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1. Introduction

A bio-conjugated chitosan wrapped CNT based
3D nanoporous architecture for separation and
inactivation of Rotavirus and Shigella
waterborne pathogens

Avijit Pramanik,® Stacy Jones,® Ye Gao, (2 ° Carrie Sweet,® Salma Begum,?
Manoj K. Shukla,® Janice Paige Buchanan,” Robert D. Moser® and
Paresh Chandra Ray (2 *?

The United Nations (UN) estimates that more than one billion people in this world do not have access to
safe drinking water due to microbial hazards and it kills more than 7.6 million children every year via
waterborne diseases. Driven by the need for the removal and inactivation of waterborne pathogens
in drinking water, we report the chemical design and details of microscopic characterization of a bio-
conjugated chitosan attached carbon nanotube based three dimensional (3D) nanoporous architecture,
which has the capability for effective separation and complete disinfection of waterborne pathogens from
environmental water samples. In the reported design, chitosan, a biodegradable antimicrobial polysaccharide
with an architecture-forming ability has been used for the formation of 3D pores as channels for water
passage, as well as to increase the permeability on the inner and outer architectures for killing Rotavirus and
Shigella waterborne pathogens. On the other hand, due to their large surface area, CNTs have been
wrapped by chitosan to enhance the adsorption capability of the architecture for the separation
and removal of pathogens from water. The reported data show that the anti-Rotavirus VP7 antibody and
LL-37 antimicrobial peptide conjugated chitosan—CNT architecture can be used for efficient separation,
identification and 100% eradication of Rotavirus and Shigella waterborne pathogens from water samples
of different sources. A detailed mechanism for the separation and inactivation of waterborne pathogens
using the bio-conjugated chitosan based 3D architecture has been discussed using microscopic and
spectroscopic studies. Reported experimental data demonstrate that the multifunctional bio-conjugated 3D
architecture has good potential for use in waterborne pathogen separation and inactivation technology.

virus, is the leading cause of death among young children.’™?
Similarly, Shigella is known to be one of the most contagious

Although water is essential to human life, as per the World
Health Organization (WHO), around 25% of the global popula-
tion does not have access to drinking water, which is free from
microbial hazards."?

The United Nations Children’s Fund (UNICEF) estimated
that unsafe water is responsible for 7.6 million deaths of
children under the age of five.>* As per the Centers for Disease
Control (CDC), waterborne pathogens cause significant disease
burden to our society, which results in a global economic loss
of US$260 billion annually.>® It is now well documented that
water contaminated with Rotavirus, a double-stranded RNA
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types of bacteria which is commonly responsible for water-
borne outbreaks in the USA and deaths among infants in our
society.”™* Since the average size of the Rotavirus is about
80 nm, whereas the pore size of a point-of-use filter varies from
100 nm to 5 microns, Rotavirus from infected water cannot be
removed using a point-of-use filter.”™* To tackle the above
challenges, here we report the chemical design of a chitosan
attached carbon nanotube based three dimensional (3D) nano-
porous architecture with an average pore size of 30 nm, which
has the capability for effective separation and disinfection of
waterborne pathogens from environmental water samples.
Chitosan, which is composed of B-(1-4)-linked p-glucosamine
and N-acetyl-p-glucosamine, is a derivative of chitin and it can
easily be extracted from the shells of crabs and shrimps."*™2°
Due to its good biocompatibility, antibacterial, and gel-forming
properties, chitosan biopolymer has been used heavily as
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biomaterials in the fields of biomedical engineering and
biotechnology."**® As shown in Schemes 1 and 2, in our design,
chitosan has been used for the formation of a 3D nanoporous
architecture as channels for water passage. Due to its strong
chelating ability and cationic characteristics, the same chitosan
has also been used to increase the permeability on the inner and
outer architectures for killing Rotavirus and Shigella. Due to their
high specific surface area and very good mechanical strength,
single-walled carbon nanotube (SWNT) based architectures have
received huge attention for the last decade.”*™*

