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Abstract

Protective clothing systems in current use are primarily based upon either full barrier
protection through blocking contaminant permeation, or on air-permeable adsorptive
protective overgarments in which all the toxins are adsorbed on contact. The adsorptive
protective multilayer fabric systems are bulky and possess low moisture vapor
permeability. These challenges motivate the development of a new generation of
protective clothing system that is lightweight, breathable, and capable of selectively
decomposing toxic agents on the fabric surfaces. Electrospun fabrics are remarkably
breathable and lightweight; their high specific surface area can be used to functionalize
the material by the attachment of functional compounds. In this dissertation, we aimed at
developing electrospun fiber-based chemical and/or biological detoxifying protective
fabrics containing a-nucleophilic oxime moieties that are capable of hydrolytically
decomposing toxic organophosphate (OP) chemical nerve agents and pesticides, and/or
biocides acting against bacterial contaminants.

Oxime-functionalized electrospun fiber mats were obtained via electrospinning of a
polymer blend containing reactive polyacrylamidoxime (PAAO) and parent
polyacrylonitrile (PAN). The function of PAAO/PAN fiber mats was evaluated by the
hydrolysis of p-nitrophenyl acetate (PNPA), mimicking toxic OP nerve agents and
pesticides. The presence of PAAO in the reactive fiber mats significantly accelerated the
hydrolysis of PNPA compared to its spontaneous hydrolysis. The effect of the fiber size
on reaction rate indicated that intra-fiber diffusional resistances may limit the
accessibility of the reactive oxime sites inside the fibers with the oxime-assisted
hydrolysis occurring primarily on the fiber surfaces. In addition, the capability of PAAO
powder to decompose combat chemical warfare agents, such as soman (GD) and VX,
was demonstrated.

Prefabricated PAN submicron fiber mats were chemically modified via an efficient, one-
step oximation reaction with excess hydroxylamine, resulting in conversion of the
surfaces of the fibers to reactive amidoxime groups. Nucleophilic amidoximes enable the
fiber mat to decompose OP nerve agent simulant, diisopropy! fluorophosphate (DFP), as
monitored by *'P MAS NMR spectroscopy. The hydrolytic degradation of DFP occurs



only in the presence of water, which serves as a medium promoting the nucleophilic
action of the amidoximes in the fibers.

Bactericidal fiber mats were produced from electrospinning of blends containing a
biocide chlorhexidine (CHX). A small amount of high molecular weight poly(ethylene
oxide) was incorporated into the blends to facilitate the electrospinning and a
dimensionless Deborah number (De) was introduced to determine the spinnability of the
blends. The resultant fiber mats demonstrated bactericidal properties, killed
representative bacteria of E. coli and S. epidermidis not only through a gradual release of
unbound CHX from the fibers but also via contact with CHX bound to the fibers. In
addition, antibacterial fiber mats were obtained by a post-spin treatment of cellulose
acetate fibers. The latter material allowed for the covalent CHX immobilization on the
fibers via titanate linkers.

The layer-by-layer (LbL) electrostatic assembly technique was applied in combination
with electrospinning technique to fabricate novel, breathable electrospun fiber-based
protective fabrics and filters for both chemical and biological protection. Reactive
polyanion, polyhydroxamic acid, which can decompose OP nerve agents, and
antimicrobial polycation, poly (N-vinylguanidine), were synthesized and LbL-assembled
onto electrospun fibers to achieve multifunctional coatings. The capability of these
functionalized fabrics to detoxify representative chemical and biological toxic agents and
their mimics was demonstrated. The breathability of the functionalized electrospun fiber-
based systems was addressed.
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Introduction
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1.1. Motivation

Military, fire fighting and medical personnel require a high level of protection
when they face potential chemical or biological threats such as intentional or
accidental release of chemical or biological agents. Chemical and biological
protective clothing made of many different fabric materials has been widely used to
provide effective protection for various specific applications.! These protective
systems are based upon full barrier protection through blocking contaminants or
air-permeable adsorptive protective overgarments by absorbing all the toxins on
contact. For example, hazardous materials (HAZMAT) response suits are made
from impermeable laminated fabrics, providing protection by completely blocking the
penetration of vapor and liquid into the fabrics. In order to effectively block toxins,
one such suit, Chemfab’s Challenge Ultra Pro fabric system, consists of five
alternating layers of fluoropolymers, nonwoven aramid fiber layers and a conductive
layer. This multilayered system is bulky and heavy in weight and requires additional
breathing apparatus to make it comfortable to wear over a long operational period.
In addition, in order to improve comfort level at higher workloads over longer periods,
a semi-permeable adsorptive carbon liner is incorporated into protective clothing (e.g.,
joint service lightweight integrated suit technology (JSLIST)), which can absorb
organic vapors and liquids that pass into the clothing and simultaneously allow air and
water vapor exchange. Although such JSLIST may offer sufficient protection, there
are several disadvantages associated with currently used protective fabrics:

(a) Effective protection comes at the cost of wearing a bulky multilayered
fabric system with impaired wear performance (e.g., poor moisture vapor
permeability).

b) Toxic chemical and biological agents are not immobilized or neutralized
on protective suits. Extensive contamination may arise when they leave
the surface of protective clothing as aerosols or vapors.

(c) The adsorptive carbon layer may be saturated by toxins and the excess
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toxic chemicals may penetrate into the clothing.

Therefore, there is a need to develop next generation of protective clothing
systems. The new protection fabrics should be lightweight and convenient to wear,
which allow for permeation of water vapor while remaining resistant to the
permeation of organic molecules (Figure 1.1). Furthermore, the new generation of
protective fabrics is envisioned not only to absorb or block toxic chemical and
biological agents, but also to detoxify them to reduce the risk of secondary

contamination (Figure 1.1).

Toxic agents

___ Exterior fabnc

Waler vapor
(sweal)

Figure 1.1. Multilayered protective suits

Electrospinning technology provides a new means to produce porous fiber fabrics.
The electrospun fiber mats possess remarkable properties such as small fiber diameter,
high specific surface area, high porosity and low fabric weight. Schreuder-Gibson
and coworkers demonstrated that lightweight electrospun fabrics exhibit proper
breathability, which impedes the water vapor diffusion to a lesser degree than barrier
materials, while displaying better air flow resistance and enhanced aerosol particle
retention compared to current commercially used membranes.”* In addition,
Obendorf et al. showed that the laminated fabrics with electrospun polypropylene

fiber layer significantly limit the penetration of liquid pesticides while still
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maintaining good water vapor permeability.” The combination of breathability and
high barrier performance of electrospun fabric makes it a promising candidate for the
new generation of protection clothing. Moreover, high specific surface area of the
electrospun fiber mats allows for attachment of functional compounds to obtain
chemical and biological detoxifying protective clothing. In this regard, we aim at
developing electrospun fiber-based self-detoxifying protective fabrics for chemical

and biological protection.
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1.2. Background

1.2.1. Organophosphates

The toxic chemical agents we target are organophosphates (OP). The utilization
of organophosphates in agricultural pesticides/insecticides and chemical warfare
agents (CWA) poses great risks to human health and the environment. Almost
1,300,000,000 agricultural workers worldwide are exposed to potential pesticide
poisoning, including 3.3 million people in the United States. It was reported that the
number of intoxications with OP pesticides and insecticides is estimated to be
3,000,000 per year and the number of deaths and casualties over 300,000 per year
worldwide.® Since the event of September 11, there is increased concern over
potential chemical and biological threats to the US military and civilians from
terrorists. According to the report of the US General Accounting Office, the United
States budgets about $1 billion per year on military defense against chemical and
biological threats and additional $1.4 billion for civilian preparedness.” OP-based
nerve agents constitutes a major CWA group. These OP agents pose a challenge in
developing countermeasures providing effective protection of military personnel,

emergency responders and agricultural workers when they face potential threats.

Figure 1.2. General chemical structure of organophosphates
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Organophosphate (OP) compounds are usually esters, amides, or thiol derivatives
of phosphoric, phosphonic, or phosphinic acids, which have the general structural
formula as shown in Figure 1.2. In this Figure; R and R’ are alkyl or alkoxy groups, Z
is a doubly bonded oxygen or sulfur atom, and X is an easily displaceable group such

as F, CN or p-OCgH4NO:,.

"\

N——P——0C,H; H3C——P——OCH(CH3); H;C——P——OCH(CH3)C{CH3)3
/
H3C CN F F
Tabun (GA) Sarin (GB) Soman (GD)

G-type nerve agents

Hs CH(CH,),
CzH50——r—SCH2CH2——N
o CH(CHy),

VX

V-type nerve agent
Figure 1.3. Chemical structures of nerve agents

OPs represent 70% of 100 million pounds of insecticides applied in various fields.
Chemical nerve agents, one of the major groups of CWA, are primarily
organophosphate compounds. Figure 1.3 shows chemical structures of several
common nerve agents. Tabun (GA), sarin (GB), soman (GD) are among G-type
nerve agents and VX belongs to V-type nerve agent. These nerve agents are too
dangerous to be directly used in our study. Only less toxic OP simulants such as

DFP and paraoxon will be used with cautions in this study (Figure 1.4).
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Figure 1.4. Common OP simulants

1.2.2. Organophosphate toxicity

OP pesticides and nerve agents are known to be very toxic. Approximate lethal
dosage of nerve agents, for a 70 kg adult breathing in 15 L/min, for inhalation
exposure and skin exposure are shown in Table 1.1.%° The V-type nerve agents are
over ten-fold more toxic than the G-type nerve agents. A few breaths of a vapor or
aerosol of such an agent will kill a person in less than a minute. Liquid nerve agent
splashed on the skin may kill people after 15 minutes.” The agent acute toxicity is
primarily due to the inhibition of acetylcholinesterase (AChE), an enzyme critical to
the normal function of nerve systems. The basic function of the AChE enzyme is to
convert acetylcholine (ACh), a neurotransmitter, into the inactive metabolites, choline
and acetate. The inhibition of AChE by nerve agents results in continuous
stimulation of the muscles, glands and central nervous systems due to the aggregation
of acetylcholine (ACh) at nerve synapses. Figure 1.5 demonstrates the mechanism
of the OP poisoning. In terms of normal function, to hydrolyze ACh, the hydroxyl
group of the serine at the active sites of the enzyme AChE is acetated, releasing the
choline moiety. If the inhibition occurs, OPs bind to AChE, resulting in the
phosphorylation at the hydroxyl group of the serine active sites of AChE. Compared
to the rate of deacetylation, whose half-life is about 0.15 ms, the half-life of
dephosphorylation is much longer (e.g., 60 hours for diethyl phosphoryl-AChE),
which prevents the regeneration of the AChE active sites from further functioning.'®

Therefore, OPs’ toxicity is primarily determined by the extent of irreversibility of the
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phosphorylation process. The electrophilicity of phosphorus atom in OPs is critical
to the lethality of OPs. The presence of the electron withdrawing groups, such as

halogens, nitro and cyano, will enhance the toxic effect.

o

b |
\N % &
HQC" \/\o/ \CH;

Hs . hydrolysis

————
w

AChE _ AChE
deacetylation

(a) Hydrolysis of acetylcholine by AChE

RO—P—F HF
CH, phosphorylation * 5
o\\i“/ &,
3
AChE

AChE

Sarin: R=CH(CH,), Somam: R=CH(CH,)CH,(CH,),

(b) Inhibition of AChE by nerve agents

Figure 1.5. Mechanism of OP poisoning
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Agent LCtsp (inhalation mg min/m") LCso (skin mgfindividual)

GA (Tabun) 200 4000

GB (Sarin) 100 1700

GD (Soman) 50 100
10 6

LCtso: the product of concentration and the length of exposure
50: 50% of exposed population will die

Table 1.1. Lethal dosage of nerve agents

1.2.3. Organophosphate decontamination

The acute toxicity of organophosphates used as chemical nerve agents and
agricultural pesticides has led to extensive efforts to develop various methods to

10-14

decontaminate them. Figure 1.6 summarizes major techniques currently used to

decompose organophosphate compounds.

Microbial degradation

Enzymatic Photo-catalytic

degradation Organophosphates - degradation

|

Chemical degradation

Figure 1.6. Degradation routes of organophosphates

Enzymatic degradation is a selective approach, which utilizes enzymes such as
organophosphorous hydrolase, in the OP decomposition. It has been shown that the
enzyme-based, “clean” decontamination can result in efficient hydrolysis of a range of
OPs containing P-F, P-O, P-S and P-CN bonds."”""7 However, the low stability of
these OP-degrading enzymes significantly limits their practical application in the

decontamination of OPs. For example, the observed half-life of native

24



organophosphorous hydrolase is only 2.7 days when stored at 20 °C.  Furthermore,
the lack of availability of the OP-degrading enzymes in sufficient quantities and their

inherently high costs hinder their practical utilization in the OP detoxification.

\
C—N +ery
/ \ Na”™ 0 OH

o

Oximate Sodium hydroperoxide

o N/\NH
/ \—/
\
o
Iodosobenzoate Imidazole

Figure 1.7. Chemical structures of a-nucleophiles

Another simple and effective method to decontaminate OPs is their chemical
degradation by acid- or Dbase-catalyzed hydrolysis or nucleophile-aided

hydrolysis.'">181°

The hydrolytic degradation of OPs can be dramatically
enhanced in a basic or acidic environment. In the base-catalyzed hydrolysis, alkali
nucleophilically attack and break the P-X bond to detoxify OPs. In this regard,
a-nucleophiles such as peroxide, hypochlorite, iodosobenzoate, imidazole, and oxime
have been extensively investigated alone or in concert with surfactants to

11-1420-22 " The chemical structures of several

decontaminate OP-based toxic agents.
a-nucleophilic functional groups are shown in Figure 1.7. These a-nucleophiles are

at least two orders of magnitude more reactive than ordinary nucleophiles.® The
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a-effect results from electron repulsion between the lone electron pairs on the
nucleophilic atom and on the adjacent atom. During the nucleophilic attack, a lone
pair on the nucleophilic atom is shared partially with the electrophilic target atom.
This substantially reduces the electron repulsion between lone pairs of the electrons
and stabilizes the transition state. A schematic process of the cleavage of OPs
catalyzed by oximates, commonly used antidotes for OP poisoning, is shown in
Figure 1.8. The utilization of metal cations, such as copper or lanthanide in concert

with nucleophiles was demonstrated to further facilitate the hydrolytic degradation of

OPS 24-26
RO. O
RO. O
! \P/ + R'——ﬁ:N——-—O' _— \p/ + Ry0
Rz/ \0R3 Rg/ 0-N=CH-R
H,0
RO. O
1 \ //
AN
Rz/ OH

Figure 1.8. Schematic diagram of cleavages of OPs by oximate

1.2.4. Bactericides

Adhesion and proliferation of bacteria on the surface of materials can induce
severe health and environmental hazards.”’ Pathogenic bacteria such as anthrax
spores have been used to pose biological threats recently. Hence, there is a great
demand to develop bactericidal, antiseptic, and bacteriostatic materials that can
prevent attachment, proliferation and survival of microbes on the material surface. A
broad range of antibacterial agents such as silver, iodine and iodide complex,
quaternary ammonium compounds, biguanide compounds, hydantoin derivatives,

phosphonium compounds, and tetracycline antibiotics (Figure 1.9) have been
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incorporated in or attached onto the surface of various materials such as textiles and

medical devices, to kill bacteria.”®*

Herein, we were specifically interested in
cationic compounds or polymers with biguanide groups due to their potent
antimicrobial activity. We aim at developing fiber-based fabrics containing these

biocides serving as antimicrobial filters or to create biological protective clothing.

