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Pathogen contamination of water has a massive impact on global human health. In particular, viruses pose unique challenges to
water treatment techniques due to their small size and presence in water as both individual virions and when absorbed onto larger
particles. Low-energy water treatment processes such as media filtration are not capable of completely removing viruses owing to
their small size. Hence, less sustainable processes with high chemical or energy consumption such as chemical disinfection,
ultraviolet irradiation, and membrane filtration are usually required. To overcome high energy and/or chemical requirements for
virus treatment, designs for sustainable fiber filters fabricated from minimally processed natural materials for efficient virus (MS2)
and bacteria (E. coli) removal are presented in this work. These filters were created by functionalizing readily accessible natural
fibers including cotton, silk, and flax with a simple aqueous extract containing cationic proteins from Moringa oleifera seeds. The
proposed filters offer a comprehensive low cost, low energy, and low environmental impact solution for pathogen removal from
water with removals of >7logq (99.99999%) for viruses and bacteria.
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INTRODUCTION

Drinking water treatment plants can act as critical reservoirs for
the accumulation and release of harmful biological and chemical
contaminants because they exist at the interface of nature and
human habitats'. Thus, developing water treatment techniques to
remove contaminants from water has been a fundamental
engineering endeavor. Human enteric viruses are an important
contaminant in water that can cause devastating impacts on
global human health?. Media filtration is a basal unit operation in
water treatment that has low energy intensity and is globally
implementable. However, it only offers partial virus removal even
when combined with chemical coagulation®. Hence, energy-
intensive UV disinfection or chemical-intensive chlorine disinfec-
tion is widely used in conjunction with filtration to achieve
regulated drinking water treatment standards. For example, the
US Environmental Protection Agency (EPA) and World Health
Organization (WHO) both require a 4 logqo (99.99%) virus removal
and/or inactivation for drinking water®. Another alternative
proposed for achieving effective virus removal is energy-
intensive and expensive modes of filtration based on nano-
porous membranes such as ultrafiltration or nanofiltration*.
Efforts to develop effective water treatment technologies for
virus removal represent a striking example of the trade-off
between clean water quality and associated energy consumption
for production’ (Fig. 1). First, the reliance on size-exclusion based
membranes to replace ineffective conventional filtration gives rise
to a trade-off between the productivity and the removal efficiency
achieved (Fig. 1a). Second, chlorination widely used as an
alternative or in conjunction with conventional filtration leads to
the formation of disinfection byproducts (DBPs) that have been

linked to cancer and other health effects®. Alternative disinfection
technologies under consideration to mitigate these adverse health
effects such as ozone and UV irradiation are, again, expensive and
energy-intensive®. When the embedded energy for processing the
materials and chemicals required is compared among available
techniques, the total energy requirement of most disinfection
technologies (except chlorination) is on par with energy-intensive
membrane filtration (Fig. 1b). Recent studies propose chemical
functionalization of low-pressure membranes or specialized
membrane fabrication techniques such as electrospinning and
the use of nanofibrous materials to improve the energy-efficiency
of membrane filtration'®'3, However, the need for advanced
fabrication/modification strategies impedes their widespread use.
Therefore, to overcome the challenges with virus treatment, it is
crucial to develop novel filtration techniques that can overcome
the productivity and efficiency trade-off (Fig. 1a) using materials
with low embedded energy. Minimally processed natural materials
with low carbon footprint and low environmental impact such as
those utilized in this work could provide a solution to this trade-
off.

Overall, there is an emerging need for the control of pathogen
contamination, especially viruses, from water systems using
sustainable approaches. In this work, the feasibility of using a
sustainable depth filter fabricated from easily accessible materials
that can be deployed with minimal cost to achieve highly efficient
removal of pathogens from water was demonstrated (Fig. 2a).
These filters were designed by leveraging the water clarification
function'® and antimicrobial'® activity of Moringa oleifera (MO)
seeds. The MO tree is prevalent throughout tropic and sub-tropic
regions, and its seeds have been historically used as a natural
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Fig. 1 A pathogen removal vs. productivity trade-off exists in virus filtration techniques widely used in water treatment illustrating the
challenge with virus removal. a The permeability vs. virus retention efficiency of widely used filtration technologies shows that a trade-off
exists between the pathogen removal and permeability due to the dependence on size-exclusion. The tabulated data with references is
available in Supplementary Table 4. b The operational energy requirement of filtration techniques and total energy requirement of
disinfection techniques (except for chlorination) considering a combination of operational energy and embedded chemical energy is
comparable. This indicates that filtration techniques can potentially achieve similar performance as disinfection, specifically if the virus
removal efficiency can be increased without incurring substantial additional operational energy costs. A detailed summary of the literature
survey and energy requirement values used can be found in Supplementary Table 5 and Supplementary Note 2.

coagulant'®'6, Aqueous extracts from MO seeds contain two
cationic proteins, MO coagulant protein (M0O2.1) and MO chitin
binding protein (MoCBP), with established antifungal and
coagulant activities'*'”'8, MO seeds are an ideal candidate for
application in water treatment due to the prolific nature of the MO
tree (15,000-20,000 seeds per tree per year)'® and the low toxicity
of aqueous seed extract?’. We developed and tested the capability
of MO protein functionalized natural fiber filters to remove both
viruses and bacteria from water at unprecedented levels. This
proposed platform technology shows potential for application at
community or point-of-use scales in a wide range of public health
scenarios including disaster preparedness.

