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Abstract

Electrospinning uses electrostatic forces to create nanofibers that are far smaller than
conventional fiber spinning process. Nanofibers made with chitosan were created and
techniques to control fibers diameter and were well developed. However, the adsorption
of porcine parvovirus (PPV) was low. PPV is a small, nonenveloped virus that is difficult
to remove due to its size, 18-26 nm in diameter, and its chemical stability. To improve
virus adsorption, we functionalized the nanofibers with a quaternized amine, forming N-
[(2-hydroxy-3-trimethylammonium) propyl] chitosan chloride (HTCC). This was blended
with additives to increase the ability to form HTCC nanofibers. The additives changed
the viscosity and conductivity of the electrospinning solution. We have successfully
synthesized and functionalized HTCC nanofibers that absorb PPV. HTCC blend with

graphene have the ability to remove a minimum of 99% of PPV present in solution.



1 Introduction

According to WHO, the lack of access to safe drinking water is of great public
concern. Diarrhoeal diseases are currently responsible for about 90% of all deaths of
children under five years in developing countries (WHO/UNICEF, 2010). Between 2000
and 2003,769,000 and 683,000 children less than five years of age died in sub-Saharan
Africa and South Asia, respectively, each year from diarrhoeal diseases (WHO/UNICEF,
2010). Effective water purification is needed to provide an easy and inexpensive way to
produce clean water.

Pathogens are microscopic biological organisms in drinking water that can cause
diseases. Pathogens include virus, bacteria and protozoa (Bennett 2008). We are focusing
this work on removing virus from drinking water.

Traditional filtration methods can only filter virus over 40 nm by series filtration
of Planova 35 filter (pore size 35 nm; Asahi Chemical Industry, Tokyo, Japan) (Troccoli
et al. 1998). But for small virus, like porcine parvovirus (PPV), traditional filtration fails
to remove them completely and easily. PPV is a common model to examine virus
clearance. PPV has a small diameter (18-26 nm) and is a non-enveloped virus (Simpson
et al. 2002). PPV is also hard to inactivate (Kempf et al. 2007). When using small pore
size nanofiltration to remove virus, difficulties include increased filter fouling, high
transmembrane pressure and low water flux (Kim and Van der Bruggen 2010).

Microfiltration (MF) and ultrafiltration (UF) membranes are an advanced
filtration method. Compared to traditional filtration methods, they have the ability to
remove pathogens include virus and bacterial (Brehant 2008). Research has confirmed
that ultrafiltration using defect free nanofibers can obtain effective removal of pathogens.
The log reduction value (LRV) was between 4 and 7 for Giardia and Cryptosporidium
(protozoan) after filtration with a 0.1 pm filters (Brehant 2008). Positively charged

nanofibers have the ability to remove several LRV of virus (Riordan et al. 2009).



In our search for a material that has a positive charge and produces nanofibers, we
decided to work with chitosan. Chitosan and chitin have gained a lot of interest in the
past few years. It is considered a promising natural polymer for a lot of bio-applications,

including bioseperation (Davis et al. 2012).

Chitin, poly (b-(1-4)-N-acetyl-D-glucosamine) is found in the shells of many sea
organisms. Every year, large amounts of chitin are used and synthesized. It is the second
most abundant polymer on earth, following cellulose (Homayoni et al. 2009). When
chitin is deacetylated, it forms chitin derivatives, one of which is chitosan, whose
application is the most common in the world. The most important properties of chitosan
are molecular weight and DD (degree of deacetylation) (Homayoni et al. 2009). One of
the characteristics that we are most interested in is that chitosan is a cationic polymer
(Rinaudo 2006). To increase the cationic charge on chitosan, a quaternary ammonium
derivative can be created and it is known for its antimicrobial activity against a variety of

bacteria and fungi (Alipour et al. 2009).

Electrospinning is a technology that applies an external electric force to produce
various nanofibers from polymer solution with a diameter changed from several
nanometers to micrometers. We chose this method to create nanofibers because fiber
diameters can be well controlled. When the voltage is increased, the electrostatic force
will increase until the polymer surface tension is overcome, allowing a charged jet of
polymer to escape from the tip of needle and travel to the collector. The ejected jet can
develop a whipping motion that allows the solvent to evaporate, so fibers can form. The
produced fibers diameter can be controlled by electrospinning variables, including
viscosity, concentration, surface tension, conductivity, distance between the needle and

collector and the polymer feed rate (Huang et al. 2003).

This study describes the preparation of nanofibers from chitosan and (N-[(2-
hydroxy-3-trimethylammonium) propyl] chitosan chloride) (HTCC), via electrospinning.
This thesis begins with an introduction. Chapter 2 contains a literature review. Materials

and methods are covered in Chapter 3. The experiment result and discussion of our work



with chitosan and HTCC are presented in Chapter 4. Chapter 5 completes the work with

our conclusions and recommendations.

Our goal was to create functionalized nanofibers that have the ability to absorb
virus with large pore-sized nanofibers filters. These nanofibers filters have the advantage
of increasing the flow rate and reducing fouling. These nanofibers are made from
biocompatible, inexpensive and environmentally-friendly chitosan. Chitosan has the
ability to be functionalized to increase its disinfection capacity. Nanofibers have an
increased surface area to volume ratio as compare to microfibers and are also on the same
size scale as virus, creating a curved surface that has the potential to increase virus

adsorption.

In this study, we use a model non-enveloped virus porcine parvovirus (PPV).
PPV is negative charged (Weichert et al. 1998), and we synthesized HTCC cationic
nanofibers that have an increased positively charge, as compare to chitosan. The
nanofibers made from HTCC blends have the ability to remove 99% of PPV from
solution. This demonstrates that HTCC nanofibers have the potential to be used for other

virus and remove pathogens from drinking water.



2 Literature Review

2.1 Biological application of nanofibers
Recently, electrospun polymer nanofibers have received a lot of interest in

biologically relevant fields. Through careful control of electrospinning process
parameters, various diameters of nanofibers, ranging from nanometer to micrometer, can
be produced. These fibers are easy to fabricate and produce, compared to the traditional
wet-spinning method. The unique ability has allowed people to apply electrospun fibers

to a variety of applications. Some of these applications can be found in Fig. 2.1.

Life Science Filtration
Drug delivery .<::= Pol fib —— | iquid filtration
Wound dressing AR (Gas filtration

Molecular filtratio

Scafford for
enzyme and tissues

Nano-sensors
Thermal sensor
Biochemical sensor
Chemical sensor

Figure 2.1 Applications of electrospun polymer nanofibers (Fang et al. 2011)

2.1.1 In Vivo Applications

Drug delivery using electrospun fibers represent a novel approach to controlled
drug release by producing fibers with simple equipment. An effective drug release
process can be produced when drugs are electrospun with biodegradable polymers. The
biodegradable polymers in a fiber format provided a possibility of smooth release of drug

and reduced burst release of drug by controlling the diameter of fibers (Meinel et al.



2002). By controlling the parameter of the electrospinning process, it is possible to
modify the drug release kinetics and prolong drug release (Meinel et al. 2002, Kenawy et
al. 2002). The release of various concentrations of tetracycline hydrochloride, an
antibiotic, was studied. Electrospun drug with poly (lactic acid) (PLA) and poly
(ethylene-co-vinyl acetate) (PEVA) (1:1) brought about a smooth release of drug,
compared to the release of pure tetracycline hydrochloride (Kenawy et al. 2002, Kenawy
et al. 2003). A maximum of 50 wt% tetracycline hydrochloride content could be used.
Any higher concentration of drug brought about a reduction in the bending instability and
uniformity of the fibers (Kenawy et al. 2003). Poly (L-lactic acid) (PLLA) fibers captured
rifampin (a drug for tuberculosis), and paclitaxel (an anti-cancer drug) (Zeng et al. 2003).
Adding different charged surfactants can decrease the fiber diameter, and therefore affect
the drug release kinetics. In the presence of proteinase K, the drug can be released with
zero-order kinetics, inhibiting burst release (Zeng et al. 2003). Electrospinning
polymer/drug blends have been patented to a method of control drug release. Besides

controlled release, the method also made insoluble drugs soluble (Ignatious 2006).

Electrospun nanofibers have been used widely in the tissue engineering field. The
goal of tissue engineering is to regenerate and fabricate damaged tissue and organs by
providing a scaffold that promotes cell attachment and proliferation. One of the
challenges is finding an appropriate material that is biocompatible and cannot react with
other tissues in the human body. Electrospinning can provide a much simpler method to
produce composite scaffold with a small range in the fiber diameter (Barnes et al. 2007).
After seeding cells onto 50:50 poly (L-lactic acid/caprolactone) fibers, human umbilical
vein endothelial cells showed better proliferation properties than cells without fibers
present. After attaching to electrospun fibers, cells become rounded and spread around
the fibers (Geng et al. 2005). Similar cell proliferation has been demonstrated with mouse

cells on a poly-lactic-glycolic acid (PLGA) system (Li et al. 2002).

Electrospun fibers can also be applied for wound dressing with a porous sheet-like
structure. Jin et al. studied electrospun silkworm silk for wound dressing (Jin et al. 2002).
Due to the nano-scale diameter of the fibers, high surface area was achieved in a small

volume. The principle is that biodegradable polymers which have a high surface area can
5



protect the wound and help new skin to grow quicker and reduce the formation of scars,

compared to a typical macro scale dressing (Jin et al. 2002).

2.1.2 Air filtration

Another important field for electrospun fibers is filtration. Electrospun fibers
provide a new and effective method to remove contaminates with high filtration
efficiency and low air resistance as compared to other nonwoven filters. Electrospun poly
(ethylene oxide), poly (vinyl alcohol), and polyamide-6 solution deposited on PET
microfibers at a filter size of 15x15 cm were tested for air permeability (Dotti et al.
2007). The pore size ranged from 0.1-1um®. Electrospun filter media showed lower
resistance compared to normal macrofiltration methods, while removing particles in the
submicron range. By changing the thickness of nanofibers, it is possible to control air
permeability (Dotti et al. 2007). Because electrospun nanofibers have a high surface area
to volume ratio and a corresponding high surface cohesion, electrospun nanofibers can
remove particles as small as 0.5um. NaCl aerosol particles were removed with 0.6 pm
diameter fibers (Qin et al. 2008). Smaller electrospun nanofibers can achieve higher
filtration efficiency. One issue that can be detrimental to the use of nanofibers as a
filtration media is the strength of the fibers. However, crosslinking electrospun

nanofibers can increase the strength of nanofibers (Qin et al. 2008).

2.1.3 Water purification

Water purification focuses on the removal of pathogens, chemicals, and heavy
metals to produce clean drinking water. Various polymer solutions and polymer gels had
been electrospun to try and remove these contaminates; the most common polymers are
chitin (McManus et al. 2007), chitosan derivative (Alipour et al. 2009), poly (ethylene-
co-vinyl alcohol) (Chuangchote et al. 2006), poly (glycolic acid) and chitin (Park et al.
2006) and chitosan/PVA (Zhang et al. 2007).

