
host. However, prolonged use of sur-
gical masks is not recommended, due
to concerns of surface contamination,
reduced efficiency in respiratory protec-
tion, or self-infection due to increased
concentration of pathogens on the mask
surface.l?] Since the onset of the COVID-
19 pandemic in 2020, an increased
use of PPEs in all medical facilities
resulted in a drastic rise in the amount
of PPE used and waste generated.

generated by PPEs.

Polypropylene is a widely used thermo-
plastic polymer for fiber creation for PPE.
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Polypropylene is derived from propylene monomer, ob-
tained from petrochemical raw materials, under chain-growth
polymerization.[®! The global market volume of it reached 75.57
million tons in 2021, and is projected to reach 100 million tons
by 2029.*] Unfortunately, a significant amount of it ends up in
plastic waste, and the COVID-19 pandemic alone contributed
to 8.4 + 1.4 million tons of waste plastics as of August 2021,
mostly comprising of PP.I°l Further, ~#25.9 + 3.8 thousand tons
of it ended up in the oceans. During the peak of the pandemic,
an estimated 129 billion masks were discarded each month,
contributing to a significant increase in waste.(®)

Amidst the COVID pandemiic, a project was launched to com-
bat the increasing amount of waste generated by PPE. The project
involved integrating light-activated (photodynamic) antimicro-
bial materials (LAAM) in rotary-printed masks and PPE cloth-
ing. The LAAM surfaces enable self-decontamination of PPE un-
der standard household light irradiation. This approach allows
the longer usage and reusability of PPEs without compromising
its effectiveness, ultimately contributing to the reduction of PPE
waste.

LAAM surfaces, decorated either with metal nanoparticles
(NP) or organic dyes, generate different types of reactive oxygen
species (ROS: 0,°~, HO®, H,0,, '0,) under light irradiation (for
PPEgs, preferably visible light). These ROS oxidize a variety of un-
saturated molecules and biomolecules, including lipids, proteins,
and nucleic acids, leading to cell death. LAAM compounds can
be differentiated into two different types, by their ROS produc-
ing mechanisms: a) Type 1, by electron transfer to oxygen, yield-
ing superoxide anion (O,°”) or hydroxyl radicals (HO®), as well
as hydrogen peroxide (H,0,), mostly by metal NPs, such as ti-
tan dioxide; b) Type 2, by excited state energy transfer to oxygen,
yielding singlet oxygen ('0,) by flipping electron spin, mostly by
small organic photosensitizers (PS) dyes.

10, is a highly reactive ROS characterized by an excited state
paired electron configuration of [O,('A,)]. It has a lifetime rang-
ing from 86 ms (at 0% humidity) and 54 ms (at 100% humid-
ity), and can diffuse over a few millimeters.””] The 'O, oxidizes
vital biological molecules, such as aromatic residues in proteins
and nucleic acids of living matter, which in turn initiate down-
stream processes to cause cell death.®] In terms of the '0, gen-
eration mechanism, in the first excited state (S1) the PS molecule
undergoes an intersystem crossing (ISC), leading to a triplet (T)
state (Figure 1a). The T-state, upon collision with oxygen (30,),
transfers energy leading to a change in the valence electron con-
figuration of oxygen from unpaired to a single paired state (see
MO diagram in Figure 1b). The 'O, generated by the PS then
diffuses from the surface, and interacts with living matter caus-
ing cell-death (Figure 1c). Unreacted 'O, converts back to 30,
with the loss of energy by light emission in the near-infrared
window, without any accumulation of reactive species in the
environment. Consequently, there is no accumulation of toxic
species in the air. In addition, the organic photosensitizer ma-
terials are typically less toxic than other anti-bacterial materials,
thus, exerting minimal negative environmental impact. Further-
more, in contrast to many antibiotics, there are no reports of
bacteria developing resistance against the photodynamic action.
Hence incorporating PS-based LAAM modifications into materi-
als serves as a safe alternative compared to other antimicrobial
preparations.
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In current research, there is a growing interest in equipping
textiles with antimicrobial properties, as this can reduce the pro-
liferation of pathogens and the risk of spreading diseases.’!
Among antimicrobial, silver-embedded materials,['*12] silver
nanoparticles,>7] and quaternary ammonium salts!'®2°] are
most widely explored. Additionally, the use of organic photo-
sensitizers (OP) has also been explored.?!~?’] Here, applications
range from the mitigation of chemical weapons (e.g., oxidation
of mustard gas),?®] neutralization of odor substances,*! antimi-
crobial wound dressing 3% to face masks.*!l In case of the lat-
ter, Hong and Sun investigated a benzophenone modified poly-
mer blend, also containing polypropylene in their polymer scope.
They showed under UV light irradiation (365 nm) that benzophe-
none blends exhibited a high antimicrobial activity against both
Gram-positive and negative, S. aureus and E. coli, strains.3!] How-
ever, UV-light is not ideal for wearable PPEs, thus, we want to
substitute it with visible light to make continuous sterilization at
ambient conditions possible.