RESULTS

Easily accessible natural fibers can be used to build
microporous filters and effectively functionalized with simple
water extract from MO seeds

The main findings of this study are that a simple water extract
from MO seeds can be used to successfully functionalize
accessible substrates with cationic proteins, which can then be
used as an affinity-based filter to remove contaminants from
water. In our previous work, it was shown that model sand
particles can be functionalized by this proposed process to
achieve high pathogen removal?'?2, However, challenges related
to the effect of flowrate (low filter loading rate in the range of slow
sand filtration) and functional sand grain size (<130 um, which is
difficult to source) restrict the applicability of the functionalized
sand filters under practical conditions. In this study, inspired by
fibrous filter media used extensively for air filtration?, commonly
available low-cost natural fibers were used as potential substrates
for fabricating MO-functionalized depth filters. Note that the use
of minimally processed natural fibers as substrates in depth filters
for water treatment has not been explored before. Three natural
fiber sources—unprocessed cotton balls, flax fiber, and silk fiber,
from local and online stores accessible worldwide (see Supple-
mentary Methods for details) were used in this study. A thorough
chemical and morphological characterization of individual fibers
was first performed. Fourier-transform infrared spectroscopy (FTIR)
and Scanning electron microscopy (SEM) analyses shown in
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Fig. 2b, c indicated that the fibers procured from local sources
exhibit similar characteristics as standard fiber samples*,

Next, the depth filters built by packing the three natural fibers
were characterized using Brunauer-Emmett-Teller (BET) analysis,
capillary flow porometry, electrokinetic analysis, and a fluoro-
metric peptide (protein quantification) assay to measure the
specific surface area, pore size, surface charge, and protein
adsorbed per unit surface area of the fiber. Maintaining a constant
height of packing and weight of fiber used per filter across the
board was difficult due to inherent differences in the fiber
properties, so the final properties shown below were normalized
to unit volume and surface area. The weight of the fiber, the
height of packing, and packing density used for cotton, silk, and
flax fibers in this study are detailed in Supplementary Table 3. The
results from BET analysis and capillary flow porometry showed
that cotton, silk, and flax can form micro-porous depth filters with
high surface area (Fig. 3a, b). The mean pore sizes of cotton, silk,
and flax fiber filters were 6.54+1.64 ym, 7.48 £0.78 um, and
11.1£4.51 um, respectively. These results show that the fiber
filters proposed in this study show low mean pore size and high
specific surface area compared to sand filters from previous
work?'. These favorable characteristics enable MO-functionalized
fiber filters to effectively capture viruses at higher flowrates
compared to sand filters (Fig. 6a, b).

The surface charge of the fibers packed in a depth filter is
critical to enabling the adsorption of MO proteins during
functionalization. The results from the electrokinetic analysis
showed (Fig. 3c) that all three fibers tested in this study are
negatively charged in the pH range of 5-8 (—2.4 mV to —20.2 mV),
which is favorable for the adsorption of cationic proteins. Note
that the average streaming potential of the natural fibers at a pH
of 7 was shown in Fig. 3c to represent the neutral pH conditions.
Please refer to Supplementary Fig. 2 for the streaming potential
results from the analysis conducted at additional pH conditions of
5, 6, and 8. To establish the feasibility of functionalizing the
proposed fiber filters with MO seed proteins, experiments were
conducted by flowing a simple water extract of MO seed powder
through the filters. The water extract was made by mixing ground
MO seed with water (0.02gmL~" w v~ of seed to water) for 5 min
before filtering the seed debris out. This analysis showed that
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Fig. 2 Easily accessible natural fibers offer an efficient substrate for functionalization with Moringa oleifera seed proteins. a A simple
schematic of the proposed natural fiber filters functionalized with MO proteins in this study. The picture of Moringa tree by Prof. Chen Hualin
is licensed under CC BY-SA 4.0 b Fourier-transform infrared spectroscopy analysis of cotton, silk, and flax fibers show the presence of C-H, O-H,
C-O peaks in cotton and flax representative of cellulose®. Silk fibers show the presence of Amide-l (C=0 bond stretching) and Amide-Il (N-H
bending and C-N stretching) peaks indicative of silk fibroin®'. ¢ Scanning electron microscopy images of cotton, silk, and flax fibers show
typical fiber diameters (10-20 um) and morphologies of the natural fibers.

protein adsorbed on the fiber filters was between
6.28+0.42mgm~2 and 11.36 £ 1.72mgm~2 (Fig. 3d). A qualita-
tive comparison of the adsorbed proteins using SDS-PAGE gel
electrophoresis also showed no significant change in the protein
composition (Supplementary Fig. 3). Overall, it was demonstrated
for the first time that a range of easily available natural fibers can
be used to build negatively charged microporous depth filters that
can be effectively functionalized with a simple water extract from
MO seeds.

MO functionalization of natural fiber filters enhances their
pathogen removal efficiency by ~7 orders of magnitude

A series of standard filtration experiments were performed to
quantify the effectiveness of functionalizing the fiber filters with
MO seed proteins for pathogen capture and removal. The
experiments were performed with model organisms for bacteria
(E. coli) and surrogate viruses (MS2 bacteriophage). E. coli is an
important model bacteria in the context of water purification that
can cause diarrhea and gastrointestinal complications by itself?>.
The removal of MS2 bacteriophage was explored due to its wide
use as a surrogate for human enteric viruses such as norovirus and
rotavirus?®, These experiments demonstrated that MO-functiona-
lized fiber filters achieve pathogen removal efficiencies that are
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multiple orders of magnitude higher than the uncoated fiber
filters at the same flowrate. For example, at a flowrate of
2mL min~', MO-cotton filters achieved a log removal efficiency
(LRE) of >7.62 for E. coli and 7.65 + 0.23 for MS2 bacteriophage
compared to 0.39+0.51 for E. coli and 0.23+0.20 for MS2
achieved by uncoated cotton filters (Fig. 4a, ¢). MO-functionalized
flax and silk filters also achieved bacteria and virus removal
efficiencies similar to MO-cotton filters. The LRE achieved in this
study is similar to that achieved by MO-sand filters reported in
previous studies?!. The advantage of the MO-functionalized fiber
filters proposed in this study is that they retain this high removal
efficiency at flowrates approximately four times higher than MO-
sand filters (Fig. 6a, b). This shows that natural fibers offer an
effective substrate for MO protein functionalization compared to
sand.