Chitosan and its derivatives have gained a lot of interest in recent years due to the

wide range of applications in biomedicine, bioseperation and food science. We have,

6



therefore, chosen to concentrate our work on chitosan. Chitosan, the deacetylated product
of chitin (produced from the crust of crustacean shells), is a bio-friendly, bio-degradable
and anti-bacterial compound (Inmaculada et al. 2009). Chitosan and chitin have been
shown to remove metals and dyes so that they can be used to clean water (Crini 2005).
This is due to the adsorption of the metals and dyes to the cationic amine functional
groups on chitosan. Various crosslinked polysaccharide materials with chitosan can
remove different metal and dye pollutants (Crini 2005).

Compared to chitosan, chitin has the ability to remove polycyclic aromatic
hydrocarbons more effectively (Crisafully 2008). The degree of deacetylation (DD) can
affect the removal of particles like As ™ (arsenic). Crystallinity also plays an important
role in adsorption and removal of particles in water. Crystallinity is increased by the
amine group that forms a hydrogen bond to other chitosan monomers, and this affects the
fiber morphology and adsorption (Rinaudo et al. 2006). Chitosan can remove negatively
charged dye like Reactive Black 5. Chitosan is positively charged in an acid environment,
and electrostatic forces are responsible for dye removal. According to the results,
changing the molecular weight (MW) of chitosan from 80,100 to 308,300 reduces
chitosan’s ability to adsorb dye (Guibal and Roussy 2007, Guibal et al. 2006). The
reason for this can be a change in the internal structure of the chitosan chains, hydrogen
bonding between hydroxyl and amine groups reduced the possibility of dye binding.
Studies have found that the number of amine groups, determined by the DD, affected the
removal of metal ions in water. Higher DD (97%) produced higher removal efficiency,
comparing to chitosan with 52% DD (Guibal 2004, Guibal et al. 2006).

Chitosan also has anti-viral properties. We can measure the removal of virus
from a solution using the log reduction value (LRV). This value is defined as the l0gio
(Cin/Cout), where Ciy is the concentration of virus before the removal step and Co is the
concentration of virus after the removal step. An LRV of 1 demonstrates that 90% of the
virus has been removed and an LRV of 4 represents 99.9 % removal. The virus removal
step should obtain a minimum of 4 LRV according to the EPA and the FDA. A series of
experiments with 0.7% chitosan in acetic acid were conducted with 5 log;o PFU (plaque

forming units)/ml of two different nonenveloped virus (feline calicivirus F9 (FCV-F9))



and murine norovirus (MNV-1)). The results showed that chitosan can reduce FCV-F9 by
2 LRV (99%) and reduce MNV-1 by 0.7 LRV (63%) (Davis et al. 2012).

2.2 Virus Removal Techniques
According to the World Health Organization (WHO), it has reported that over one

billion people do not have access to clean water (WHO/UNICEF 2010). Unsafe water
often contains pathogens that can transmit diseases. Cholera, infectious hepatitis, and
typhoid are some of the most common of these diseases (Bennett 2008). The people most
affected are women and children in undeveloped countries. Viruses are one source of
disease, even when present in very low concentrations. Clean and safe water is a basic
necessity for populations to develop and thrive. This requires the development of
sustainable water disinfection systems that can be applied worldwide. Traditional water
filtration systems include physical filtration and chemical disinfection. The chemical
disinfection method is most commonly free chlorine. The physical filtration method
removes sediment and particles only based on pore size.

Worldwide, microfiltration (MF) and ultrafiltration (UF) membrane are the most
common physical filtration method for drinking water purification. MF and UF
membranes with 300-400 ft* surface area filtered 2 million m’/d of river water
(Delgrange et al. 2000). Over 74 % of clean water is produced by ultrafiltration system
worldwide (Delgrange et al. 2000).Virus removal depends on the actual pore size and the
molecular cut-off size of membranes. The MWCO (molecular weight cut off) indicates
the molecular weight (MW) of those particles which still can pass the membrane
efficiently. It was hypothesized that UF membranes can filter small virus, but actually,
NF membranes only obtained 0.5 LRV removals of Qf virus (Fiksdal and Leiknes 2006).
A possible reason would be that the size distribution in UF membranes is big and
existence of large pores may cause virus break through. Another common used filtration
method is reverse osmosis (RO) membranes. This system can separate dissolved solutes
using a semipermeable membrane. It does not need physical holes, which is the
difference between RO membranes and other filtration membranes. RO membranes are

8



hydrophilic; they allow water to diffuse through the membranes easily. The set-up of RO
membranes is simple and allows for large production capability (Wenten et al. 2002). But
the limiting factor of RO membranes in virus removal is fouling and large
transmembrane pressures. Increasing the number of removed virus increase the biological
fouling. Other particles in water also increase the fouling (Pandey et al. 2012). This is a
disadvantage of operating RO membranes.

Besides physical filtration, chemical and optical disinfection methods are also
been used in water purification. Currently, chemical disinfection methods have been
examined for their effectiveness on the removal of virus and bacteria (Sobsey et al.
2012). The treatments that had been considered are coagulation/chlorination, SODIS
(solar UV radiation) and free chlorine. Coagulation/chlorination uses chloride as well as
coagulation/flocculant. SODIS disinfection uses transparent polyethylene terephthalate
bottles (PET or PETE) under solar UV light for several hours (Sobsey et al. 2012). All
these methods proved to reduce bacteria (fecal coliforms and E.coli) at least 1 LRV. But
they had trouble reducing virus (MS2-bacteriophages) over 2 LRV except for the
coagulation/chlorination treatment. The SODIS disinfection technology is also limited to
use in a lab due to the difficulties associated with the management of multiple PET or
PETE bottles per day. For free chloride, 30% of users claimed that they had real
detectable chloride levels by testing household-level water chlorination (Sobsey et al.

2012). There is still a need for improved water purification technique.

Right now, there is a great need of improvement of water disinfection methods
for the next generation. Size-based filtering cannot easily filter small virus (Troccoli et al.
1998). The challenge of purifying water is removing small virus with a bio-friendly and
easy to set-up disinfection technology that is not high in cost. In our studies, we are using
the model virus porcine parvovirus (PPV). The diameter of PPV is 18-26 nm (Morrica et
al. 2003). Mammalian parvoviruses, included PPV, are often used as model non-
enveloped DNA viruses in viral removal experiments (Omar and Kempf 2002,
Wickramasinghe et al. 2004). The structure of PPV and its protein have been reported
(Simpson et al. 2002). PPV has multiple copies of the same protein on the surface of the

virus. This provides multiple, identical binding sites on the virus surface and implies that
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adsorption is likely a good method to remove the virus. Parvovirus are difficult to
inactivate under various heat and pH environments (Kempf et al. 2007), demonstrating

that they are difficult to chemical inactivate.

A series of experiments has shown that size-based filtration methods cannot filter
or remove small virus easily. The Planova BioEX filter, used extensively as a virus
removal membrane in the biotherapeutic industry, has the ability to remove virus greater
than 40 nm (Kempf et al. 2007). However, smaller virus exists. PPV was only able to be
removed after a series of filtration applications by only 2.6 LRV (Morrica et al. 2003).

This creates a challenge for the filtration of small virus.

Studies demonstrated that positively charged surfaces can absorb virus. For
negatively charged virus, they have been shown to bind to anion exchange absorbers,
therefore effectively removing the virus (Riordan et al. 2009). Mark Etzel and his groups
also tried adsorbing virus that has slightly acidic isoelectric points by changing the
concentration of the buffer solution. They found that the buffer salt solution in the
concentration range of 50-150 mM can adsorb the most virus. Anion exchange
membranes with four chemical ligands (agmatine, tris-2-amineethyl amine,
polyhexamethylene biguanide, and polyethyleneimine) performed better than membrane
with quaternized amine (Q) ligands absorber (Riordan et al. 2009). Peptide ligands
(WRW and KYY) have shown to be capable of capturing PPV. Virus can be removed up
to 9 column volumes, where a column volume is the elution of liquid at the same volume
as the packed column (Heldt et al. 2008). The peptides have one positively charged
amino acid and two hydrophobic, benzyl-based amino acids (Heldt et al. 2008). It is
possible to use these peptides in a water purification system.

It is hypothesized that PPV can be absorbed to any positively charged surface,
including chitosan nanofibers. Chitosan is positively charged at a pH less than its pKa
(6.4) (Inmaculada et al. 2009) due to the protonation of its amine groups. Various studies
have shown that chitosan can react with negative charged solution like NaOH and ethanol
(Inmaculada et al. 2009). NH, will transfer to NH;" at a pH below its pKa; NH;" can
react with OH and COOH groups (Inmaculada et al. 2009).
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Cation and anion membranes have shown an ability to remove Aedes aegypti
densonucleosis virus, a non-enveloped virus, up to 2 LRV. By changing the pH of the
solution above and below the pl of the virus, anion and cation exchange membranes can
adsorb virus, respectively (Wickramasinghe et al. 2006). Increasing the size of the
adsorbed species allows fewer particles to be removed by the membranes per constant
membrane area. Because of the number of larger particles capable of binding to the
surface area is less than the number of smaller particle in constant surface area. It is
hypothesized that the mechanism for adsorbing both virus and proteins is similar, but the
absorption capacity is different. It was hypothesized that the pore size and the need for
multiple layers is critical for virus removal applications (Wickramasinghe et al. 2006).

It has been shown that ultra-fine nanofibers have the ability to absorb virus and
remove bacteria by size exclusion. Electrospun nylon nanofibers have been shown to
remove bacteria by size exclusion. The nanofibers can obtain a 8.6 LRV for A.Laidlamii
and a 9 LRV for B.Diminute, compared to a 9 LRV produced by two commercial
microfilter, Durapore VV and Express SHR. The pore size of the commercial filters is
0.2 um. The pore size of the nylon nanofiber filter was not given (Kozlov et al. 2012).
The nylon nanofibers were able to remove bacteria at the same LRV level as commercial
membranes with reduced fouling and decreased transmembrane pressure. This
demonstrated that nanofibers can improve membrane performance while maintaining a
high bacteria LRV. Besides nylon, electrospun polyacrylonitrile (PAN) nanofibers have
the ability to adsorb virus and sieve bacteria. The pore size of electrospun PAN was
found to be 0.3 um. When cellulose was infused into the PAN fibers, the pore size was
restricted to 0.22 um. The cellulose was added for pore size reduction. Electrospun PAN
with cellulose was able to obtain a 6.0 LRV for E.coli and a 4.0 LRV for B. diminuta.
The size of these bacterial are 0.5 x 2.0 um and 0.3 % 0.9 um, respectively (Ma et al.
2011). This proves that electrospun nanofibers have the strength and ability to filter
bacteria by size exclusion. For MS2 bacteriophage virus, which has the dimensions of 27
%32 nm, which is smaller than the pore size of electrospun nanofibers, electrospun PAN
infused with cellulose can adsorb 2 LRV and the PAN nanofibers do not adsorb any virus
when the cellulose is not present (Ma et al. 2011). They achieve much higher virus

removal, comparing to 1.0 LRV of commercial negatively charged microfilter (Milipore,
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GS9035). It is interesting that the negatively charged cellulose would enhance virus
removal. However, the addition of positively charged polyethylenimine (PEI) increased
virus removal to 4.0 LRV, as would be expected. The surface area is very high, 600 m* g’
! which is higher than commercial microfilters. It is concluded that nanofibers with a
higher surface area can adsorb more virus compared to standard microfilter. The pressure
drop is also much less for nanofibers that commercial filters, creating a system that can
remove virus with a low pressure drop (Ma et al. 2011).