The Rotavirus structure is well documented in the literature,
which is composed of an RNA genome capsid, consisting of six
classes of proteins.*®™® Since the Rotavirus’s outer capsid layer
contains VP4 and VP7 proteins, the anti-Rotavirus VP4 antibody
or anti-Rotavirus VP7 antibody has been used for neutralization
of Rotavirus.***® In our design, for 100% neutralization of
captured Rotavirus by the 3D nanoporous architecture, we have

Carbon Nanotubes (CNTs)

HNO,/H,SO,(1:3)
Sonication

Oxidized (CNTs)

Scheme 1 Synthetic procedure we used to develop water dispersible
oxidized CNTs.
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Scheme 2 Synthetic procedure used to develop a chitosan—CNT architecture.

used the anti-Rotavirus VP7 antibody attached chitosan-CNT
architecture. The antimicrobial peptide LL-37 is a multifunc-
tional host defense peptide which is known to kill Shigella.**~>*

It has been well documented that LL-37 interacts with lipid
bilayers via electrostatic interaction with Shigella bacterial surfaces
and forms pores, leading to the osmotic lysis of the bacterial
cell.**" In our design, for 100% killing of captured Shigella by the
3D nanoporous architecture, we have used the LL-37 antimicrobial
peptide attached chitosan-CNT architecture. Our reported data
demonstrate that the bio-conjugated chitosan-CNT architecture
can be used for efficient separation, identification and eradication
of Rotavirus and Shigella waterborne pathogens in water samples
of different sources.

2. Experimental

Single-walled carbon nanotubes, chitosan, 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide hydrochloride, poly(ethylene glycol),
HNOj;, H,SO,, KMnO,, and other chemicals were purchased
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from Fisher Scientific and Sigma-Aldrich. Rotavirus (ATCC® VR-
2550™), Shigella (ATCC® 700930™) and growth media were
purchased from the American Type Culture Collection.

2.1. Development of water-soluble SWCNTs

For the chemical design of a chitosan-CNT architecture, first, we
synthesized water soluble carbon nanotubes (CNTs). In order to
do this, SWCNTs (5 mg mL ™~ ') were dispersed by ultrasonication,
and then we performed oxidative treatments using a 3 :1 ratio of
concentrated sulfuric acid and nitric acid, as shown in Scheme 1.
As we and others reported before,>** during the oxidation
treatments, SWCNTs were chemically functionalized with the
carboxyl group, which produced -CO,H functionalized SWCNTs,
as shown in Scheme 1. TEM data indicate that the average
diameter of the water-soluble SWCNTs is about 6-8 nm and
length is about 1-6 pm. The Raman data indicate a strong
D-band at ~1345 cm™ ' and a G-band at ~1625 cm . Water
solubility is around 0.5 mg mL ™.