Traditional filtration theory can be used to gain a perspective
of the advantage, in terms of removal, due to the MO-
functionalization of natural fiber filters. According to standard
clean-bed filtration theory, the removal of particles in a depth
filter mainly depends on two factors: the collision efficiency and
the sticking coefficient?’. The collision efficiency represents the
transport of particles to the surface of a collector (substrate) that
results in the collisions required for their capture. This depends

npj Clean Water (2022) 27
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Fig. 3 Standard characterization shows that cotton, flax, and silk fibers can be packed into microporous depth filters that can be easily
functionalized with MO water extract. a The mean pore size of fiber filters was measured using a capillary flow porometer with water as a
wetting liquid. The results show that cotton, silk, and flax fiber filters exhibit a mean pore size of 6.54 + 1.64 um, 7.48 +0.78 ym, and
11.1 £4.51 pm, respectively. b The specific surface area estimated using BET adsorption analysis showed that cotton, silk, and flax filters offer
similar high surface filters for MO functionalization. ¢ The streaming potential measurements of uncoated natural fibers indicate that they are
negatively charged (—2.4+£0.23 mV to —20.2+ 1.64 mV at pH: 7) favoring the adsorption of MO cationic proteins. The streaming potential
measurements in the pH range of 5 to 8 are shown in Supplementary Fig. 2. d Quantification of MO protein adsorbed on the surface of natural
fiber filters desorbed using 600 mM NaCl solution shows that cotton has the highest protein adsorption capacity. All the error bars shown in

the figure represent the standard deviation calculated from three independent measurements.

primarily on the geometry of the filter, substrate size, and the
hydrodynamics of the filter. The transport mechanism for the
collisions could be a combination of diffusion, interception, and
sedimentation depending on the particle size?”. When a particle
collides with the substrate, it will be captured if the particle
successfully attaches to the substrate. A sticking coefficient is
traditionally used to define the efficiency of attachment, and it
depends on the buffer and substrate chemistry®®. Therefore, two
filters with similar geometries, substrate size, and hydrody-
namics can achieve significantly different removals depending
on how the substrate interacts with the particles. To show that
the high efficiency achieved by MO-functionalized fiber filters is
due to the change in substrate chemistry caused by MO
proteins, the removals achieved were compared to that of
uncoated filters. The results showed approximately seven orders
of magnitude difference in performance between MO-functio-
nalized filters and uncoated filters. This clearly indicates that
interactions between MO proteins and the model pathogens, E.
coli and MS2, are responsible for their removal as the presence
of MO proteins is the only difference between uncoated filters

npj Clean Water (2022) 27

and MO-functionalized filters (Fig. 4a, c). The sticking coefficients
of E. coli and MS2 empirically calculated using the experimental
data and well-established models from literature (Supplemen-
tary Table 1) show that the sticking coefficient in MO-
functionalized filters is an order of magnitude higher than in
uncoated filters?®2°, To further show that bacteria and virus
tested in this study are being physically captured in MO-cotton
filters, TEM and SEM analyses were used to visualize the MS2
and E. coli adhered to the surface of the cotton substrate inside
MO-cotton filters (Fig. 4b, d). These results show that the
presence of MO-proteins on cotton leads to an increase in the
number of favorable sites for microorganism removal indicating
that the presence of favorable interactions between MO proteins
and bacteria/virus tested is responsible for their removal.
Although previous literature proposed substrate modifications
using polymers and nanoparticles to improve performance'®'2,
MO-functionalized fiber filters represent a sustainable functio-
nalization process that can be implemented easily with natural
materials even in resource-limited areas.
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Fig. 4 Moringa oleifera functionalized fiber filters achieve ~7 orders of magnitude higher pathogen removal compared to uncoated fiber
filters indicating favorable interaction between MO proteins and bacteria/virus tested is responsible for their removal. a Experimental
logqo removal of 108 PFU mL~" MS2 influent using MO-functionalized fiber filters compared to that of uncoated fiber filters at a flowrate of
2mL min~! show MO-fiber filters achieve ~7 orders of magnitude higher than uncoated fiber filters. b Transmission electron microscopy
image of MO-cotton samples taken from a filter after filtering MS2 bacteriophage influent shows that the MS2 bacteriophage has adhered to
the surface of MO-coated cotton. ¢ Experimental log,o removal of 108 CFU mL~" E. coli influent using MO-functionalized fiber filters compared
to that of uncoated fiber filters at a flowrate of 2mL min~' show MO-fiber filters achieve >8 log;, removal of E. coli which is ~8 orders of
magnitude higher than uncoated fiber filters. *Indicates that the effluent concentration was below the limit of detection which indicates that
the actual removal, in this case, could be higher than the reported values. Note that flax and silk fibers used for column experiments were
cleaned in boiling water to remove any impurities that can cause contamination, but this treatment did not show any significant changes in
the chemical composition or morphology of the fibers (Supplementary Fig. 1). d Scanning electron microscopy images of uncoated cotton
and MO-cotton samples taken from a filter after filtering E. coli show the adherence of the same to the surface of MO-cotton. All the error bars
shown in the figure represent the standard deviation calculated from three independent measurements.

Surface charge analysis, column experiments at different salt dynamic light scattering experiments with the pathogens used in
concentrations, and molecular docking simulations show that this study under the conditions used to perform filtration
removal in MO-cotton filters is primarily electrostatically experiments here to confirm their negative charge. The results
mediated showed that E. coli and MS2 bacteriophage dispersed in 0.1XPBS
The cationic nature of MO seed proteins has been established ~ and 1 mM NaCl exhibit a negative charge in a pH range of 5-8
extensively in previous literature'>'7:1830-32_ Qur previous study (Supplementary Fig. 4) indicating that an attraction would exist
showed that two cationic proteins, Moringa oleifera coagulant  between E. coli/MS2, and MO proteins. Therefore, the mechanism
protein (MO2.1) and Moringa oleifera chitin binding protein of removal in MO-functionalized fiber filters is based on favorable
(MoCBP) adsorb on sand particles after functionalization with a electrostatic interactions.