Ry

N+
R, \"“‘ R4 {—(—CH2+6—NH—C—NH—-C—NH -

R3 NH HH

R: alkyl groups

Quaternary ammonium Poly (hexamethylene biguinide)
+c1 lz-——Clla——
n
({n3
CHZ—I;’+—(—(TH2-)9—(IH3CI'
CH,

Poly[dimethyldecyl(4-vinylbenzyl)
phosphonium chloride]

Tetracycline structure

Figure 1.9. Several representative biocides

1.2.5. Electrospinning

1.2.5.1 General description

Electrospinning is a fiber spinning technology that produces polymer fibers with

a diameter range from micrometers down to several nanometers, two to three orders
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of magnitude smaller than those produced by conventional fiber making methods.
The electrospinning technology has been known for a long time. The discovery of
electrospinning process dates back to the 1900s. In 1902, Morton patented the first
electrospinning experimental setup for the production of fibers using electrostatic
forces.>® In the 1930s and 1940s, Formhals published a series of patents on the

35-38 However, at that time

processing and apparatus to produce electrospun fibers.
electrospinning gained little interest outside the filter industry due to its low output,
low molecular orientation, poor mechanical strength of the fibers, and wide diameter
distribution of the electrospun fibers. Until the 1990s, Reneker and coworkers

39,40 Since

reintroduced this technique as a facile way to produce submicron fibers.
then, electrospinning technology has attracted growing scientific interest and

hundreds of natural and synthetic polymers have been processed into fibers by

41-47

electrospinning for various applications.

Syringe and pump

High Voltage
Power Supply

Insulated Adjustable Stand

Figure 1.10. Electrospinning experimental setup

Electrospinning apparatus can be manufactured in different sizes and shapes. A
schematic diagram of commonly used electrospinning experimental setup is shown in
Figure 1.10. A polymer solution or melt is placed in a container and pumped

through feed line to a nozzle. A high electric field is applied to polymer fluid such
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that charges are induced within the fluid. Generally 10 to 40 kilovolts at around 100
microamperes of direct current (DC) are applied to the capillary during
electrospinning. A typical distance between nozzle and grounded collector is 10 cm
or more. Various grounded collectors have been used in the electrospinning. The
most basic one (Figure 1.10) is one metallic disk or plate connected to the ground.
Other designs include a conveyor belt or a coagulating solvent bath. In some cases,
a rotating drum was used to collect aligned fibers.*® The electrospinning process
consists of three major regions: the cone region, the steady jet region and the
instability region.*” During the initial stage, a pedant drop of fluid is charged at the
tip of the nozzle and deformed into a conical shape, the Taylor cone. When induced
charges reach the critical point, a fluid jet erupts from the apex of the cone. In the
steady jet region, the jet travels in a straight path ranging from 1 to 20 cm. In the
instability region, the jet deviates from a straight path, undergoes a whipping
instability and dries rapidly to produce porous fiber mats on the grounded collector.
Please check the references [42, 47, 50-56] for more details about electrospinning

process.

Although hundreds of polymer solutions and melts have been electrospun into
fibers, not any polymer solutions can be processed by electrospinning. Furthermore,
under different conditions, the morphology of the resultant electrospun fibers can be
varied from beaded fibers to fibers with pores on their surfaces. Therefore, the
parameters that affect the electrospinning process are of great interest and have been
extensively studied.” The governing parameters can be primarily classed into two
groups: polymer solution properties and processing conditions. Polymer solution
properties have the most significant influence on the electrospinning process and
resultant fiber morphology. They include solution viscosity, molecular weight of
polymer, surface tension, solution conductivity, and dielectric effect of solvent.
Although less important than solution properties, processing conditions, such as
applied voltage, flow rate, temperature, humidity, design of collector, diameter of

nozzle, and distance between nozzle and collector have a certain effect on the fiber
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morphology. Please read the references [47, 57-68] for more details on how these
parameters affect the electrospinning process and resultant fiber morphology. With
the understanding of the effect of these parameters, it is possible for us to manipulate
the electrospinning process, and design electrospun fiber materials and their

morphologies.

1.2.5.2. Potential application in protection clothing and filters

Electrospun fibers are continuous and their assembly and processing is
economically feasible as compared to carbon-based nanomaterials produced by
bottom-up methods. Electrospun fiber mats possess remarkable properties such as
small fiber diameter, high specific surface area, high porosity and low fabric weight.
These unique properties have triggered a broad range of potential applications in
composite materials, protective clothing and filtration membranes, catalysis, sensors,
electronics, tissue engineering, drug delivery, magneto-responsive fibers,

superhydrophobic membranes, energy storage devices and so on. %

The potential for application of electrospun fiber mats in protective clothing was
first demonstrated by Schreuder-Gibson and coworkers.>* They have studied the
transport properties of electrospun fiber mats as barrier materials. Figure 1.11 shows
that the electrospun nonwoven resistance to water vapor diffusion is much lower than
the commercially available membrane laminates. On the other hand, the convective
flow resistance of the electrospun fiber mats is much larger than that of the
commercial clothing materials. They illustrated that the electrospun fiber mats
possess high filtration efficiency for aerosol particle retention as well. In addition,
Obendorf et al. showed that the addition of electrospun polypropylene or
polyurethane fibers to a nonwoven fabric significantly limit the penetration of liquid

°  The excellent

pesticides while still maintaining good water vapor permeability.>”’
breathability of electrospun materials with high rates of water vapor diffusion and low

air permeability makes them promising candidates for protective fabrics applications.
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Figure 1.11. Transport properties of electrospun materials. (a) water vapor transport;

(b) convective gas flow resistance. (reprinted from reference [2])

Besides the excellent breathability, the high specific surface areas of electrospun
fiber mats provide a carrier for the attachment of functional compounds to obtain
self-detoxifying protective clothing. Ramakrishna er al. successfully electrospun
fibers with a reactive compound, (3-carboxy-4-todosobenzyl) oxy-p-cyclodextrin, and
showed that these reactive fabrics can decompose paraoxon, a chemical warfare agent
(CWA) simulant*® In another study, electrospun composite materials containing
zinc titanate or MgO nanoparticles were produced and tested as reactive sorbents able

to detoxify nerve and mustard agent simulants®"*

Layer-by-layer electrostatic
assembly technique was applied to take advantage of high surface area of electrospun

materials for producing protection clothing as well. Photo-catalytic titanium dioxide
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functional coatings were assembled onto various electrospun materials to provide

8384 Various

protection against mustard agent stimulant or toxic industrial chemicals.
biocides such as silver nanoparticles, quaternary ammonium salts or their derivatives,
compounds with biguanide groups, and N-halamine, have been incorporated into
electrospun fiber membranes to serve as antimicrobial filters or to create a biological

protective clothing.®>*
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1.3. Research goal

The overall research goal of this thesis is to develop electrospun fiber-based
reactive and/or bactericidal fabrics for chemical and biological protection and air
filtration, which can be potentially incorporated as key functional layer(s) in the next
generation of protective clothing and air filtration media. There are several specific

objectives involved in this work:
1. Development of reactive and catalytic electrospun fabrics containing
a-nucleophiles for selective capture and decomposition of organophosphate

chemical nerve agents and pesticides

2. Development of electrospun fabrics containing biocides for biological

protection

3. Evaluation of the performance of reactive and/or bactericidal fabrics as

functional layer(s) for chemical and biological detoxifying protective fabrics

4. Evaluation of breathability of functionalized electrospun fabrics for protective

fabrics filters and masks.
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1.4. Research Overview

This dissertation describes the author’s work in the development of electrospun
fiber-based lightweight, breathable, chemical and biological detoxifying protective
fabrics. Figure 1.12 shows the general strategies used in this thesis to generate
functionalized electrospun fiber mats containing a-nucleophilic oxime functional

compounds and/or bactericidal agents with biguanide functional groups.

Reactive (co)Polymers Reactive Nanofibers

Reactive Blends Easmmmd Reactive Nanofibers

\

Nanofibers ——— Reactive Nanofibers

Figure 1.12. General strategies applied to generate functionalized fiber mats

In chapter 2, we present a strategy of electrospinning a polymer blend containing
reactive  polyacrylamidoxime and parent polyacrylonitrile to fabricate
reactive/catalytic fiber mats. In chapter 3, we develop a surface chemical
modification strategy to convert surfaces of prefabricated polyacrylonitrile fibers to
reactive amidoxime functional groups. The excellent performance of these reactive
fibers to decompose toxic organophosphate toxic agents in the presence of moisture is
demonstrated. In chapter 4, we apply similar strategies used in chapter 2 and 3 to
develop bactericidal fiber mats either by electrospinning polymer blends containing a
biocide, chlorhexidine, or by a post-spin treatment strategy to immobilize covalently
chlorhexidine onto fibers via titanate crosslinkers. In chapter 5, we adopt
layer-by-layer electrostatic assembly technique to functionalize the surfaces of

electrospun fibers with reactive polyanion, polyhydroxamic acid, and antimicrobial
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polycation, poly(N-vinyl guanide), which are capable of decomposing both toxic
chemical nerve agents and bacterial contaminants simultaneously. In chapter 6, we

conclude this thesis and provide suggestions for future work.
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Chapter 2

Electrospun Polyacrylamidoxime Nanofiber Mats
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2.1. Introduction
The first strategy, which we tried to develop to achieve reactive/catalytic

electrospun fiber mats, is shown in Figure 2.1. We intend to synthesize reactive

polymers first, followed by processing them into reactive fiber mats.

Reactive (co)Polymers Reactive Nanotibers

\
/’

Figure 2.1. The first strategy to achieve reactive fibers

Aiming at achieving reactive polymers with a-nucleophilic functional groups such
as oxime or imidazole groups, we proceeded to synthesize several reactive polymers.
Polyacrylonitrile (PAN) was used for modification by conversion of the acrylonitrile
groups to functional acrylamidoxime, as shown in Figure 2.2. Along with the polymer
modification to obtain reactive polymer, we employed free-radical polymerization to
obtain copolymer poly(vinylimidazole-co-styrene) with functional imidazole groups
(Figure 2.3). We have further synthesized poly(4-vinylpyridine-co-styrene) copolymer,
which was oximated by a two-step synthetic route, first modifying the pyridine with
phenacylketone functionality, followed by converting phenacylketone to phenacyloxime
(Figure 2.3). Given the reactivity of these reactive polymers and ease of synthesis, our

study primarily focused on one reactive polymer, polyacrylamidoxime (PAAQ).

%CHz—CH% MO _ CH,—CH
(L n 80°C | n
\

N NH,

Figure 2.2. Modification of polyacrylonitrile to polyacrylamidoxime
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Figure 2.3. Synthesized reactive polymers. (a) poly(vinylimidazole-co-styrene); (b)
poly(4-vinylpyridine-N-phenacyloxime).

In this chapter, we report on catalytic, electrospun, nonwoven nanofiber mats
composed of PAAO blended with PAN, which potentially can be incorporated into
chemical detoxifying protection clothing as reactive/catalytic layer(s). The oxime groups
or oximate ions are among the most powerful a-nucleophiles because of the electronic
repulsion between the lone electron pair on the nucleophilic oxygen atom and on the
adjacent nitrogen atom, which can be reduced and consequently stabilize the transition
state upon nucleophilic attack onto a substrate. Therefore, oximes are capable of

nucleophilic hydrolysis of ester groups. It is known that oximate ions are 100-fold more
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reactive than phenolate ions of the same pK,' Oximes have been widely used as
reactivators of acetylcholinesterase inhibited by organophosphate pesticides or nerve
agents, i.e., as antidotes.” Colloidal oximes in the form of micelles and particles have
been studied in connection with the decomposition of organophosphates or nitrophenyl

3% and it has been shown that the hydrolysis of phosphate esters or analogous

acetate,
substrates is catalyzed efficiently by oximate ions or oximes. In this work, we have
selected p-nitrophenyl acetate (PNPA) as a model compound for the more toxic
organophosphates or chemical nerve agents, and have studied the catalytic properties of
PAAO/PAN electrospun nanofiber mats on the hydrolysis of this substrate. Hydrolytic
pathways of the PNPA esterolysis have been widely used to elucidate nucleophilic
decomposition of more toxic organophosphates.Q’lo In addition, the capability of PAAO
to decompose combat chemical warfare agents (CWA), such as O-pinacolyl

methylphosphonofluoridate (soman or GD) and S-2-(diisopropylamino)ethyl O-ethyl
methylphosphonothioate (VX), was demonstrated.

44



2.2. Experimental method

2.2.1 Materials

Polyacrylonitrile (PAN) (M, 150kDa) was purchased from Polysciences Inc.
(Warrington, PA) and used as received. N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), hydroxylamine hydrochloride and p-nitrophenyl acetate (PNPA)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used as received.