Since most viruses are negatively charged due to the carboxyl and phosphate
groups on their surface, it is hypothesized that positively charged nanofibers can adsorb
virus and obtain higher LRV. After modifying electrospun PAN nanofiber with di-amine
group, electrospun PAN nanofibers are positively charged in acid solution. Electrospun
PAN had an average fiber diameter of 200 nm. Polyethylene terephthalate (PET) was
used as a support to increase the strength and thermal resistivity of the nanofibers.
Positively charged PAN was able to achieve a 4 LRV of MS2 bacteriophage virus,
compared to a 2 LRV of unmodified, and negatively charged PAN nanofibers (Sato et al.
2011). It was conclude that positively charged nanofibers can use electrostatic force to
adsorb virus. It is likely that the negatively charged nanofibers remove virus with a
different mechanism as compared to the positively charged nanofibers. Similar result can
be found with positively charged alumina nanofiber filters. Alumina nanofibers remove
about 2 LRV of the MS2 bacteriophage (Li et al. 2009). To further prove the electrostatic
attraction mechanism, alumina nanofiber samples were contacted with the same
concentration of virus for different times. The number of plague-forming units (PFUs)
decreased from 6 x 10°to 2 x 10® after 3 minutes and < 1 x 10° PFU was detected after 10
minutes (Li et al. 2009). To remove virus with an adsorption filter, the filter must either
have a high surface area or long contacts times. One method to increase the contact time
is to have multiple filtration steps in series. For this reason, nanofibers are advantageous
for virus removal due to their large surface area to volume ratios.

It is well documented that nanofibers, and in particular, chitosan nanofibers, can
remove metals, chemicals and bacteria from water (Guibal et al. 2006). With these
desirable properties, we would like to use chitosan to remove virus from drinking water.

After a review of physical filtration, chemical disinfection, and nanofiber adsorption
12



methods, it appears that nanofiber adsorption is the best way to remove viruses while
have low pressure drops and high water fluxes. However, there is still a need for
improved surface chemistry to improve and analyze the adsorption of viruses to
nanofibers. For this reason, we have chosen to electrospin nanofibers of chitosan to
better understand the adsorption of viruses to fibers that are only one order of magnitude

larger than the virus itself.

2.3 Electrospinning

One of the recent technologies for the production of nanofibers is electrospinning.
Electrospinning can produce fibers with a diameter ranging from micrometer to
nanometer. Wet-spinning can only produce fine-fibers (10 to 40 micrometers). The
unique characteristic of electrospinning is that it can provide an easy and controlled
method to produce nanofibers. Nanofibers are desired because they have a large surface
area to volume ratio. High surface area provides more area to bind virus and can achieve
higher virus removal and larger membrane capacities (Ma et al. 2011). This ratio can be
as high as 103 times typical commercial microfilters (Huang et al. 2003). Nanofibers can
also provide flexibility in their surface functionalities, and high tensile strength (Huang et
al. 2003). All these benefits made nanofibers an excellent choice for biological
application.

Electrospinning equipment contains a high-voltage power supply that pulls a
viscous polymer solution to a rotating drum collector, while a syringe pump pushes the

solution through the needle. A schematic of the system is found in Fig. 2.2.
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Figure 2.2 A laboratory setup for an electrospinning experiment (Geng et al. 2005)

The high voltage supply typically produces voltages between 1-20 kV. This high
voltage introduces free charges to the solution inside of the syringe. When the electric
force increases to the point where it can surmount the surface tension of the polymer
solution, the charged solution is pulled to the opposite polarity drum collector. A pendant
hemispherical droplet of polymer solution will form at the tip of the needle, looking like a
cone from the needle to the collector, which is called a Taylor cone (Taylor 1969). When
the polymer solution that is removed from the syringe by the electrical force is replaced
by the addition of polymer solution from the syringe pump, then continuous fibers are
formed. The polymer solution will dry and evaporate while the solution accelerates

towards the collector in the electric field, forming dry nanofibers (Homayoni et al. 2009).

2.3.1 Electrospinning process Parameters
Electrospinning process parameter and the physical properties of the polymer

solution can affect the fiber formation process. The applied voltage facilitates the charge

14



transport from the needle tip to the drum collector. Deitzel et al. has studied the
instability modes of selecting polymer systems (Deitzel et al. 2001). They reported that
increasing the applied voltage can change the mode of the jet of the electrospinning
process, therefore changing the diameter of the fibers and the pore size of the nanofiber
filter. Under low voltage, the fiber jets are produced at the bottom of the droplet. The jets
initiate at the tip of needle when the voltage is increased (> 7 kV for a PEO polymer
system) (Deitzel et al. 2001). When electrospinning a PEO/water solution, the
morphology of the fibers was affected by the voltage. We prefer a bead-free morphology
because the beads decrease the surface area and would reduce the filtration ability of the
nanofibers. A study of the relation between voltage and fiber diameter of polystyrene
(PS) demonstrated that increasing the voltage from 5 kV to 12 kV at the same distance
decreased the fiber diameter from 20 pm to 10um (Megelski et al. 2002).

The distance between the needle and the collector determine the evaporation time
and the accumulation rate and therefore affects the diameter of the polymer fibers. It had
been found that a shorter distance between the needle and the collector can spin wet
fibers with beads, regardless of the polymer concentration. It also can change the
morphology of SLPF (silk-like polymer with fibronectin) fibers from round to flat
(Buchko et al. 1999). This shows that the distance between the needle and the collector
influences the morphology of the fibers. It has also been shown that when a polymer
solution is in highly volatile organic solvents, it needs less distance than aqueous polymer
solutions (Buchko et al. 1999). Both voltage and distance played a role in fiber
morphology, as well as the ratio of voltage to the distance.

Flow rate of the polymer solution can influence both the fiber size and the shape.
It has been shown that only the consistent replacement of the polymer solution that is
withdrawn into nanofibers can maintain the shape of the Taylor cone at the tip of needle
(Taylor 1969). Megelski et al. reported that for a polystyrene/tetrahydrofuran
electrospinning system that high flow rate will increase the number of beads because
there is not enough time to dry the fiber before it reached the collector (Megelski et al.
2002). This incomplete drying process caused the formation of ribbon-like fibers (fibers
with lots of beads). Overall, they found that the higher the polymer flow rate, an increase
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in the fiber diameter can be found up to the point that bead formation begins (Megelski et
al. 2002).

2.4 Chitosan

Chitosan is a natural chemical and biologically compatible material (Inmaculada
et al. 2009). Chitosan is the deacetylated product of chitin. The structure of chitosan and
chitin can be found in Fig 2.3.

W

Chitin Chitosan

Figure 2.3 The Structure of chitin and chitosan

Chitosan-based polysaccharide hydrogels are biocompatible polymers that have
excellent properties for future biomaterials. The DD changes the degree of crystallinity.
Crystallinity represents the ability to form structure in the solid state (Areias et al. 2012).
The large number of acetyl groups existing in chitin and chitosan also control the degree
of biodegradability, with deacetylated chitosan being less biodegradable than chitin
(Ignatious et al. 2000).

The cytotoxicity of chitosan molecules and nanoparticles has been studied. It has
been demonstrated that the MW of the chitosan polymer solution and the DD can affect
cytotoxicity. If the rate of the degradation process is very quick, the whole process will
produce large amounts of amine groups and induce an inflammatory response. Different
amounts of DD can also produce a different response. High DD produces an
inflammatory response, whereas a low DD produces a minimal response (Kurita et al.
2000). Kofuji et al. studied how the MW and viscosity of chitosan can affect the
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enzymatic degradation of the chitosan. The decrease of viscosity under the same MW and
decrease of DD under the same MW decreased the degradation (Kofuji et al. 2005). The
relation between the DD and the toxicity has been examined. A DD >35% can represent
lower toxicity. It also demonstrated that the molecular weight of chitosan did not affect
toxicity (Schippere al. 1996). Chitosan (which has a higher DD than chitin) was less toxic
than chitin in in vitro experiment against different kind of cells, ranging from myocardial,
endothelial and epithelial cells (Chatelet et al. 2001). Since chitosan is positively charged,
the relationship between charge and interaction between chitosan and the cells was
examined. The increase of amine groups will increase the charge of the chitosan and
therefore cause a stronger interaction between chitosan and cells. But different cells
showed various reactions with chitosan. But no matter what kind of cell it is, the degree
of DD can influence the interaction with cells with respect to adhesion and proliferation.
Increasing the DD will reduce cell proliferation. The impact on cell adhesion is less
straightforward. It depends on both the DD and cell type (Chatelet et al. 2001).

Chitosan is known for its antimicrobial activity. It is generally accepted that the
amine group of chitosan can react with the anionic groups on the bacteria cell surface and
this interaction brings extensive change to the cell surface and the cell permeability
(Sudardshan et al. 1992, Fang et al. 1994, Hwang et al. 1999). Cell permeability causes
leakage of intracellular substances and often leads to cell death. This mechanism has been
demonstrated with electron microscopy (Helander et al. 2001). Adding acid can increase
the positive charge of the chitosan by moving further from the pKa of chitosan, and
increasing the ability to cause cell leakage (Helander et al. 2001).

A study about the relationship between the molecular weight of chitosan and its
antimicrobial activity showed that chitosan had the ability to inhibit the growth of
Candida albicans, Candida krusei and Candida glabrata (Seyfarth et al. 2008). However,
the antibacterial activity of the chitosan monomer, D-glucosamine hydrochloride, against
bacteria is almost zero. This shows that the MW influences the antimicrobial activity
(Seyfarth et al. 2008). Others have examined the influence of polymerization of chitosan
on antifungal activity (Kendra and Hadwiger 1984). They found that monomer and dimer
of chitosan cannot produce any antifungal activity at the minimum concentration (0.5

wt%). The heptamer had the best antifungal activity, for those tested, which proved that
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antifungal activity increased with the increasing MW of chitosan (Kendra and Hadwiger
1984). Shimojoh et al. had a similar conclusion when studying the antibacterial properties
of chitosan. Chitosan with a different MW but at the same concentration and the same
DD were studied. Again, against E.coli, they found that bactericidal activities increased
with the increasing of MW (Shimojoh et al. 1996). For others, the conclusion is reversed.
It is suggested that the microorganisms targeted also influences the bactericidal activities
(Kurita et al. 2000). The microorganisms target and MW can influence the antifungal and
antibacterial activity of chitosan. Comparing the antibacterial activity of chitosan with
MW in the range of 10,000-170,000, chitosan with MW 30,000 has the highest
antibacterial activity (Hwang et al. 1999). Jeon et al. showed that MW more than 10,000
can show the better antimicrobial activity (Jeon et al. 2001). Generally, antimicrobial
activity will increase with the increase of the MW. When the MW is high enough,
according to experimental result, antimicrobial activity will decrease with the increasing

of MW above some critical point, making it difficult to define an optimized MW and DD.