simple water extract from MO seed?'. The SDS-PAGE analysis To further confirm this hypothesis, additional experiments were
performed on the proteins adsorbed on natural fibers here conducted to test the effect of salt concentration on the removal
(Supplementary Fig. 3) shows that the same two proteins are of MS2 bacteriophage in MO-cotton filters. The results clearly
present on the surface of MO-functionalized fiber filters. The show that the removal of MS2 decreases with an increase in salt
negative surface charge of both MS2 bacteriophage and E. coli is concentration from 1 mM to 600 mM of NaCl (Fig. 5d). Depen-
also well documented in literature®3=3°, We conducted separate dence on the salt concentration of the background buffer is a
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Fig. 5 Flexible molecular docking simulations and column experiments at various salt concentrations indicate that the primary
mechanism of removal in MO-cotton filters is based on electrostatic interactions. a, b The top view and the side view of the favorable
docking position observed from the flexible molecular docking simulations between MS2 capsid (pink) and MoCBP (green). ¢ The amino acid
residues that constitute the interaction interface of MS2 are overlaid onto the primary sequence of MoCBP. d Experimental log;o, removal of
108 PFU mL~" MS2 bacteriophage influent using MO-cotton filters at a flowrate of 2 mL min~" and various salt concentrations in the range of
1-600 mM NaCl as the dispersant show the removal efficiency achieved decreases with increase in salt concentration. The log,, removal

efficiency is based on the effluent sample collected at 50 mL effluent. *Indicates that the effluent concentration was below the limit of
detection which indicates that the actual removal, in this case, could be higher than the reported values. All the error bars shown in the figure
represent the standard deviation calculated from three independent measurements.

classic characteristic of electrostatic interactions. The strength of
electrostatic force decreases with an increase in the buffer
concentration as the Debye length decreases. These results again
reiterate that the removal mechanism of MO-cotton filters is
electrostatic in nature.

Previous work from our group explored the specific interactions
between the coagulant protein from MO seeds (MO2.1) and E. coli
in detail using molecular dynamics simulations and cryo-electron
microscopy'. It was shown that MO2.1 can inactivate the bacteria
by causing cell membrane fusion due to electrostatic interactions.
Molecular docking simulations can be used to gain some insight
into the nature of the complex interactions between virus capsid
and MO-proteins. A detailed study of the interactions between MO
proteins (MO2.1 and MoCBP) and MS2 bacteriophage using such
simulations in our previous study showed that MoCBP is
responsible for MS2 bacteriophage removal®'. The binding
interaction analysis between MoCBP and MS2 capsid protein
highlighting the amino acid residues responsible for the favorable
interaction and a detailed list of interactions are shown in
Fig. 5a—c and Supplementary Table 2. A predominant number of
interactions were found to be electrostatic interactions with
cationic residues in MoCBP. A combination of all the experimental
and molecular docking analyses performed suggests that the

npj Clean Water (2022) 27

removal in MO-functionalized filters relies on electrostatic

interactions.

MO-cotton filters offer a sustainable solution for water
treatment at practically relevant superficial velocities

After the feasibility of using cotton, silk, and flax for the proposed
technology was successfully shown, MO-cotton filters were tested
to evaluate their potential to operate at practical superficial
velocities. Filtration experiments at various flowrates were
performed to determine the effect of flowrate on the efficiency
of bacteria and virus removal. The goal was to determine the
highest flowrate at which MO-cotton filters can meet US EPA
standards for bacteria and virus treatment. The results show that
MO-cotton filters can achieve >6 log,o E. coli removal up to
10 mL min~" flowrate and >4 log;, MS2 removal up to 6 mL min~'
(Fig. 6a, b) corresponding to superficial velocities of 3.4 mh~" and
2.0mh~". The decrease in the removal efficiency with an increase
in flowrate can be attributed to a decrease in the collision
efficiency due to the lower residence time of pathogens in the
filter’’?8, When compared to practically relevant treatment
techniques, these superficial velocities are an order magnitude
higher than slow sand filtration (0.1-0.4mh~")3¢ and MO-sand
filters from our previous study?' but only slightly lower than the
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Fig. 6 MO-cotton filters show the potential to be a sustainable solution for virus contamination removal under practically relevant
conditions for various contexts. a Experimental log;, removal of 108 CFU mL~" E. coli influent at various flowrates in the range of 2 mL min~'
to 50 mL min~" show that MO-cotton filters achieve >6 log,, removals up to a flowrate of 10 mL min~'. b Experimental log,o removal of 108
PFU mL~' MS2 bacteriophage influent at various flowrates in the range of 2mL min~" to 10 mL min~' show that MO-cotton filters achieve >4
log,o removal up to a flowrate of 6 mL min~'. These flowrates correspond to superficial velocities of 3.4 mh~" and 2m h~" for E. coli and MS2
removal, respectively, which are slightly lower than the typical operating conditions of rapid sand filtration (5-15 m h~") and higher than slow
sand filtration (0.1-04mh~"). ¢ E. coli and MS2 removal efficiencies of MO-cotton filters at a flowrate of 2mLmin~" after 1 month and
3 months of holding at room temperature. Results show that MO-cotton achieved 7.92 + 0.22 log,, and >7.7 log;o removal for E. coli after
1 month and 3 months holding, respectively. The MS2 log,, removal efficiencies after 1 month and 3 months holding were 6.34 +0.40 and
7.29 £ 0.32. These results show that the pathogen removal efficiency of MO-cotton is retained until 3 months of holding. d E. coli and MS2
removal efficiency of MO-cotton up to 3 cycles of regeneration. The filters were regenerated by first washing with 100 mL of 600 mM NaCl
solution and functionalizing with 100 mL of MO water extract. The removal efficiency of regenerated columns was measured at 10 mL min~'
for E. coli and 6 mL min~" for MS2. It was shown that the MO-cotton columns remove bacteria and viruses effectively up to 3 cycles of
regeneration. *Indicates that the effluent concentration was below the limit of detection which indicates that the actual removal, in this case,
could be higher than the reported values. Error bars represent the standard deviation calculated from three independent measurements.

E. coli Original  Regeneration with saline water

typical superficial velocities in rapid sand filtration (5-15mh=")3’.
As discussed earlier, MO-cotton filters offer smaller mean pore size
and higher surface areas compared to sand filters from previous
work. We believe a combination of these properties offers
advantages in terms of the amount of protein adsorbed per filter
and thus higher overall capacity for virus removal.