2.2. Development of a chitosan—-CNT 3D architecture
membrane

For the design of a chitosan-CNT 3D architecture membrane,
we used a cross linking method to covalently conjugate the
amine group of chitosan and the -CO,H group of the SWCNT
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
as a cross linker. For this purpose, first, 0.1 g low molecular
weight chitosan was dissolved by adding 0.25 mL of glacial acetic
acid to 20 mL of water. After that, the mixture was sonicated
vigorously for an hour. In the next step, we removed any
undissolved particles by centrifugation. In the next step, 0.05 g
of water soluble -CO,H functionalized SWCNTs was added to a
chitosan solution. As shown in Scheme 2, in the next step we
added 2 mL of 0.2 molar (M) EDC and 0.05 M N-hydroxysulfo-
succinimide sodium salt [1:3 (v/v) ratio], and then the mixture
was sonicated for 30 minutes. After that, the sample was kept in
an oil bath at about 80 °C under a hood for 90 min. Once the
reaction was over, we performed sonication for an hour and a
half. After sonication, we obtained a semisolid product, which
was used to develop a 10 x 10 cm size chitosan-CNT 3D
architecture membrane. For this purpose, the semisolid product
was used for spin-casting at 1500 rpm onto a glass substrate.
Finally, it was vacuum-dried overnight at 60 °C and the 3D
architecture membrane was removed from the glass substrate.
To understand the chitosan attachment on the CNT architecture,
we recorded the infrared (IR) spectra of the freshly prepared
chitosan-CNT architecture and compared the data with those of
only CNTs as reported in Fig. 1C1 and C2. For this purpose, the
samples were placed on the ATR (attenuated total reflection)
crystal. After that, the IR spectra of the synthesized compounds
were recorded using a Perkin-Elmer-spectrum Two FT-IR spec-
trometer in the 4000-400 cm™ " range. As reported in Fig. 1C,
FTIR data of the chitosan-CNT architecture clearly show the
presence of an amide-A band due to the -N-H stretching,
mainly, an amide I band due to the C—O0 bond stretching, an
amide II band due to the in-plane NH bending, an OH stretching
band, a C-O-C stretching band and a polysaccharide band.
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The presence of all the amide bands in the FTIR spectra of the
chitosan-CNT architecture clearly shows the attachment of the
chitosan-CO,H functionalized SWCNTs. The Raman spectra
of the chitosan-CNT architecture shows a strong D-band at
~1345 cm ! and a G-band at ~1625 cm™*,***° which clearly
indicate the presence of CNTs on the architecture, and stronger
D bands show that the modification extent for CNTs is high.

2.3. Development of an anti-Rotavirus VP7 antibody and an
LL-37 antimicrobial peptide conjugated chitosan-CNT
architecture

For 100% neutralization of captured Rotavirus and complete
killing of Shigella by the 3D nanoporous architecture, we have
developed an anti-Rotavirus VP7 antibody and an LL-37 anti-
microbial peptide attached chitosan-CNT architecture. For this
purpose, initially, the anti-Rotavirus VP7 antibody and the LL-37
antimicrobial peptide were bio-conjugated with CNTs via the
—-CO,H group by amide linkage using 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide hydrochloride as the crosslinking
agent in the presence of N-hydroxysulfosuccinimide sodium
salt, using a previously reported method.'"** For this purpose,
we used 1 mg of the anti-Rotavirus VP7 antibody, 80 mg of the
LL-37 antimicrobial peptide, 0.1 g of low molecular weight
chitosan, 0.25 mL of glacial acetic acid in 20 mL of water and
0.05 g of water soluble -CO,H functionalized SWCNTs.

All mixtures were kept in an oil bath at about 60 °C under a
hood for 80 min. After sonication for one and a half hours, we
obtained a semisolid product, which was used to develop the
anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide
attached chitosan-CNT architecture. To determine the amounts
of the Rotavirus VP7 antibody and LL-37 antimicrobial peptide
attached to the prepared bio-conjugated chitosan attached carbon
nanotubes, we used the Cy3 dye attached Rotavirus VP7 antibody
and the FITC dye attached LL-37 antimicrobial peptide. After
sonication, the unreacted Rotavirus VP7 antibody and LL-37
antimicrobial peptide were separated by centrifugation. From
the fluorescence analysis, we found that around 80% of the
Rotavirus VP7 antibody was attached to the architecture and
around 75% of the LL-37 antimicrobial peptide was attached to
the architecture. After developing the porous architecture, we
used a JEM-2100F TEM, high-resolution SEM using a Hitachi
5500 SEM, energy-dispersive X-ray spectroscopy (EDX) analysis
and the Brunauer-Emmett-Teller (BET) experiment to charac-
terize product materials, as shown in Fig. 1.