2. Results and Discussion

In this study, we investigated the potential of phenothiazine
core dyes as printable materials for decorating PPE textile sur-
faces. The most common representative of phenothiazine dyes is
methylene blue (MB, see Figure 2), known for its high 'O, pro-
duction yields under visible light excitation, which has been used
in medicine, for example for treating methemoglobinemial®?!
and for cancer photodynamic therapy.**! However, in our case,
the high water-solubility of MB is not suitable, as the dye could
ooze out from masks with sweat. Therefore, we explored suit-
able alternatives, and here we report on the thiomorpholine-
modified phenothiazine dye, named thiomorpholino-methylene
blue (TMB, see Figure 2), as a printable photosensitizer suitable
for PP based PPE textiles.

Considering various modifications available for phenothiazine
compounds, we postulated that TMB holds great potential. Due
to its increase in molecular weight, by 112 Da with two thiomor-
pholines, and using iodide as counterion the hydrophobicity of
the dye is increased to make it water-insoluble.**] In 2018 Delport
et al. published TMB as a possible monoamine oxidase inhibitor
for treating depression.!*] They prepared TMB using an excess of
thiomorpholine (also as a base), which increased the cost of the
material production. For a cost-effective modification, we used
trimethylamine as an additional base with only two equivalents of
thiomorpholine in preparing the TMB. This modification yielded
TMB in quantitative yields after precipitation in water. The ob-
tained TMB was characterized using NMR, MS, IR, and UV/Vis
spectroscopy (see ESI).

Subsequently, the 'O, generation yield of TMB was measured
using red-LED based irradiation and methylene blue (MB) as
a reference (Figure 3). For this, solutions of photosensitizers
in a concentration of 10 uM in DMSO were prepared and ten-
fold excess (of 100 uM) of the widely used 'O, scavenger, 1,3-
diphenylbenzofuran (DPBF) was added. The pre-mixed solutions
were then irradiated in 96 well-plate with 690 + 10 nm LED-
light source, with a power of 9.27 + 0.3 Wem™2.%¢ The degra-
dation of the DPBF over the irradiation time was monitored by
measuring UV/Vis absorption, for up to 3 min. The experiment
showed that the rate of 'O, production (quantum yield) of TMB
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Figure 1. a) A schematic Jablonski diagram for the photophysical pathway of singlet oxygen ('0,) generation; b) Molecule orbital diagrams of triplet
oxygen (20,) and '0,; c) schematic description of the antimicrobial effect on surfaces under light irradiation.
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Figure 2. Chemical structures of MB and TMB.
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was lower than that of MB. DPBF was mostly degraded in 100 s
for TMB, whereas for MB, it was < 15 s (Figure 3). The reason
for this is likely a reduced triplet state lifetime or a decrease in
the ISC quantum yields for TMB, but at this point, no detailed
studies were conducted to verify the precise reason. Neverthe-
less, this difference in 'O, production is minimal and sufficient
enough to be useful and comparable to other popular PS dyes
like porphyrin. Substitution of thiomorpholine resulted in signif-
icantly enhanced hydrophobicity and water insolubility, thereby
enabling the utilization of TMB in the next stage for printing the
PPE.

1.0
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0 50 100 150
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Figure 3. Comparison of the singlet oxygen ('O,) production rates of
methylene blue (MB) and thiomorpholino-methylene blue (TMB) at 20 °C
in DMSO with 1,3-diphenylbenzofuran as scavenger. Decay of DPBF was
measured at 420 nm by Tecan well plate reader. Irradiation of samples was
done at 690 nm, using 128 red LED with an energy of 9.27 + 0.3 W cm~2,

Adv. Mater. Interfaces 2023, 2300601 2300601 (4 of 8)

www.advmatinterfaces.de

Schematic depiction of rotary printing to apply TMB onto PPE (mask)

Figure 4. Overview of the process to rotary-print three-layered medical
face masks with TMB. The top left image shows bulk textile-role folding
to make it ready for printing at one side of surface as in the middle image,
and the right image shows shape formation of printed fleece folded into
mask; bottom shows TMB-printed mask produced in industrial scale.

To facilitate the rotary printing of TMB onto the masks,
a formulation was prepared using the commercially available
nitrocellulose-based adhesive agent MigraStar GS (MG, supplied
by J+S-Druckfarben, Hover, Germany). TMB was added in differ-
ent concentrations, from 0.5% to 5% (w/v) into MG and dissolved
it by mechanical stirring. The formed suspension was used in a
printing process on an industrial rotary printing system for tex-
tiles (Figure 4).

