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Introduction

Triple-target stimuli-responsive anti-COVID-19
face mask with physiological virus-inactivating
agents

Werner E. G. Muller, © **° Meik Neufurth, @2 Ingo Lieberwirth, (¢
Rafael Mufioz-Espi, 2 ¢ Shunfeng Wang, 2 Heinz C. Schréder™® and
Xiaohong Wang & *2

Conventional face masks to prevent SARS-CoV-2 transmission are mostly based on a passive filtration
principle. Ideally, anti-COVID-19 masks should protect the carrier not only by size exclusion of virus
aerosol particles, but also be able to capture and destroy or inactivate the virus. Here we present the
proof-of-concept of a filter mat for such a mask, which actively attracts aerosol droplets and kills the
virus. The electrospun mats are made of polycaprolactone (PCL) a hydrophilic, functionalizable and bio-
degradable polyester, into which inorganic polyphosphate (polyP) a physiological biocompatible, bio-
degradable and antivirally active polymer (chain length, ~40 P; units) has been integrated. A soluble Na-
polyP as well as amorphous calcium polyP nanoparticles (Ca-polyP-NP) have been used. In this compo-
sition, the polyP component of the polyP-PCL mats is stable in aqueous protein-free environment, but
capable of transforming into a gel-like coacervate upon contact with divalent cations and protein like
mucin present in (virus containing) aerosol droplets. In addition, the Ca-polyP-NP are used as a carrier of
tretinoin (all-trans retinoic acid) which blocks the function of the SARS-CoV-2 envelope (E) protein, an
ion channel forming viroporin. The properties of this novel mask filter mats are as follows: First, to attract
and to trap virus-like particles during the polyP coacervate formation induced in situ by aerosol droplets
on the spun PCL fibers, as shown here by using SARS-CoV-2 mimicking fluorescent nanoparticles.
Second, after disintegration the NP by the aerosol-mucus constituents, to release polyP that binds to and
abolishes the function of the receptor binding domain of the viral spike protein. Third, to destroy the virus
by releasing tretinoin, as shown by the disruption of virus-mimicking liposomes with the integrated
recombinant viral viroporin. It is proposed that these properties, which are inducible (stimuli responsive),
will allow the design of antiviral masks that are smart.

close contact breathing out.> Based on the route of trans-
mission most guidelines recommend masks to prevent droplet

With the outbreak of the COVID-19 disease, caused by
SARS-CoV-2,' in December 2019 the epidemic grew to a pan-
demic in March 2020, hitting (almost) all countries on the
globe.? This respiratory virus is transmitted through droplets
of different sizes upon sneezing, coughing, and seldom by
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transmission and aerosol spread.”® These fine particles are
spread through coughing but also talking, especially at
increased sound level (Anfinrud 2020). The average size of the
droplets has mostly a threshold at a minimum between 5 to
10 pm (ref. 5) and contains SARS-CoV-2 with a size 70 to
90 nm.°

It is out of any doubt that wearing face masks, both cloth
masks and surgical masks, is an efficient solution to control
the pandemic.” Many types of face masks have been fabricated
and tested for compliance and effectiveness.® Most of them are
fabricated of polyurethane, polyester, polyester/nylon and
polypropylene.’

It is the aim of this contribution to introduce a new gene-
ration of face masks, powered with a fleece/non-woven filter
material that is distinguished from a conventional non-woven

This journal is © The Royal Society of Chemistry 2021
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fleece. The novel fleece comprises the property to attract nano-
particles (mimicking SARS-CoV-2) and also to destroy the
activity of the viral SARS-CoV-2/influenza A virus Matrix protein
2 (M2) envelope (E) protein required for virus envelope for-
mation, assembly, budding, and pathogenesis.'®!" This viral
E-protein has been grouped to the ion-guiding viroporins,°
which oligomerize to ion channels through which ions but
also other small solutes can pass through.'' In SARS-CoV-2,
the E protein assembles to a homopentameric cation channel
that is crucially important for virus pathogenicity.'> This bipar-
tite channel binds to potential antiviral drugs."*'* Recently,
based on virtual database screening, tretinoin (all-trans reti-
noic acid) was found to accumulate within the lumen of the
channel.”

Polypropylene (Fig. 1A), one of the most commonly used
polymers, is largely inert in the absence of any additive.'® In
contrast to this material, polycaprolactone (PCL; poly[e-capro-
lactone]) is a biodegradable but chemically resistant polyester,
which is compatible with a number of other materials;'”
Fig. 1B. In nature, PCL is completely enzymatically/hydrolyti-
cally degraded after 16 weeks.'® PCL forms intermolecular
hydrogen bonds with its carboxylic acid ester group and bio-
molecules, preferentially with peptide bonds.'® In addition,
PCL can be functionalized, e.g by cell-adhesive bio-
molecules,”® with hyaluronic acid or -TCP.>' In addition and
in contrast to polypropylene,”* PCL can be conveniently used
as a polymer for electrospinning.”® During the electrospinning
process nanoparticles, like amorphous polyphosphate (polyP)
nanoparticles (NP), can be included into the material. Those
particles can be loaded with bioactive molecules, like retinol**
or ascorbic acid as well as with dexamethasone.>®

PolyP is a suitable polymer both for 3D printing®® or PCL-
based electrospinning.>® This polymer is physiological and
comprises the properties to be biocompatible, biodegradable
and also regeneratively active.”” PolyP is synthesized in large
amounts in the platelets and there in the acidocalcisomes.*® "
Intracellularly, polyP is produced from ATP which is generated
in mitochondria;**** (Fig. 1C). Two polyP fractions are pro-
duced; short-chain (chain length below 100 P; units) and long-
chain polyP (above 100 P; units). The short-chain polyP frac-
tion remains soluble, while the long-chain fraction becomes
encapsulated into polyP nanoparticles.>® Only the long-chain
polyP fraction affects the blood clotting cascade, while the
short-chain polyP does not have this property.>**® The short-
chain polymer even lowers the velocity of the cascade because
it chelates Ca*" and lowers thromboxane A, during platelet
aggregation.®”