Further experiments were performed to estimate the dry
holding stability and capability of regenerating MO-cotton to
consider the sustainability and ease of accessibility for various
contexts. Previous studies show that transmission of infectious
disease is widespread after natural disasters due to the lack of
clean water*®, If MO-cotton exhibits dry storage stability, it can be
applied to water treatment in disaster relief situations to prevent
disease spread by shipping pre-made MO-cotton to the affected
areas or storage in emergency preparedness kits. The experiments
conducted to study dry storage stability showed that dried MO-
cotton retains the ability to filter bacteria and viruses from water
for up to 3 months at room temperature. E. coli and MS2 removal
achieved by MO-cotton retrieved from storage after 1 month and
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3 months is similar to freshly prepared MO-cotton (Fig. 6c).
Although cotton is a biodegradable material, regeneration
capability is important for MO-cotton to be a sustainable substrate.
To test regeneration capability, experiments were conducted
using 600 MM NaCl to desorb the protein before recoating with
MO water extract to show in-situ regeneration of the filter upon
breakthrough. The inspiration for this regeneration process was
based on previous literature which showed that 600 mM NaCl
could be successfully used to desorb MO proteins from silica
surfaces®'. Results showed that bacteria and virus removal
efficiency after regeneration is similar to the freshly prepared
MO-cotton, up to 3 cycles of regeneration (Fig. 6d). Note that
regeneration here is different from the physical backwash used for
conventional sand filters on an hourly to daily basis in the water
treatment plants. The current filter could be easily backwashed
without losing effectiveness. These results show that MO-cotton
can be a sustainable substrate for water treatment in various
contexts including disaster relief situations and ready-made point-
of-use filtration.

npj Clean Water (2022) 27



npj

L. Samineni et al.

a)
1E+06 BT T T T T T T T
— N > EPA requirement
S1E+05F <
5 £ Cotton ™~ _ MO-cotton
NJ.: 1E+04 ?"E" AN
€ 0.22um MF ~
%) [
= 1E+03F =
2 - MP005 'EE%O_‘
2 1E+02[
3 g
S 1E+01L 4
g =TV NF270
(O]
o

1E+00 —< EPA requirement

I I S | [ I I I |

Virus log,, removal
¥ Rapid sand filtration W Microfiltration A Nanofiltration
A Slow sand filtration

1T 2 3 4 5 6 7 8 9 10

@ Chlorination @& UV186mdJ/cm?
Ultrafiltration » Reverse osmosis % UV30mJ/cm? vk MO-cotton filter

/\1 E+05 T K T g T K T g T g T 5 T ' T ' T 5 T L T3
< F N > EPA requirement 1
~ [ \

1E+04 AN 1

(m3/kW

1E+03 ¢
[ MO-cotton

*

1E+02 ; VA

1E+01 - ‘

1E+00

ty per unit energy

*)
[+
*
*

Productivi

F < EPA requirement

0 1t 2 3 4 5 6 7 8 9 10
Virus log,, removal

Energy-efficient
Energy-intensive

Fig. 7 MO-cotton filters show potential for an energy-efficient solution for virus contamination removal compared to commercially
available membrane filters. a The MS2 log removal efficiency of various membrane filters tested in this work was compared to that of
uncoated and coated cotton filters proposed in this study to show the advantage of MO functionalization. The experimental permeability and
MS2 removal efficiency values determined for the tested commercial membranes and MO-cotton filters are available in Supplementary Table
7. b Preliminary assessment of energy requirement for a theoretical point-of-use MO-cotton filter shows the energy required is much lower
compared to membrane filtration and UV irradiation. The energy requirement for MO-filters is on par with conventional media filtration and
chlorine disinfection. The energy requirement of various techniques shown in this figure is based on available literature and a detailed
summary of the literature survey and energy requirement values used can be found in Supplementary Note 2 and Supplementary Table 5. All
the error bars shown in the figure represent the standard deviation calculated from three independent measurements.

MO-cotton filters are a low energy-intensity virus removal
solution

Traditional filtration techniques based on size-exclusion in the
context of water filtration are limited by the existence of a trade-
off between their productivity and pathogen removal. This trade-
off was shown experimentally, for the first time, by characterizing
MS2 bacteriophage removal of microfiltration (MF), ultrafiltration
(UF), and nanofiltration (NF) membranes with controlled experi-
ments. The MS2 removal efficiency and permeability of commer-
cially available MF, UF, and NF membranes were studied in a dead-
end filtration setup at constant pressure required to maintain a
flowrate of approximately 100 LMH (liter-m~2h~") (Fig. 7a). This
trade-off curve was established to add a perspective to the
advantage of molecularly redesigning conventional water filters
with MO protein functionalization. The results indicate that
functionalizing the surface of an uncoated cotton filter with MO
proteins is a sustainable way of increasing the performance by
orders of magnitude without any decrease in the inherent
permeability, thus overcoming the productivity-permeability limit
of current filtration approaches (Fig. 7b). This shows the potential
of the filters proposed in this study as an energy-efficient and
accessible water filtration technique that can be applied to water
treatment in both developing and developed countries.

In the current work, the primary focus was to establish the
feasibility of MO-functionalized fiber filters for achieving high virus
removal at high loading rates. Although future scale-up studies at
realistic conditions are necessary for a comprehensive life cycle
analysis, an initial assessment of energy requirement for MO-
cotton filters was performed here to compare the proposed filters
with alternative virus removal technologies. The detailed analysis
for calculation of the operational and embodied energy required
for a theoretical point-of-use MO-cotton filter is available in
Supplementary Note 1. The analysis showed that MO-cotton filters
require minimal energy when compared to alternative techniques
(Fig. 7b). The low energy requirement of MO-cotton filters
(0.01kWh m~3) is similar to less energy-intensive technologies
such as conventional media filtration and chlorine disinfection.
Compared to the energy-intensive alternatives of membrane
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filtration and UV irradiation, MO-cotton filters show potential for
energy-efficient virus treatment. This shows that MO-cotton filters
have great promise as an easily accessible drinking water filter
that can be deployed as a point-of-use filter or a community scale
filter in the future. In addition to the energy consumption, the cost
for building the proposed theoretical point-of-use design of MO-
cotton filter in both the USA and India was calculated based on
the material costs from our experience with setting up filters in the
field at two locations (Supplementary Fig. 7). These estimates
showed that a point-of-use MO-cotton filter with a capacity of
filtering 10 liters of water per day costs $10 and $5 per filter to
fabricate in USA and India, respectively (details in Supplementary
Note 3 and Supplementary Table 6).