2.2.2. Reactive polymer preparation

polyacrylonitrile polyacrdamidoxime
3
c
3
[ =
74
F=}
<

3500 3000 2500 2000 1500 1000 500

Waverumber (e

Figure 2.4. FTIR spectra of untreated PAN and PAAO that resulted from the treatment of
PAN with hydroxylamine

PAN was modified to obtain reactive/catalytic PAAO by conversion of
acrylonitrile groups to acrylamidoximes via reaction of PAN with excess hydroxylamine

hydrochloride in methanol or DMF at 80°C under reflux for 24 hours, as shown in Figure
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2.2. The resulting polymers were repeatedly washed with methanol, acetone and water
followed by drying under vacuum until constant weight. Figure 2.4 shows FTIR spectra
of the unmodified PAN and of the PAAO product. Complete conversion of acrylonitrile
groups of PAN to the amidoxime groups was confirmed by observing the disappearance
of the original nitrile groups of PAN at 2260 cm™' (stretching vibration of nitrile group)
and appearance of the acrylamidoxime groups (stretching vibration of C=N at 1670 cm,
scissors vibration of NH, at 1610 cm™ and stretching vibration of NH, and OH at 3100-
3600 cm™).

2.2.3. Electrospinning

Figure 2.5. Formation of glutaroimide-dioxime bonds between polyacrylamidoxime

chains.

The well-documented formation of the glutaroimide-dioxime links between
PAAO segments (Figure 2.5) limits the solubility of PAAO in common organic
solvents.'"  The poor solubility of PAAO in common solvents render PAAO
solution/suspension lack of sufficient elasticity for successful electrospinning of pure
PAAO solution/suspension into uniform fibers. Instead the spherical droplets were

obtained rather than uniform fibers, as shown in Figure 2.6. Therefore, PAAO was
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Figure 2.7. Electrospinning apparatus

A parallel plate electrospinning setup previously described by Shin et al." was
used. Figure 2.7 shows the photo image of the electrospinning apparatus used in our lab.
Two aluminum disks 15 cm in diameter were arranged parallel at 20-30 cm apart. The
polymer suspension was delivered to a capillary nozzle via a Teflon feedline from a
syringe pump (Harvard Apparatus PHD 2000, Holliston, MA). Three sizes of nozzles
were used: 1.02 mm (0.04”), 0.76 mm (0.03”) and 0.51 mm (0.02”) in inner diameter.
Most nanofibers used in this study were electrospun from the nozzle of 1.02 mm in
diameter. The other two nozzles were used for producing nanofibers of various sizes to
study the effect of fiber size on the fiber performance. The spinneret protruded through
the center of the upper plate to a length of 2 cm. A power supply (Gamma High Voltage
Research ES-30P, Ormond Beach, FL) provided up to 30 kV to the upper disk. In some
cases, a rotating drum ground electrode was used to collect the electrospun nanofibers
since the nanofibers were charged and difficult to collect on a plate collector. The

applied electrical potential (25-30 kV), the solution flow rate (0.005 ml/min) and the
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distance between the capillary tip and the collector (20-30 cm) were adjusted to obtain a

stable jet.

2.2.4. Characterization

Morphology of the electrospun fibers was visualized by scanning electron
microscopy (SEM, JEOL-6060). A thin layer of gold was sputter-coated onto the
nanofibers. Fiber diameters were determined using AnalySIS image processing software

(Soft Imaging System Corp., Lakewood, CO).

Fourier transform infrared spectra (FTIR) were measured using a Nexus 870
spectrophotometer (Thermo Nicolet Corp., Madison, WI) in absorbance mode by

accumulation of 256 scans with a resolution of 4 cm™.

BET surface areas of electrospun nanofibers were determined with an ASAP 2020
accelerated surface area and porosimetry analyzer (Micromeritics Instrument Co.,

Norcross, GA).

Kratos Axis Ultra Imaging X-ray Photoelectron Spectrometer (XPS) (Kratos
Analytical Co., Chestnut Ridge, NY) was used to measure the surface compositions of

nanofibers with a monochromatized Al Ky X-ray source.

2.2.5. Kinetics of PNPA hydrolysis

Hydrolysis kinetics were measured using a Hewlett Packard 8453 UV-Vis
spectrophotometer equipped with a thermostated cell compartment. The time progression
of the reaction of PNPA with the nanofibers was followed by measuring the appearance
of the p-nitrophenolate ions at 405 nm. Because of the negligible solubility of the PNPA
in water as well as limited wettability of the PAAO/PAN nanofiber surface by water, a
mixture of 50 mM Tris buffer and ethanol was applied as a reaction milieu. In a typical

experiment, 1 ml of freshly made PNPA/ethanol solution was added into a suspension of
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a weighed amount of the electrospun nanofibers in 9 ml of stirred 50 mM Tris
buffer/ethanol (1:1 by volume) solution. The pH value of the reaction medium was
adjusted before the commencement of the reaction and measured after the reaction by a
digital pH meter to assure the pH did not change during the course of the reaction. The

temperature was maintained at 25 °C.
2.2.6. Kinetics of CWA degradation mediated by PAAO®

Before the kinetics measurements, a weighed PAAO powder sample was placed
in a sealed vial of 100% relative humidity at room temperature to allow the polymer to
absorb water until it equilibrated. The hydrated PAAO sample was packed into 5 mm
zirconium high-resolution magic angle spinning (HRMAS) rotors and weighed. The
weights of the polymer samples ranged between 35-85 mg, affording a large molar excess
of the oxime groups compared to the CWA (soman (GD) and VX). The kinetic
measurement commenced with the addition of 1 pL (~1 mg) of a CWA by a pipette onto
the polymer sample. The agents appeared to rapidly soak into the polymer samples
without beading up. Rotors were capped and inserted into the instrument and spun up to
the MAS spinning rate. Between the NMR experiments, the samples were removed and
stored at room temperature. All experiments with CWA were performed using a Bruker
Avance 500 spectrometer, operating at 202.46 MHz (*'P). The HRMAS spectra were
recorded with a 5-mm Bruker *'P gradient probe at ambient temperature (23 °C) using a

1-D proton decoupled decay experiment with the magic angle spinning rate of 5000 Hz.
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Figure 2.10. Kinetics of PNPA conversion with (a) and without (b) nanofibers presented
as functions of pH. [Ox],=2.91 mM, [PNPA],=5.52x10" M.
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Figure 2.11. Observed catalytic reaction rate (r.,) as a function of the initial substrate
concentration ([PNPA],) and apparent concentration of the oxime groups in the fibers
([Ox]a). pH=7.0, in (a) and (c), [0x],=2.91 mM, in (b), [PNPA],=1.66 mM.

Figure 2.10 shows typical kinetics of the PNPA esterolytic hydrolysis in the
presence of the PAAO/PAN nanofiber as well as spontaneous hydrolysis at various pHs.
The catalytic reactions were carried out under conditions of excess catalytic oxime
groups relative to the initial substrate concentration, i.e., [Ox],>[PNPA],, where the
apparent oxime concentration, [Ox],, was defined based on the volume of the reaction
solution. As shown in Figure 2.10 (a), hydrolysis in the presence of the fibers proceeded
via an initial rapid formation of product P; followed by a slower steady process. The
initial reaction rates were calculated from the initial slopes of the conversion vs. time
curves:

AConversion
e

A [PNPA], (1)
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In the case of the fiber-aided hydrolysis, the observed reaction rate consisted of the

catalytic and spontaneous terms:

r=r,

car T ip )

The rates of these hydrolysis reactions increased with increasing pH, the catalytic
hydrolysis rate being 3-7-fold faster than the spontaneous hydrolysis rate at all pHs
studied in the case of [Ox], of 2.91mM. In a control experiment, the hydrolysis of PNPA
in the presence of the non-catalytic PAN nanofibers under identical conditions was
observed to be identical to that of the spontaneous hydrolysis of PNPA in the absence of
nanofibers, which further confirmed the catalytic activity of the PAAO/PAN nanofibers.

Figure 2.11 shows two independent series of experiments in which the initial

catalytic reaction rates, r, ,, were measured with (a) varying PNPA initial concentrations

at fixed fiber apparent concentration; and (b) varying fiber content in the reaction
medium at fixed initial substrate concentration. The r., is obtained by subtraction of the
independently determined rate of the spontaneous hydrolysis (ry) from the
experimentally measured initial reaction rate (), according to eqn (2). As shown in
Figure 2.11 (a), the initial reaction rate increased and gradually reached a plateau as the
substrate concentration increased. We attribute this to full occupation of all the oxime
catalytic sites by the substrate molecules when the concentration of PNPA exceeds the
catalytic oxime concentration. Figure 2.11 (b) shows that the reaction rate is proportional
to the fiber content in the reaction mixture if [PNPA], is kept constant. At [Ox],=8mM,

the catalytic reaction rate is 20-fold faster than that of the spontaneous hydrolysis.
According to Figure 2.9, the rate of steady-state hydrolysis can be expressed as:'®

. _d[P]_ kK, [CL[S]
“ o dt Kk [S]Hk,

G)
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where [P1], [C], and [S] are the product P; concentration, total catalyst concentration, and
substrate concentration respectively (for designations, see Figure 2.9). Equation (3)
allows for estimation of the rate constants of the hydrolysis (k;) and deacetylation (k2)
reactions based on the experimental measurement of accumulation of the product, P;.
Linear fits in the initial reaction rate vs. [Ox], plot for constant [PNPA], and reciprocal
initial rate vs. reciprocal substrate concentration for constant [Ox], were obtained with
R*>0.99, and are shown in Figure 2.11 (b) and (c). These results, along with the
measurements of the rate of spontaneous hydrolysis, enabled estimation of both k; and ko,
which are given in Table 2.1. Both the spontaneous hydrolysis rate constant (k) as well
as k; increase as the pH changes from 7.0 to 8.0, since the pH affects the basicity, [OH],
of the solution and the weight ratio of more reactive oximate ions to the neutral oxime
groups in the fibers, while the deacetylation constant, k,, shows only a weak pH-
dependence. The relatively low deacetylation rate, which is comparable to that of the
spontaneous hydrolysis at pH=8.0, is responsible for a low rate of recovery of the

catalytic sites, and hence a reduction in the overall rates of reaction as the reaction

proceeds.
pH k<10 (M) k,x 10° (s k,x10° (71
7.0 138 486 0.648
8.0 791 520 949
9.0 - - 644

— Parameters could not be accurately determined

Table 2.1. Kinetics constants of PNPA catalytic hydrolysis (k;), product deacetylation (k)
and spontaneous hydrolysis (ksp)
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Figure 2.12. FTIR spectra of PAAO/PAN nanofibers before and after reaction with
PNPA

With heterogeneous catalysis in the presence of fibers, a significant reduction in
the PNPA hydrolysis rate was observed after a short, initial rapid stage, resulting in lower
product conversions at pH 7.0 and 8.0 than if the rates had remained unchanged (Figure
2.10 (a)). This effect was associated with the low catalyst turnover rate, which was
limited by the rate of deacetylation, k. It has been shown that, even in the process of
homogeneous catalysis with water-soluble polymers, the rate of deacetylation of the
catalytic oxime sites significantly limited the catalyst turnover rate.'’ We believe that
mass transfer phenomena and the desorption of the acetate ion from the fiber could slow
the deacetylation even further, effectively blocking the catalytic sites and limiting the
overall hydrolysis rate at its later stage. In addition, the electrospun nanofibers with their
high specific surface area could adsorb and retain undissociated nitrophenol and acetates
efficiently, effectively inhibiting the catalytic activity of these sites when the nitrophenol

concentration reaches a certain level after the initial stages of the hydrolysis, especially at
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pH 7.0. The retention of nitrophenol and acetate and relatively slow catalyst turnover
rate were confirmed by the FTIR spectra of the nanofibers after reaction (Figure 2.12),
which were recovered, washed and dried before the measurement. After completion of
the reaction, the fibers exhibited a significant degree of acetylation as evidenced by the

strong band of carbonyl groups (>C=0 stretch) in the area of 1700 cm™ and 1760 cm™.

nozzle gsize (mm)  average fiber size (nm)  BET swrtace area { m? ‘g) rx10° (M)
1.02 170 £10 148+0.1 6.7£07
0.76 90 + 30 26.6+0.2 10516
0.51 S0+ 30 239+£0.1 99+08

¥ the initial reaction rates (r) , defined in equation (1), were measured at pH=8.0, 257C, [Ox],=2 91mDM and
[PNPA],=2.76X10"*M

Table 2.2. Fiber size effect

The narrow operational window for successful electrospinning with respect to the
flow rate and the concentration of the solution/suspension did not readily permit
manipulation of the size of the electrospun PAAO/PAN nanofibers over a wide range.
Therefore, some control of the fiber sizes was achieved by the use of the capillary nozzles
of various sizes. As shown in Table 2.2, the average nanofiber diameter was reduced
from 170 to 90 nm when the smaller nozzle size, 0.76 mm in inner diameter, was
employed. Further reduction in the capillary nozzle size did not lead to obvious changes
in nanofiber size. Previous work has shown that there exists a terminal jet diameter that
arises from an asymptotic force balance between surface tension and surface charge
repulsion.”” We speculate that this terminal jet diameter may have been reached, thus
preventing further thinning of the polymer jets. The nanofiber BET surface area, which is
inversely proportional to the fiber diameter, almost doubled from 14.8 to 26.6 m?/g as the
fiber size reduced by half. Experimental results indicated that the catalytic reaction rates
under identical reaction conditions increased by 60 % as the surface area of the fibers
increased by 80 %. It has been reported that the mass transfer, intraparticle diffusion, and

catalyst structure affect the reactivity of insoluble heterogeneous polymer-supported
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catalyst particles with the size ranging from tens to 300 nmm.?® In this work, vigorous
mechanical stirring was carried out to eliminate resistances to the diffusional transport of
the substrate from the bulk liquid to the catalyst surface.”* The intra-fiber diffusion of the
substrate to the active catalyst sites buried within the fibers and of the product to the
external solution could significantly affect the availability of the catalyst sites in the
fibers. A smaller fiber with larger surface area ensured that a greater fraction of the
oxime functional groups would be located on or close to the surface of the nanofibers,
and would thus be exposed to and attacked by the substrate in the solution more readily.
The fibers with the smaller diameter also offer shorter diffusional paths to the active
catalyst sites in the fiber cores. XPS data shown in Figure 2.13 revealed that the surface
layer within 6 nm of the fiber surface consist of an atomic ratio of 16:1 of carbon to
oxygen for the fibers of 170 nm in diameter, which is twice the atomic ratio of 8:1 in the
bulk material composition. This result is indicative of the presence of more oxime
groups in the bulk of the fibers than on their surfaces. We speculate that bonding
between segments of the PAAO macromolecule tends to lead to the oxime groups being
confined within the nanofibers rather than reporting to their surfaces. Although the
addition of PAN facilitated the electrospinning of the PAAO, it also limited the surface
concentration of the oxime groups and influenced the accessibility of the catalyst sites.
We believe that the diffusional limitations of the substrate to the majority of oxime
catalytic sites within the nanofiber cores significantly limited the availability of the
catalyst sites in the fibers and affected the reactivity of the fiber catalysts. Our estimate
of active oxime groups based on the initial oxime concentration [Ox], ignored the
diffusion inside the fibers, over-counted the accessibility of all the oxime groups in the
fibers and underestimated the hydrolysis constant (k;) This could explain the order of
magnitude slower hydrolysis constant (k;) of the PAAO/PAN nanofibers obtained in this
work, compared to that in the homogeneous reaction catalyzed by a water-soluble
copolymer of phenylisobutyrohydroxamic acid and 1-vinyl-2-methylimidazole in
aqueous medium.'” On the other hand, it is known that the hydrolysis of PNPA is

d.*?' The esterolysis of PNPA in ethanol is

significantly influenced by the solvent use
approximately 100-fold slower than that in water, which contributed to the lower k; as

well. We surmise that significant improvements in the fiber catalyst reactivity will result
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from either further reduction of the fiber diameter (minimizing the effect of the intra-fiber
diffusion) or immobilization of the majority of the catalytic sites on the fibers surface,

which will eliminate the limitation of the intra-fiber diffusion.
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Figure 2.13. XPS spectrum of the electrospun nanofibers of the PAAO/PAN blend