For the present experiments the polyP preparation with the
short-chain length of ~40 P; units was used (Fig. 1C-b). Such a
polyP material is that which is present in the circulating blood
where it is functionally active.*® In addition, this polyP fraction
was encapsulated into nanoparticles (NP) used as a depot form,
which is likewise morphogenetically active and prone to hydro-
lysis by alkaline phosphatase (ALP).>® Those NP are more homo-
geneous (Fig. 1C-c) than those which are prepared from polyP
with a chain-length of >100 P; units (Fig. 1C-a). In the presence
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Fig. 1 (A and B) Molecular structure of polypropylene and polycapro-
lactone. The latter one is biocompatible and forms intermolecular
hydrogen bonds with biomolecules. (C) Route of synthesis of polyP. The
substrate for polyP formation, ATP, is synthesized in the mitochondria
and released via the adenine nucleotide translocase 2 (ANT2) to the
intermembrane space (im) of this organelle and from there through the
voltage-dependent ion channel (VDAC) to the cytoplasm. In this com-
partment ATP is taken by the vacuolar transporter chaperone channel
(Vtc) and channeled into the acidocalcisomes. In this complex the polyP
synthetase is integrated that synthesizes polyP. Two fractions are syn-
thesized the long-chain polyP (above 100 P; units) and the short-chain
(below 100 P; units). Both fractions are released in the cytosol. While the
long-chain polyP becomes enclosed in nanoparticles (NP), the short-
chain polymer remains free. The acidocalcisomes are extruded into the
extracellular space. There, the NP (composed of long-chain polyP)
remain associated with the organelle and have a size of ~80-100 nm
(a). The free polyP (the short-chain polyP) remains there in this state (b).
In a biofabrication approach it was succeeded also to fabricate very
readily NP with the counterion Ca®*

of ALP and of adenylate kinase (ADK), both enzymes exist in the
mucus of the airway system,** ADP and then ATP is formed.***°

A distinguished feature of polyP is its property to undergo
coacervation at physiological pH together with divalent
cations.” This phase, which is formed by liquid-liquid phase
separation of nano-sized droplets, is a biocompatible state of
polyP and allows an active as well as a passive import of par-
ticles and cells. During this process, in the presence of serum,
the { potential drops and turns to values close to zero.
Previously, this shift has been attributed to an interaction of
the particles with peptides/proteins.**

Biomater. Sci, 2021, 9, 6052-6063 | 6053
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In the present study three principles were used to eliminate
SARS-CoV-2 present in aerosol droplets from the breathing air.
First, the virus particles are trapped and cached onto the PCL
spun fibers during the formation of a coacervate, second, the
receptor-binding domain of the virus spike protein is inacti-
vated by masking with antiviral polyP, and third, the virus par-
ticles are destroyed by exploiting the viroporin function of the
viral envelope (E) protein.'® This envelope protein was inte-
grated in liposomes under fabrication of virus-mimicking lipo-
somes. In parallel, tretinoin was co-precipitated together with
Na-polyP in the presence of Ca®>" under fabrication of
nanoparticles.”®

Both polyP and tretinoin are highly stable components
at temperatures below 50 °C for a period of at least
6 months under dry conditions. No significant decomposition
is measured.**™*?

The experiments showed that addition of the nanoparticles,
of Ca-polyP-NP with embedded tretinoin, to the virus-mimick-
ing liposomes causes a destruction/fragmentation of the envel-
ope protein supplemented liposomes.

Results and discussion

Fabrication/electrospinning of the facemask filters: the
components

To prepare the filter mats two main components are required.
First, the stabilizing scaffold and secondly, its functionalized
surfaces with the antiviral properties.

The active components: Na-polyP and “Ca-polyP-NP”. Na-
polyP is the basic material for the coacervation process, since
the particles, “Ca-polyP-NP”, have a slower release kinetics
compared to Na-polyP.*" In addition due to the surface zeta ({)
potential, the linear polymer, Na-polyP, is more readily trans-
formed into the coacervate state compared to “Ca-polyP-NP”.

The Ca*" salt, the amorphous nanoparticles, “Ca-polyP-NP”,
is the depot form, the carrier of the soluble polyP cargo, which
can be supplemented with other anionic components. For the
fabrication of the “Ca-polyP-NP”, the introduced procedure
was used.’® The NP were prepared at a superstoichiometric
2:1 molar ratio between CaCl, and Na-polyP at pH 10. The
size of the particles is between 60 and 90 nm in diameter
(Fig. 2.1.C). The particles are amorphous, as determined by
XRD. This amorphous phase exists regardless of the addition
of tretinoin to the particle starting material (Fig. 2.II).

The scaffold: electrospinning of the mats. The mats were
spun under the conditions described under “Materials and
methods”. In Fig. 3.1 a representative mat is shown composed
of fibers containing PCL together with Na-polyP, “PCL/polyP”,
and those containing “Ca-polyP-NP/Treti” NP [“PCL/Ca-
polyP-NP/Treti”] (Fig. 3.I-A). A closer view for “PCL/polyP”
(Fig. 3.I-B) and for “PCL/Ca-polyP-NP/Treti” (Fig. 3.I-C) is
added also. The concentration of tretinoin in the spinning
material was determined to be 73.4 + 4.3%.

At electron microscopic magnification the fibrillar mat
meshes can be assessed (Fig. 3.II-A). The plain PCL fibers,

6054 | Biomater. Sci, 2021, 9, 6052-6063
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Fig.2 The polyP NP. () Interaction of mucin with “Ca-polyP-NP".
Transition of “Ca-polyP-NP” into coacervate after transfer to a mucin
solution in PBS; SEM. (A) Partially, purified mucin. (B) Mucin suspended
at a concentration of 100 pg mL™! in PBS containing “Ca-polyP-NP"
(100 pg mL™) particles for 8 h. (C) Isolated “Ca-polyP-NP" particles. (D)
“Ca-polyP-NP” suspended in PBS in the presence of a lower concen-
tration of mucin (1 ug mL™) for 8 h; the NP were found to have the ten-
dency to adhere to each other. (ll) Determination of the amorphous
phase of the “Ca-polyP-NP” by XRD. The diffraction pattern of empty
“Ca-polyP-NP” (upper graph) and NP into which tretinoin had been
encapsulated, “Ca-polyP-NP/Treti” (lower graph). Both samples do not
show any sharp peak, indicating that the material is amorphous.