The resulting printed mask with 5% TMB showed good aes-
thetic color that mimicked the conventional three-layered blue-
pigment printed masks. The coated material was subsequently
examined for its pore structure and anti-bacterial activity.

Scanning electron microscopy (SEM) was utilized to exclude
changes in the pore structure of masks after being printed with
TMB. For the comparisons, masks without any dye (blank), and
commercially available blue-pigment printed masks were used.
The SEM images revealed that there were no changes in porous
structures of the PP-fleece, before and after coating with TMB.
The pore size and structure remained unchanged and were indis-
tinguishable from unmodified PP and commercially sold blue-
pigment stained PP fibers. It was further observed that the TMB
coating formed an ultra-thin film on the surface of the fibers,
which is in contrast to commercial blue pigments, being visible
as small particles on top of the single fibers (Figure 5).

This data was further correlated with EDS measurements and
SEM/EDS mapping to verify the success of the applied coating,
proof its stability during laundering, abrasion, and tape pealing.
EDS showed that the observed spots contain sulfur (S) and io-
dine (I), in low concentrations, as well as oxygen (O), as well
as trace impurities of other elements (see Figures S5-S8, Sup-
porting Information). S and I are core components of the TMB
and O is part of the cellulose used in the printing medium. For
mapping purposes the concentration of sulfur and iodine was
below the detection threshold, oxygen on the other hand could
be mapped and the overlay of the SEM and EDS maps show
a close correlation between the observed spots in SEM and the
oxygen (Figure 6). Further, in this study, we tested the dye ad-
hesion efficiency, in laundering, abrasion, or tape peeling of the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

8SUB017 SUOWILIOD 3A IR0 8|edl|dde auy Ag pausenob a1 saoife WO ‘8sn JO SaIn1 10} AIg1T 8UIIUO AB|IM UO (SUO3IPUCD-PUR-SWR}LI0D AS | 1M ARe4q | U1 |UO//SONY) SUORIPUOD PUe SLWLB L 38U 89S *[£202/2T/6T] Uo ARiq1T auljuO AB|1M ‘el eueIyo0D AQ TO900EZ0Z ILUIPR/Z00T OT/I0p/W00" A3 1M Alq 1feul U0/ SdNY WO14 papeo|umoq ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

Commercial
blue pigment

No dye

XGL

X00t

X 00§

X000T

Figure 5. Scanning electron microscopy (SEM) images polypropylene-
fleece masks of 5% TMB printed (left column), commercially-used blue
pigment stained (middle column) and unmodified (right column), at 75,
200, 500, and 1000 times magnification (red arrows indicate particles in
commonly used blue-pigment).

surface. The SEM/EDS of surfaces proved that such mechani-
cal actions did not affect the TMB coating that remains stably
attached.

Next, we studied the shear-rate dependent viscosities of the
prepared TMB adhesive and compared it with MG alone. The
shear-rate dependent viscosities () of the prepared TMB formu-
lations in MG adhesive were measured at 22 °C using a stress-
controlled DHR-3 rheometer (TA Instruments) equipped with a
40 mm/1° cone-plate geometry (Figure 7). MG alone served as
control. The shear rate ((7)) was increased from 107! to 10° s7%,
with a measurement time of 30 s at each shear rate. TMB in
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Figure 6. SEM/EDS mapping of the applied antimicrobial coating before
and after application of laundering, abrasion and tape peeling; sulfur and
iodine are not visible due to their low concentrations, oxygen (green)
stems from the nitrocellulose based printing medium.
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Figure 7. Flow curves flow curves with 5% of TMB in Migrastar GS and
neat Migrastar GS.
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Table 1. Breathability (DP) and bacterial filtration efficiency (BFE) results
obtained from uncoated (no-dye), TMB-coated, and commercial blue-
pigmented facemasks. Data are presented as meanzstandard deviation
of five replicated measurements for each mask model.

Mask type DP [Pa/cm?] BFE [%]

TMB coated 31.0+£1.1 99.93+0.05
Commercial blue pigment 29.1+1.7 99.90+0.09
No dye 31.2+0.6 99.95+0.03

adhesive showed strong shear-thinning behavior at low shear
rates (up to ~10 s7!), while a Newtonian plateau was observed
at high shear rates (>100 s7!). The TMB dye embedding in-
duced a slight difference in viscosity of the MG (from 5.21 to
9.27 at 1 s7!, from 0.73 to 1.54 at 10 s7'), but the viscosities
at the lowest to highest shear rates were almost identical. Fur-
thermore, it was observed that the samples MG and TMB+MG
exhibited yield stress, characterized by constant shear stress in
the low shear rate region. This means that the materials exhibit
solid-like behavior (i.e., they do not flow) under small stresses.
The embedding of TMB in MG led to a marginal increase in
the yield stress from &5 Pa to ~8 Pa, suggesting only a min-
imal effect on the MG upon dye embedding. In conclusion,
the embedding of TMB dye into commercial adhesive MG did
not induce significant changes in the viscosity, thereby permit-
ting the use of TMB dye formulations in industrial rotary print-
ing devices. Results of breathability (DP, Pajcm?) and bacte-
rial filtration efficiency (BFE, %) measurements (Figures S1-S3,
Supporting Information) showed no impact of TMB coating on
mask’s performance (Table 1, Figure 8) compared to uncoated
masks.