Liu et al. found that positively charged chitosan can interact with the cellular DNA
of some bacteria. This interaction can reduce the translation of DNA and the synthesis of
protein (Liu et al. 2001). The authors hypothesized that the amine groups may reduce the
number of E.coli; this is the main reason to explain that O-CM-chitosan had the best
antibacterial activity, following by chitosan and N, O-carboxymethylated chitosan. The
structure of these polymers can be found in Fig 2.4. O-CM-chitosan is a product of
substitution of hydroxyl groups with carboxymethyl groups. N, O-carboxymethylated
chitosan is produced by replacing the amine groups and hydroxyl groups in chitosan with
carboxymethyl groups (Liu et al. 2001). They also found that the antibacterial ability of
chitosan increased with an increasing MW and DD. Under various pH conditions, the
antibacterial ability of chitosan had been examined. Below pH at 6.4 (chitosan’s pKa is
6.4), chitosan had the best antibacterial due to the large number existence of charged —
NH;3" groups (Liu et al. 2001). The antibacterial activity of chitosan was enhanced with
increasing MW from 5000 to 9.16 x 10, and then descended with increasing MW from
9.16 x 10* to 1.08 x 10°. Too high MW inhibited the diffusion of functional groups due
to the high viscosity of the solution (Liu et al. 2001). The DD is also a factor that affects
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the antimicrobial activity, by increasing the number of amine groups on the polymer, the
antibacterial effect is increased (Liu et al. 2001, Tsai and Su 1999). Chitosan can dissolve
better in water with lower DD (Liu et al. 2001). There will be more chance for chitosan to

interact with negatively charged bacteria and cell.
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Figure 2.4 The structure of chitosan and O-CM-Chitosan and N-O-Carboxymethylated
chitosan

Temperature of incubating 150 ppm chitosan solutions can influence the
antimicrobial activity of chitosan against E. coli. It was tested at four temperatures, 4 ° C,
15° C, 25° C, and 37° C. At a temperature of 25° C and 37° C, chitosan can kill all the
cells within 5 and 1 hours, respectively. Higher temperatures can kill the cells in a shorter
time (Tsai and Su 1999). Overall, chitosan with higher MW produced higher
antimicrobial ability and chitosan with higher DD also increased antimicrobial ability,
along with higher temperature. The pH of the solution needs to be below the pKa of

chitosan.

2.5 Electrospinning Chitosan

Many researches had studied the preparation of chitosan to be electrospun (Li et
al. 2006, Geng et al. 2005, Ohkawa et al. 2004, Homayoni et al. 2004, Duan et al. 2006).
Chitosan is not soluble in water due to the rigid D-glucosamine structure, easily formed
crystals and the likelihood to form hydrogen bonds. Decreasing the MW and crystallinity
can increase chitosan’s solubility (Li et al. 2006). It was found that one difficulty while
electrospinning chitosan is the high solution viscosities due to the polyelectrolyte effect.
Polyelectrolyte effect is caused by the repeating electrolyte groups in the polymer. The

electrolyte groups increase their hydrogen bonding as the concentration increases. These
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groups dissociate in aqueous solutions, and the polymers are charged. Another reason for
the high viscosity is the fast coagulation rate. One method to electorspin pure chitosan at
a 7 wt% concentration is to solubilize the polymer in 90% acetic acid (Geng et al. 2005).
Another method to increase the solubility and decrease the viscosity of chitosan is
to add sodium acetate, which decreases chitosan’s entanglement and crystallinity
(Kulish et al.2006). Another method to improve the electrospinning ability of chitosan is
to use additives (Ohkawa et al. 2004, Homayoni et al. 2004, Duan et al. 2006). Additives
can change the diameter of electrospun fibers, diameter of electrospun chitosan/PVA
fibers increased from 20 nm with 75% PV A to 100nm with 89% of PVA (Li et al. 2006).

A series of common additives can be found in Table 2.1

Electrospun 2 wt% chitosan/PEO solution in 10% acetic acid obtained fibers with
a diameter ranging from 40-290 nm. But fibers diameter within 200-250 nm were the
only ones that were defect-free (Homayoni et al. 2004). When studied closely, it was
found that PEO and chitosan are separated in electrospun fibers (Bhattarai et al. 2005).
Larger fibers are PEO and the smaller ones are chitosan. It showed that there is an
inconsistent flow during the electrospinning process. Research found that adding Triton
X-100™ to chitosan/PEO blend solution can decrease the distribution of the size of
fibers. With nonionic surfactant as additives, chitosan can be spun at a higher

concentration (Bhattarai et al. 2005).

Research about electrospinning 1 wt% chitosan/PEO water solution has reported that
fibers with a 300 nm diameter can be produced; PEO was 5 wt% of chitosan. By testing
the cellular viability of chitosan nanofibers formed via electrospinning, it has been shown
that chondrocyte cells can adhere better in the existence of electrospun fibers, comparing
to pure cells (Subramanian and Lin 2005). In a previous report, PEO used as additives to
chitosan in electrospinning because PEO had good biocompatibility, low toxicity and can
be electrospun. Chitosan/PEO fibers successfully electrospun defect-free fibers within the
diameter range of 80-300nm (Homayoni et al. 2004, Duan et al. 2006). They

demonstrated that the PEO additive increases cellular growth and wound healing.
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Table 2.1
Electrospun chitosan with various additives

Polymer DD Average Concentration(wt) Reference
Diameter
(nm)
Chitosan/PVA 90 99+21 4 -8 wt% Zhang et al.
2005

Chitosan/collagen 7 436-690 6 -12 wt% Chen et al.

2010
Chitosan/PCL - 190+20 8 wt% Prabhakaran
et al. 2008
Chitosan/nylon-6 85 80-310 6 wt% Zhang et al.
2009
Chitosan/PVA-PLGA 90 275+175 5 wt% Duan et al.
2006
Chitosan/SF 86 180-790 3.6-12 wt % Park et al.
2004
Chitosan/HAp/UHMWPEO 85 215+25 12 wt% Zhang et al.
2008

Solution concentration will affect viscosity and surface tension of the
solution, in turn affecting the spinning conditions and morphology of the fibers (Deitzel
et al. 2001). If the concentration is too high, then the high viscosity prohibits fiber
formation because it needs much more force than the electrostatic force can provide.
Higher concentrations (12 wt%) reduce the number of beads compared to lower
concentration (7 wt%) (Ki et al. 2005), so a small window is present where the viscosity
is high enough to produce defect-free fibers without being so high as to prevent fiber
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formation. Several groups have reported that below a certain concentration, polymers
solution cannot be electrospun; like PEO (5 wt%) (Deitzel et al. 2001) and PAN (7 wt%)
(Fridrikh et al. 2003).

The jet formation is highly depending on the charge of the solution. Most polymer
solutions are conductive, leading to higher concentration polymer solutions having a
higher charge. This increases the solutions ability to form a jet at the same voltage, and
therefore forms a system where the solution can spin more easily. Studies have shown
that changing the conductivity of a PDLA (poly (D-lactide)) system will affect the
diameter of the fibers formed by electrospinning. It showed that increasing the charge of
the solution facilitates the creation of bead-free fibers (Zong et al. 2002). A higher
conductivity can reduce the number of the beads (Buchko et al. 1999).

Quaternary ammonium compounds have antimicrobial ability (Worley and Sun
1996). Introducing quaternary amine group into chitosan may increase the biocidal ability
by increasing the positive charge of the polymer and the water solubility. Studies showed
that quaternized N-alkyl chitosan had antibacterial activities against E. coli. The structure
of quaternized N-alkyl chitosan can be found in Fig 2.4. The results showed that MW
affects antibacterial activities of quaternized N-alkyl chitosan against E. coli; higher MW
produced higher antibacterial activities. Two solvent had been compared, for antibacterial
activities, acetic acid solvent is better than that in water. Higher concentration of acetic
acid produced higher antibacterial activities. Quaternized N-alkyl chitosan (minimum
inhibitory concentration (MIC) 0.25 mg/ml) had higher antibacterial activities as

compared to chitosan (MIC is 2.5 mg/ml) (Jia et al 2001).
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Figure 2.5 The structure of quaternized N-alkyl chitosan (Jia et al. 2001)

Now, it is known that quaternized chitosan derivatives have higher antibacterial
activities than chitosan. We hypothesized that quaternized chitosan derivatives can also
remove virus effectively due to the increase of the positive charge as compared to
chitosan. In order to apply quaternized chitosan derivatives as a water purification
system, we electrospun quaternized chitosan derivatives to produce nanofibers. These

nanofibers were studied for their fiber morphology and virus removing ability.
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3 Materials and Methods

3.1 Materials
Chitosan of 310,000 molecular weight and 75-85% deacetylated was purchased

from Sigma (St.Louis, MO). Additives to enhance electrospinning included polyvinyl
alcohol (PVA) (MW = 89,000-98,000, degree of hydrolysis 99%), polyethylene oxide
(PEO) (MW = 900,000), sodium dodecyl sulfate (SDS) (for molecular biology, > 98.5%)
were all purchased from Sigma (St. Louis, MO). Graphene was made by Xu Xiang in Dr.
Heiden’s lab. Silver nitrate (ReagentPlus®, > 99.0%) and potassium chromate (ACS
reagent, > 99.0%) for chloride titration were purchased from Sigma (St. Louis, MO).
Whatman Quantitative Filter Paper Circles (Clifton, NJ), Grade 1, 55mm and 10 mm
diameter were used as a nanofibers support. Syringe (3 mL Luer-Lok Syringe 23g x 1"
PrecisionGlide Intramuscular Needle) was purchased from Fisher Scientific (Pittsburgh,
PA).Fluorescent microspheres (1.06 pm diameter and 4.6 um diameter) with an
excitation and emission wavelengths of 480 and 520 nm, were purchased from Bangs
Laboratories INC (Fishers, IN) for pore size determination.