\

Fig. 3 Electrospun mats fabricated with PCL. (1) (A) Mats produced with
the polymer together with Na-polyP, “PCL/polyP” (left), and sup-
plemented NP, containing also tretinoin, “Ca-polyP-NP/Treti” (right). At
higher magnification the imprints from the mesh grids onto which the
electrospun mats are seen; (B) “PCL/polyP”, and (C) “PCL/Ca-polyP-NP/
Treti". (Il) Fabrication of the fibrillar PCL mat meshes; SEM. (A to C) PCL
mats without any additions; “PCL". (D to F) Mats prepared from PCL into
which Na-polyP had been added; “PCL/polyP". (G to I) Mats sup-
plemented with “Ca-polyP-NP"; “PCL/Ca-polyP-NP".

“PCL”, have a diameter between 500 nm and 1 pm (Fig. 3.II-A
and B). The surface of the fibers is smooth (Fig. 3.1I-C). In con-
trast, the surface of the PCL fibers, supplemented with Na-
polyP, “PCL/polyP”, and measuring ~300 nm in diameter
(Fig. 3.1I-D and E), is more ribbed (Fig. 3.II-F). Finally, the PCL
fibers composed of Na-polyP and Ca-polyP NP, “PCL/polyP:Ca-
polyP-NP”, have a pronounced granular surface (Fig. 3.1-G and
H). In the close-up view it is seen that the ~200 nm sized
fibers have a surface with curved contours (Fig. 3.1I-I).

FTIR analysis of the mats. The characterization of the mats
by FTIR allows a rapid assessment of the composition of the
materials used. In Fig. 4.I the spectra for Na-polyP and PCL are
shown as single components. The Na-polyP spectrum shows
the characteristic signals for polyP;*® with the asymmetric

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 FTIR analyses of the mats. (I) Analyses of Na-polyP, PCL and the
mixture of both, "“PCL/polyP". In the latter spectrum the characteristic
signals for PCL are boxed in green, and the signal coming from polyP
are marked with a black box. (I) The FTIR spectra for the complex “PCL/
Ca-polyP-NP/Treti” material. In this spectrum the corresponding signals
from “Ca-polyP-NP”, tretinoin and PCL are marked: from “Ca-polyP-NP"
in back, from tretinoin in red and for PCL in green.

stretching (v,s) for (PO,)” at 1256 cm™', v, for (PO;)*” at
1083 ecm™", v, for (P-O-P) at 864 cm ™', and vy, for (P-O-P) at
720 em™'. The signals for PCL are very complex,*® with the
most characteristic signals at 2945 cm™" and 2868 cm™" indica-
tive for (C,H), 1720 cm™" for (C=0), and 1161 cm™" for (C-O).
A mixture between the two components in “PCL/polyP” gave a
spectrum in which the two constituents highlight; for PCL:
2945/2868 cm™', 1720 ecm™' and 1163 cm™' and for polyP:
864 cm™'. The other peaks of the individual spectra overlap
with the corresponding other one.

Coacervation process on the mats

We described previously that polyP, especially if the polymer is
used as a Na salt, forms readily a coacervate phase. This
process is accelerated if a peptide is present during the reac-
tion®" and even more if polyP NP are present.

FTIR spectra of the NP containing fibers. Again the individ-
ual components were analyzed (Fig. 4.1I). The “Ca-polyP-NP”
gave a spectrum, which is very similar to the one for polyP
(Fig. 4.I). The signal for (PO,)” also appeared at 1256 cm™*,
while the absorptions for v, for (PO;)*~ shifted to 1106 cm ™,
for v, for (P-O-P) to 906 cm™', and the Vgym for (P-O-P) to
738 em™* (Fig. 4.11). Tretinoin which was added in some series
of experiments had the published spectrum,*” with OH signal
at 3245 cm™*, with C,H at 2945 cm™" and 2868 cm™*, C=C at
1623 cm™*, with =CH,, at 1438 cm™* and 1363 cm™" and with
H-C=C-H at 960 cm". In addition, the pattern for PCL is
added in order to allow a mapping of the spun fibers, prepared
from PCL, tretinoin and “Ca-polyP-NP”, the complex “PCL/Ca-
polyP-NP/Treti” material. In the latter sample, the tretinoin
signals appeared at 3245 cm™' (OH), at 2945 cm ' and
2868 cm™' (C,H), and at 1438 cm™ ' and 1363 cm™' (=CH,).
The PCL absorption is visible with the signal of 1161 cm™" (C-
0) and the polyP presence with the absorption at 906 cm ™
(for v,s for P-O-P).

This journal is © The Royal Society of Chemistry 2021
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Mucin-induced adherence of the NP. A distinct character-
istics of Na-polyP is its ability to form a coacervate at neutral
pH in the presence of divalent cations.*"*® This phase of
amorphous water-insoluble gel-like material, obtained through
the destabilization of colloidal polyP aggregates represents the
physiologically active polyP phase. Therefore, Na-polyP was
added to the PCL matrix. In addition, we showed that the
transformation of Na-polyP into the coacervate is facilitated
after reducing the surface { potential of the polymer particles
that might also form during the reaction.*’ Such a reduction
of the potential can be achieved especially if peptides/proteins
are present in the surrounding medium. In order to test this
process under mucus-related conditions, the material fibers
were exposed to partially purified mucin from bovine submax-
illary glands at a concentration of 1 pg mL™".

At first partially purified mucin was prepared (Fig. 2.I-A).
The fibrous material with fibers of a diameter of ~100 nm was
suspended at a concentration of 100 pg mL™" in PBS, which
contained the “Ca-polyP-NP” particles (100 pg mL ™). After 8 h
the organization of the mucin net was inspected by SEM. The
material appears as clumpy to gel like aggregates (Fig. 2.I-B).
The diameter of the ball-like spheres is around 100 nm, the
size of the fabricated “Ca-polyP-NP” particles (Fig. 2.I-C). If a
lower concentration of mucin (of 1 pg mL™" in PBS) is used
and added to the NP, the particles tend to stick together
(Fig. 2.I-D).