2.3.3. CWA decomposition mediated by PAAO

Although PNPA can mimic organophosphate chemical warfare agents or
pesticides to some extent, we are always desirable to test the reactivity of PAAO to
decompose combat chemical warfare agents. By collaborating with US army Edgewood
chemical biological center, our laboratory has been able to evaluate the capability of
PAAO to decompose chemical warfare agents. Several representative 3'p HRMAS NMR
spectra illustrate the kinetics of soman (GD) degradation mediated by PAAO. GD was
added to PAAO powder equilibrated at 100% relative humidity and spectra measured
versus time, shown in Figure 2.14. The four resonance peaks in the 26-32 ppm range are

from GD, corresponding to the doublet (*'P split by F, Jp.s = 1040 Hz) for each of the two
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diastereoisomers, 2 or a doublet of doublets. 2425 The relative intensity of the two GD
doublets decreased over time, while the single signal belonging to pinacolyl
methylphosphonic acid (PMPA) 2*?® centered at 25.2 ppm increased. Signals of other
products of GD degradation that appeared at 34.3 and 33.8 ppm were tentatively assigned
to the reaction of GD with the polymer oxime group,” although positive identification
could not be achieved due to the transient nature of these products, since they continued
to react and the signals decreased in intensity. The products were bound to the polymer
sample and therefore they could not be extracted for confirmation by other techniques.
The chemical shifts of these products were comparable to results reported for reactions of
potassium 2,3-butanedione monooximate with GD, which produced P resonances at
38.6 and 38.2 ppm, with a doublet corresponding to the diastereomers.”® These signals
are also close to the ones that were previously assigned to pinacolyl methylphosphonic

7 The observed reaction rate (k) for GD

acid peroxide at 39.1 and 38.2 ppm.”
decomposed by PAAO is 1.9 x10* s with a half-life (t;2) of 1.0 hour, which is
comparable to that observed for a Cu(Il) complex of poly(4-vinylpyridine) quaternized

with 19 mol% ethyl bromide and 36 mol% 4-chloromethyl-4’-methyl-2,2’-bipyridine.**

Analogously, the P HRMAS NMR spectra of VX deposited onto hydrated
PAAO (Figure 2.15) samples indicated facile degradation of VX (signal at 61 ppm) via
formation of ethyl methylphosphonic acid (bound or free EMPA, signal at 26 ppm) by
the cleavage of the electrophilic P-S bond (Figure 2.16). In solids, 60-63 ppm has been

31 On concrete, the chemical shift of VX is about 63

observed for protonated VX.
ppm.**? The chemical shift for VX observed in this case is consistent with protonation
or salvation of VX by water. The observed reaction rate (k,) for VX mediated by
PAAO is 4.5 x10” s with a half-life (t,,) of 4.3 hour, which is approximately 140-fold
faster when compared with the half-lives of the VX in aqueous or aqueous/methanol

solutions at pH 8-10 and at ambient temperau:ulre.3 334
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Figure 2.14. Representative 202.64 MHz 3'p HRMAS NMR spectra of soman (GD)
deposited onto hydrated PAAO as a function of time. Total PAAO weight, 73 mg, water
content, 54+9 wt%, initial GD amount, 1 pL. PMPA stands for pinacolyl

methylphosphonic acid.
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Figure 2.15. Representative 202.64 MHz *'P HRMAS NMR spectra of VX deposited
onto hydrated PAAO as a function of time. Total PAAO weight, 88 mg, water content,
54+9 wt%, initial VX amount, 1 pL. EMPA stands for ethyl methylphosphonic acid.
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Figure 2.16. The degradation pathway of VX in the presence of wet PAAO.
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2.4. Concluding Remarks

Functionalized oxime nanofibers were produced via electrospinning of a
dispersion of PAAO blended with PAN. The functioning of this fiber-based
heterogeneous catalyst was tested in the hydrolysis of PNPA, a model compound for the
more toxic organophosphates and nerve agents. The release of nitrophenolate, as
monitored by UV measurements, revealed that the presence of the PAAO/PAN
nanofibers remarkably accelerated the hydrolysis of PNPA in aqueous/ethanol solutions
at pHs ranging from 7.0 to 9.0. The dependence of the reaction rate on the fiber size
indicated that intra-fiber diffusional limitations might affect the accessibility of oxime
catalytic sites inside the fibers significantly, and that the catalytic hydrolysis probably
occurs primarily on the surface of the oxime nanofibers. In addition, the capability of
polyacrylamidoxime to decompose combat organophosphate chemical warfare agents
was demonstrated. This work demonstrates the concept of incorporation of the a-
nucleophilies into the electrospun nanofibers capable of catalytically decomposing toxic
chemicals. Previously, attachment of functionalized nanoparticles to fibers and textiles
has been described that imparted bioactive, fragrant, insect repellent, etc. properties to the
fiber surfaces.”> In contrast to the present work, the chemistry of the particle grafting
onto the fibers did not permit maintaining the reactivity of the oxime and other
nucleophilic functionalities incorporated into the fibers.”> However, in light of possible
diffusional limitations observed herein, we plan on adopting a somewhat analogous
concept of having the majority of the reactive groups on the fiber surface. Allocating all
of the active catalytic sites on the fiber surface rather than distribution of the catalyst in
the whole volume of the fibers should improve the catalyst reactivity. We envision
utilization of such self-detoxifying, lightweight nanofibers as key functional layers in a

new generation of protective fabrics and filters.
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Chapter 3

Chemical Protection Fabrics via Surface Oximation

of Electrospun Polyacrylonitrile Fiber Mats
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3.1. Introduction

Increased awareness, concerning about the hazards of organophosphate (OP)
pesticides, nerve agents and pollutants, poses a challenge to develop countermeasures.
There is an urgent need to develop systems to capable of efficiently handling and
neutralizing environmental pesticides and toxins. Recently, Singh e al. reported
self-decontaminating coatings with an enzyme, organophosphorous hydrolase (OPH),
which can break down organophosphorous pesticides rapidly.! Given the potential
issues associated with the stability of the enzymes, our group has focused on chemical
methods of OP degradation via hydrolysis using o-nucleophilic agents.”> The high
surface area inherent to electrospun fiber meshes is available for functionalization by
chemical attachment of reactive compounds or functional groups onto the protective
fabrics. By this approach, we can combine the advantageous properties of
electrospun fibers with functionalization of their surface with a-nucleophilic moieties
such as oxime groups to create a novel decontamination medium. In chapter 1,
fibers functionalized by amidoxime groups have been described. Reactive
polyacrylamidoxime (PAAO) was blended with unreactive polyacrylonitrile (PAN)
and electrospun to produce reactive fiber mats.  Catalyzed hydrolysis of
4-nitrophenyl acetate by these reactive fibers was demonstrated in aqueous ethanol
solutions. However, blending with PAN dilutes the surface density of the functional
amidoxime groups and mitigates the amidoxime group functionality in the fibers.
Previously, the modification of PAN textiles to PAAO was reported and their ability to
strongly bind a broad range of heavy metal ions in the purification of water sources
has been described.*’ Nevertheless, the degradation of OP nerve agents or
analogues by PAAO-functionalized electrospun fibers has not been established. In
this chapter, a post-spin treatment strategy (Figure 3.1) was developed to chemically
modify prefabricated PAN submicron fibers to generate environment-friendly,
cost-effective, non-toxic PAAO-functionalized fiber mats. This strategy maximizes

the surface density of the reactive amidoxime groups and eliminates the need to
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control accurately the properties of polymer blends, which is crucial in the
electrospinning of the polymer blend suspensions. Herein, the performance of the
reactive fiber mats in OP decomposition was tested using diisopropyl fluorophosphate

(DFP) mists; DFP is a widely used simulant of chemical warfare nerve agents.6

electrospin post-spin modification

PAN nanofibers —— Reactive PAN-Ox nanofibers

Polymers (PAN)

Figure 3.1. A post-spin strategy to produce reactive fiber mats
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3.2. Experimental method

3.2.1. Materials

Polyacrylonitrile (PAN) (M,, 150 kDa) was purchased from Scientific Polymer
Products, Inc. (Ontario, NY) and used as received. Diisopropyl fluorophosphate
(99%, DFP), hydroxylamine hydrochloride (99%) and N,N-dimethylformamide
(DMF) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used

without further treatment.

3.2.2. Electrospinning

Clear, 10 wt% solutions of PAN in DMF were prepared by dissolving the
polymer at 50-70 °C followed by stirring at room temperature. The PAN/DMF
solutions were electrospun using a parallel plate setup as described in chapter 1.
Briefly, two parallel aluminum disc plates (15 cm in diameter) were set apart at a
distance of approximately 30 cm. A polymer solution was pumped from a syringe
through a Teflon feedline to a capillary nozzle by a syringe pump (Harvard Apparatus
PHD 2000, Holliston, MA). A high voltage power supply (Gamma High Voltage
research ES-30P, Ormond Beach, FL) was used to charge the upper plate and, by
contact, the polymer solution as it flows through the nozzle, and to create a uniform
electric field between the charged upper place and the grounded collector. The
applied voltage (28-30 kV), the flow rate (0.015 ml/min) and the distance between the
upper plate and the collector were manipulated to stabilize the polymer jet to form

fiber meshes on the grounded collector.

3.2.3. Post-spin modification to achieve PAAO-functionalized fibers
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Figure 3.2. Surface oximation of PAN fibers to PAAO by hydroxylamine.

PAN fiber mats were modified to obtain PAAO-functionalized fibers by reacting
with excess hydroxylamine in methanol at 70 °C (Figure 3.2).  These
PAAO-functionalized fibers obtained via oximation of prefabricated PAN fibers are
denoted PAN-Ox fibers. Due to the small diameter and high surface area of the
electrospun nanofibers, the fiber morphology could be altered in a reactive
environment. It was observed that boiling of methanol at 70 °C in a flask equipped
with a condenser during the oximation reaction resulted in destruction of the distinct
fiber structure of the electrospun meshes. However, suppressing the boiling and
cavitation of methanol at 70 °C in a sealed reactor (glass VWR media bottle) enabled
fiber modification without altering the fiber structure. In a typical experiment,
hydroxylamine hydrochloride (262 mg, 3.77 mmol) was added into a reactor
containing anhydrous methanol (50 mL) and an equimolar amount of sodium
hydroxide (151 mg, 3.77 mmol) was added to neutralize the released hydrochloric
acid. The mixture was gently shaken to dissolve the solid content. Then, 100 mg
of prefabricated PAN fiber mat (1.1mg/cm’ mole ratio of hydroxylamine to nitrile
group, 2) were placed into the reactor. The reactor was sealed and kept at 70 °C for
24 hours; then the reactor was equilibrated at ambient temperature and opened. No
bubbling was observed throughout the course of the oximation process. The modified
fiber meshes were gently removed, repeatedly washed with methanol, air-dried,
washed with excess deionized water (pH=7) and dried under vacuum until constant

weight was obtained. Substantial shrinkage of the fiber mats wet with methanol was
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observed in contact with water. Hence, the drying off of methanol and of water was
performed sequentially, and the process resulted in a minimal change of the fiber mat

area.

3.2.4. Fiber Characterization

Fiber morphology was visualized using scanning electron microscopy (SEM,
JEOL-6060). A thin layer of gold (ca. 10 nm) was sputter-coated onto the fiber

samples prior to the measurements.

Measurements of surface chemical composition of the fiber mats were carried out
with a Krato Axis Ultra Imaging X-ray photoelectron spectrometer (Kratos Analytical
Co.) equipped with a monochromatized Al K, X-ray source. The takeoff angle

relative to the sample substrate was set at 90°.

FTIR spectra were measured for ground samples embedded in KBr using a
Nicolet 8700 spectrometer (Thermo Scientific Corp.) in the absorbance mode by
accumulation of 256 scans with a resolution of 4 cm™. The FTIR spectrometer was
equipped with a Nicolet FTIR/TGA interface and a transfer line to monitor the vapors
that evolved during the TGA heating scan with the sequence interval corresponding to
the duration of the TGA ramp. Thermogravimetric analysis (TGA) was conducted
using a Q5000IR thermogravimetric analyzer (TA Instruments, Inc., New Castle, DE).

Samples were subjected to heating scans (20°C/min) in a temperature ramp mode.

3.2.5. Kinetics

Kinetics of degradation of DFP mists were assessed by P NMR spectrometry
using a Bruker Avance 400 spectrometer operating at 161.98 MHz (for IP).  The

high-resolution magic angle spinning (HRMAS) spectra were recorded with a 4-mm
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Bruker *'P gradient probe.

A fiber mat sample was uniformly sprayed with deionized water (pH=7) to allow
the fibers to take up water homogeneously. The weight of the sample was monitored
using a balance until the desired amount of water in the fiber sample was achieved.
The water content was defined as follows:

C = M, -M,,
w M,

where Mrand Mp, are the weights of the mat in wet and dry states, respectively.