2.4. Characterization of the bio-conjugated chitosan-CNT
architecture

As shown in Fig. 1A, the TEM image of the freshly made anti-
Rotavirus VP7 antibody and LL-37 antimicrobial peptide con-
jugated chitosan-CNT architecture shows the porous structure
of our architecture. We also performed EDX mapping; this is
shown in Fig. 1B1-B3, which show the presence of C, N and O,
which indicate the presence of chitosan, the peptide and the
antibody with CNTs in the architecture. To determine the specific
surface area for the anti-Rotavirus VP7 antibody and LL-37 anti-
microbial peptide conjugated chitosan-CNT architecture, we used

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) SEM image of the freshly made anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide attached chitosan—CNT architecture shows the
morphology of the nanoporous architecture. (B) EDX data of the freshly made anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide attached
chitosan—CNT architecture show the presence of C, O, and N. (C1) IR spectrum of the freshly made water soluble SWCNTs shows the presence of —~OH
stretch and —CO stretch vibrational bands. (C2) IR spectrum of the freshly made chitosan—CNT architecture shows the presence of amide-A, amide-|,
amide-1l, —OH stretch, —CH polysaccharide and —C-O-C stretch vibrational bands. (D1) SERS spectrum of the freshly made SWCNTs shows the
presence of D and G bands. (D2) SERS spectrum of the freshly made chitosan—CNT architecture shows the presence of D and G bands due to the CNTs.
(E) N, adsorption/desorption isotherms of the freshly made anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide attached chitosan—-CNT
architecture indicate type Ill isotherms. (F) Pore size distributions of the freshly made anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide
attached chitosan—CNT architecture show pore sizes ranging from 5 to 200 nm and the highest density at 30 nm. (G) Plot showing water flux data under
1 bar pressure. Measurement was performed 5 times.

N, adsorption/desorption data and the Brunauer-Emmett-Teller ~conjugated chitosan-CNT architecture is 340 m*> g~ ', with a
(BET) method. For the BET surface area measurement, we used a  pore volume of 0.480 cm® g~ '. The corresponding pore size
Tristar II 3020 surface area analyzer (Micromeritics, USA), where  distribution calculated using the BJH method, as shown in Fig. 1F,
N, was used as the adsorptive gas. On the other hand, we used the = shows that the pore size ranges from 5 to 80 nm and the average
Barrett, Joyner, and Halenda (BJH) method to calculate the pore pore diameter for the anti-Rotavirus VP7 antibody and LL-37
size distribution from the adsorption/desorption isotherms. As antimicrobial peptide conjugated chitosan-CNT architecture is
shown in Fig. 1E and F, our reported experimental N, adsorption/ around 30 nm. For the measurement of the water flux for the
desorption data show type IV isotherms. BET analysis reported chitosan-CNT architecture, we collected the permeated water
in Fig. 1E indicates that the specific surface area for the through the nanoporous architecture using an electronic
anti-Rotavirus VP7 antibody and LL-37 antimicrobial peptide balance. We repeated the experiment a few times. As shown

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. B, 2017, 5, 9522-9531 | 9525
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in Fig. 1G and from the experimental data, the water flux for the
conjugated chitosan-CNT architecture was estimated to be
98.6 L m 2 h™' bar '. As shown in Fig. 1G, the water flux
performance of the chitosan-CNT architecture slight decreases
with the number of cycles. It can be due to the membrane’s
susceptibility to fouling. In our case, fouling occurs due to the
accumulation of microorganisms on the chitosan-CNT archi-
tecture surface, which may create biofilms on the membrane
surface and decrease the water flux due to the increase in
resistance to water permeation. To understand whether CNT
fragments can leak in water, we performed water filtration
several times using the architecture and then filtered water
was analyzed for possible CNT fragments in water. We per-
formed TEM, FTIR, ICP and Raman analysis. We did not find
any evidence of CNT fragments in water.