Coacervate formation on the spun fibers. As published pre-
viously’® Na-polyP starts to form a coacervate phase if the
polymer is transferred in a solution containing 5 mM CacCl,
(for 8 h), here PBS was used, at a pH of 6.5 to 7.5. In addition,
to initiate coacervation the solution should contain a low con-
centration of protein; here we used mucin (1 pg mL™"). It is
seen that spun fibers only composed of PCL, “PCL”, did not
change the structure and texture of the surfaces of the fibers,
irrespectively of the presence of mucin (Fig. 5.I-A-C). However,
if fiber mats spun with PCL together with Na-polyP, “PCL/
polyP” (Fig. 5.I-D), are treated likewise and submersed in a
mucin (1 pg mL™") containing PBS medium also containing
5 mM CaCl, gel-like coacervate films were formed (Fig. 5.I-E
and F). In this mucin environment, 15.3 + 4.8% (n = 4) of treti-
noin is released from 1 g of spun fibers during the first 3 h of
incubation. At a later stage, after 12 h, still 4.7 + 3.2% of the
active material is liberated during a 3 h time.

The coacervate is present especially at the intersecting
fibers. In contrast, for fibers dipped into PBS in the absence of
mucin, no coacervate-like material is seen at the overcrossing
fibers (Fig. 5.I-D).

The coacervate formation becomes more bulky if the PCL
formed fibers contained, in addition to Na-polyP, “Ca-
polyP-NP”, the “PCL/polyP:Ca-polyP-NP”. Again it is seen that
the fibers immersed in PBS only, are not decorated with coa-
cervate fragments and expose only ripples on their surfaces,
originating from the NP (Fig. 5.I-G). In contrast, if they are sub-
mersed into the mucin solution the fibers become surrounded
with coacervate and are glued together to larger bundles
(Fig. 5.I-H and I).

Biomater. Sci, 2021, 9, 6052-6063 | 6055
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Fig. 5 Coacervate formation within the fibrous mat in situ. (I) Three
different mats were spun: (A to C) mats spun with PCL only, “PCL"; (D to
F) mats spun with PCL together with Na-polyP, “PCL/polyP", and (G to I)
mats formed from PCL, Na-polyP and Ca-polyP-NP, “PCL/polyP:Ca-
polyP-NP". The samples were submersed either in PBS containing 5 mM
CaCl, or in PBS supplemented with 5 mM CaCl, and 1 pg mL™? of
mucin. () Formation of coacervate deposits onto the “PCL/polyP” fiber
net in situ. Aerosol particles with a size of 0.5-3 pym were generated
using as a solution for the particles either (A) PBS or (B and C) PBS sup-
plemented with 100 ug mL™ of mucin in order to allow coacervate
(Coa) droplets to form; SEM. In (C) the samples were overlayed with
sized fluorescent nanoparticles; a particle is highlighted in false-color
green. (D to F) Uptake of green fluorescent nanoparticles by small coa-
cervate pieces; light microscopy. (D) Formation of coacervate particle
from (top) Na-polyP (200 ug mL™ of PBS) after addition of (bottom)
300 pg mL~* of CaCl,. Overlay of (E) Na-polyP pieces or (F) polyP coa-
cervate particles with green fluorescent nanoparticles.

First protection - trapping of aerosol particles onto the fiber
mats

4939 the inclusion of virus

Based on a previous investigations
particles is mimicked.

In situ formation of coacervate particles onto the polyP con-
taining fibers. Aerosol particles were generated with a collision
nebulizer as outlined under “Materials and methods”. The size
of the particles measured within the range 0.5-3 pm. In turn,
for this series of experiments mucin was dissolved in PBS at a
concentration of 100 pg mL™", matching with the lower limit
of the mucin level in the mucus.”" These PBS particles were
nebulized onto the PCL fibers fabricated with “PCL/polyP”. In
the absence of mucin in those particles the surface of the
fibers remained smooth (Fig. 5.I-A). However, if PBS was
enriched with 100 pg mL™" of mucin distinct drops of particles
with a size of ~10 pm could be visualized by SEM on the sur-
faces of the fibers (Fig. 5.1I-B).

In the parallel series Na-polyP (200 pg mL™" PBS) was sup-
plemented with CaCl, (300 pg mL™"; at pH 7.4) in order to
induce coacervate formation. The image in Fig. 5.II-D shows
that the Na-polyP solution (top, without CaCl,) remains an
almost clear fluid, while the sample reacted with CaCl, turned
to an induced coacervate phase (bottom). These two samples
were transferred to a solution of mucin (1 pg mL™") and then
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rapidly overlayed with 100 pl of a suspension with 100 nm
sized fluorescent nanoparticles (0.1 mg mL™"). After washing
the coacervate formation was initiated with CaCl,. Then, the
samples were inspected under fluorescent light. Comparative
images show that only the coacervate pieces incubated with
the labeled nanoparticles light up in green (Fig. 5.II-F; Fig. 5.
II-C[lighted up in false colors]). The Na-polyP material remains
transparent (Fig. 5.II-E), while the coacervate fragment turns
to a green fluorescent color (Fig. 5.1I-F).