The sample with a defined C,, was quickly packed into a 4-mm zirconium
HRMAS rotor. In order to mist DFP, 3 ul of DFP was drawn into a 10-pl syringe,
and 7 pl of air was further drawn into the syringe. Then the DFP mist was sprayed
onto the fiber sample in the rotor by a rapid expulsion of the air and liquid from the
syringe. The rotor was capped and weighed. To maximize the contact area of DFP
with the reactive fibers, the rotor was kept at 60 °C in an oil bath for 5-7 minutes to
allow DFP to evaporate and penetrate throughout the porous structure of the fiber mat.
The rotor was then kept on ice at 0 °C for 5 min to condense the DFP on the fiber
surfaces. The rotor was inserted into the instrument, spun at the MAS spinning rate
of 5 kHz, and the NMR measurements commenced. The spectra were recorded at
ambient temperature (21 °C) by accumulation of 64 scans with an overall acquisition
time of 3 minutes. The reaction time was taken to be the midpoint of the acquisition
period. The spectra were acquired periodically to monitor the reaction process.
Triphenyl phosphate (TPP) in deuterated chloroform-d was used as an external

reference (0 ppm).
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3.3. Results and discussion

3.3.1. Formation of reactive fiber mats

Figure 3.3. A photo image of as-spun PAN fiber mat (left) and surface-modified PAN
fiber mat (right).

The technique of the fiber oximation in a sealed flask to prevent boiling and
cavitation of solvent resulted in flexible PAN-Ox fiber mats. Figure 3.3 shows the
photo image of as-spun PAN fiber membrane (left) and the functionalized PAN-Ox
fiber membrane (right). The PAN-Ox fiber mats shrank approximately 10% in
length and width compared to the unmodified fiber mats. Typical SEM images of
as-spun PAN and PAN-Ox fiber mats are shown in Figure 3.4. The average diameter
of the PAN fibers electrospun from 10 wt% DMF solution is about 350 nm (Figure
3.4a), with the fiber diameters ranging from 250 to 500 nm. As can be seen in the
SEM image of the PAN-Ox fibers (Figure 3.4b), the fiber morphology was not
damaged by the post-spin oximation treatment. The size of the functionalized fibers
was similar to that of the parent PAN fibers, while the porosity of the fiber mats after
modification decreased substantially, as evidenced by the observed shrinkage in

thickness by about 40%.
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(a)

(b)

Figure 3.4. SEM images of (a) as-spun PAN fibers and (b) PAN-Ox fibers. Scale bar:
2 pm.

Figure 3.5 depicts FTIR spectra of the parent PAN and resultant PAN-Ox fibers.
The characteristic peak of the nitrile groups at 2240 cm” (stretching vibration)
significantly decreased, as most of the nitrile groups of PAN were converted into
amidoxime groups during the modification reaction. Compared to the complete
conversion of PAN to PAAO in homogeneous solution reported in chapter 1, the
heterogeneous oximation rate of these fibers was limited by the diffusion of
hydroxylamine into the solid fiber which hindered the complete conversion within 24

hours.
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Figure 3.5. FTIR spectra of prefabricated PAN and resultant PAN-OX fibers.

In the spectrum of the PAN-Ox fibers, a strong peak at 1660 cm™ (stretching
vibration of C=N) with a shoulder peak at 1610 cm™ (scissor vibration of NH;) and a
broad peak in the range of 3100-3600 cm’' (stretching vibration of NH, and OH)
indicates the presence of functional amidoxime groups.” The functionalized fiber
mats demonstrate acceptable chemical resistance in that the fibers are insoluble in
water and most organic solvents such as DMF, which is believed to be due to the
formation of glutaroimide-dioxime links between PAAO segments as described in
chapter 1, while the reactive oxime sites remain intact. Further elemental analysis of
the PAN-Ox fiber mats (Found: C, 44.55; H, 7.85; N, 29.27; O, 18.33; Calculated,
based on 90% conversion of the nitrile groups and 6 wt% absorbed water: C, 44.54; H,
6.97; N, 29.68; O, 18.81) indicated that about 90 percent of the nitrile groups were
converted into the amidoxime groups, approximately 50 percent of which formed
glutaroimide-dioxime links. XPS spectra (Figure 3.6) show the surface chemistry of
the prefabricated PAN fibers and PAN-Ox fibers within 6-10 nm of the surface layer
of fibers. The presence of the characteristic peak of oxygen at 529 eV in the

spectrum of the PAN-Ox fibers confirms the conversion of PAN to PAAO on the fiber
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surfaces. XPS spectra also indicate that the surface density of amidoxime groups in
the PAN-Ox fibers via the post-spin modification method described here is two to

three times that of reactive fibers obtained via the PAN/PAAO blending method

reported previously.
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Figure 3.6. XPS spectra of PAN fibers and reactive PAN-Ox fibers

Thermal stability of the PAN-Ox and their parent PAN fiber mats was studied
using TGA coupled with FTIR (Figure 3.8). Vapors evolved during the heating
scans of the PAN-Ox fiber mats were monitored by FTIR as shown in Figure 3.9.
Both PAN and PAN-Ox fibers were equilibrated at ambient temperature and humidity
(approximately 25°C and 29%, respectively) prior to analysis. The parent PAN
fibers contain about 2-3% water. This is more water than that in the unprocessed,
as-received PAN (< 1%), possibly because of the moisture absorption enhancement by
the high surface area of the nanofibers. PAN fibers decompose abruptly in the range
of 300-350 °C, similar to that observed with the as-received PAN. In contrast, the
PAN-Ox fiber mats are more hygroscopic, initially absorbing about 7% water. The

PAN-Ox fibers begin to decompose around 190 °C, in line with the lower thermal
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stability reported for PAAO compared with PAN.® At temperatures starting around
50°C, vapors evolving from the PAN-Ox fibers contain water, peaks of which are
indicated by cross symbols (+) in the spectra (Figure 3.9). In the range of 140-180
°C, the characteristic bands of ammonium at 930 and 965 (double band, symmetric
bending), 1630 (symmetric bending of H-N-H) and 3334 cm” (N-H stretching)’ as
marked by stars (*) are clearly observed (Figure 3.9), which indicates the hydrolysis
of PAAO into hydroxamic acid according to Figure 3.7 Notably, the hydroxamic
acid, along with the PAAO itself, is a-nucleophilic and its capability to degrade the

1112 Although hydroxamic acid may be further

OPs has been established previously.
hydrolyzed to acrylic acid, it was shown that the extent of this conversion is
insignificant at ambient conditions.” Further increase in temperature above 190 °C
results in PAAO decomposition, with release of volatile products with signals

detectable in the 2200-2400 cm™ range (Figure 3.9).

Figure 3.7. Hydrolysis of polyacrylamidoxime to polyhydroxamic acid in the presence

of water.
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Figure 3.9. FTIR spectra of the vapor products released during TGA heating scans of

the PAN-Ox fiber mats (lower 3 spectra) and of 30% ammonia aqueous solution (top

spectrum).
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3.3.2. DFP decomposition mediated by reactive PAN-Ox fibers

DFP
M
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Figure 3.10. Typical 161.98 MHz *'P HRMAS NMR spectra of DFP mists (3 mg)
deposited onto the PAN-Ox fibers. The mass of dry PAN-Ox fiber mats, My=30mg;
the water content in the fiber mats, C,=1.3 wt/wt. Chemical shifts are relative to

external TPP in deuterated chloroform-d (0 ppm).

The performance of the PAN-Ox fiber mats as reactive fabrics was tested with a
CWA simulant, DFP. Three representative >'P HRMAS NMR spectra of DFP
degradation by the PAN-Ox fiber mats as a function of time are shown in Figure 3.10.
In these experiments, the reactions were carried out under the condition of excess
reactive amidoxime groups relative to the substrate DFP. Doublets at 3.7 and 9.7
ppm coupled by the P-F bond (Jp.r = 970Hz) are assigned to the reactant DFP.!*P A
broad singlet signal centered at 16.6 ppm is attributed to the product, diisopropyl
phosphate (DIP), possibly bound to the amidoxime group. The DIP originates from
the cleavage of the P-F bond in DFP, hydrolyzed by the fibers. The relative intensity

of the DFP doublet signal decreases while that of the product signal increases with the
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progress of the reaction. All of the DFP is completely degraded by the PAN-Ox
fibers within 24 hours. In the control experiment, the doublet signals of the DFP
substrate remain almost intact; a very minor product signal (less than 3% relative to
the initial DFP signal) is observed for the unmodified PAN fiber mats in 24 hours
under identical reaction conditions due to spontaneous hydrolysis. This illustrates
the capability of the PAN-Ox fiber mats to decompose toxic nerve agents in the

presence of water in comparison with the unmodified PAN fibers.

The relative intensities or areas of the signals in the NMR spectra characterize the
DFP conversion. Based on a series of *'P NMR spectra at different time periods, we
estimated the kinetics parameters of the DFP degradation in our experiments. The
time-dependent relative conversion, Ft, is defined as the ratio of the sums of the area

integrations,
F=X1/S1+%1)
where 2.7, and Y I, are the sums of the integrations of the signals at 3.7 and 9.7

ppm corresponding to the reactant, DFP, and at 16.6 ppm for the product, DIP,

respectively.

All of the DFP hydrolyses in the presence of the PAN-Ox fiber mats in our
experiments were observed to be pseudo-first order reactions, as indicated by the
linear fit of the curve of In(F;) vs. time, with R>>0.98 in all experiments (Figure 3.11).
The slope of the linear fit yields the observed reaction rate constant, k,s, based on the
equation:

ln(F;.) = _kobst

The corresponding half-life is #),=In(2)/k,ps.
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Figure 3.11. Representative kinetics of DFP degradation by the PAN-Ox fiber mats at
21 °C. The mass of dry PAN-Ox fiber mats, My=30mg; the water content in the
fiber mats, C,=1.3 wt/wt; the amount of DFP, Mps»=3 mg. The solid line represents

a linear fit to the experimental data (R>>0.98).  The slope of the line is — ;.

Figure 3.12 shows the results of a series of experiments in which the observed
reaction rates were measured with varying mass of the dry PAN-Ox fiber mats (Mp,
average fiber diameter, 350nm) at fixed amount of DFP (Mprr=3 mg) and water
content in the fiber mats (C,=1.3 wt/wt). We observed k., to be linearly
proportional to the mass of the reactive fiber mats (R*>0.97). In the case of My=30
meg, ko is as high as 3.0 X107 s™', with a corresponding half-life of 385 min. This is
80-fold faster than the observed reaction rate with the unmodified PAN fiber mats
under identical reaction conditions. The reactivity of PAN-Ox fibers towards DFP is
comparable to the reaction of DFP on the self-decontaminating sorbent, y-alumina,
and faster than that on XE-555, a reagent commonly used for decontaminating
personal equipment.'* The slope of the linear fit of the curve corresponds to the
apparent second-order rate constant, k». Considering the heterogeneous nature of the
system, k; is defined as
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k2 = kabs /Mf()

based on the mass of the reactive fibers, instead of the concentration of the
amidoxime groups, as commonly applied in homogeneous solutions. Our
experiments afford an estimate of the apparent &, of 1.0x10° s'mg" at a constant
water content of C,=1.3 wt/wt. Note that we did not observe any significant peak
broadening with time for DFP in our experiments. The extent of the absorption of
the DFP into the fibers could be limited."* Our estimation based on the whole mass

of the reactive fibers underestimates the actual reaction constant k.

35| R*>0.97

0 1 1 1 1 | |
c 5 10 15 20 25 30 35

M, (mg)

Figure 3.12. Observed reaction rates (k,s5) as a function of the mass of dry PAN-Ox
fibers. All of the reactions were conducted at fixed water content, C,,=1.3 wt/wt and

amount of DFP, Mprp=3mg. Solid line is the linear fit of curve of ks vs. Mp.
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Figure 3.13. Dependence of the observed reaction rates (k) on the water content in
the fibers (C,,) at constant mass of the dry PAN-Ox fibers, Mp=20mg, and amount of
DFP, MDpp=3mg.

The ability of the PAN-Ox fiber mats to decompose OPs is significantly affected
by the presence of water. No DFP decomposition was observed in 24 hours with the
dry PAN-Ox fibers. Figure 3.13 demonstrates the effect of water content in the fiber
mats on the observed reaction rate, based on a series of experiments in which the
observed reaction rate was measured with varying the water content, C,,, while fixing
the amount of the dry PAN-Ox fiber mats (Mp=20 mg, average fiber diameter,
350nm). As the amount of water in the fiber mats increases, the observed reaction
rate, ks, increases. The observed reaction rate at C,,=1.30 wt/wt is three-fold faster
than that at C,=0.25 wt/wt. Given that the PAN-Ox fibers were washed and
equilibrated at neutral pH of 7, and that the pK, of polyacrylamidoxime is over 11,"
the amidoxime groups in the PAN-Ox fibers exist predominantly in their
undissociated form in our experiments. During the reaction, the nucleophilic

amidoxime attacks DFP and cleaves the P-F bond (Figure 3.14). It has been
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suggested that proton transfer to the nitrogen atom of the amino group increases the
nucleophilicity of the attacking oxygen atom to facilitate the reaction.'®'® This
mechanism involves proton transfer to stabilize the transition state, which requires the
presence of free water as a medium in the fibers. This explains the absence of DFP
degradation by the dry PAN-Ox fibers. Furthermore, the effect of water to stabilize

the transition state in hydrolysis has been illustrated.'**’

Water may play a similar
role in directly assisting stabilization of the transition state in this case. Recently,
Schreuder-Gibson e al. also demonstrated that hydrolytic degradation of DFP by a
film of M12, a co-polymer of poly(vinyl alcohol) and poly(vinylamine), only occurs
when the film has been conditioned above a critical relative humidity of 88%.2" It
implies that bound water in the fibers lacks mobility and has little effect on promoting

the action of amidoximes. Only free or bulk water in the fibers can enhance the

hydrolytic degradation of DFP by the reactive PAN-Ox fibers.

