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Abstract

Liquid-crystalline (LC) water-treatment membranes obtained by in situ photopolymerization of ionic mesogenic monomers have
been shown to efficiently remove viruses. In our previous works, bicontinuous cubic (Cuby,;) and smectic (Sm) LC membranes
prepared from ionic taper- and rod-shaped polymerizable mesogens, respectively, were used for this purpose. Here, we report the
results of virus removal by columnar (Col) LC water-treatment membranes having ionic nanochannels obtained from ionic taper-
shaped mesogens. These effects are compared with those obtained for Cuby; membranes. The effects of these Col and Cuby; LC

ionic membranes on the removal of several viruses from their cocktail solution are also examined.

Introduction

The United Nations set goals to ensure a safe and affordable
water supply for all by 2030. Viruses are among the most
concerning pathogens because the presence of even the
slightest amount in water can result in a large-scale public
health crisis [1]. Disinfection technologies such as thermal
treatment, ultraviolet (UV) light, and chlorination are effective
in inactivating most viruses [2]. However, these disinfection
technologies may not guarantee complete removal of patho-
gens. In contrast, filtration technologies using membranes
form a physical barrier to prevent pathogens from entering
treated effluent [3, 4].
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Filtration using polymer membranes is an essential tech-
nology for water purification and for supplying safe water at
low cost and with low energy consumption [3-5]. Aromatic
polyamide thin films have been used as the separation layer of
membranes. Recently, advanced water filtration membranes
[5] with materials such as liquid-crystalline (LC) polymers
[6-14], carbon nanotubes [15], and block polymers [16] have
been proposed. For example, we developed nanostructured
membranes with three-dimensional (3D) nano ionic channels
from an ionic bicontinuous cubic (Cuby;) LC monomer with
a taper-shaped mesogen [10]. 1D nanochannels of diol moi-
eties were obtained from supramolecular columnar (Col)
LC mixtures [11], and 2D ionic channels were prepared
from ionic smectic (Sm) LC monomers [12, 13]. These LC
membranes show high levels of rejection of bacteriophage
QB (QP).

In the present study, nanostructured membranes have
been prepared from ionic LC monomers with taper-shaped
mesogens forming Col structures. The virus removal
properties of the ionic 1D channels for Qp have been
examined. As the first approach for LC membranes, the
removal of several viruses from their cocktail solution by
these Col and Cuby; ionic membranes was also studied.

Experimental section
The virus rejection for all membranes was tested using
25 mm membrane filtration units with agitation (Advantec’

UHP-25K, Tokyo, Japan) connected to a reservoir
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containing a feed solution of Milli-Q water (Advantec” RP-
2) [10-13]. Details for the preparation of feed virus solution
are presented in the Supporting Information. The mem-
branes were submerged in Milli-Q water for 15 min prior to
the filtration of viruses. The prepared virus stock was
inoculated into the feed solution and mixed to obtain a
concentration of approximately 107 copies mL~'. Pure air
containing less than 0.1 ppm CO, was used to provide a
pressure of 0.3 MPa for the feed solution entering the stirred
cell. Filtrate samples were collected over time periods from
Otol,1to2,2to4, and 4 to 6 h.