Size comparison of spun fiber mats to polyP NP and virus
particles. To imitate real situation for the calculation of the air
permeability of the face masks the mats have been modeled
with the 3DS Max Software, as described under “Materials and
methods”. From an average diameter of the fibers in the spun
mats of 0.5 pm, a cube with an edge length of 3 mm was
modeled with the 3DS Max Software. In a successive enlarge-
ment of up to 5000-fold (Fig. 6A-E) it is illustrated that the size

A Thickness of 200 pm of the spun mat
y g T

PCL/polyP
minus mucin

3,000 ym
Section:

minus mucin

PCL/polyP:Ca-polyP-NP  PCL/polyP:Ca-polyP-NP
plus mucin

Magnification: 430-fold O Magnification: 430-fold o Magnification: 43-fold w

Fig. 6 Comparison of the size dimensions between the PCL spun
fibers, the SARS-CoV-2 virus and the coacervate deposits. (A to E) The
fibers in the spun mats were modeled with the 3DS Max Software and
subsequently gradually enlarged by finally 5000-fold. Within those
fibers the polyP NP as well as the virus particles are sketched in.
Between image D and E mucin is included, which initiates coacervate
formation. In the adjacent row of SEM images (F to H), the aspects of
the “PCL/polyP” fibers [absence of mucin], of “PCL/polyP:Ca-polyP-NP"
[without mucin] and “PCL/polyP:Ca-polyP-NP" [presence of mucin] are
given at identical magnifications. The coacervate deposits (Coa) are
marked.
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of viruses is extremely small in comparison with the fibers.
Even more, the area filled with a coacervate drop is very bulky,
allowing the virus particles, as a proteinaceous unit, to engulf.

In the SEM images row (Fig. 6F-H), the aspects of “PCL/
polyP” in the absence of a mucin environment [without any
coacervate], of “PCL/polyP:Ca-polyP-NP” in the absence of
mucin [small coacervate deposits], and of “PCL/polyP:Ca-
polyP-NP” in the presence of mucin [bulky, large coacervate
deposits] are depicted.

Second protection — antiviral activity of the polyP incorporated
fiber mats

The effect of polyP to bind to the RBD of the SARS-CoV-2
S-protein and inhibit the association to the cell surface recep-
tor ACE2 has been described recently.>>> This blocking is not
impaired in the presence of mucin.**

The strength of inhibition by polyP is high. The physiologi-
cal concentration of polyP in the circulating blood is ~1 pg
mL~".%° This level is enough to block the interaction of the
viral RBD with the ACE2 by 62% (Fig. 7). Even stronger is the
effect of 3 ug mL™" with 77%. In order to imitate the effect of
polyP, polyP samples (100 mg of Na-polyP and 100 mg of “Ca-
polyP-NP” in 1 mL PBS) were incubated in the presence of
CacCl, at physiological concentrations of 5 mM (ref. 55) and
100 pg mL™" of mucin. Aliquots were taken from the particle-
free supernatant and diluted by 100-fold with binding buffer

I polyP

140 ; I Na-polyP:Ca-polyP-NP coacervate

120

-

o

o
L

Binding (%)
A O ®
o O o

3 10 h incubated

0 1 3 1

soluble (Na salt) polyP:Ca-polyP-NP coacervate
(ng mL) aliquot (10 pL) tested
equivalent to:
1 (ug m")

0.1 0.8

Fig. 7 Reduction of the binding of the viral RBD to the cellular ACE2,
in vitro. The CHD-modified (DHCH-Arg) RBD was used. The binding
values between RBD and ACE2 are given in percent; the positive controls
(without polyP) were set to 100%. Data came from a set of 6 parallel
experiments; means + SEM are given (* or ¥, p < 0.05; or ¥, p < 0.5). In
one series the effect of Na-polyP was measured (green columns). In a
separate series of tests, polyP (100 mg of Na-polyP and 100 mg of “Ca-
polyP-NP” in 1 mL PBS) were incubated together with mucin (100 pg
mL™) in a buffer at pH 7, for 1 to 10 h. Then an aliquot of the super-
natant (10 pL) was taken, diluted by 100-fold and tested for the strength
of inhibition (red columns). The inhibitory strength was converted to the
approximated inhibition by Na-polyP (given in ug mL™).
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in the RBD: ACE2 binding assay. The 10 pL aliquots caused a
reduction by 19% after a 60 min incubation period, a value
which is only slightly significant (p < 0.5). After a 3 h or 10 h
incubation period the aliquots caused a significant reduction
(p < 0.05) of the binding by 43% and 66%, respectively (Fig. 7).

Third protection - elimination of virus-mimicking particles

The strategy of the elimination is based on the interaction of
tretinoin with the viral envelope protein E, a viroporin.*®
Tretinoin has been described to interact with this channel and
poison it."”>*® For mimicking the virus particles, liposomes
were decorated with viroporin; they are termed virus-like lipo-
somes V-LIP. The supply of tretinoin to them was reached with
NP formed from polyP and tretinoin together with CaCl,; “Ca-
polyP-NP/Treti”. As known from the literature, the liposomes
prepared from 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocho-
line and 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphoethanola-
mine are, under dry conditions, stable for more than 24 h.>’

The fabrication of the NP. Following the standard procedure
the NP were prepared from Na-polyP in the presence of CaCl,,
the “Ca-polyP-NP” (Fig. 8.I-A). In a parallel series the particles
were loaded with tretinoin at a ratio of 50 mg [tretinoin] to 1 g
[Na-polyP] (Fig. 8.I-B); “Ca-polyP-NP/Treti”. The size of the par-
ticles is between 80 and 100 nm.

Preparation of virus-mimicking particles. Liposomes were
prepared from choline/ethanolamine/sphingomyelin/chole-
sterol in a composition matching those in membranes from
mammalian cells; the LIP. Then the particles were sup-
plemented with the viral envelope (E) protein, the viroporin.
Those liposomes were termed virus-like particles; V-LIP. The
TEM images are shown for the LIP (Fig. 8.II-A-C) and the
V-LIP (Fig. 8.II-D-F).

The size of the liposomes was determined by dynamic light
scattering (Fig. 8.III). The average size of the liposomes LIP

Addition of:

1.
Addition of: .
Ga-polyP-NP Ca-polyP-NP/Treti

Sizo porcontage
¥ 8
Sizo percentage

i"
s

3 0 B RO A5
Size classes (nm)

Size classes (nm)

Fig. 8 Fragmentation of virus-mimicking particles by NP containing
tretinoin. (I) Morphology of (A) “Ca-polyP NP” and of (B) NP sup-
plemented with tretinoin, “Ca-polyP NP/Tre"; SEM. (ll) Liposomes were
prepared in the (A to C) absence of viroporin, LIP, or (D to F) presence of
viroporin, V-LIP; TEM. Those liposomes were incubated either together
with (A and D) “Ca-polyP NP" or (B and E, or C and F) with “Ca-
polyP-NP/Treti" for the indicated period of 0 min, 30 min, or 90 min. (lIl)
Size distribution of the liposomes in the absence of viroporin, LIP (left
panel), or the presence of viroporin, V-LIP (right panel). The liposomes
were incubated for 0 min or 90 min and then used for size determi-
nation. The sizes are condensed to size classes, as mentioned on the
abscissa (brackets).
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was at 250 nm, and the one for the viroporin decorated par-
ticles, V-LIP, at 150 nm at time zero of an incubation period
for 90 min.