DISCUSSION

Overall, we have demonstrated that a simple aqueous Moringa
oleifera seed extract can be used effectively to functionalize easily-
accessible natural fibers and show how the proposed filters can
overcome a trade-off curve that exists in size-exclusion filtration
techniques. A regeneration method was developed and the dry-
storage stability of MO-cotton was studied to establish its
potential as a sustainable technique applicable to various
contexts. Finally, it was shown with experiments and preliminary
energy estimation that the proposed filters offer highly efficient
virus removal capability with low-energy requirement compared
to commercially available membranes. Even though the findings
from this laboratory-scale study are encouraging, to adapt the
proposed filters at the field scale, future work needs to focus on
the effect of practical conditions on filter performance. Important
parameters to consider include the pressure required to operate
the column and realistic pathogen concentrations in the presence
of organic matter. In the field, these filters are designed to be
driven by gravity-assisted flow. The experiments shown here were
conducted at a constant flowrate using a peristaltic pump because
the pressure required for maintaining a flow of 2 mL min~" is less
than 1 psi and it is difficult to maintain and measure such a low
pressure reliably. A constant pressure setup was used to quantify
the permeability (flowrate per unit area per unit pressure) of
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MO-cotton filters and compared this to conventional membranes
(Fig. 7a). These results indicate very high permeability for MO-
functionalized filters but field-scale experiments are necessary to
validate this data further.

Secondly, the goal of the experiments performed here was to
quantify the highest efficiency achievable by MO-cotton filters
compared to uncoated filters at ‘clean-bed’ conditions by filtering
a relatively low volume of high concentration bacteria/virus
solution. In practice, high volumes of water with pathogen
concentrations orders of magnitude lower than that used in the
current work will be processed. Separate breakthrough experi-
ments were performed with E. coli to establish a preliminary
estimate of the life of a MO-cotton filter and the effect of natural
organic matter on capacity. These experiments showed that
(Supplementary Fig. 5a) MO-cotton filters remove >10"" colony
forming units (CFU) of bacteria before reaching saturation. This
translates to >10" column volumes for even a heavily-
contaminated source water (100 CFU mL~" of bacteria) indicating
the high capacity of MO-cotton filters. The filters also did not show
any susceptibility to biofouling during this long-term experiment.
The estimate of a lifetime from laboratory experiments is expected
to decrease in field applications due to the complex composition
of natural water. To understand the effect of the water matrix,
pond water containing high total organic carbon (TOC
~6 mg mL~") spiked with E. coli was tested with MO-functionalized
sand filters. The results show that the column capacity decreases
approximately by half due to the effect of TOC (Supplementary
Fig. 5b). As the pond water used for this preliminary experiment
was collected from a local water source, accurate determination of
the composition of natural organic matter was not possible. A
detailed study with a careful variation of concentrations and
composition of natural organic matter (NOM) considering the
available pre-filter and pre-treatment options for the removal of
NOM is an important future area of inquiry.

METHODS

Moringa oleifera seeds

The Moringa oleifera (MO) seeds used for this study were received from
Echo Global farm, Florida. The dried MO seeds were stored in a sealed bag
at room temperature and crushed with a coffee grinder before the
experiment. These conditions were intentionally used to ensure the
process is robust under the storage and coating conditions that can be
easily followed in field applications. Column experiments were performed
with freshly made water extract to establish the removal efficiency of
functionalized fiber filters.

Natural fibers

The details of the natural fibers used are available in Supplementary
Methods.

Commercial flat sheet membranes

NF270 (PA-TFC, Dow Filmtec), UE50 (PES, Trisep), and MP005 (PES,
Microdyn Nadir) purchased from the Sterlitech Corporation were used
for determining the permeability and MS2 removal efficiency of
nanofiltration (NF), tight ultrafiltration (UF), and loose UF, respectively.
The 0.22 um (PVDF, Millipore™) membrane purchased from Millipore Sigma
was used as an example of a microfiltration membrane.

Microorganisms for filtration experiments

Two microorganisms were used in this study to challenge the MO-
functionalized fiber filters and quantify their removal efficiency: Escherichia
coli TG1 strain and MS2 bacteriophage. E. coli is a rod-shaped gram-
negative bacillus, typically 1 um long and 0.35 um wide, that has been
used ubiquitously as a model organism in scientific research®. The E. coli
TG1 strain used in this study was shown to be an effective surrogate for
bacteria in our previous studies?>*°. MS2 bacteriophage is a nonenveloped
single-stranded RNA coliphage, 27 nm in diameter, that has been used
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widely as a surrogate for human enteric viruses These model
microorganisms were used to challenge the filters in this study as they
are ideal surrogates to represent bacteria and virus particles due to their
size. In addition, they also pose lower risks of associated infection and are
easier to culture and quantify rapidly. The procedure for E. coli TG1 and
MS2 propagation and culture are detailed in Supplementary Methods.

26,41

Moringa oleifera (MO) functionalized fiber filter preparation

Readily available components were used to build the column filters used to
quantify the pathogen removal in this study. Glass chromatography
columns with dimensions of 1.5cm inner diameter and 10cm length,
manufactured by Bio-Rad, were used as the filter body to pack the fiber.
First, six balls (~3.5gm) of cotton, 5gm of silk fiber, or 8 gm of flax fiber
were soaked in water for 2 min. Although DI water is used here, any clean
water would work for this step. The wet fiber was pushed into the column
using a plunger. The dry weight of the fiber that was packed in each
column and the height of the column was measured to account for the
inherent variation in the size and weight of the individual cotton balls. The
average heights of cotton, silk, and flax fiber columns were ~8 cm, ~8.2 cm,
and ~9.5 cm, respectively.