The viruses were quantified by reverse transcription—
quantitative polymerase chain reaction (RT—qPCR). In this
study, cocktail solutions containing Qp, bacteriophage MS2
(MS2), enteric virus Aichi virus (AiV) and poliovirus (PV)
were used to check the simultaneous removal of different
viruses. The plaque assay method used in the previous reports
was not applicable in this study since Qp and MS2 shared the
same host bacteria. The collected water samples were sub-
jected to RNA extraction and one-step RT—qPCR. Specifi-
cally, 5 uL of sample was heated at 95 °C for 5 min to extract
RNA with a thermal cycler (PCR Thermal Cycler Dice Gra-
dient, Takara Bio Inc., Kusatsu, Japan). Note that this method
can extract DNA/RNA with an efficiency comparable to that
of a commercially available DNA/RNA extraction kit (Qiagen,
Hilden, Germany) in pure water [17]. Then, the extracts were
mixed with 15 pL of reaction mix, composed of 10 pL of 2x
QuantiTect Probe RT-PCR master mix (Qiagen), 0.2 uL. of
QuantiTect RT mix (Qiagen), 2.3 uL of Milli-Q, 1 uL each of
forward and reverse primer (10 uM each) and 0.5 pL of probe
(5 uM). The primers for MS2 and QP [18], AiV [19] and PV
[20] were prepared according to the literature. RT—-qPCR was
performed in duplicate with an ABI StepOnePlus thermo-
cycler (Thermo Fisher, USA) under the temperature conditions
suggested by the abovementioned studies depending on the
virus type. Plasmid DNA was serially diluted tenfold (10° to
10° copies) and used to generate the standard curve. Samples
with cycle thresholds (Ct values) below 40 were considered
quantifiable. The quality of the qPCR was guaranteed by
an amplification efficiency of 93% and a correlation rate of
0.997. The log reduction value was calculated from the
equation below:

C
Log reduction value(LRV) = log, 0( feed )
effluent

where Cpeeq and Cegauene represent the virus concentration in
the feed and the effluent solution, respectively.

The average and standard deviation of the data, which
included nondetected results (i.e., left-censored data), were
calculated by the Kaplan—Meirer method using an R pack-
age (NADA package) [21]. Left-censored data of the con-
centration in the permeated solution gave right-censored
LRV data.

SPRINGER NATURE

Results and discussion

Nanostructured membranes formed by in situ polymeriza-
tion of 1 and 2 were used for virus removal experiments.
Taper-shaped compound 1 exhibits a Col structure with 1D
ionic channels from 60 to —12 °C upon cooling, although
taper-shaped compound 2, similar to 1, gives a Cuby;
structure with 3D channels below approximately 20 °C and
shows an LC-crystal transition at —30 °C (Fig. 1) [14]. Rod-
shaped compound 3 with a biphenyl moiety shows two
different 2D Sm structures from approximately 100 to 85 °C
and from 85 to 30 °C upon cooling [12].

Water-permeable membranes for virus filtration were
fabricated by a previously reported photopolymerization
method [14]. Films of monomers 1 and 2 containing
photoinitiator were prepared by spin-coating on a poly
(vinyl alcohol) (PVA)/poly(ethylene terephthalate) (PET)
substrate. The thicknesses of spin-coated samples of 1 and
2 were approximately 100 nm [14]. Film 3 was approxi-
mately 400 nm thick [12]. The thicker film was made for 3
to enhance mechanical stability. We expected that due to
the smaller number of crosslinking groups per molecule
than those for 1 and 2, a film of 3 with the same thickness
would have lower mechanical stability than 1 and 2. The
monomer film with the PVA/PET substrate was laminated
to a polysulfone membrane composed of 40 um thick
polysulfone and 90 um thick PET fabric layers. The LC
monomers sandwiched by the polymers were heated to a
temperature 20 °C higher than the isotropization tempera-
tures of each compound and then cooled to 10 °C. After
cooling to the LC state, the monomer films on the polymer
substrate were irradiated with UV light (365 nm) for 10
min at 10 °C. The diene groups reacted to form networks
of covalent bonds [10]. After polymerization, the PVA
layer was removed by immersing the composite sample in
water. Details for the membrane preparation are described
in the Supporting Information.

All the tested viruses, AiV, PV, Qf, and MS2, for
removal by the membranes have sizes of approximately
30 nm in diameter with icosahedral symmetry. They are
smaller than Coronaviridae (the family of coronaviruses),
whose diameter is approximately 100 nm. The isoelectric
point of PV ranges from 3.8 to 8.3, while Qp and MS2
have values in the lower range of 1.9-5.3 and 2.2-4.0,
respectively [22]. Under the neutral pH used in this study,
it is possible that Qf and MS2 were negatively charged,
while PV might be less negatively or even positively
charged. The isoelectric point of AiV is not yet available.
In general, the surface charge and hydrophilicity of viruses
also influence their rejection efficiency by membranes
[23]. In this study, cocktail solutions were used to examine
whether viruses with different properties could be removed
simultaneously by the nanostructured LC membranes.