2.5. Raman spectral measurements of the chitosan-CNT
architecture

To detect the presence of CNTs in the 3D architecture, we
performed Raman experiments using a fiber optic probe based
Raman probe with 2 mW power using 785 nm light. Experi-
mental details have been reported before."* For Raman data
collection from the chitosan-CNT architecture, we used a
QE65000 spectrometer from Ocean Optics.

2.6. FT-IR measurements of the chitosan-CNT architecture

To understand the amide bond formation and other chemical
composition of the chitosan—-CNT architecture, we used a Perkin-
Elmer-spectrum Two FT-IR spectrometer, as we reported before.>*

2.7. Rotavirus sample preparation

To demonstrate Rotavirus separation, capture and disinfection,
we purchased Rotavirus (ATCC™ VR-2104™) from the ATCC. We
cultured the virus using the ATCC protocol as instructed. After that,
we performed serial dilutions to obtain virus concentrations between
10° and 10 PFU per mL, for preparing Rotavirus infected water.

2.8. Fluorescence imaging of Rotavirus after capture by the
chitosan-CNT architecture

For fluorescence imaging, an Olympus IX71 inverted confocal
fluorescence microscope was used. A630 nm wavelength light
was used as the excitation source. A SPOT Insight digital camera
was used for imaging, and Olympus DP capture software was
used for data processing, as we reported before.>*

2.9. Finding the percentage of Rotavirus separated by the
chitosan-CNT architecture

We used the real-time reverse transcriptase polymerase chain
reaction assay for the counting of Rotavirus separated by the
chitosan-CNT architecture.

2.10. Antiviral activity measurements using indirect
immunofluorescence assay

The anti-Rotavirus activity of chitosan attached carbon nano-
tubes was monitored using PK-15 (Vero) cells infected by
Rotavirus. We used immunofluorescence study to find the
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inhibition effect. For this purpose, the cells were incubated
with the anti-Rotavirus monoclonal antibody for 75 minutes
and then the Pacific Blue dye-conjugated antibody was added
and kept for 60 minutes. Lastly, we used a microscope to
analyze data from immunofluorescence assay.'*

2.11. Shigella sample preparation

To demonstrate Rotavirus separation, capture and killing, we pur-
chased Shigella from the ATCC (ATCC® 700930™) and then cultured
it according to the ATCC protocol. In the next step, we performed
serial dilutions to obtain the Shigella concentrations between
10” and 10 CFU per mL for preparing Shigella infected water.

2.12. Finding the percentage of live Shigella before and after
separation using the chitosan-CNT architecture

For the determination of the percentage of live Shigella bacteria
before and after separation using the chitosan-CNT architecture,
we used a colony-countable plate. Experimental details have been
reported before.>* At the end, the colony counter (Bantex, Model
920 A) was used to determine the amount of live bacteria. We also
used the RT-PCR experiment for the counting of pathogens.

3. Results & discussion

3.1. Anti-Rotavirus VP7 antibody-conjugated chitosan-CNT
architecture for separation and inactivation of Rotavirus

To determine whether the bio-conjugated chitosan-CNT archi-
tecture can be used for the separation of Rotavirus from water,
we performed filtration of 50 mL of the water sample containing
6.8 x 10° (plaque-forming units) PFU per mL of Rotavirus.
After that, we used the reverse transcription polymerase
chain reaction (RT-PCR) to determine the amount of Rotavirus
captured by the 3D architecture and also the amount of
Rotavirus remaining in the water sample. We also performed
an SEM study to characterize the captured Rotavirus. As shown
in Fig. 2A, the SEM image clearly shows that a huge number of
Rotavirus are clustered above the 3D architecture, which is also
confirmed using RT-PCR data. As shown in Fig. 2B, RT-PCR
data show that our 3D architecture is able to remove more than
99% of Rotavirus from a water sample. This highly efficient
Rotavirus removal is mainly due to the fact that the pore size of
the anti-Rotavirus VP7 antibody conjugated chitosan-CNT
architecture is around 30 nm, whereas the Rotavirus size is
about 80 nm. As a result, during the filtration, water can pass
through the architecture very easily, but due to its much bigger
size, Rotavirus is captured by the architecture. As we discussed
before, Rotavirus is a contagious virus that can cause gastro-
enteritis, and therefore, not only separation, but inactivation is
also very important for society."® To determine the antiviral
potential of our bio-conjugated chitosan attached carbon
nanotubes against Rotavirus, we incubated PK-15 cells with
3000 PFU per well of Rotavirus in the presence or absence of
bio-conjugated chitosan attached carbon nanotubes. After one
day of incubation, the Rotavirus infected PK-15 cells were