To assess the antimicrobial properties, a modified procedure
leaning on ISO norm 20 743 was used. Bacterial germ solution
(1.0 — 3.0 *:10° CFU mL™') was seeded on the sterilized textile
surface. The seeded surfaces were then exposed to a 1600 lumen
white light (commercially sold by OSRAM, as warm white light-
ing) source placed at a distance of 15 cm, to the textile for 6 to
24 h at 37 °C. Subsequently, the bacteria present on the fleece
were collected by using ultrasound and vortex, and seeded on
agar plates (in 1:200 dilution). The plates were incubated for 24 h

BFE test DP test
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Figure 8. Results of BFE (left) and DP (right) test performed on uncoated
(no-dye), commercial blue pigmented, and TMB-coated face masks.
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Figure 9. Top: Graphical representation of reduction in bacterial colony
forming units, with and without TMB coating and with/without light irra-
diation. Bottom: Images of bacterial colonies, of the bacteria seeded on
the facemasks uncoated/coated with 5% TMB-Migrastar, collected after
with/without irradiation.

and the number of colony-forming units (CFU) was determined
by counting the colonies (Figure 9). The antimicrobial efficiency
was quantified as the difference in CFU from test material over
blank control and non-irradiated materials (see Supporting Infor-
mation for the detailed protocol).

The results confirmed that 0.5% TMB in MG was not sufficient
to generate sufficient antimicrobial activity, as the reduction of
CFU was only ~85.85 + 7.62% and 97.63 + 0.42% for E. coli and
S. aureus, respectively. Increasing the TMB concentration to 5.0%
in MG solved this issue, and resulted in strongly antimicrobial
surfaces. The tested Gram-positive and negative strain showed a
reduction of >99.99% in CFU within 6 h, proving that the TMB-
based LAMM material is suitable for practical application in PPEs
(Table 2).
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Table 2. Antibacterial properties of TMB (0,5 and 5,0%) coated masks to-
ward E. coli and S. aureus strains after irradiation with 1600 lumen white
light lamps, from 15 cm distance to the mask.

% of reduction in CFU

Test strain 0.5% TMB 5.0% TMB
PDT for 24 h PDT for6 h
with light w/o light with light w/o light
E. coli 85.85% 0.21% 99.99+ % 65.90%
S. aureus 97.63% 26.14% 99.99+ % 45.71%

3. Conclusion

In conclusion, we presented a simple and industrially transfer-
able method to minimize plastic-waste produced by personal pro-
tective equipment (PPE) using existing technologies and meth-
ods. This method used a routinely applied rotary printing method
with nitrocellulose adhesive (Migrastar) matrix, and a photo-
dynamic antimicrobial agent, thiomorpholino-methylene blue
(TMB) for coating of PP fleece. The TMB upon photo excita-
tion under standard household white light continuously gener-
ates '0, from 30,, which has a short lifetime and high reactivity.
A concentration of 5% TMB (w/w) in Migrastar was found to be
suitable for coating of PPEs with the industrial rotary printing
process. The coated PPE eradicated > 99.99% of Gram-negative
E. coli and Gram positive S. aureus at the PPE surface, as well as
provided a visually aesthetic color. Further, SEM/EDS measure-
ments showed that the coating formed a thin and spotty layer on
the PPE surface that was stable toward laundering and abrasion.
Most notably the TMB coating did not influence the breathability
and filtration efficiency of masks compared to uncoated masks.
Overall, the here presented work proves that extended use of PPE
items is possible without hampering safety and efficacy, and can
thus contribute to the reduction of plastic waste associated with
PPEs.

4. Experimental Section

Reagents and solvents were procured from Chempur, Acors Organics,
Merck-Sigma—Aldrich, and VWR, and used as obtained toward the TMB
synthesis. Migrastar GS was obtained from |+S Druckfarben, Germany.
Polypropylene fleece and printing equipment were provided by Ultratex
GmbH in Aachen. Antimicrobial tests were conducted at the MTC Briinke.
For details, please refer to Electronic Supporting Information (ESI).

BFE and DP tests were conducted on uncoated (no-dye), TMB-coated,
and commercial blue-pigmented face masks according to European Stan-
dard EN 14 683:2019+ACI3”] using test rigs previously detailed and
validated.[383°]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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