Co-incubation of liposomes with NP. The liposomes, either
LIP or V-LIP, were incubated with Ca-polyP NP that were either
free of tretinoin, “Ca-polyP-NP”, or loaded with tretinoin, “Ca-
polyP-NP/Treti”, in a PBS (pH 7) buffer, as described under
“Materials and methods”. In the assays with LIP, the integrity
of the liposomes did not change during the 90 min incubation
period both in the presence of “Ca-polyP-NP” or “Ca-polyP-NP/
Treti” (Fig. 8.II-A-C). In contrast, if the V-LIP liposomes were
incubated in a similar manner, those liposomes that were
exposed to “Ca-polyP-NP” did not change in dimension during
the 90 min incubation period (Fig. 8.1I-D), while the liposomes
that came in contact with “Ca-polyP-NP/Treti” were fragmented
as shown by TEM (Fig. 8.II-E and F).

A quantitative assessment of the changes of the liposome
sizes was performed by dynamic light scattering (Fig. 8.III).
The data show that no significant change can be seen for the
LIP particles incubated with “Ca-polyP-NP/Treti”. In contrast,
if the V-LIP particles are exposed to the “Ca-polyP-NP/Treti”
particles, a distinct shift from ~150 nm (time zero) to ~50 nm,
in the average, occurs after the 90 min incubation period.

Proposed interaction of viroporin with tretinoin

The structure of viroporin from SARS-CoV-2 '* and the models
for the potential interaction of tretinoin with viroporin'>*°
have been published. Tretinoin binds to viroporin along the
helix of the pore, especially to the moieties Val25, Ala22,
Leu21, and Leu18 (Fig. 9.I-A). Viroporin as a pentamer forms a

ar function

Carrier

olyP-NP/Treti

Fig. 9 Binding of tretinoin to viroporin. (I) Interaction of viroporin, one
helix is shown facing with its pore-facing residues, with the tretinoin
molecule (models DB00755 and Q12321).>*® (A) Some aa residues
interacting with tretinoin, are labeled with the amino acids of: Phe(F)26;
Val(v)25; Ala(A)22; Leu(L)21; Leu(L)18. All five helices are indicated. (B)
Top view of the five pore-forming helices with the tretinoin in the
center are sketched. (Il) Proposed function of tretinoin on the integrity
of the liposomes. (A and B) Liposomes with viroporin (V-LIP); SEM. (C)
Schematic outline of the top view of viroporin without tretinoin; (D) top
view with tretinoin. (E) NP, fabricated from Ca-polyP-NP and tretinoin,
“Ca-polyP-NP/Treti"; SEM. It is proposed that during the incubation tre-
tinoin is released from the NP and is switching to the viroporin, forming
a tight interaction with the viroporin.
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channel into which tretinoin is located and stabilized via
hydrophobic amino acid moieties (Fig. 9.1-B).

It is shown here that tretinoin released as a functional
cargo molecule from the bioactive and biodegradable carrier
can bind to the virus protein with high affinity. The binding
energy is high with —412.8 kJ mol™."> Surely the affinity
between tretinoin, a compound with both hydrophilic and
lipophilic potential,>® and the hydrophilic Ca-polyP-NP, like in
“Ca-polyP-NP/Treti”, is lower, suggesting a comparably rapid
release of tretinoin from the polymeric nanocarrier.

The data in this report show that co-incubation of lipo-
somes decorated with viroporin together with “Ca-polyP-NP/
Treti” leads in a rapid disintegration of the lipid particles
(Fig. 9.I-A-E). This finding is strong evidence that the frag-
mentation is due to a lytic disruption of the liposomes.

Experimental
Materials

Na-polyphosphate (Na-polyP) with an average chain length of
40 P; units (polyP,,) was from Chemische Fabrik Budenheim
(Budenheim; Germany). The following materials were pur-
chased; mucin from bovine submaxillary glands (type I-S; pre-
pared according to Tsuiki and Pigman,®® and subsequently
enriched by Schomig et al®) from Sigma (#M3895;
Taufkirchen; Germany), and green fluorescent superpara-
magnetic, core-shell nanoparticles with a hydrodynamic dia-
meter of 100 nm (screenMAG/G) from chemicell (Berlin;
Germany).

Preparation of the Ca-polyP nanoparticles

Amorphous Ca-polyP nanoparticles (Ca-polyP-NP) were pre-
pared as described.*® The 2:1 molar ratio between CaCl, and
Na-polyP (based on phosphate) was selected and the pH was
adjusted to 10. For the process 1 g of Na-polyP was dissolved
in 100 mL of distilled water and 2.8 g of CaCl,-2H,0 (#T885.1;
Roth, Karlsruhe, Germany) were dissolved in 100 mL. The
CaCl, solution was added dropwise to the polyP solution
during a 60 min stirring period. During the process the pH
was adjusted to 10 (with NaOH). After additional stirring for
12 h the nanoparticles (NP) were collected by filtration,
washed at first twice with ethanol and then three-times with
water. After drying at 50 °C the particles were collected; “Ca-
polyP-NP”. In the method used the addition of CaCl, to the
polyP solution was shortened to 60 min in order to achieve a
particle size of 60 to 90 nm.

Where indicated the “Ca-polyP-NP” were loaded addition-
ally with tretinoin (#PHR1187 [all-trans-retinoic acid]; Sigma-
Merck, Taufkirchen; Germany) as previously described for the
Ca-polyP particles.®” A tretinoin solution (50 mg in 100 mL
ethanol) was prepared and added to the solutions of 1 g of Na-
polyP and 2.8 g of CaCl,, dissolved in 100 mL of distilled water
each. In order to prevent phase separation 2 g of poly(ethylene
glycol) (#P5413; Sigma; average mol wt 8000) was added to the
Na-polyP solution (100 mL). The emulsion was stirred for 6 h,
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then collected by filtration and washed three-times with water.
The NP formed were dried at room temperature (overnight).
The particles were termed “Ca-polyP-NP/Treti”.