To functionalize the thus prepared fiber filter with MO proteins, 100 mL
of water extract from dry MO seeds was pumped through the column at a
constant flowrate of 2 mL min~'. MO water extract is prepared by mixing
2 gm of freshly ground unshelled MO seed with 100 mL DI water for 5 min.
Although DI water was used here for preparing the MO serum extract, the
presence of 10 mM NaCl did not show any significant effect on the
performance of MO-functionalized filters (Supplementary Fig. 6). This
solution was filtered sequentially through a 1.5um glass fiber filter
(Whatman) and 0.22 um PVDF filter (Millipore), to remove excess seed
material before using it to functionalize the fiber filters.

Membrane testing with MS2 bacteriophage to compare the
performance of MO-cotton

Membrane filtration of MS2 bacteriophage was performed in a 10 mL
dead-end filtration setup (Model 8010, Millipore) with an active membrane
area of 4.1 cm?. The filtration cell was connected to an 800 mL Amicon
Stirred Cell Reservoir plastic reservoir (RC800, Millipore) to continuously
feed at a stirring rate of 300 RPM. The filtration rate for each membrane
was maintained at ~100 LMH (liters m~2 h~") by adjusting applied pressure
to achieve a comparable flowrate to the column performance. The feed
and permeate were collected after filtering 200 mL of the feed solution.
This procedure is widely used in literature to quantify the performance of
membranes*?43,

Quantification of pathogen removal

A series of standard filtration experiments were used to quantify the
pathogen removal efficiency of MO-functionalized fiber filters in this study.
After preparing a MO-functionalized filter according to the procedure in
the prior section, the filter was equilibrated with 100 mL of the background
buffer at the required flowrate for the filtration experiment. Unless
specified otherwise, the background buffer used in this study for E. coli was
10 times diluted PBS buffer (0.1X PBS) and for MS2 bacteriophage was
1 mM Nadl solution. For the column experiments performed to infer the
mechanism of MS2 removal in MO-cotton filters, the background salt
concentration was varied in the range of 1-600 mM NaCl (10 mM, 100 mM,
300 mM, and 600 mM). After equilibration, an influent solution containing
either ~108 CFU mL~" of E. coli or ~108 PFU mL~" of MS2 bacteriophage
dispersed in the background buffer was fed to the filter at a constant
flowrate. Three effluent samples were collected when 50 mL, 75 mL, and
100 mL of the influent had passed through the filter. Experimental log
removal efficiency (LRE) of the filters was quantified using Eq. 1, where C
and C, represent the effluent and influent sample concentrations. The
concentration of the viable pathogens in influent and effluent samples was
quantified using a conventional plating technique for E. coli and a double
layer plaque assay for MS2 bacteriophage. The details of the quantification
techniques used can be found in Supplementary Methods.

C
log removal efficiency(LRE) = — log;, {C—} )
0

To quantify the efficiency of functionalizing fibers with MO proteins in

enhancing the pathogen removal, filtration experiments were performed
at a flowrate of 2 mL min~" using MO-functionalized fiber filters. Uncoated
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fiber filters packed and processed using the same procedure as a MO-
functionalized filter, except for the functionalization step, were used as a
negative control. To understand the effect of flowrate on the LRE,
experiments were performed using MO-functionalized cotton filters at
varying flowrates in the range of 2 mL min~" to 50 mL min~" for E. coli and
2mLmin~" to 10mLmin~" for MS2 bacteriophage.

Molecular docking simulations

In order to quantify the binding affinity between MoCBP and MS2 capsid
proteins, a series of flexible docking iterations were performed scanning
the surface of the target capsids using the surface docking protocol of
OptMAVEN-2.0* which is similar to Z-DOCK-3*. Coordinates of the center
of mass of the top 100 docked conformations of MoCBP were used to
identify the highest MoCBP-affinity location(s) on the capsid proteins. For
each of the bound conformations of MoCBP at the high-affinity region, an
all-atom Rosetta energy function was used to estimate the enthalpic
contribution of binding. Input file preparation involved starting with the
crystallographic coordinates of each of the proteins involved - (a) MoCBP -
PDB id 5D0OM??, (b) MS2 capsid — PDB id 1AQ3“® - and then subsequently
performing an internal coordinate building to add any missing residues
and overall energy minimization using the all-atom relaxation protocol
Relax within PyRosetta®’.

Experiments to test dry holding stability of MO-cotton

It is important for MO-functionalized cotton (MO-cotton) to retain its ability
to capture pathogens after drying and holding for a long time, for the
proposed technique to be applicable under varied contexts (e.g., disaster
preparedness). To test this, MO-cotton prepared according to the
procedure mentioned before was dried at 37 °C for 24 h and stored in a
sealed bag at room temperature. Then filtration experiments were
performed with the dry MO-cotton after 1 month and 3 months to
compare the LRE with freshly coated cotton. Note that 1-month and
3-month samples were taken from identical batches of MO-cotton
prepared on the same day and left for drying at room temperature in a
sealed bag. Filtration experiments were performed following the same

procedure as above at a flowrate of 2mLmin~".

Regeneration of MO-cotton

To show that MO-cotton is a widely available and sustainable pathogen
capture media, it is important to establish the capability of regenerating
the coated cotton easily. Our previous studies have shown that washing
with a 600 mM saline solution followed by functionalization with MO water
extract is an effective procedure to regenerate filtration media?'?'. To
check if a similar procedure can be used to regenerate MO-cotton, filtration
experiments were performed to determine the effect of regeneration on
pathogen removal efficiency. MO-cotton columns were first prepared
according to the procedure described before and then washed with
100 mL of 600 mM NaCl to desorb the protein before re-coating them. This
process was repeated three times, and the E. coli and MS2 removal
efficiency of the regenerated columns were quantified for each cycle to
study the effect of regeneration on LRE.