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) SEM image shows that Rotavirus has been captured by the anti-Rotavirus VP7 antibody attached chitosan conjugated chitosan—CNT
architecture. The SEM image indicates that some of the Rotavirus are clustered on the 3D architecture surface and some of them are captured inside the
pores. (B) Plot showing the Rotavirus removal efficiency using the anti-Rotavirus VP7 antibody attached chitosan conjugated chitosan—CNT architecture
from drinking water, Mississippi River water and Mississippi lake water. The real-time reverse transcriptase (RT) polymerase chain reaction (PCR) assay was
carried out for the counting of Rotavirus. (C) Immunofluorescence assay for Rotavirus-infected Vero cells to find the virus inhibition effect in the absence
of the 3D architecture. (D) Immunofluorescence assay for Rotavirus-infected Vero cells, to find the virus inhibition effect in the presence of the chitosan—
CNT architecture without the antibody. (E) Immunofluorescence assay for Rotavirus-infected Vero cells, to find the virus inhibition effect in the presence
of the anti-Rotavirus VP7 antibody attached chitosan—CNT architecture. (F) Plot showing the Rotavirus inhibition effect in the presence of the CNT
architecture, the chitosan—CNT architecture without the antibody and the anti-Rotavirus VP7 antibody attached chitosan—CNT architecture.
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immunostained with the blue dye conjugated specific antibody,
as we discussed in the Experimental section.

As shown in Fig. 2C and E, the number of Rotavirus infected
cells significantly decreased in the presence of chitosan attached
carbon nanotubes. As reported in Fig. 2E and F, the antiviral
activity is around 100%, when the anti-Rotavirus VP7 antibody
was attached to the chitosan-CNT architecture. The very high
antiviral activity observed in the presence of the anti-Rotavirus
VP7 antibody is due to the fact that VP7 is a glycoprotein which is
the major constituent of the outer protein layer of Rotavirus*®®
as we discussed before. The anti-Rotavirus VP7 antibody shows
very strong antiviral activity by decapsidation of the virion and
46748 All the above reported data
clearly show that the presence of the anti-Rotavirus VP7 antibody
is very important for the antiviral activity of our 3D architecture.

Next, to determine whether our bio-conjugated chitosan-
CNT architecture can be used for the separation of Rotavirus
from the environmental water samples, we used Rotavirus
infected water from the Mississippi Reservoir and Mississippi
River. For this purpose, 100 mL of water was collected from
each place of the Mississippi Reservoir and Mississippi River
and then the water was infected with 6.8 x 10°> PFU per mL of
Rotavirus. In the next step, we filtered 50 mL of the Rotavirus
infected environmental water sample using a 100 um thick bio-
conjugated chitosan-CNT architecture. As we show in Fig. 2B,
the efficiency of the removal of Rotavirus from the Mississippi
Reservoir and Mississippi River water samples using the bio-
conjugated chitosan—CNT architecture is about the same as we
have observed in the case of drinking water. Fig. 2B also indicates
that the efficiency of Rotavirus removal from the drinking water
is slightly higher than that from the Mississippi River water,
and this is mainly due to the interference from different types
of microbes which are present in the Mississippi River water.
All microbes are also filtered/captured by the 3D membrane,
and as a result, the Rotavirus removal efficiency is slightly less
for the Mississippi River water in comparison to the drinking
water samples, using the 3D membrane. All the above reported
data clearly show that the Rotavirus removal efficiency remains the
same with a slight change in pH, humidity, organic impurities,
different salts and other metal ions. Next, to understand the
efficiency of Rotavirus separation of our developed chitosan-
CNT architecture compared to that of the activated carbon
filter, we performed filtration of 50 mL of the Rotavirus infected
environmental water sample using a activated carbon filter.
Since the pore size of the activated carbon filter is more than
100 nm, we observed that less than 20% of the Rotavirus were
separated using the activated carbon filter.