Q 0
U’ PAN-Ox Fibers ! l -
- + -
ro” I\F H,0 rRO™ T\OH
OR OR
DFP R:i-Pr

Figure 3.14. . DFP degradation by PAN-Ox fibers in the presence of water.
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3.4. Conclusions

An efficient, one-step method for functionalization of PAN fibers by
hydroxylamine hydrochloride was developed, resulting in conversion of the surface of
the fibers into PAAO. The so-called PAN-Ox fibers thus produced are capable of
hydrolytically degrading the CWA simulant, DFP, in the presence of water. At a
water content (C,) of 1.3 wt/wt, the DFP hydrolysis, monitored by *'P MAS NMR,
was faster by one or two orders of magnitude in the presence of PAN-Ox fiber mats
than with the unmodified PAN fibers. The observed pseudo-first order reaction rate
constant was found to increase with the amount of water in the fiber mats. The
water serves as a medium to facilitate nucleophilic attack of amidoximes on DFP to
accelerate DFP decomposition. The simplicity of preparation and efficiency of the
functionalized, electrospun fiber mats in degrading toxic organophosphates make
them good candidates for incorporation into a new generation of self-detoxifying,

lightweight fabrics and textiles. .
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Chapter 4

Electrospun Cellulose Acetate Fibers Containing

Chlorhexidine as a Bactericide
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4.1. Introduction

Biological warfare agents or contaminants typically do not penetrate the cloth or
skin. The primary issue associated with biological contaminants is that they can
attach onto clothing or gloves in high concentration and may cause extensive
contamination when they leave the surfaces. Therefore, current efforts in biological
protection are aimed at the development of self-detoxifying fabrics that can kill any
microorganisms attached on the protection fabrics in order to prevent further
contamination. Electrospun porous materials are desirable in this regard, since they
can provide high specific surface area for the attachment of biocides to enhance the
function of biological protection fabric systems. Silver nanoparticles have been
incorporated into electrospun fibers and shown to exhibit good antimicrobial
activity."? Recently, quaternized chitosan with quaternary ammonium groups was
electrospun into fibers by blending with other polymers such as poly(vinyl alcohol)

and demonstrated high antibacterial activity.**

NH NH
NH »Na NH4  NH
>NH NH

NH
Cl

Figure 4.1. Chlorhexidine (CHX)

NH

Cl
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Figure 4.2. Strategies to produce bactericidal fibers containing CHX

In this chapter, we report on electrospun fiber meshes containing the biocide
chlorhexidine, incorporated within and/or bound onto the surfaces of the fibers to
obtain bactericidal membranes, intended for use in protective fabrics or antibacterial
filtration media. Chlorhexidine (CHX) (Figure 4.1) has been widely used as an
effective antibacterial agent in applications that range from common disinfectants to
bactericidal agents in dentistry; this is largely due to its broad range of antimicrobial
activities against bacteria and fungi, high killing rate and nontoxicity towards the
mammalian cells.*® The commonly cited mechanism of action of CHX is that two
symmetrically positioned chlorophenyl guanide groups can penetrate through the
cellular wall of bacteria and irreversibly disrupt the bacterial membrane, thus killing
the microorganism. In most materials that include CHX as the biocide, CHX is
simply enmeshed within the material and gradually leaches out to kill the bacteria.”
The disadvantage of such a loose association is that the antibacterial agent is
eventually exhausted and the material has a limited functional life. In this work, two
strategies (Figure 4.2) were employed to obtain bactericidal fiber mats containing
CHX. In the first strategy, dually functional antibacterial fibers were generated by
electrospinning a series of blends of cellulose acetate (CA) and CHX with (a) a part of
CHX bound to the CA polymer matrix by the organic titanate linker, Tyzor® TE (TTE),
and (b) a significant fraction of CHX unbound but embedded within the fibers. In
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the second strategy, antibacterial CHX fibers were also produced by a post-spin
treatment process to immobilize CHX on already prepared CA fibers. The resulting
bactericidal electrospun CA-CHX fibers possessed significant antibacterial activity
against both the gram-negative strain of Escherichia coli (E. coli) and the

gram-positive strain of Staphylococcus epidermidis (S. epidermidis).

92



4.2. Experimental method

4.2.1. Materials

Cellulose acetate (CA) (M, 50kDa), chlorhexidine (CHX) (98%), poly (ethylene
oxide) (PEO) (viscosity-average molecular weight, My, 2 MDa and 5 MDa), and
N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO) and used as received. Tyzor® TE (TTE) (80 wt% titanium
triethanolamine in isopropanol) was kindly supplied by Du Pont de Nemours & Co.
(Wilmington, DE) and used as received. Chlorhexidine digluconate aqueous solution
(20% w/v) was purchased from Alfa Aesar Co. (Ward Hill, MA) and used as received.
Bacteria E. coli and S. epidermidis were purchased from ATCC (Manassas, VA) and

stored at -80 °C prior to use.

4.2.2. Polymer solution characterization and electrospinning

DMF is a good solvent for chlorhexidine powders as well as CA and thus was
employed as the electrospinning medium in this work. The lack of elasticity of the
CA solutions in DMF did not permit the formation of uniform fibers, however, and
droplets were formed instead. A recent study by Yu ef al’ demonstrated that the
addition of a small amount of high molecular weight PEO into the spin solution can
significantly increase the elasticity (extensional viscosity) of the solution and thus
facilitate the electrospinning process. Following this approach, we incorporated
relatively small amounts of PEO (M, 2 or 5 MDa) into the spin solutions in order to
generate uniform fibers. A series of polymer solutions of 3 wt% CA with various
concentrations of PEO in DMF were prepared. A capillary breakup extensional
rheometer (CaBER 1) (Thermo Electron Co.) was used to examine the extensional
properties of the polymer solutions and relate these to the properties of the resulting

fibers, to determine the concentration of PEO in polymer solutions required for the
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formation of uniform fibers.

CaBER is a filament stretching apparatus that measures the mid-point diameter,

Dia(t), of the thinning filament over time when a fluid filament constrained axially

10,11

between two coaxial disks is stretched rapidly over a short distance. In these

measurements, the Hencky strain, ¢, and the apparent extensional viscosity, 7, are

related as follows:'°

DO
£=21n(Dmid(t)] (1)

o

dD_.(H)/dt @

napp =

where D, is the initial diameter of the filament before stretching and o is the surface

tension of the fluid. The time evolution of D,,4(?) for viscoelastic fluid is governed
by a balance between surface tension and elasticity and can be described by the

following model:'!

1/3
D, =D, (lj—f) e (3)

where D, is the initial midpoint diameter just after stretching, G the elastic modulus,
and A . the fluid relaxation time, which is the characteristic time scale of viscoelastic

stress growth.

A series of polymer solutions of 3 wt% CA, 0.2 wt% PEO (M, 5 MDa), 1 wt%
TTE and various concentrations of CHX (0.3, 0.6, 0.9 and 1.2 wt%) were prepared by
adding PEO, CA, chlorhexidine powders and TTE sequentially into DMF. The
solutions were heated to 50 °C upon addition of PEO to facilitate the dissolution of
the high molecular weight polymer. Then the polymer blends were stirred at room
temperature until clear homogeneous solutions were obtained. The CHX-containing
fibers produced from these solutions are denoted CA-CHX fibers. Polymer solutions

of 3 wt% CA, 0.2 wt% PEO (M, 5 MDa) and 1 wt% TTE without CHX were also
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prepared to produce nonfunctional crosslinked CA fibers, which are denoted CA-TTE
fibers. In addition, solutions of 3 wt% CA and 0.2 wt% PEO (M, 5 MDa) were
prepared for post-spin treatment to attach CHX on the fiber surface. These fibers are

denoted CA-PEO fibers.

An electrospinning apparatus as described previously in chapter 1 was used,
except that the spun fibers were collected on a rotating drum ground electrode (3.5cm
in diameter, 20cm in length and rotation rate of 250 rpm) instead of a plate collector,
where the collected fibers discharged less efficiently and impeded accumulation of the
fiber mesh. A syringe pump (Harvard Apparatus PHD 2000) was used to deliver
polymer solution via a Teflon feedline to a capillary nozzle. Voltages up to 30 kV,
generated by a power supply (Gamma High Voltage Research ES-30P), were applied
between the upper plate and the ground drum to provide the driving force for
electrospinning. The electrical potential, solution flow rate, and distance between
the capillary nozzle and the collector were adjusted to 16-19 kV, 0.04 ml/min, and 45

cm, respectively, to obtain a stable jet.

4.2.3. CHX binding to the fibers

TTE is an organic titanate that has been applied as a cross-linking agent in

1213 1t cross-links or binds

adhesives, coatings, oil and gas products, and textiles.
compounds with hydroxyl, amino, amido, carboxyl and thio groups.””"®  The
cross-linking and titanate polymerization to form titania is activated at high

2 We conducted control

temperature (100-250 °C) and/or in the presence of water."
experiments to test the binding capability of TTE to CHX. The CHX powder and
TTE solution were mixed at a weight ratio of 1:8 to form a yellowish homogeneous
suspension. The suspension gradually became clear upon addition of a small amount

of water due to the reaction of TTE with CHX, which facilitates the dissolution of

CHX. Heating the solution to 70 °C accelerated the reaction process. The viscosity
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increased dramatically and the solution gradually became pink and pasty or gel-like in

appearance, which is indicative of binding of TTE to CHX. (Figure 4.3)

+ L
Ti(OR I
NH NH (OR), oR HN NH
AL —_— + ROH
an NN HN (o NH
© H H HN o NH cl ONH
HNYNH el
cl NH
cl
CH,CH,0
@ : CA polymer matrix Ti(OR)y: N“CH2CH207“—_°C3H7
CH,CH,0

Figure 4.3. Binding of amino groups of CHX to hydroxyl groups of the CA polymer

matrix via titanate links using Tyzor® TE (TTE).

In analogous experiments where binding between CHX and the CA polymer
matrix via TTE linkers in the fiber meshes was desired, the fibers were placed in an
environment of saturated water vapor at 70 °C for 4 days. The fibers turned slightly
pink during the curing process, indicating the occurrence of a chemical reaction. A
schematic of the binding chemistry (Figure 4.3) depicts the reaction of the organic
titanate TTE with the hydroxyl groups of CA and amino groups of CHX, respectively,

via transesterification reactions, to covalently bind CHX to the CA polymer matrix.

4.2.4. Quantification of CHX content in the fibers

Not all of the CHX molecules were covalently bound to the polymer matrix
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during the curing experiments. To determine the fraction of CHX that was not
bound to the fibers, weighed fibers (10 mg) were placed in a sufficient quantity of
water (100-200 ml) to ensure essentially complete release of free CHX. The
unbound CHX that was gradually released upon immersion of the mesh in water was
measured using a Hewlett Packard 8453 UV-Vis spectrophotometer by monitoring a
characteristic peak at 254 nm and using calibration (absorbance vs. CHX

concentration) curves.

4.2.5. Fiber characterization

The fibers were examined by scanning electron microscopy (SEM) using a
JEOL-6060 microscope (JEOL Ltd) to visualize their morphology. A thin layer of

gold (ca. 10nm) was sputter-coated onto the fiber samples.

Prior to FTIR, Raman and XPS measurements, the crosslinked CA-CHX fiber
meshes were placed in excess water for 12 hours to remove completely the unbound
CHX and dried under vacuum at room temperature to constant weight. The
complete removal of the CHX not covalently linked to the fiber was ensured by
monitoring the CHX concentration in the wash-outs. When no further removal of the
CHX from the fibers into water was detected, the fibers were considered to be fully

depleted of the unbound CHX.
FTIR spectra were measured in absorbance mode using a Nexus 870
spectrophotometer (Thermo Nicolet Co.) equipped with an ATR accessory. Two

hundred and fifty-six scans were accumulated with a resolution of 4 em™.

Raman spectra were measured with a Kaiser Hololab 5000R Raman spectrometer

(Kaiser Optical Systems Inc.) with an excitation wavelength of 785 nm.
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XPS measurements were carried out with a Krato Axis Ultra Imaging X-ray
photoelectron  spectrometer (Kratos Analytical Co.) equipped with a

monochromatized Al Ko X-ray source.

4.2.6. Post-spin treatment of fibers

Bactericidal, CHX-containing CA-CHX fibers were also produced by post-spin
treatment of CA-PEO fiber meshes. CA-PEO Fibers were first electrospun from 3
wit% CA and 0.2 wt% PEO (M, 5 MDa) solutions in DMF. The CA-PEO fiber
meshes thus formed were immersed for 1 hour in 10 wt% titanium triethanolamine
solution in isopropanol, which was obtained by dilution of the TTE solutions supplied
by the manufacturer. The fiber meshes were cured at 110 °C for 10 minutes to bind
TTE to CA. The fibers were then rinsed with water several times and dried. The
resulting fibers were placed in 5% (w/v) chlorhexidine digluconate aqueous solution
for 1 hour and cured in the oven at 90 °C for 30 minutes to immobilize the CHX via
the titanate linkers. The treated fibers were rinsed with water several times and dried
under vacuum to constant weight. The applied temperatures were used as in
Reference [14], where organic titanates were successfully used to bind antibiotics

onto cotton fabrics.

4.2.7. Antibacterial tests

4.2.7.1. Disk diffusion test

The release-killing capacity of unbound CHX in the CA-CHX fibers was
determined by the disk diffusion test method. E. coli and S. epidermidis were
cultured by adding 10 pL of the bacteria to 5 mL Luria-Bertani (LB) broth and
incubating it under shaking at 37 °C overnight, followed by dilution with a phosphate
buffer solution (PBS, pH 7.0) to approximately 5x10°% cell/ml. The bacteria were

spread onto LB agar plates with cotton swabs. The round slide disks (diameter =
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22mm), to which the CA-CHX fibers were attached, were placed on top of the agar
plates. The agar plates were inverted and incubated at 37 °C for 16-20 hours.

Duplicate experiments were conducted and the zone of inhibition (ZoI) was measured.