The efficiency of tretinoin loading in “Ca-polyP-NP/Treti”
was determined as follows. The particles were suspended in
dehydrated ethanol followed by strong vortexing for 20 min.
During this process tretinoin accumulates in the organic
phase. There, the absorbance was determined at the character-
istic wavelength of tretinoin at 347 nm. Then the concentration
of tretinoin was calculated using a calibration curve. Using
this approach a loading efficiency of the particles was deter-
mined with 22.7 + 3.1%.

Spectroscopy

For X-Ray powder diffraction (XRD) spectral analysis dried
powder samples were analyzed in a D8 Advance A25 diffract-
ometer (Bruker, Billerica; MA) with a monochromatic Cu-K,
radiation. The Fourier transformed infrared spectroscopic
(FTIR) analyses were performed after grinding with a micro-
mill in an ATR (attenuated total reflectance)-FTIR spectro-
scope/Varian 660-IR spectrometer (Agilent, Santa Clara; CA),
fitted with a Golden Gate ATR unit (Specac, Orpington; UK).

Fabrication of polycaprolactone-loaded nanofibers

Polycaprolactone (PCL; #440752, Sigma; average M,, ~14 000)
was dissolved (4 g of the polymer) in a mixture of 20 mL of
acetone and 20 mL of dichloromethane. Where indicated the
following supplements were added; either 7.5% [w/w] of Na-
polyP of the polymer loading, or 7.5% of Ca-polyP-NP, or both
components together. Then, the respective mixtures were
stirred in airtight sealed bottles overnight (150 rpm). The
samples were named: “PCL”, “PCL/polyP”, “PCL/Ca-polyP-NP”,
or “PCL/polyP:Ca-polyP-NP”. In another series of experiments
7.5% “PCL/Ca-polyP-NP/Treti” was added to PCL and fabri-
cated further.

Electrospinning

For electrospinning the apparatus Spraybase 20 KkV
Electrospinning Rotating Drum (Avectas, Maynooth University,
Kildare; Ireland) was used. The respective polymer solutions
were filled into a syringe for electrospinning.”® The 5 mL
plastic syringe, to which a metal blunt ended needle (spinning
nozzle) was connected, was hooked to a pressure pump which
allowed an injection velocity of 0.1 mL h™" (Bio-Rad, Model
EP-1 Econo Pump, Hertfordshire; UK). The distance of the
needle tip to the grounded target plate was set to 15 cm. For
the experiments described here a rotating metal cylinder was
used as a collector. The process run with an electric field of
20-30 kV to adjust fibers at ~500 nm in diameter. The thick-
ness of the fibrous mats was 280 to 330 um. Spinning was per-
formed at room temperature using a positive output lead of a
high voltage power supply (PNC3p, 30000-2; Heinzinger
Electronic, Rosenheim; Germany). The negative pole was
attached to the platform.

After the electrospinning process the mats were washed by
immersion in ethanol : water (70/30 [v/v]) at pH ~7 for 60 min,
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followed by two washing cycles in phosphate buffered saline
(PBS; pH 7.4). Then, the electrospun mats were dried at 40 °C
for 24 h. Prior to use the mats were sterilized by immersing
into 75% (v/v) ethanol aqueous solution for 30 min. Finally,
the mats were exposed to ultraviolet radiation (280-315 nm
UVB; 20 mJ cm™?) for 1 h. If not mentioned otherwise the mats
were termed “PCL” mats (without addition), “PCL/polyP” mats
(addition of “Na-polyP”), “PCL/Ca-polyP-NP” mats (with “Ca-
polyP-NP”) or “PCL/polyP:Ca-polyP-NP” mats (containing “Na-
polyP” and “Ca-polyP-NP”). In separate experiments the PCL-
based mats were spun with NP, supplemented with “Ca-
polyP-NP/Treti” and termed “PCL/Ca-polyP-NP/Treti” mats.

Generation of aerosol particles

The aerosol particles were generated by using the commercial
collision nebulizer (BGI, Inc., Waltham, MA) as described.®?
The particles were characterized by using the laser diffraction-
based particle sizer Spraytec (Malvern Instruments, Malvern;
UK) as described.®*

Preparation of virus-mimicking liposomes

The method applied for the fabrication of the liposomes based
on the described protocols.®> The formulation contained
1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (POPCP;
#4142; Sigma, Taufkirchen; Germany), 1-oleoyl-2-palmitoyl-sn-
glycero-3-phosphoethanolamine (POPE; #01991, Sigma), sphin-
gomyelin (#85615; Sigma) and cholesterol (#C8667; Sigma) in
the ratio 37.3:34.2:5.7:22.8, which is matching the mem-
brane lipids of mammalian cells.®® The samples were prepared
in chloroform. After mixing this solvent was evaporated under
nitrogen gas and then kept in a desiccator under vacuum
(overnight). The dried lipid film was suspended in PBS reach-
ing a lipid concentration of ~2 mg mL™". During this pro-
cedure the SARS-CoV-2 envelope (E) protein (recombinant
SARS-CoV-2 envelope protein; #32-190021-100; Bio-Trend,
Koln; Germany) or Influenza A virus matrix protein 2 (M2)
(recombinant protein; MBS7019655; MyBioSource, San Diego;
CA) was added at a concentration of 10 pg mL™".®” Finally, the
assay was extruded through a polycarbonate filter (Whatman
Nucleopore; Sigma; #111103N pore size of 50 nm). In the
supernatant the protein content was detected by SDS-PAGE
(Na-dodecyl sulfate polyacrylamide gel electrophoresis) with
Coomassie blue detecting, as the 12 kDa E-protein. By calcu-
lation it was determined that between 70 and 80% of the
applied protein had been incorporated into the liposomes.
Liposomes without the viral protein were termed LIP, and
those liposomes, mimicking the viral envelope and containing
the E-protein, V-LIP.