To make N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan chloride
(HTCC), glycidyl-trimethylammonium chloride (GTMAC) (technical grade, > 90%) was
purchased from Sigma (St. Louis, MO). Dialysis Tubing (Fisher brand regenerated
cellulose dialysis tubing - 3500 Dalton MWCO; diameter: 12.1 mm) was purchased from
Fisher Scientific (Pittsburgh, PA). All cell culture solutions were purchased from
Invitrogen (Carlsbad, CA), unless stated otherwise. For virus titration, MTT reagent,
thiazolyl blue tetrazolium bromide (powder, BioReagent, > 97.5%) was purchased from
Sigma (St. Louis, MO). All water was purified to >18 MQ by a Nanopure system (Fisher
Scientific, Pittsburgh, PA

3.2 Methods
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3.2.1 Electrospinning chitosan solution
In the literature review section, the electrospinning equipment has been

introduced. The electrospinning experiments were done in a home-made apparatus. A
total of 2 ml of chitosan/PEO in 90% acetic acid was made and stirred in a sonicator
(Fisher Scientific Mechanical Ultrasonic Cleaners, Pittsburgh, PA) for 30 minutes. Then
the solution was transferred to a 3 ml syringe. The syringe was attached to a syringe
pump (Braintree Scientific INC, Braintree, MA) and the needle was connected to the high
voltage supply (Glassman high voltage, INC, High Bridge, NJ), while the ground was
attached to the rotating drum collector that was run by a pump (ElectroCraft
TorquePower™, Ipolis, OH). The rotation speed was 2000 rpm. Filter paper was taped on
the drum collector that was covered with aluminum foil to collect the fibers. The distance
between the tip of needle and the drum collector was 10 cm. The feed rate was controlled

in the range of 5 ml/h-10 ml/h. We worked in the voltage range from 10 kV to 20 kV.

3.2.2 Characterization of chitosan nanofibers
In order to establish the relationship between fiber diameters and pore size, we

filtered fluorescent polymer beads with various chitosan nanofibers. First, we performed
a standard curve of known polymer concentration versus fluorescence in the range of 0 to
2.5 ppm. We prepared a 2 ppm fluorescent polymer solution and filtered 1 ml of the
fluorescent polymer solution with various chitosan nanofibers. The fluorescence was read
of fluorescent polymer solution before and after the filtration on a Synergy Mx
Monochromator-Based Multi-Mode Microplate Reader (Winooski, VT). The excitation

and emission wavelengths were 480 and 520 nm, respectively.

SEM micrographs were obtained using a Hitachi S-4700 FE-SEM Cold field
emission, high resolution scanning electron microscope (Tustin, California) at an
accelerating voltage of 5 kV and magnification of 1,000x to 80, 000%. Due to the non-
conductive nature of the nanofibers, the nanofibers were coated with gold prior to SEM
imaging. A 5 nm layer of gold was applied to the surface of nanofibers using a sputter

coater (Hummer Sputtering System, Union City, CA) at a rate of 0.1 nm/min. After
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coating the nanofibers with gold to a thickness of 5 nm, a 1 cm” section was cut from the

middle of the sample for SEM imaging. Each SEM image is represented at 4 images.

Fiber diameters were measured with Image J (NIH). This was done by calibrating

the scale bar and then measuring the diameter of 30 single fibers.

3.2.3 Cell propagation, virus titration and virus removal.
Porcine parvovirus (PPV) strains NADL-2 and porcine kidney (PK-13) cells were

a gift from Dr. Ruben Carbonell, North Carolina State University. The cells were
propagated and titrated as described previously (Heldt et al. 2006). Briefly, the cells
were removed from the flask with 0.25 % trypsin and transferred to a 15 ml tube. A
pellet was formed by centrifugation and the cells were split at a ratio of 1:5 every 3-4

days.

For virus titration (Heldt et al. 2006), cells were seeded at a concentration of
8x10° cells/well in 100 ul into a 96-well cell culture plate. After 1 day incubation, the
cells were infected with PPV samples by adding 25 pl/well of PPV and serially diluting
1:5 across the plate. Titration was performed in quadruplicate. After 5 days, 10 pl/well of
5 mg/ml MTT salt in PBS was added to the 96-well plates and incubation at 37 °C. After
4 h, 100 pl/well of the solubilization buffer (10% SDS in DI water contain 0.01M HCI)
was added. The next day, the absorbance of the plates was read on a Synergy Mx
Monochromator-Based Multi-Mode Microplate Reader (Winooski, VT) at 550 nm. The
virus titer was calculated by determining the dilution of virus that reduces the cell density

to 50% of the control cells and this dilution was designated the MTT titer.

PPV was contacted with electrospun nanofibers and the PPV concentration was
tested by titration with the MTT assay before and after contact with the nanofibers. A 500
ul PPV solution containing 6 logs (MTT/ml) in PBS (phosphate-buffered saline, KH,PO4
(15.44 mM), NaCl (1551.72 mM), Na,HPO4-7H,0 (29.07 mM), pH 7.2) was placed into
each tube. By changing the concentration and ratio of KH,PO, and Na,HPO4-7H,0, we

can control the pH. One piece of 1.5 cm square, grade 1 filter paper with chitosan
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nanofibers was placed into each tube containing virus. The blank was the tube with only
virus. Tubes were rotated for 5 hours on a Roto-Shake Genie (Scientific Industries,

Bohemia, New York).

3.2.4 Prepare and electorspun HTCC

HTCC was produced in a similar manner as has been shown before (Alipour et
al.2009). Chitosan (1.6 g) was dispersed in a round-bottom beaker, then GTMAC (0.04
mol, 6.06 g) and 50 ml DI-water were added. The blend solution was stirred for one day,
maintaining the temperature at 80 °C with an oil bath. The unreacted chitosan was
filtered with a Buchner funnels by grade 4 filter paper. The solution was concentrated
under vacuum (KNF LAB, Filtration Pump, Trenton, New Jersey). Dialysis tubing was
used to dialyze the solution to remove any unreacted GTMAC for 24 hours in a water
bath. The solution was again concentrated under vacuum. To achieve a higher yield of the
quaternizing product, the solution was precipitated in acetone at 4 °C. The precipitate was
dried in an oven (Fisher Scientific, Isotemp, Model 281A Vacuum Oven, Pittsburgh, PA)
for 12 h at 60 °C. The chemical synthesis scheme of HTCC formation can be found in
Fig 3.1

To prepare the HTCC solution for electrospinning, various additives were
dissolved with HTCC at a total concentration of 10%, unless otherwise stated, in water. A
sonicator (Fisher Scientific, FS20, Pittsburg, PA) was used to blend solution for 1 hour.

HTCC blend solutions were electrospun similar to chitosan.
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Figure 3.1 Synthesis of HTCC (Alipour et al. 2009).

3.2.5 Characterization of HTCC nanofibers

To measure the degree of quaternization (DQ) of HTCC, we used titration of
chloride content at room temperature (Chang 2010). A 1 wt% silver nitrate solution was
placed in a burette. A total of 25.00 ml of the 1 wt% HTCC solution was transferred to a
125 ml Erlenmeyer flask. Then, 5 ml of 1 wt% potassium chromate solution was added to
the Erlenmeyer flask. The 1 wt% silver nitrate solution was added to the HTCC solution
until the solution became orange-red color. The final titration point was recorded and the
weight of HTCC was calculated. Degree of quaternization is calculated as described
below:

a= initial mass of reacted chitosan X 80% (average value of DD)
b= unreacted mass of chitosan

c= weight of dry mass of HTCC after reaction

My1= unit molecular weight of chitosan

My2= unit molecular weight of HTCC

x=degree of quaternization

y=moles of CI"' (resulted from titration)
X=Grsy (3.1)
Mu1

(a—b)
Mul

yx Myt (1-x)xXxMul =c (3.2)
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FTIR spectra were measured using a Perkin Elmer FT-IR Spectrum One
Spectrometer (Shelton, CT). HTCC was measured at 10mg/ml in water and chitosan was
measured at 2mg/ml in 90% acetic acid using KBr pellets. NMR spectra were measured
on an OXFORD NMR400. HTCC (10 mg/ml) was dissolved in D,O/HCI (100/1 v/v),
and chitosan (5 mg/ml) was dissolved in CF;COOD for NMR analysis. Due to the
likelihood of unreacted chitosan remaining in the HTCC, HCI was added to dissolve the
chitosan in the HTCC. Conductivity of each additive-HTCC blend solution was
measured with a conductivity meter (Fisher Scientific Accumet Basic AB30 Conductivity
Meter, Pittsburgh, PA). Viscosities of the electrospinning solutions were measured with
an SV-10 Vibro-viscometer (Malvern, United Kingdom). HTCC nanofibers were imaged
with SEM with the same protocol as the chitosan nanofibers. Each SEM image is

represented of two images.

In order to better understanding the adsorption mechanism of virus to HTCC
nanofibers, the Langmuir isotherm equation (Eq. 3.3) was used to model the virus
adsorption. The Langmuir model assumes that the surface only has monolayer
adsorption, each adsorption site is equivalent and independent, and the adsorption is
homogeneous (Sohn and Kim 2005). To determine the constants in the equation, K4 and
Om, Which represent the equilibrium dissociation constant and the maximum binding

capacity, respectively, the Langmuir equation is linearized, as shown in Eq. 3.4.

The original form of Langmuir model is the following:

_ qmaxC (33)

1= Kq+C

The linearized form of Langmuir model is the following:

C_Ka, C
q qm+qm (3.4)

C is the equilibrium concentration of virus in solution after adsorption onto the
nanofibers in units of MTT/ml and q is the amount of virus bound to the nanofibers in
units of MTT/um?” which is the amount of virus adsorbed per surface area of nanofiber
available for adsorption. To calculate the surface area of the nanofiber, first the fiber

density must be determined. The fiber density can be measured from the SEM images by
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counting the number of fibers on each SEM image and dividing by the actual area of the
image (Wang et al. 2009). The total surface area of nanofibers on one piece of filter
paper is SA; and is calculated by SA; = (fibers/ pm?) x (area of filter paper) x (SA/fiber).
SA is the surface area of a nanofiber. q is the (virus removed) x (volume of virus) / SAt
in the units of MTT/ pum?. Surface area of nanofibers is SA= 2nxrxL (um?/ fiber). r is the
radius of nanofibers and L is the length of the filter paper. Here we assume that each

nanofiber runs the length of the filter paper.
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4 Results and Discussion

4.1 Chitosan Nanofibers

We would like to produce polymer nanofibers that remove virus for water
purification applications. The polymer nanofibers are produced by electrospinning, a
process that applies an external electric force to a polymer solution to produce various
ultra-fine polymer fibers. Chitosan is a promising biofriendly polymer for a lot of
biological applications and is known to bind to virus (Davis et al. 2012). This work
explores the fabrication of electrospun chitosan nanofibers and examines their ability to

remove virus from solution.

Chitosan cannot dissolve in water; however, it can be dissolved in certain
solvents, included acetic acid and ethanol (Rinaudo et al. 2006). In this work, we chose
to use 90% aqueous acetic acid as the solvent for chitosan. Second, it is hard to
electrospun pure chitosan solution due to its high viscosity. Chitosan has rigid d-
glucosamine units (Rinaudo et al. 2006), and easily forms hydrogen bonds. Adding 10-20
wt% polyethylene oxide (PEO) of total polymer weight decreases the viscosity of blend
solutions and also helps the solution to be electrospun. PEO can reduce the formation of
chitosan’s internal hydrogen bonds because PEO forms bond with chitosan. To optimize
the creation of defect-free nanofibers, chitosan was electrospun at different voltages and
concentrations to determine the best electrospinning conditions. The images of
electrospun chitosan at various voltages can be found in Fig 4.1.