4.2.7.2. ASTM E2149-01 method

The CA-CHX fiber meshes were placed in excess water for 12 hours to remove
unbound CHX molecules, and dried under vacuum to constant weight. The
contact-killing capacity of CA-CHX fibers was assayed according to a modified
ASTM E2149-01 method (dynamic shake flask test).'® Briefly, E. coli and .
epidermidis were cultured overnight and diluted in PBS to approximately 10° cell/ml.
The fiber meshes (100 mg) were placed in a 50 ml bacterial suspension in a sterile
flask and the suspension was shaken at 200 rpm at room temperature for 1 hour using
an orbital shaker. A certain amount of the suspension (100 pL) was retrieved from
the flask before and after exposure to the mesh and plated with serial dilutions.
After incubation of agar plates at 37 °C for 16-20 hours, the number of viable colonies
was counted visually and the reduction in the number of viable bacteria colonies was

calculated after averaging the duplicate counts.
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4.3. Results and discussion

4.3.1. Optimization of CA-PEO electrospinning process
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Figure 4.4. Extensional properties of CA-PEO solutions: (a) filament diameter

evolution curves; (b) Extensional viscosity vs. Hencky strain.
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Figure 4.4(a) shows the time evolution of the midpoint diameter during the
CaBER measurements for six CA-PEO polymer solutions consisting of 3wt% CA
with various concentrations of PEO (M, 2 and 5MDa) ranging from 0.1 to 0.5 wt%.
The filament breakup time increased with increasing PEO concentration, and was
significantly higher for the higher (5 MDa) than for the lower molecular weight (2
MDa) PEO. The curves of apparent extensional viscosity vs. Hencky strain for these
six solutions were derived from the time evolution data of midpoint diameter using
eqns (1) and (2) and are shown in Figure 4.4(b). A clear tendency toward
extensional strain hardening was observed for these polymer solutions. The apparent
extensional viscosity increased with the PEO concentration and molecular weight. A
more elastic solution possesses a slower thinning rate and a longer breakup time due
to the resistance to the capillary breakup during extensional deformation afforded by
the elastic force. This accounts for the observed increase in the filament breakup

time as PEO concentration and molecular weight were increased.

Figure 4.5 shows the typical morphologies of the CA-PEO fibers c¢lectrospun
from the above solutions. The lack of elasticity of the solutions with lower
molecular weight and/or lower concentration of PEO leads to the formation of
droplets (Figure 4.5(a)). A transition in fiber morphology from a beads-on-string
structure to a uniform fiber is observed with increasing PEO concentration and
molecular weight (Figures 4.5 (b) and (c¢)). Uniform fibers are generated when the
concentration of PEO (M, 5 MDa) is at least 0.2 wt% at 3 wt% CA in DMF (Table
4.1). The relaxation times, A,, were obtained by fitting the elastic model described in
eqn (3) to the time evolution data of midpoint diameter in the range of exponential
thinning. A dimensionless Deborah number, De, was introduced to examine the
spinnability of the CA-PEO solutions. De is defined as the ratio of the fluid

relaxation time, 4,, to the Rayleigh instability growth time, 7z, as follows:'""”

De=-% 4)
tR

where
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past

in which @, is the largest instability growth rate, o the surface tension, p the
density, Ry the initial radius of the polymer jet (0.8 mm in this work), x,the reduced

wave number, and I(x,) the modified Bessel function. Prior studies’™!"” have

shown that viscoelasticity does not significantly affect the classical Rayleigh
wavelength and only slightly increases the growth rate. Therefore, the classical
Rayleigh instability growth rate for Newtonian fluids was used to estimate the

instability growth time as shown in eqn (5). The most unstable mode, corresponding

tow,

o » OCCUTS atx, =0.697. If the fluid relaxation time is much greater than the
instability growth time ( De >> 1), the instability is fully suppressed or arrested by the
viscoelastic response to produce uniform fibers. Table 4.1 shows the relaxation
times, De numbers and fiber morphology for all six tested CA-PEO solutions. Only
for De > 7 were uniform electrospun fibers produced, which is in accordance with the
results on electrospun PEO/PEG fibers reported by Yu et al’®  Therefore, De is a
good indicator of the spinnability of CA-PEO solutions. The addition of a small

amount of high molecular weight PEO can increase the elasticity of polymer solutions

and substantially facilitate the electrospinning of CA fibers.
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Relaxation time  surface tension

Samples® Ay (5) & (N 1) De Fiber morphology
0.1 wt?e PEO {2N]) 0013 356 1.2 no fibers
0.3 wt? PEO (2N 0.020 353 19 no fibers
0.5 wt% PEQ (2N) 0.021 35.0 20 beads-on=string
0.1 wt®s PEO (5M) 0.072 341 66 beads-on-string
0.2 wt?e PEO (SM) 01058 344 96 uniform fibers
0.3 wt®s PEO (5N 0.201 336 18.7 uniform fibers

* 3wt (A n DMF

Table 4.1. Relaxation times, Deborah numbers and fiber morphology of CA-PEO

solutions

4.3.2. Bactericidal CA-CHX fibers electrospun from polymer blends

4.3.2.1. Electrospinning

Conductivity Relaxation tune  surface tension

Selutions® {uS:cm) tp (%) G (mN'm)
0 wt®s TTE. 0 wt®s CHX 0.23 0.105 356
1.0 wt®s TTE. 0 wt®e CHX 036 0.104 346
1.0 wt®o TTE. 0.3 wt®o CHX 0.92 0.101 343
1.0 wt®s TTE. 0.6 wt®s CHX 1.50 0.096 345
1.0 wt? TTE. 0.9 wt*s CHX 1.23 0.092 339
1.0 wt®s TTE, 1.2 wt®e CHX 145 0.081 345

% 3 wit% CA and 0.2 wt® PEO (50} in all solutions

Table 4.2. Solution properties of polymer blends for electrospinning

A series of solutions with 3 wt% CA, 0.2 wt% PEO, 1.0 wt% TTE and various
concentrations of CHX (0.3, 0.6, 0.9 and 1.2 wt%) in DMF were electrospun

successfully into fibers. The addition of CHX and coupling agent TTE did not
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matrix during the curing experiments. In the case of 7.0 wt% total CHX content in
the fibers, almost all CHX was coupled to the polymer matrix via TTE linkers. With
increasing concentration of CHX in the fibers for a constant TTE concentration (1
wt% in spin solutions), the amount of unbound CHX increased dramatically, while the
concentration of bound CHX varied in a narrow range between 5 to 9 wt%. When
the TTE concentration was increased from 1 to 2 wt% for fixed CHX concentrations
in spin solutions, the resulting fibers possessed a similar concentration of bound CHX
to that of the fibers electrospun from 1 wt% TTE solutions, suggesting that both CHX
and TTE concentrations have a weak effect on the extent of CHX binding in these
fibers. Thus, the concentration of bound CHX varies in a narrow range in these
fibers while concentration of unbound CHX can be manipulated by controlling the

concentration of CHX in the spun solutions.

4.3.2.3. Fiber characterization

/7
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Figure 4.7. FTIR and Raman spectra of fully washed CA-CHX fibers and
nonfunctional CA-TTE fibers.
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The CA-CHX fibers were characterized by FTIR and Raman spectroscopy.
FTIR and Raman spectra of fully washed CA-CHX fibers and crosslinked
nonfunctional CA-TTE fibers are shown in Figure 4.7.

The characteristic IR peaks of CHX observed between 1500 and 1650 em™ (C=N
stretching and aromatic C=C bending vibrations, respectively) marked by a star (*)
indicate the presence of CHX bound to the CA of the fibers. The same characteristic
peaks were observed in the ATR-FTIR spectrum of CA-CHX fibers as well, indicating
the presence of CHX on the fiber surface. Note the absence of these peaks when the
CA-TTE fibers contained no CHX. In the Raman spectrum of the CA-CHX fibers,
the characteristic CHX peak at 1610 cm™, as indicated by an arrow in Figure 4.7, was
observed. The peak is shifted 40 cm™ to higher wavenumbers compared to that of
pure CHX powders (1570 cm™), which could be attributed to the interaction of CHX
with the polymer matrix in the fibers.””> XPS was used to determine the surface
composition of CA-CHX fibers; a typical XPS spectrum of fully washed CA-CHX

fibers is shown in Figure 4.8.

The presence of titanium coupling agents on the surface layer was verified by the
characteristic binding energy of Ti at 455 eV. The appearance of characteristic
binding energies of N and Cl in the spectrum confirmed the presence of CHX bound
within 10 nm of the surface of the fibers. The atomic ratio of Cl to C on the surface
obtained from XPS measurements increased from 0.02 to 0.05, while the atomic ratio
of Cl to O increased from 0.07 to 0.30, as the concentration of CHX in the spin
solutions was increased from 0.3 to 1.2 wt%. Both atomic ratios on the surface layer
of these fibers were much greater than their bulk values (CV/C: 0.01-0.02, Cl/O:
0.01-0.03) obtained by elemental analysis; this is indicative of enrichment of CHX on
the surface of the fibers rather than in the core. CHX has been reported to be a
surface-active compound and to form small aggregates in aqueous solution®*  Such
surface-active properties may promote the accumulation of CHX close to or on the

surface of the jet during the electrospinning process.
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Figure 4.8. XPS spectrum of fully washed CA-CHX fibers with 7.3 wt% of bound
CHX

4.3.2.4. Antibacterial activity

The release-killing capacity of unbound CHX in the fibers was evaluated by disk
diffusion tests. The zone of inhibition (ZoI) was observed in all of the tested fiber
samples, as indicated by the arrow shown in Figure 4.9(a). In this test, unbound
CHX in the fibers diffused out of the fibers, killing the bacteria nearby until the
minimum inhibitory concentration of CHX (2-8 pg/ml for E. coli and 0.5-2 pg/ml for
S. epidermidis **) was reached, below which bacteria can survive and proliferate.
This resulted in the formation of a circular zone area where no bacterial colonies were
observed. The size of the Zol was measured from the edge of the circular fiber
sample (22 mm in diameter) to the edge of the inhibition zone. Figure 4.10(a) shows
the Zol determined by the disk diffusion tests against E. coli and S. epidermidis for
four different fibers electrospun from four different CHX concentrations. Each

datum point represents one type of fiber sample. The amount of CHX released per
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unit area was calculated from the weight of the circular fiber sample with a diameter
of 22 mm (3-5 mg) and the concentration of unbound CHX in the fibers listed in
Table 4.3. The curve shapes of Zol vs amount of CHX released per unit area (M) are
very similar for E. coli and S. epidermidis. The Zol increased significantly between
zero and 0.05 mg/cm® of CHX released, and then increased more gradually for
amounts of the released CHX in excess of 0.05 mg/cm®.  Since this test method is
based on the diffusion of unbound CHX, a simple one-dimensional diffusion model
can describe the dependence of Zol on the amount of released CHX from the fibers.
That is, assuming radial diffusion of CHX the following relationship between M and

Zol can be derived:**?*
(Zol)* = 4Dt [ln (%) +In Cj 6)

where M is the critical inhibition amount of CHX released per unit area, below
which bacteria can survive, D is the diffusion coefficient of CHX under the test
conditions, ¢ is the critical time for the formation of inhibition zone (less than the
incubation time), and C is a constant. Critical time, ¢, is a constant for a specific
bacterium, which is determined by both growth rate of bacterium and the diffusion of
the bactericide. Critical time can be obtained by measuring Zol when the period of
preincubation (4) is varied. According to equation (7), plotting (ZolY* vs. h gives a
straight line graph intercepting the axis when Zol = 0 at 42 = £. In such a way,

constant 7 can be determined. Therefore, given ¢ is a constant, based on equation (6),

In(M) should be linearly proportional to (Zol)’>. The (Zol)* versus In(M)

dependencies were linear (R>>0.99) for both E. coli and S. epidermidis, as shown in

Figure 4.10(b).

L (Zo) M
t=h==""=In(>7) (™)
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(a)

(b)

Figure 4.9. Photo images of agar plates after disk diffusion tests (E. coli). (a)
CA-CHX fibers without water treatment; (b) CA-CHX fibers completely washed out

prior to test. (The two samples shown in (b) are identical.)
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Figure 4.10. Disk diffusion test results for CA-CHX fibers. (a) Zone of inhibition (ZoI)
vs. the amount of CHX released per unit area (M) of the fibers for E. coli and S.

epidermidis. The solid curves were obtained by translating the corresponding linear

regression lines of (ZoI)* vs. In(M) in (b) into the Zol vs. M plots. (b) (Zol)* vs.

In(M) for E. coli and S. epidermidis. The solid lines are linear regression lines of
(ZoI)* vs. In(M).
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rr . Bactencadal etficiency (%)
CHX concentration in ¢ ¢ A

a0
spin solutions (wt®o) Bound CHX" (wt%)

E coli S. epidernidis
0.3 6.8 942 96.-4
0.6 RN 96.0 99.0
09 -3 98 1 96.0
1.2 8.1 99.1 99.9

2 bulk value determined 1n Table 3

Table 4.4. Results of the contact-killing test by a modified ASTM E2149-01

procedure against E. coli and S. epidermidiis.

The contact-killing capacity of CHX bound to the fibers was tested via a modified
ASTM E2149-01 procedure. Figure 4.9(b) shows a typical photo image of the disk
diffusion test results for these fully washed fibers. The absence of the Zol confirmed
the complete removal of free CHX. In the control experiment, the CA-TTE fibers
without CHX were tested and did not show any killing of E. coli or S. epidermidis.

Table 4.4 shows contact-killing bactericidal activity of the CHX fibers.

Since all four series of the tested fibers possessed a similar content of bound
CHX, the fibers demonstrated similar contact-killing efficiencies, ranging from 94.2%
to 99.9%. The XPS measurements indicate a trend towards increasing surface
concentration of bound CHX with increasing CHX concentration in the spin solution,
which could explain the slight increase in bactericidal efficiency (Table 4.4).
Although the immobilization of CHX on/in the fibers may affect the CHX structure
and the surrounding environment, our results indicate that the CHX bound on the CA
fibers is still capable of killing the bacteria with as high as 3 log reduction or 99.9%
bactericidal efficiency of the viable bacteria in 1 hour. For comparison, identical

fibers with the unbound CHX not washed out were tested using the modified ASTM
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E2149-01 procedure. The fibers with a total CHX content of 7.0 wt% exhibited a
bactericidal efficiency similar to that of washed fibers with the same overall CHX
content, because almost all of the CHX in the unwashed fibers was bound. However,
the other three series of fibers with almost equal contents of the bound CHX ranging
from 5 to 9 wt% and yet significant contents of unbound CHX (Table 4.3) showed
more than 6 log reduction of viable bacteria due to the release of unbound CHX.
Hence, the release of the unbound CHX in the fiber proximity seemed to lead to

higher fiber efficiency.