Removal of viruses from their cocktail solution by liquid-crystalline water-treatment membranes 823

SxAto _ Ao )
BF, BF, BF,
Ci2Hps—0 ,_CHj CiaHe—0O . CoHsg =
C,H C,H ONg¥o) Q Q Oy Ny N~
Mgo 2 \CZH5 M;O 2 \C Hg )Hor ‘(")’5 HG v
1 2 3
| | |
Self-organization Self-organization Self-organization
Fig. 1 Schematic illustration of the membrane and the molecular structures of LC monomers 1-3
AiV is representative for the evaluation of virus removal
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such as QP and MS2.

Rejection of the selected viruses with nanostructured
membranes prepared from 1 and 2 was studied. The results of
Qp filtration with the Col membrane based on 1 and the Cuby,
membrane based on 2 are shown in Fig. 2. The membrane of 1
showed similar reduction behavior and a higher water flux
compared to those of membrane 2. The flux of the membrane
of 1 at 0-2 h was 3.7Lm 2 h™!, although the value for the
membrane of 2 was 0.44 L m ™2 h™!. The virus rejection values
for the membrane of 1 met the criteria of the WHO for
drinking water (LRV >3) during filtration. The ionic Col
nanostructured membranes based on 1 showed a high virus
rejection value, as did the Cuby,; membrane of 2 and the Col
membrane having nanochannels of diol moieties [11].

time [h]

Fig. 2 The log reduction values by the membranes based on 1 and 2 as
a function of time against Qf

The rejection of QP by the Col, Cuby, and Sm LC
membranes forming ionic nanochannels is summarized in
Fig. 3. All these membranes showed higher LRVs than the
WHO criterion for drinking water. The diameters of nano-
pores in the ionic nanochannels in the membranes of 1 and
2 were estimated to be 0.6 nm [14, 25], which is much
smaller than the diameter of the viruses, which have a
diameter of approximately 25-30nm. The width of the
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Fig. 3 Rejection of QB with the LC membranes based on 1, 2, and 3.
The results of 3 were reported in Ref. [12]. Error bars represent the
standard deviation. Arrows show right-censored log reduction values
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Fig. 4 The average log reduction values of different types of viruses at
4-6 h by the membranes based on 1 and 2 for the virus cocktail solution.
Error bars represent the standard deviation. Asterisks indicate that the
standard deviation is not available because the number of uncensored
values is one. Arrows show right-censored log reduction values

hydrophilic 2D channels of 3 in the smectic membrane
containing imidazolium moieties is expected to be
approximately 1 nm [12, 13], which is also much smaller
than viruses. The Sm membrane showed the highest LRV
among the LC nanostructured membranes. The higher
fluidity of Sm liquid crystals than other liquid crystals may
have led to fewer surface defects and higher membrane
performance.

The LRVs for the cocktail viruses (Qf, MS2, AiV, and
PV) with membranes 1 and 2 are shown in Fig. 4. The viruses
before and after filtration were quantified with the RT—-qPCR
method. The LRVs of membranes 1 and 2 met the WHO
criteria for all viruses. The nanostructured membranes rejec-
ted all viruses simultaneously at high levels. The apparent
LRVs for PV with membranes 1 and 2 were slightly lower
than those for other viruses; however, this result was due to
the limitation of the LRV calculation. The concentrations of
PV after filtration were reduced to below the limit for quan-
titative evaluation. The nanostructured membranes showed
high virus removal despite their different surface charges
since the pathways for water molecules in these membranes
are much smaller than any virus.

In summary, the nanostructured membranes of ionic
columnar liquid crystal 1 efficiently remove viruses from
water as well as the membranes of ionic LC liquid crystals 2
and 3. For the first time in the series of studies of our LC
membranes, the removal of viruses from their cocktail
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solution was examined. It was shown that the LC mem-
branes efficiently remove viruses even from cocktail solu-
tions consisting of four viruses. These membrane
technologies should be useful for the removal of SARS-
CoV-2, which has induced the pandemic disease COVID-
19 since 2019 [26].
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