According to Fig 4.1, increasing the voltage of chitosan/ PEO (9:1) blend solution
in 90% acetic acid from 12.5 kV to 20 kV can reduce the number of beads. The polymer
solution is being pushed by the syringe faster than the electrical force can pull the
polymer away from the needle tip at 15 kV and lower for this feed rate. This is shown by
the presence of beads in the nanofibers. The voltage should be larger than 15kV for this

concentration and feed rate of chitosan/PEO. We could like to produce defect-free
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nanofibers; nanofibers with beads reduced the high surface area to volume ratio and

therefore the removal efficiency will be reduced.

S pm V 5 1Dl SE 5um

Figure 4.1 SEM micrographs of electrospun chitosan/PEO (In 90% acetic acid at
different voltages. The mass ratio is 9:1, feed rate is 6 ml/h, concentration is 2.5 wt%,
distance is 10 cm, and voltage for each sample is (a) 12.5 kV; (b) 15 kV; (¢) 17.5 kV; (d)
20kV.)

Since voltage at 20 kV created defect-free nanofibers, it was necessary to examine
the influence of polymer concentration. We electrospun chitosan solutions from 1.25 —
2.5 wt% in 90% acetic acid and imaged them with SEM. The SEM images can be found
in Fig 4.2. Increasing the concentration of chitosan, PEO (9:1) blend solutions, from 1.25
wt% to 2.5 wt%, we can see a reduction in the number of beads. Higher concentrations
translated into higher viscosities; therefore the goal was to produce a polymer solution

with a high viscosity. McKee et al. had a similar conclusion in previous experiment
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(McKee et al. 2004). They electrospun linear and branched poly (ethylene terephthalate-
co-ethylene isophthalate) (PET-co-PEI) copolymers with various concentrations. A
minimum concentration of polymer was required for electrospinning, and then the
concentration for producing defect-free and uniform fibers was two times larger than the

minimum electrospinning concentration (McKee et al. 2004).

Figure 4.2 SEM micrographs of electrospun chitosan/PEO(In 90% acetic acid at different
concentration, the mass ratio is 9, feed rate, 6 ml/h, distance is 10 cm and voltage density
is 20 kV. The concentration for each sample is (a) 1.25 wt%; (b) 1.75 wt%; (c) 2 wt%;
(d) 2.25 wt%.)

4.1.1 Chitosan Nanofiber Characterizations
Our goal was to create positively charged nanofibers that could be applied as a

virus removal system. We preferred a high volume to surface area ratio, and therefore
smaller diameter nanofibers, to produce a high virus binding surface. In order to acquire

the relationship between the diameter of chitosan/PEO fibers and the electrospinning
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conditions, a series of experiments were carried out using various voltages and feed rates
of chitosan/ PEO (2.5 wt%) (9:1) blend in 90% acetic acid. A chitosan/ PEO (2.5 wt %)
(9:1) blend was electrospun in a range of 15 to 20 kV and at feed rates in the range of 5.0
to 9.2 ml/h. Image J was used to calculate the average diameter of the nanofibers. The
average diameters of the electrospun nanofibers at each voltage and feed rate are shown

in Fig 4.3.
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Figure 4.3 Relation between diameter and feed rate and voltage

The results show that the diameter of electrospun chitosan/PEO in 90% acetic acid
fibers were in the range of 70—120 nm and could be precisely controlled. The diameters
of chitosan/PEO in 90% acetic acid fibers decrease with increasing voltage at a constant
feed rate and increase with increasing the voltage at a constant feed rate. In order to know
if the data is significant to each other, we compared each column using the student t-test.
Comparing within the same feed rate, all of the different voltages were statistically
significant, with a p value of <0.05, except for the difference between 17.5 kV at 9.2 m/h
and the other voltages at that feed rate. Within the same voltage, there is not a statistical
difference between flow rates, to a p value of 0.05. This supports the conclusion that
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increasing the voltage decreases the fiber diameter. Higher voltage means higher
electrostatic force. As the electrostatic force overcomes the surface tension of the
polymer blend, a jet is formed of polymer solution. As the electrostatic force increases
even more, the jet is sharpened and creates thinner nanofibers (Deitzel et al. 2001).
Increase of feed rate increases diameter, although not with a statistical difference. This
may be due to more solution being ejected from the needle and evaporating during a

constant time. Therefore an increase in the mass rate increases the fiber diameter.

With precise control over fiber diameter, we then wanted to understand the
relationship between fiber diameters and pore size. To study pore size, we filtered
fluorescent polymer beads of 1.06 and 4.6 um diameter. A fluorescent bead solution at a
concentration of 2 ppm was filtered with nanofibers of different diameters. The result of

the removal of the fluorescent beads can be found in Fig 4.4.

We first developed a standard curve to understand the relationship between
polymer bead concentration and fluorescence, and this linear curve can be found in Fig
4.4a. Based on this standard curve, we measured the concentration of beads before and
after filtration with different diameter of chitosan/PEO nanofibers and calculated a
percent removal. According to Fig 4.4b, the lowest removal was obtained by the smallest
nanofibers. For 4.6 um fluorescent polymer, the highest removal (65%) was obtained by
the largest diameter (118 nm) of nanofibers; a similar result can be found in 1.06 pm
fluorescent polymer. An increase in diameter of the nanofibers produced a higher bead
removal. This demonstrates that as fiber diameter increases, the pore size of the
nanofiber mat decreases. This is likely because the larger fibers take up more room on
the filter and decrease the area remaining for open pores. Fig 4.4¢ proved that fluorescent
beads were removed by the chitosan nanofibers. These results correspond to the pervious
experiments. For electrospun PEO nanofibers, the diameter of fiber increased from 95 nm

to 350 nm as the pore size decreased from 563 to 153 pm (Dotti et al. 2007).
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Figure 4.4Fluorescent beads filtered with various nanofibers. (a) Stand curve of
fluorescent beads. (b) Bead removal as a function of nanofiber diameter. (c) SEM image
of 1.1 pm diameter fluorescent beads filtered with nanofibers. The nanofibers were
electrospun 2.5 wt% chitosan under 7.5 ml/h feed rate, 15 kV voltage, distance is 10 cm
and the nanofibers are about 113 nm in diameter.

4.1.2 Virus adsorption of chitosan nanofibers
One of the most important goals in this thesis is to find a nanofiber that

effectively removes virus. Here we used the virus porcine parvovirus (PPV). PPV has
three kinds of proteins on the surface. There are 60 proteins on its surface, with 80% of
them being the same protein, designated VP2 (viral protein 2) (Simpson et al. 2002).
This provides multiple, identical binding sites on the virus surface and implies that
adsorption is likely a good method to remove the virus. Parvovirus are difficult to

inactivate under various heat and pH environments (Kempf et al. 2007), and are one of
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the smallest known mammalian virus, with a diameter of 18-26 nm (Mengling 1999).

These properties make them good models for virus removal techniques.

In order to evaluate the effectiveness of chitosan nanofibers on removing PPV, we
used the MTT removal assay to measure virus concentration before and after contact with
nanofibers. Polypropylene and filter paper were chosen as supports to collect the
nanofibers. We measured virus removal to test the effect of these two media as a base of
chitosan nanofibers on virus binding. According to Fig 4.5a, both polypropylene and
filter paper bind virus less than 38% of virus. Since filter paper is much cheaper in water
purification application, we used filter paper for all other work completed here. It was
also disappointing that the electrospun chitosan/PEO in 90% acetic acid fibers did not

appear to increase virus binding over the support paper.

Small volume tubes are used in the process of infecting virus, and we wanted to
confirm that virus was binding to our samples and not to the tubes, so we compare the
virus removal of various tubes without nanofibers present. The results can be found in
Fig 4.5b. The tubes were Fisherbrand Premium Microcentrifuge Tubes, VWR® High-
Performance Centrifuge Tubes, Nunc® CryoTube® Vials, and Corning Low Binding
Microcentrifuge Tubes. Except for the low adhesion tubes, that only bound 6% of PPV,
all other tubes can bind 58-77% PPV. In order to minimize the margin of error caused by
tubes, low adhesion tubes were used in the process to test the virus removal of

nanofibers.
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Figure 4.5 Removal of PPV. (a) Removal of PPV by chitosan nanofibers collected with
different supports as compared to the plain supports. Concentration for all polymer
blends was 9:1 chitosan/PEO blend solution at 2.5 wt% in 90% acetic acid.
Electrospinning conditions were voltage of 20 kV, feed rate of 7.5 ml/h, and distance of
10 cm. (b) Removal of PPV by various tubes to conduct virus binding assays.

After showing low virus removal for chitosan (Fig 4.5a), we were interested in the
influence of pH and fiber diameter on the removal of virus. PPV has a pKa of 5.3
(Weichert et al. 1998), and chitosan has a pKa of 6.5 (Lim and Hudson 2007). The
hypothesis of binding PPV to chitosan nanofibers is electrostatic force, so between a pH
of 5.3-6.5, the chitosan is positively charged and PPV is negatively charged. This pH
range should produce the highest virus removal. First, we tried different pH buffer
solutions for virus binding, as shown in Fig 4.6a. The results showed that pH 6-8 works
better than pH 4-5. We are not sure why pH 7 and 8 showed the highest virus removal.
Since the difference of virus removal value between each column is not big, the
difference between the lower pH’s (4-5) and the higher pH’s (6-8) may not be significant.

It is likely an error in the virus reduction assay and not a significant error.

In order to improve the virus binding to chitosan, which was shown to be very
low in Fig 4.5a, we examined the effect of the electrospinning parameters shown in Fig
4.3 to change the fiber diameter on virus binding. We made two combination of chitosan

blend solution, chitosan/PEQO at a 9:1 ratio and a 8:2 ratio in 90% acetic acid.
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Figure 4.5 Removal of PPV by chitosan nanofibers. (a) Effect of pH on virus removal.
Nanofibers were produced by 9:1 chitosan/PEO blend solution in 90% acetic acid.
Electrospinning conditions were voltage of 20 kV, feed rate of 7.5 ml/h, and distance of
10 cm. (b) Virus removals of nanofibers produced under various feed rates.
Electrospinning conditions were voltages of 20 kV and distance of 10 cm. (c) Virus
removals of nanofibers produced under various voltages. Electrospinning conditions are
feed rate of 7.5 ml/h. Concentration for all chitosan/PEO blend solution in 90% acetic
acid is 2.5 wt%.