dissociation of the VP7 trimers.

3.2. LL-37 antimicrobial peptide conjugated chitosan-CNT
architecture for separation and inactivation of Shigella

To determine whether the LL-37 antimicrobial peptide conju-
gated chitosan-CNT architecture can be used for the separation
of Shigella from water, we performed filtration of 50 mL of
the water sample containing 3.1 x 10° (colony-forming units)
CFU per mL of Shigella using a 100 um thick bio-conjugated
chitosan—-CNT architecture. After that, we used the colony counting
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and the reverse transcription polymerase chain reaction
(RT-PCR)’*** to determine the amount of Shigella captured
by the 3D architecture. As shown in Fig. 3A, the TEM image
clearly shows that a huge amount of Shigella is captured by the
LL-37 antimicrobial peptide conjugated chitosan-CNT archi-
tecture. As shown in Fig. 3B, our LL-37 antimicrobial peptide
conjugated chitosan-CNT architecture is able to remove 100%
of Shigella from the water sample. This highly efficient Shigella
removal is mainly due to the fact that the pore size of the LL-37
antimicrobial peptide conjugated chitosan-CNT architecture is
around 30 nm, whereas the Shigella size is about 1-2 pm. As a
result, during the filtration, water can pass through the archi-
tecture very easily, but due to its much bigger size, Shigella
is captured by the LL-37 antimicrobial peptide conjugated
chitosan-CNT architecture. As shown in Fig. 3B, the efficiency
of removal of Shigella from the Mississippi Reservoir and
Mississippi River water samples using the LL-37 antimicrobial
peptide-conjugated chitosan-CNT architecture is about the
same as we have observed in the case of drinking water.

To understand the antimicrobial activity of our architecture,
after capturing Shigella using the bio-conjugated chitosan-CNT
architecture, we washed the architecture surface thoroughly
with water several times. As shown in Fig. 3C-F, almost all
Shigella were killed when they were filtered using the LL-37
antimicrobial peptide conjugated chitosan-CNT architecture.
The very high antimicrobial activity observed in the presence
of the LL-37 antimicrobial peptide conjugated chitosan-CNT
architecture is due to several factors and they are as follows:
when Shigella is captured by the architecture, there will be a
strong interaction between the positively charged chitosan
and the negatively charged Shigella cell wall via coordinating
lipopolysaccharide, and as a result, cell lysis occurs due to the
leakage of the intracellular constituents. On the other hand, it
is now well documented that the two hydrophobic domains in
LL-37 can bind and disrupt the anionic bacterial architecture
surfaces by forming pores.** 2 Several reported data show that
the C-type lectin ReglIlo from the LL-37 antimicrobial peptide
can bind bacterial peptidoglycans and facilitate pore formation
in the architecture.**>> As shown in Fig. 3G, our HRTEM data
clearly show the pore formation on the Shigella surfaces, which
were captured by the LL-37 antimicrobial peptide conjugated
chitosan-CNT architecture. To understand this better, we also
performed the same experiment using only the CNT architec-
ture and the chitosan attached CNT architecture and compared
the results with the LL-37 antimicrobial peptide conjugated
chitosan-CNT architecture. As shown in Fig. 3H, only 7% of Shigella
were killed when we used only the CNT architecture. And it is
due to the fact that CNTs are known to exhibit antimicrobial
activity via damage of the bacterial cell architecture and desta-
bilization of the cytoplasmic architecture. On the other hand,
around 55% of Shigella were killed when we used the chitosan
attached CNT architecture. We also performed the experiment
using only the LL-37 antimicrobial peptide and we found that
the killing efficiency was around 52%. All the above results
clearly show that 100% of killing efficiency was achieved using
the LL-37 antimicrobial peptide conjugated chitosan—-CNT