Surface area measurement

Brunauer-Emmett-Teller (BET) isotherm measurements were used to
analyze the surface available of different fibers used in this study. Three
samples per fiber (cotton, silk, and flax) were submitted for analysis at The
Material Characterization Lab at The Pennsylvania State University to
determine the average available surface area (SA). SA was determined by
the physical adsorption of nitrogen on a sample surface at 77K using
Accelerated Surface Area and Porosimetry Analyzer (ASAP 2420; Micro-
meritics Instrument Corp.). SA was calculated using BET equation*® which
utilizes the linear part of the adsorption isotherm at relative pressures, P/
P., in the range between 0.05 and 0.30, where P is the equilibrium pressure
and P, is the saturation pressure. Prior to the measurement, samples were
degassed at 40 °C for at least 8 h under a vacuum of 4 um Hg to remove
impurities such as water vapor, carbon dioxide, and others.

FTIR analysis

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) was performed on the fiber samples to determine their chemical
structures using Nicolet 6700 spectrometer (Thermo Scientific) with smart
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iRT diamond ATR sampling accessory (Thermo Scientific). 256 scans per
sample at a resolution of 4cm™" were obtained for all measurements.

Streaming potential analysis

To measure the surface potential of the fiber samples, a SurPASS
electrokinetic analyzer (Anton Paar, Ashland, VA, USA) was used. Each
fiber sample was first soaked in 10 mL of 1 mM NaCl solution. Then the
sample was mounted within the cylindrical cell on the device and pH of
the electrolyte solution (again 1 mM NaCl) was adjusted to the required
level using 0.05 M HCl and NaOH. Measurements were made in triplicate
for each fiber at four different pH values of 5, 6, 7, and 8. All the
measurements were made at a target pressure of 300 mBar. Note that this
pressure is an operational requirement for the electrokinetic analyzer and
does not have any correlation to the operating pressure of the filtration
experiments in this study.

Capillary flow porometry

To measure the mean pore size of the fiber columns tested in this study,
required amount of the fiber sample was packed in a cylindrical holder
with dimensions of 2.54 cm length and 3.5 cm diameter to reach a packing
density of cotton, silk, and flax similar to the column filters. Water was used
as the wetting liquid and porometry analysis was performed using the
standard wet-up and calc. dry measurement protocol in an iPore 1100-AX
from Porous Materials Inc. The term column packing density used in this
context does not represent bulk density or the porosity of the fiber in the
filter. Instead, it is the ratio of the amount of material packed over the
volume of the column and is meant to be a reference value to enable
comparison in future studies.

Quantitative and Qualitative analysis of adsorbed MO protein
To determine the amount of protein adsorbed on the natural fiber filters, a
Thermo Scientific™ Pierce™ Quantitative Fluorescent Peptide Assay was
used. Lysozyme from chicken egg white was used to develop a calibration
curve. After coating the column as explained earlier, 100 mL of 600 mM
NaCl was introduced at a flowrate of 2 mL min~" to desorb the protein into
the salt solution®'. The concentration of the protein in the salt solution was
used to interpret the amount of the MO protein adsorbed onto the surface
of a fiber filter.

To qualitatively characterize the protein adsorbed on the surface of
natural fibers, Sodium Dodecyl Sulfate- Poly- Acrylamide Gel Electrophor-
esis*® (SDS-PAGE) evaluation was conducted on the salt wash used to
quantify the adsorbed protein. 12 uL of 600 mM NaCl wash was loaded
onto a 12% hand-cast SDS PAGE gel. Coomassie staining was used to
visualize the protein bands.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used for observing the MS2
bacteriophage physically removed using MO-cotton filters. To visualize the
MS2 bacteriophage attached to MO-cotton, a negative-stain method was
used with TEM analysis. The MO-cotton fiber with adsorbed MS2
bacteriophage was prepared by filtering 4000 mL of 108 PFU mL~" MS2
bacteriophage dispersed in 1mM NaCl with a MO-cotton filter at
6 mLmin~". Individual fibers from the top of the column were picked
with a clean tweezer and dried either at 35°C or using hexamethyldisi-
lazane (HMDS) drying for the imaging analysis.

To preserve and chemically fix the specimen’s structure, a chemical
drying agent HMDS was used to dehydrate soft tissues and biological
molecules prior to the TEM examination. The specimens to be examined
were dehydrated through varying concentrations of graded ethanol (30%,
50%, 60%, 70%, 80%, 90%, and 100% ethanol) for 10 min each and then
maintained in 50% ethanol/HMDS and 100% HMDS for 2 min each in
succession at room temperature. The specimens were then dried overnight
in a laminar flow hood. The dehydrated specimens were adsorbed onto
400-mesh, glow-discharged, carbon-coated TEM grids (G400, Ted Pella)
and negatively stained with 0.75% (w v~') uranyl formate. TEM images
were obtained on the Tecnai G2 Spirit BioTwin microscope (FEI) at an
accelerating voltage of 80kV. Images were taken at a magnification
between 6 kx to 87 kx using an AMT Advantage HR 1k X 1k digital camera
(Advanced Microscopy Techniques).
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Scanning electron microscopy

Scanning electron microscopy (SEM) was used in this study to observe
the adsorption of E. coli on the surface of MO-cotton fiber. SEM was also
used to analyze the fiber diameter and morphologies of cotton, silk, and
flax fibers used in this study before and after treating with boiled water
for 15 min to understand the effect of treatment on morphology. The
MO-cotton fiber with adsorbed E. coli bacteria was prepared by filtering
2000 mL of 108 CFU mL~" E. coli dispersed in 0.1X PBS with a MO-cotton
filter at 10 mL min~". Individual fibers from the top of the column were
picked with clean tweezer and dried using HMDS drying for the imaging
analysis.

To preserve and chemically-fix the structure of the biological specimen,
HMDS drying technique detailed earlier was used to dehydrate soft tissues
and biological molecules prior to the examination by SEM for natural fiber
samples treated with boiled water and MO-cotton with E. coli. Once the
samples were prepared, SEM images were acquired using Quanta 650
ESEM (FEI) at an acceleration voltage of 5 kV to 15 kV, and specimens were
coated with a gold/palladium mixture using EMS Sputter Coater to prevent
static charge accumulation.
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