The size of the liposomes was determined by dynamic light
scattering (Zetasizer Nano ZS90; Malvern Instruments;
Malvern; UK) as described.®*

Incubation of virus-mimicking liposomes with tretinoin
loaded “Ca-polyP-NP”

The content of lipid in the liposome sample was determined
gravimetrically.®® After extraction with chloroform/methanol
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and addition of a 0.5% NaCl solution, an aliquot was taken
from the chloroform (lower) layer and transferred into a small
beaker. After evaporation the samples were weighted. The lipo-
somes not loaded with viroporin, LIP, or those supplemented
with viroporin, V-LIP, at a concentration of ~1 mg mL™" were
suspended in PBS, containing 5 mM CaCl, and 100 pg mL ™" of
mucin in PBS (pH 7), and incubated for up to 90 min at room
temperature. The samples were exposed to 50 pg mL™" of
either “Ca-polyP-NP” or “Ca-polyP-NP/Treti”. Then the integrity
of the liposomes was assessed by TEM.

Electron microscopy

Scanning electron microscopy (SEM). The images were taken
with a scanning electron microscope, a HITACHI SU 8000
(Hitachi High-Technologies Europe GmbH, Krefeld).

Transmission electron microscopy (TEM). The specimens
were inspected with a FEI-Tecnai F20 transmission electron
microscope, operated with 200 kV. The samples (1 mg mL™" in
distilled water) were dropped onto a 400 mesh copper grid
coated with a 5 nm layer of carbon. After drying at room temp-
erature the specimens were stained with 2% uranyl acetate.

Modelling of the fibrous mats

The organization of the fibers within the spun mats was mod-
elled by using the 3DS Max Software. The fibers were read in
by choosing a cube with an edge length of 3000 pm. Based on
the diameter of 0.5 um, 1000 fibers were arranged randomly in
one fiber layer. Then 400 layers were stockpiled to reach a
thickness of 200 pm. For the determination of the area
through which the exhalation air is released under imaginary
conditions an opening of 100 mm x 50 mm was chosen. From
this 3D image file, a 430-fold template was calculated as a
start. It was used for the pictures evaluated further under
“Results”.

Binding assay for the interaction of the viral RBD to the ACE2

A Screening Assay Kit (BPS Bioscience/Tebu-bio, Offenbach;
Germany) was used as described.’>*’ In this system the recom-
binant ACE2 receptor (50 ng per well) was bound to the
bottom of the 96 well plate which subsequently interacted with
the RBD/S1-protein (100 ng per well), labeled with biotin. Prior
to the assay the Arg residues, present in the RBD, were modi-
fied with 1,2-cyclohexanedione [CHD] (#W345806; Sigma) as
described.®® The reaction was run in a 0.25 M Na-borate buffer
at pH 9.0 for 2 h.>?

Then 20 pL with the RBD (100 ng) were pre-incubated with
the 10 pL of polyP solution (binding buffer) and added to
ACE2 in a final volume of 50 pL (consisting of 20 uL RBD,
10 pL polyP solution, and 20 pL binding buffer). The extent of
binding of the RBD to ACE2 was determined after reacting for
60 min (23 °C) and detection with streptavidin-horseradish
peroxidase (HRP) and the HRP substrate. After subsequent
washing with 10 mM HEPES buffer (pH 7) the chemilumines-
cence was quantitated with a PerkinElmer-Wallac victor 3 V
multi-label microplate reader (PerkinElmer, Waltham, MA,
USA). The values for the blank (immuno buffers and loosely
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Fig. 10 The three targets of the innovative ingredients of the PCL spun
mats acting both (i) passively, as prevention/protection-blocking against
SARS-CoV-2 infection, and (ii) actively, as a destroying agent. Both prin-
ciples are readily integrated into a scaffold, as a proof-of-concept for a
spun anti-COVID-19 mat.

bound components) were subtracted from the readings. The
values obtained for the samples without inhibitor served as
reference and were set to 100%.

The polyP, released from the polyP formulation, a mixture
of 100 mg of Na-polyP and 100 mg of “Ca-polyP-NP” was pre-
pared in 1 mL PBS (pH 7) containing 5 mM CacCl, and 100 pg
mL™" of mucin. The coacervation process was finished after
20 min. Then the material was shortly washed and continued
to be incubated in PBS, supplemented with 1 mM CacCl,. After
standing for 1 h, 3 h, or 10 h, aliquots of 10 pL were taken
from the supernatant and tested in the RBD - ACE2 Screening
Assay Kit. The samples were diluted 1 : 10 prior to the addition
to the assay.

Statistical analysis

For the quantitative results the average + standard deviations
(o) are given. The Student’s t-test was applied to assess the sig-
nificance level between two groups using the GraphPad Prism
7.0 software (GraphPad Software, La Jolla; CA). Values of p <
0.05 were considered as statistically significant (*).

Conclusions

The hitherto introduced anti-COVID-19 masks are composed
of passive sieving filters with the hope to eliminate
SARS-CoV-2 from inhalant and exhalent respiratory air. At
present, it does not seem to be feasible to fabricate filters with
a pore size around 100 nm; they are very uncomfortable and
perhaps even dangerous to wear. In the present proof-of-
concept study, it is demonstrated that it is straightforwardly
possible to fabricate spun mats of PCL with the active ingredi-
ents polyP and Ca-polyP-NP, which potently act against
COVID-19 due to the distinguished property of this polymer to
form a coacervate (target 1 in Fig. 10) and to bind to and mask
the virus spike protein (target 2). In addition to the virus-
attracting property of the polyP scaffold an active killing func-
tion has been included. During this step (target 3) virus-like
particles, with integrated viroporin channels, are disintegrated
through tretinoin. This retinoid integrates into the channel

This journal is © The Royal Society of Chemistry 2021
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and causes the virus to be eliminated. With this innovative
concept two members of the natural innate immunity, polyP
and tretinoin, are coherently implemented into the fibrous
scaffold of the spun mats. Next, an application is projected in
operational environment.
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