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) TEM image of captured Shigella after the removal by the LL-37 antimicrobial peptide conjugated chitosan—CNT architecture. (B) Plot showing
the Shigella removal efficiency using the LL-37 antimicrobial peptide conjugated chitosan—CNT architecture from drinking water, Mississippi River water
and Mississippi lake water. The real-time reverse transcriptase (RT) polymerase chain reaction (PCR) assay was used for the counting of Shigella.
(C—F) Colonies of bacteria showing the amount of live Shigella (C) before filtration using the LL-37 antimicrobial peptide conjugated chitosan—CNT
architecture, (D) after filtration using the CNT based architecture, (E) after filtration using the chitosan based architecture and (F) after filtration using the
LL-37 antimicrobial peptide conjugated chitosan—CNT architecture. (G) TEM of Shigella after separation by the 3D architecture clearly shows the pore
formation on the bacterial surface. In this case, we maintained the acceleration voltage at 70 keV. (H) Plot showing the Shigella inhibition effect in the
presence of the CNT architecture, the chitosan conjugated carbon nanotube based three-dimensional nanoporous architecture and the LL-37 and LL-37
antimicrobial peptide conjugated chitosan—CNT architecture. The LL-37 antimicrobial peptide conjugated chitosan—CNT architecture for the separation
and inactivation of Shigella.
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architecture, where both LL-37 antimicrobial peptide conju-
gated chitosan and CNT killed Shigella using pore forming and
other mechanisms as we discussed before.**

4. Conclusions

In conclusion, in this paper we have reported the development
of an anti-Rotavirus VP7 antibody and an LL-37 antimicrobial
peptide conjugated chitosan attached carbon nanotube based
porous three-dimensional architecture with a specific surface
area of 340 m> g ', an average pore size of 30 nm and a pore
volume of 0.480 cm® g™, which can be used for efficient separa-
tion and 100% eradication of Rotavirus and Shigella waterborne
pathogens from water samples. Our reported data show that as
the pore size of the 3D nanoporous architecture is much lower
than those of Rotavirus and Shigella waterborne pathogens,
our bio- conjugated chitosan attached carbon nanotube based
porous three dimensional architecture is capable of capturing and
separating more than 99% of Rotavirus and Shigella waterborne
pathogens from environmental water samples.

Our reported data indicate that the same anti-Rotavirus VP7
antibody and LL-37 antimicrobial peptide conjugated chitosan
attached carbon nanotube based porous three dimensional
architecture can be used for 100% total eradication of Rotavirus
and Shigella waterborne pathogens. Due to the presence of the
anti-Rotavirus VP7 antibody, our 3D architecture exhibits very
strong antiviral activity for Rotavirus via decapsidation of the
virion and dissociation of the VP7 trimers. Similarly, due to
the presence of the strong electrostatic interaction between the
positively charged chitosan and the negatively charged Shigella
cell wall, and due to the binding of hydrophobic domains in
LL-37 and disruption of the anionic Shigella architecture surfaces
by pore formation, 100% total eradication of Shigella waterborne
pathogens has been observed. Since chitosan is available in nature
and a bulk amount of CNTs can be prepared very easily industrially,
after proper engineering design, one can easily develop large scale
3D nano-porous architectures using low-cost synthesis methods.
Although our reported data show that the CNT-chitosan archi-
tecture has enormous potential for the efficient separation and
eradication of Rotavirus and Shigella waterborne pathogens,
robust synthetic techniques and engineering design are necessary
before it can be used for society.
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