According to Fig 4.6, after changing the variables of voltage, feed rate and
concentration, unfortunately, chitosan nanofibers produced at 20 kV voltage and 7.5 ml/h
feed rate could only remove a maximum of 40% PPV. No chitosan/PEO nanofibers were
able to bind virus effectively since no condition showed over 90% (1 LRV) removal. The
principle of binding virus to chitosan is that the nanofibers are positively charged and can
bind the negatively charged virus. This hypothesiz was confirmed by the pervious
experiments where 0.7 wt% chitosan in acetic acid solution had been incubated with four

kinds of virus for 3 hours. The chitosan solution reduced phiX174 (Coliphage) by 1.19—
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1.29 LRV, MS2 (coliphage) by 1.88-5.37 LRV, FCV-F9 (feline calicivirus) by 2.27-2.94
LRV, and MNV-I(feline calicivirus) by 0.09-0.28 LRV (Davis et al. 2012). It seems that
chitosan works effectively for some virus, but not all kinds of virus. Unfortunately, after
many attempts, we could not find effective chitosan nanofibers to bind more than 90%

virus. We then began to explore increasing the positive charge to increase virus binding.

4.2 HTCC nanofibers

According to poor virus binding results found from electrospun chitosan, it was
necessary to increase the positive charge of the polymer. The quaternized chitosan
derivatives have N groups so they contain a higher cationic nature, compared to the NH,
groups of chitosan. We therefore chose to modify chitosan into quaternized chitosan. A
quaternary ammonium derivative can be created and it is known for its antibacterial
activity against a variety of bacteria and fungi (Alipour et al. 2009). HTCC (N-[(2-
hydroxy-3-trimethylammonium) propyl] chitosan chloride) is one of the quaternized
chitosan derivatives and we hypothesized that HTCC nanofibers could bind more virus,
as compared to chitosan nanofibers. We started with the synthesis of HTCC and then
tested HTCC nanofibers for their virus binding ability.

4.2.1 HTCC Synthesis and Characterization
HTCC was synthesized as described in section 3. Materials and Methods. After

the synthesis was complete, it was necessary to determine the degree of quaternization.
Three batches of HTCC solutions were titrated and the titration was performed three
times for each batch with a value DQ of 78.1 + 1.10%. FTIR (Fourier transform infrared
spectroscopy) and NMR (nuclear magnetic resonance) were used to determine the
chemical composition of the HTCC. The FTIR and NMR spectra of chitosan and HTCC

are shown in Figs 4.7 and 4.8, respectively.
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Figure 4.6 FTIR spectra of HTCC at 10 mg/ml in water and chitosan at 2 mg/ml in 90%
acetic acid.

There are several peaks that proved existence of HTCC. A peak at 1387 cm™ was
assigned to the bending of CH; The peak at 1480 cm” was due to CH bending of
trimenthyl ammonium group. The peak at 3325 cm™ confirms the N-H stretching of a
secondary amine. This peak can prove the synthesis of HTCC by forming N-H group. For
chitosan, the peak at 2991 cm™ represents the CH stretch (Alipour et al. 2009).

The concentration of chitosan solution for NMR is higher than FTIR. Low
concentrations (2 wt%) could not obtain any peaks except for the solvent. For chitosan,
the peak at 2.5 represent NH» group, the peaks between 3.4 and 4.2 confirm the hydrogen
at secondary carbon atoms of the ring structure. For the HTCC spectra, the peak at 1.9
represents the NH group. Signal at 3.5 represents 'N-CH3, and this is the formation of
trimethyl group, the peak between 4.5 and 5.0 represent D,O (Britto and Filho 2005).
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Figure 4.71H NMR spectra of HTCC (¢ = 10 mg/ml) dissolved in D2O/HCI (100/1 v/v)
(a), and chitosan (¢ =5 mg/ml) dissolved in CF3COOD (b). (Courtesy of Xu Xiang)

4.2.2 Viscosity and conductivity of chitosan and HTCC solution

Chitosan derivatives are hard to electrospin because they have poor flexibility of
their polyelectrolyte chains. To improve the electrospinning of the HTCC, we explored

additives, similar to the work that was presented earlier on chitosan. These additives
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change the conductivity, viscosity, surface tension, and crystallinity of the HTCC and can
help to electorspin chitosan derivatives. We electrospun HTCC with four additives,
included PEO, PVA, graphene and SDS. All of the additives were purchased and used as
received, except for the graphene. The graphene was made by Xu Xiang, with similar
protocol that has been published earlier (Murugan et al. 2009). The XRD image can be
found in Fig 4.9. According to Fig 4.9, the peak at 24 Deg represents the existence of
graphene. Graphene had one unique structure, a single layer of carbon atoms closely
compacted into a two-dimensional (2D) honeycomb sp” carbon lattice. This peak explains

the structure of graphene (Murugan et al. 2009).
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Figure 4.8 XRD (X-ray diffraction image) of graphene. (Courtesy of Xu Xiang)

In the electrospinning process, the electric force in the electrospinning system
will pull the polymer solution out of the needle. The magnitude of the force can
determine the degree of stretch of the jet. Both conductivity and viscosity can affect the
electrospinning and the forming of a stable Taylor cone, which is required to form
continuous and defect-free nanofibers. According to experiment observations, chitosan
can be electrospun successfully, however, HTCC solutions could not be electrospun into
fibers, additives are needed to improve HTCC electrospinning. There are several choices.
First, graphene can increase the conductivity of HTCC. The structure of graphene is a 2D

honeycomb sp? carbon atom and graphene has superb electronic conductivity, the charge
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capacity of graphene can achieve 540 mAh g '. Graphene can also have a high surface
area 2600 m> g ' (Zhu et al. 2010), and this may attract hydrophobic patches on the virus
surface. The second choice is SDS. It is negatively charged and can bind to chitosan to
decrease the crystallinity (Zeng et al. 2003). This should also decrease the crystallinity of
HTCC. Third, PVA is highly hydrophilic, has an inherent fiber- and film-forming ability,
and can be easily cross-linked (Zhang et al. 2005). The last is PEO; it can be easily
electrospun and decrease chitosan, and therefore HTCC, crystallinity (Homayoni et al.
2009). In order to determine which additive affected the electrospinning of HTCC,

conductivity and viscosity were studied, as shown in Fig 4.10.
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Figure 4.9 Viscosity and conductivity. The concentration for chitosan solution was 2.55
wt% in 90% acetic acid. The concentration for all HTCC/Additive blend solution was 10
wt% in water.

Please note that the concentration of the HTCC solutions are almost 5 times
higher than the chitosan solutions. Pure chitosan has the highest viscosity among these
combinations. As mentioned earlier, this is due to the increased crystallinity of chitosan
caused by hydrogen bonding. As shown with chitosan, the blend viscosity and
conductivity also increased with an increase of HTCC content. The results show that the
viscosity of the HTCC blend solutions are lower than that of the chitosan solution, even
though the concentration is almost 5-fold higher. This demonstrates that the difficulty of
HTCC blend solutions to form a consistent nanofiber is likely due to the low viscosity.
HTCC solutions had higher conductivity due to the increased positive charge on the

HTCC, comparing to chitosan. Since both HTCC and chitosan solution can be
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electrospun, we guess that conductivity higher than 3.2 mS/cm can be electrospun
successfully. We hypothesize that HTCC nanofibers can bind more virus due to this

increased positive charge.
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Figure 4.10 SEM micrographs of electrospun HTCC/graphene at various concentrations.
The mass ratio is 9:1, feed rate is 6 ml/h, distance is 10 cm and voltage is 20 kV. The
concentration for each sample is (a) 5 wt%, (b) 7 wt%, (c) 10 wt%, and (d) 12 wt% in
water.

From Fig 4.11, we can see that low concentrations of HTCC blends yielded either
a few fibers that contain beads (7 wt%) or no fibers at all (5 wt%), likely due to the low
viscosity. It is concluded that clear and defect-free fibers can be seen at a concentration
of 10 wt% or higher. The average diameter increased from 113 + 41 nm at 7 wt% to 330
nm £ 54 nm at 10 wt% to 390 + 27 nm at 12 wt%. The fiber diameter increased with

increasing concentration of blend solution, likely due to the increase in viscosity. This
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shows that electrospun solutions must maintain a high viscosity to form continuous,
defect-free fibers. For electrospun fiber of HTCC with the other additives, no nanofibers

were observed. For this reason, we pursued graphene as our additive of choice.

4.2.3 Virus adsorption of HTCC
A series of HTCC electrospun support filters with the different additives have

been studied for their ability to remove PPV. Pure HTCC solutions in water are hard to
electrospun, it’s hard to form Taylor Cone in electrsopinning process. Based on this, we
need to choose additives to help electrospinning. It is likely that pure HTCC in water
does not form nanofibers, but enough HTCC is attached to the support filter to increase
virus removal. The results of virus removal by HTCC blended with various additives can
be found at Fig 4.12. Table 4.1 and Table 4.2 show the LRV of each condition in Fig
4.12. Concentration of chitosan/PEO is 2.5 wt% in 90% acetic acid and the mass ratio is
9:1.

a Concentration 5% = Solution without sonication

= concentration 10% = Seluticn with senication

o

100 = chitosan
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Figure 4.12 Virus removal of PPV by HTCC blends. (a) Virus removal of HTCC
nanofibers with various additives at concentrations of 5 wt% and 10 wt% in water,
concentration of chitosan and chitosan/PEO concentrations are 2.5 wt% in 90% acetic
acid (b) Virus removal of HTCC and chitosan nanofibers with various additives with and
without sonication, concentration of HTCC is 10 wt% in water, concentration of chitosan
and chitosan/PEO in 90% acetic acid concentrations are 2.5 wt%, feed rate is 6 ml/h,
distance is 10cm and voltage is 20 kV

Y o\'irus rcum\'al
%% Virus removal

According to Fig 4.12a, pure HTCC nanofibers can remove much more PPV than

pure chitosan, but the virus removal is still lower than 90% (1 LRV). After adding 10
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wt% graphene of the total solid, HTCC blend nanofibers can remove up to 99% virus.
Among various additives, graphene works best on virus removal, HTCC/graphene blend
solutions in water are easy to electrospinning, compared to other combinations.
Sonication of the blends also assisted in the formation of uniform solutions. This was
shown by the improvement of virus removal with polymer blends that were sonicated, as
compared to nonsonicated samples Fig 4.12b. Error bars on are not present because this

experiment was only done once.

Table 4.1

Virus removal of HTCC nanofibers blended with additives at various concentration
Polymer CS:PEO HTCC:PEO HTCC:PEO HTCC:PEO HTCC:PEO HTCC:CS:PEO

concentration 9:1) (8:2) (7:3) (6:4) (8:1:1)
5% 33.6 923 88.2 80.6 88.2 91
10% 20.5 95.7 95.3 90.1 90.5 96.5

Table 4.2

Virus removal of HTCC nanofibers blended with additives after sonication
HTCC:PVA HTCC:PVA HTCC:SDS HTCC:GRAPHENE HTCC:GRAPHENE

Sonication
(8:2) 9:1) (8:2) (8:2) 9:1)
No 92.5 87.8 94.4 90.3 98.1
Yes 96.6 93.4 96.6 93.6 99.5

In the virus removal assay, the pH of the buffer solution for chitosan and HTCC
was the same at a pH of 7, in order to keep all parameter are same. The pKa of
quaternized amine is around 10 (Leach et al. 2012) and the pKa of chitosan is 6.5 (Lim
and Hudson 2007). At pH 7, which is the pH of the buffer solution, HTCC is fully
positively charged and chitosan is close to neutral. Since HTCC is positively charged, it

can explain the higher virus removal of HTCC nanofiber than chitosan nanofiber.

Due to the high virus removal capability of the HTCC/graphene blend and the
ability to form nanofibers (Fig 4.11), we chose graphene as the additive to continue to
study. Among various additives, graphene with HTCC can be electrospun, because

graphene does not block the needle during electrospinning. Other additives blocked the
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needle and impeded the electrospinning. In the electrospinning process, droplets fell from
the needle instead of being propelled towards the grounded collector, which reduced the
formation of nanofibers. HTCC/graphene nanofibers were not as easy to electrospin as
compared to chitosan solutions. In order to get more naofibers, we electrospun with
longer time and adjusted the concentration of HTCC solution. The SEM images of

electrospun HTCC/graphene (9:1) in water can be found in Fig 4.13.

Figure 4.11SEM micrographs of electrospun HTCC/graphene in water at various
electrospun times.The mass ratio is 9:1, feed rate is 6 ml/h, distance is 10 cm and voltage
is 20 kV. The concentration for each sample is 12 wt% in water. The electrospinning time
is (a) 18 mins, (b) 36mins, (c) 54mins.

The SEM image can be found in Fig 4.13 and the virus removal results can be
found in Fig 4.14. According to Fig 4.13, we can measure the fiber density of HTCC
nanofibers electrospun under different time. The method of measuring fiber density can

be found in the section 3. Material and Method. The fiber density in the units of
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fibers/um” was found to be 0.249 + 0.023, 0.012 + 0.012, 0.083 + 0 corresponding to
nanofibers electrospun for 54 mins, 36 mins and 18 mins, respectively, based on the
calculation from two SEM images. It was concluded that increasing electrospinning time
can increase fiber density. This demonstrates that we can control the fiber density and
make various grades of nanofiber filter by controlling the electrospinning time. This
conclusion had been comfirmed by the electrospingn of polyacrylonitrile (PAN) fibers
(MyoungYun et al. 2007). The virus removal assay with electrospun HTCC/graphene

(9:1) in water under various time and concentration can be found in Fig 4.14.
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Figure 4.12 Virus removal of HTCC blends in water at different times and
concentrations.(a) Virus removal of electrospun HTCC/graphene (12 wt%) in water at
mass ratio of 9:1 under different electrospinning time. (b) Virus removal of
HTCC/graphene blend nanofibers at mass ratio of 9:1 under various concentrations. Feed
rate is 6 ml/h, distance is 10cm and voltage is 20 kV

Longer electrospinning time increases the binding ability of HTCC/graphene
nanofibers due to an increase in nanofibers per unit area. More nanofibers have a higher
number of amine groups and increased charge, and therefore more virus adsorption
capacity. This result is confirmed by Fig 4.14. Electrospun HTCC blends at 12 wt% can
bind more PPV, comparing to electrospun 5 wt% HTCC blend. Higher conductivity of
solution will cause a higher charge of the surface of the ejected jet via electrospinning.

Postively charged nanofibers absorb more PPV.

We used the Langmuir isotherm model to study the equilibrium adsorption of

virus to nanofibers. For PPV, one virus partical is equal to 1 MTT unit (Heldt et al.
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2006). Based on equation 3.3, on a plot of C/q versus C, the slope is 1/qmax and the
intercept 1S Kg/qmax. The plot of the linearized Langmuir isotherm is shown in Fig 4.15
and we found the K4 value to be 6.6x10*'M. The strongest binding ability of protein has
a measured Ky value of 10"* M for the binding of strepavidin and biotin (Green. 1975).
HTCC had been proved ability to adsorb PPV in Fig 4.14, but the calculated Ky value
does not reflect a realistic value. This may be due to the method used to determine the
fiber density and fiber surface area was not accurate, since this was calcualted from only
two SEM images. Another possibility is that the Langmuir model is not a valid model for

our system. There could be non-homogenous binding sites or multiple layer binding.

6E+11 .
v = 1E+11x + 6E+10

/

3E+11

C/q (nm?log(ml))

0 1 2 3 4 5 6
C (log(MTT/ml))

Figure 4.13 Langmuir model of HTCC nanofibers

Chitosan solutions can be electrospun successfully, but could not bind virus
effectively, therefore, we modified the chitosan into HTCC and electrospun HTCC
solutions in water. For HTCC nanofibers, 10-12 wt% of a 9:1 HTCC/graphene blend
solution in water can be electrospun successfully and effectively remove 99% of virus.
SEM images showed that HTCC/graphene nanofibers had defect-free fibers with 330-390

nm diameters.
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5 Conclusion & Future work

Among various combinations of chitosan and HTCC nanofibers, HTCC/graphene
in water can be electrospun successfully and remove 99% of PPV. Chitosan nanofibers
can only remove up to 50% virus. Although chitosan nanofibers can be electrospun easily

and successfully, HTCC nanofibers are preferred for water purification technology.

In order to apply electrospun membranes in filtration, chemistry and morphology
of the fibers are important. The relation between voltage, feed rate, and concentration to
diameter has been examined here. Smaller diameter fibers produce a higher surface area,
therefore increasing the binding surface for PPV. For electrospun chitosan/PEO in 90%
acetic acid fibers, the diameter increases with increasing feed rate and diameter decreases
with increasing voltage. The average diameter of electrospun chitosan fibers is in the
range of 80-130 nm. For HTCC/graphene fibers, the diameter increases with increasing
concentration. The average diameter of electrospun HTCC blend fibers is in the range of
330-390 nm. Right now, we can only obtain nanofiber electrospun from HTCC/graphene.
Increase electrospinning time can increase the fiber density and increased fiber density
increases virus removal. HTCC/graphene fibers can remove 99% of PPV in solution, and

therefore have the potential to become a future water purification technology.

The main future work will focus on increasing the effectiveness of
electrospinning HTCC nanofibers and increasing the virus removal capability of HTCC
nanofibers. In the electrospinning process, chitosan blend solutions are more effective
than HTCC blend solution. This can be explained by the lower conductivity and higher
viscosity. HTCC has a lower viscosity than chitosan. Electrostatic force cannot exceed
the surface tension of HTCC solution or pump flow rate is low and droplets in the tip of
the needle do not reach the grounded collector. Inconsistent flows reduce the nanofibers

that can be collected. In order to increase the electrospinning effectiveness of HTCC
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blend solutions, appropriate voltage is needed. Increasing the concentration of HTCC is

also an option.

Another method to improve the virus binding of electrospun fibers is to add
affinity ligands to the fibers. Small binding peptide ligands have shown the ability to
remove PPV in previous studies (Heldt et al. 2008). We hypothesized that adding
peptides (WRW and KYY) to chitosan amine groups may increase the binding ability of
chitosan nanofibers, as compared to HTCC nanofibers. WRW and KYY peptides each
have two hydrophobic and one positively charged amino acid group. Peptides are
preferred to proteins, like antibodies, as affinity ligands because they are stable and lack

second structure (Heldt et al. 2009).

The third one will focus on the analysis of virus removal with nanofibers. The
Langmuir isotherm will be applied to virus adsorption of fibers of different densities and
different fiber diameters. This will give us a more complete picture of virus adsorption to

nanofibers.
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7. Appendix A

Since each SEM image is represented at 2 images, this part is supplemental SEM
images.

Figure 7.1 SEM images those are supplemental to Fig 4.1. SEM micrographs of
electrospun chitosan/PEO in 90% acetic acid at different voltages. The mass ratio is 9:1,
feed rate is 6 ml/h, concentration is 2.5 wt%, distance is 10 cm, and voltage for each
sample is (a) 12.5 kV; (b) 15 kV; (c) 17.5 kV; (d) 20 kV.
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Figure7.2 SEM images those are supplemental to Fig 4.2. SEM micrographs of
electrospun chitosan/PEO in 90% acetic acid at different concentration, the mass ratio is
9, feed rate, 6 ml/h, distance is 10 cm and voltage density is 20 kV. The concentration for
each sample is (a) 1.25 wt%; (b) 1.75 wt%; (c) 2 wt%; (d) 2.25 wt%.
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Figure7.3 SEM images those are supplemental to Fig 4.11. SEM micrographs of
electrospun HTCC/graphene at various concentrations, the mass ratio is 9:1, feed rate is 6
ml/h, distance is 10 cm and voltage is 20 kV. The concentration for each sample is (a) 5
wt%, (b) 7 wt%, (c) 10 wt%, and (d) 12 wt% in water.
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8. Appendix B

This part is tabulated version of results in Fig 4.3, Fig 4.4a and Fig 4.4b.

Table 7.1
Diameter of electrospun 2.5% chitosan/PEO (9:1) in 90% acetic acid nanofibers under
various feed rates and voltages

Feed Rate(ml/h)
Voltage (kV) 5 5.8 7.5 9.2
15 102nmm 107nm 111lnm 118 nm
17.5 84 nm 89 nm 89 nm 99 nm
20 73 nm 82 nm 85 nm 91nm
Table 7.2
Fluorescence of two kinds of fluorescent polymers at various concentrations
C (ppm) 2 1 0.5 0.1
Fluorescence
(4.6 pm) 12516 7142 4064 983
Fluorescence

(1.06 um) 22341 12293 6752 1314
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Table 7.3
Beads removal of two kinds of fluorescent polymers after filtered with chitosan/PEO
nanofibers of various diameters
Diameter Bead removal (%) of Bead removal (%) of

(nm) 4.6 um particles 1.06 pm particles
118 63.44 35.34
111 56.81 33.69
107 53.59 32.89
102 31.76 29.89
99 31.67 26.9
91 31.07 23.15
89 29.12 22.08
89 27.32 19.98
85 26.42 17.92
84 25.05 16.68
82 24.31 14.69
73 21.19 14.33

In order to know the bead removal, those are calculated by reading the
fluorescence before and after the filtration then obtain the concentration according to
standard curve.

Bead removal % =
Concentration before filtration — Concentration after filtration
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9. Appendix C

Calculation methods of virus removal

For MTT assay, make 1 blank plate, which contain just medium and MTT
solution but no virus. After reading the absorbance of plates, plot a curve about
absorbance (y-axis) vs. the concentration of MTT (Y-axis). Calculate CC50/ ml as the
MTT concentration that is reducing 50% of the cells. One unit of MTT is equal to one
unit of PPV. Since we know the concentration before and after the infection, then we can
calculate the virus removal value.

log( virus after infection)

Virus removal % =1- ; . -
log(virus before infection)
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