4.3.3. Post-spin treatment of CA-PEQO fibers

In addition to producing CHX-containing CA-CHX fibers via electrospinning of
the blends of CA and CHX, we investigated a post-spin treatment process to prepare
bactericidal fiber meshes. The post-spin treatment allowed us to attach the CHX onto
the CA-PEOQ fibers via titanate linkers. The nonfunctional CA-PEO fiber meshes
were immersed in diluted TTE solution and chlorhexidine digluconate solution,
respectively, with each step followed by a curing process in the oven to covalently
bind CHX onto the fibers. Figure 4.11 shows SEM images of as-spun CA-PEO as
well as post-spin treated fibers. The size of CA-PEO fibers is 920+120nm, which is
similar to that of CA-CHX fibers electrospun from the blends (Fig. 4.6(a)). The
fiber size was not affected by the post-spin treatment process (Fig. 4.11(b)), but
formation of the titania clusters (ca. 150 nm in diameter) on the post-spin treated
fibers was clearly discernible. The fiber meshes remained intact after the
post-treatment while the porosity of the fiber mats may have changed during the
treatment, as evidenced by a slight but visually observable shrinkage of the fiber
meshes. Appearance of the characteristic peaks of CHX located at 1500-1650 cm™
in ATR-FTIR spectra of the post-spin treated fibers confirmed the presence of CHX
bound on the fibers after washing. Elementary analysis indicated that the amount of
CHX attached onto the post-spin treated fibers was approximately 1-2 wt% of the

total fiber weight. The antibacterial tests by the modified ASTM E2149-01 method
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4.4. Conclusions

Bactericidal fiber meshes were successfully produced by the electrospinning of
polymer blends containing the biocide, chlorhexidine (CHX). We show that the
addition of a high molecular weight PEO to CA solutions significantly improves the
elasticity of the CA solutions and facilitates the formation of fibers. A dimensionless
De number, defined as the ratio of fluid relaxation time to instability growth time, was
used to characterize the spinnability of the blends. It was found that uniform fibers
were produced in the region of De > 7. The CA-CHX fibers demonstrated
bactericidal capability not only through a gradual release of unbound CHX from the
fibers but also via contact with CHX bound on the fibers. Antibacterial fiber mats
were also obtained by post-spin treatment of CA-PEO fibers to immobilize CHX on
the fibers via titanate linkers. The post-spin treated fibers achieved similar
bactericidal efficiency compared to that of the CA-CHX fibers electrospun from the
blends, even with a much lower CHX content. We surmise that a repeated post-spin
treatment of the fiber could result in even higher CHX loading on the fiber surface
and may further enhance the bactericidal properties of the fibers. We believe that the
strategies presented in this work are not limited to incorporation of CHX only, but
will also enable incorporation of a wide range of antibacterial agents such as

antibiotics in/on the fibers.
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Chapter 5

Functionalized Electrospun Fabrics via
Layer-by-layer Electrostatic Assembly for Chemical

and Biological Protection
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5.1. Introduction

In previous work, we have produced functionalized electrospun fiber mats
containing o-nucleophilic oxime moieties or bactericide chlorhexidine for either
chemical or biological protection. The new question coming into our mind is
whether we can fabricate functionalized electrospun fiber mats with both properties,

which are able to provide both chemical and biological protection.
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Figure 5.1. Layer-by-layer electrostatic assembly technique

In chapter 2 and 3, fiber mats functionalized with a-nucleophilic oxime moieties
were prepared by either electrospinning blends of polyacrylamidoxime (PAAQ) and
polyacrylonitrile (PAN) or surface oximation of prefabricated PAN fiber mats, and
demonstrated a pronounced capability to hydrolyze chemical nerve agent simulants in
the presence of moisture.'” We have proven that the fiber post-spin modification
strategy has the advantages of higher surface density of oxime functional groups,

enhanced reactivity and ease of implementation compared to the PAN/PAAO blending
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strategy.! This indicates that we may only need to functionalize the surface layer of
the electrospun fibers to produce functional mats. The layer-by-layer (LbL)
assembly technique offers an effective strategy of functionalizing the surface of
electrospun fibers. LbL electrostatic assembly is a simple, versatile and inexpensive
approach to generate functional multilayer thin film coatings on surfaces.’> The LbL
assembly process involves the sequential adsorption of oppositely charged
polyelectrolytes to construct multilayered functional coatings (Figure 5.1).>* The
utilization of electrospun fiber mats as substrates for LbL-based functional coatings
significantly enhance the function of multi-layered coatings by increasing the specific

®  Samuelson er al. showed that a fluorescent probe

surface area of substrates.””
LbL-assembled onto electrospun cellulose acetate membranes resulted in a significant
increase in sensitivity of optical sensors.” Polyoxometalate functional coatings were
electrostatically assembled onto electrospun poly (vinyl alcohol) fibers, which were
collected on electrodes, for electrochemical application.®  Specifically for the
application in protective fabrics, Singh and coworkers generated organophosphorous
hydrolase (OPH) coatings for protection over organophosphate nerve agents by using
LbL assembly technique.® However, the low stability of enzyme OPH limits its
practical application. Recently, Lee et al. demonstrated that LbL-assembled titanium
dioxide nanoparticle coatings on various electrospun fibers can photo-catalytically
decompose representative toxic industrial chemicals.” In addition, Krogman et al.
employed a newly-developed spray LbL assembly technique to functionalize
electrospun nylon fibers with titanium dioxide nanoparticles, in which they could
obtain conformal coatings or bridge the surface voids by controlling the spraying
conditions.” In that regard, they could achieve LbL-functionalized fiber mats
possessing improved photocatalytic capability without sacrificing water vapor
permeability.” In fact, by selecting appropriate polyelectrolytes of opposite charges
and varying functionalities, one can generate multifunctional electrospun, fiber-based
protection fabrics for both chemical and biological protection. In this study, a
nucleophilic and chemically reactive polyanion, polyhydroxamic acid (PHA), and an

antimicrobial polycation, poly (N-vinylguanidine) (PVG), were synthesized and
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assembled onto prefabricated PAN fiber mats.  The performance of the
functionalized mats in OP decomposition was tested with diisopropyl fluorophosphate
(DFP), a widely used simulant for G-type chemical warfare nerve agents.'” The
antibacterial properties of these functionalized mats were examined with a
gram-negative strain of Escherichia coli (E. coli) and a gram-positive strain of

Staphylococcus epidermidis (S. epidermidis).
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5.2. Experimental method

5.2.1 Materials

Polyacrylonitrile (PAN) (M, 150 kDa) was purchased from Scientific Polymer
Products Inc. (Ontario, NY) and used as received. Poly(acrylamide-co-acrylic acid)
My, 200 kDa, acrylamide 20 wt%), diisopropyl fluorophosphate (99%, DFP),
hydroxylamine hydrochloride (99%), cyanamide (50 wt% in water) and
N,N-dimethylformamide (DMF) were all obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO) and used as received. Lupamin® 9095 (20-22% aqueous solution of
polyvinylamine, average molecular weight 340 kDa) was kindly supplied by BTC (a
specialty chemical distribution group of BASF, Germany). Bacteria E. coli (ATCC #
67876) and S. epidermidis (ATCC # 35984) were purchased from ATCC (Manassas,

VA) and stored at -80 °C prior to use.

5.2.2. Electrospinning

PAN solutions in DMF (10 wt%) were prepared by dissolving the polymer at
50-70 °C followed by stirring at room temperature. The PAN solutions were
electrospun into fiber mats using a home-built parallel plate apparatus, as described in
previous chapters.!! The applied voltage (28-30 kV), the flow rate (0.015 ml/min)
and the distance between the upper electrode and grounded collector (~30 cm) were

adjusted to stabilize the polymer jet to obtain fiber mats on the grounded collector.

5.2.3. Polymer Synthesis

5.2.3.1. Synthesis of poly(N-hydroxyacrylamide), or polyhydroxamic acid (PHA)

Figure 5.2 shows the modification of poly(acrylamide-co-acrylic acid) to
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poly(N-hydroxyacrylamide) = (PHA) by  reacting with  hydroxylamine.
Poly(acrylamide-co-acrylic acid) was mixed with excess hydroxylamine
hydrochloride in deionized water. The resulting solution was stirred for one day at
70 °C and then an aqueous solution of sodium hydroxide was added followed by
stirring for three days at room temperature to convert completely into PHA solution.
Conversion of poly(acrylic acid) and polyacrylamide into PHA by hydroxylamine is

d."**  Release of ammonia by bubbling was observed. The

well-documente
solution was then frozen at -80 °C and lyophilized. The resultant PHA was
dissolved in deionized water, dialyzed against excess deionized water and lyophilized.
FTIR (KBr, cm™): 3600 (broad, -NHOH), 3430 (broad, OH stretching), 3210 (amide
NH stretching), 1630 (CO-NH bending), 1450 (CH: scissor bending), 1425 (C-N

stretching).

i
NH,OH — C
N .

7N
ol NH, o’ OH !
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Figure 5.2. Synthesis of polyhydroxamic acid
5.2.3.2. Synthesis of poly(N-vinylguanidine) (PVG)

Polyvinylamine (90% hydrolyzed) received as Lupamin 9095 was completely
hydrolyzed by 37% hydrochloric acid at 80 °C followed by polymer purification by
precipitation into 2M NaOH and dialysis (molecular weight cutoff, 12-14 kDa) and
drying. Then polyvinylamine was completely guanidinylated by cyanamide
following the previously described procedure.” Figure 5.3 shows the
guanidinylation process of polyvinylamine to poly(N-vinylguanidine). FTIR (KBr):
957 em™ (C-N stretching), 1510 cm” (C-N stretching), 1610 cm™ (NH, NH,
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deformation), 1670 cm™ (C=N stretching), 2940 cm™ (aliphatic CH, stretching). *C
NMR (D;O, ppm): 151.6 (C in the guanidinium group), 45.0 (methylene C in
backbone), 35.5 (methane C in backbone).
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NH, |
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72N
HN NH;

Figure 5.3. Synthesis of poly(N-vinylguanidine)
5.2.4. LbL Assembly Coating

Aqueous solutions of PHA and PVG (10 mM, pH 9) were prepared and used for
LbL assembly. Electrospun PAN fiber mats were plasma treated for 1 min (Harrick
PDC-32G, Harrick Plasma Inc.) prior to LbL deposition. A Carl Zeiss DS50
programmable slide stainer was used for LbL deposition. Multilayer polyclectrolyte
coatings on PAN fibers were produced by alternately dipping the fiber mat in 10 mM
PVG and PHA aqueous solutions at room temperature. The dipping time in each

polyelectrolyte solution was 60 min, followed by rinse in deionized water for 3 min.

5.2.5. Characterization

The fiber morphology was visualized by scanning electron microscopy (SEM,
JEOL-6060). FTIR spectra were measured using a Nicolet 8700 spectrometer
(Thermo Scientific Corp.) in the absorbance mode by accumulation of 256 scans with
a resolution of 4 cm™. A Krato Axis Ultra Imaging XPS spectrometer (Kratos

Analytical Co.) equipped with a monochromatized Al Ka X-ray source was used to
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analyze the surface chemistry of LbL-coated fibers. The take-off angle relative to
the sample substrate was set at 20°. '>C NMR spectra were carried out using a
Bruker Avance 400 spectrometer operating at 100.61 MHz for BC at room
temperature.  Proton decoupling was applied and 15000 to 20000 scans were

collected.

5.2.6. Breathability test”

Water vapor diffusion and gas convection properties of electrospun fiber mats
were measured using an automated dynamic moisture permeation cell (DMPC)

1618 Pigure 5.5 shows the test configuration. The fiber sample

system (Figure 5.4).
was placed between two chambers. The sample area is about 10 cm’.  Air at two
different relative humidities flows over the two sides of the test sample, and humidity
detectors measure how much water vapor is transported through the sample. By
measuring the temperature, water vapor concentration, and flow rates of the gas
leaving the cell, one can determine the fluxes of gas and water vapor transported
through the test sample. Results may be shown in terms of flux (g/m’-day) or water
vapor diffusion resistance, which has the units of s/m. The resistance units are
preferred because results obtained at different environmental conditions can be easily
compared. The lower the diffusion resistance, the more water vapor permeates
through the material. Testing is done at a constant humidity gradient, but the mean

relative humidity is increased at each setpoint. Mean relative humidity is the

average of the incoming humidity on the two sides of the sample.
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Figure 5.4. Dynamic moisture permeation cell (DMPC) system and conditioning

chamber.
Mean Relative Humidity g Pressure Difference
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Humidified Air (9, = Sample ——-" To Humidity Meter

Figure 5.5. Schematic picture of test cell configuration
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5.2.7. Kinetics of DFP degradation

Kinetics of DFP degradation hydrolyzed by PHA in aqueous solutions were
assessed by liquid state *'P NMR spectrometry using a Varian 500 spectrometer
operating at 202.46 MHz. The reaction milieu consisted of 50 mM of TES buffer to
keep solution pH constant at 7 and 20% (by volume) of deuterium oxide for signal
locking. The spectra were recorded at ambient temperature (25 °C) by accumulation
of 64 scans. The reaction time was taken to be the midpoint of the acquisition

period.

Degradation of DFP mists on PVG/PHA functionalized fiber mats was monitored
by solid state high-resolution magic angle spinning (HRMAS) 3P NMR using a
Bruker Avance 400 spectrometer (161.98 MHz for 31p) as described previously.'
The water content of the fiber mats, C,, defined as the weight ratio of absorbed water
to dry fiber mat, was maintained at 1.30 wt/wt in this work. The spectra were
recorded at ambient temperature (21 °C) by accumulation of 64 scans. Triphenyl
phosphate (TPP) in deuterated chloroform was used as an external reference for both

liquid and solid state >'P NMR measurements.

5.2.8. Antibacterial Tests

The antibacterial properties of the functionalized fiber mats were tested using the
procedure of Tiller and coworkers,19 with modifications. Briefly, E. coli (ATCC #
67876) and S. epidermidis (ATCC # 35984) were cultured overnight in LB broth and
diluted in phosphate buffer solution (PBS, pH 7) to approximately 10~10° cells/mL.
The bacterial suspension was then sprayed onto a functionalized fiber mat (6 cm x 4
cm) and a control fiber mat (6 cm x 4 cm) in a fume hood using a commercial
chromatography sprayer. After drying for several minutes, the fiber mats were

placed on top of the growth agar plates. The plates were inverted and incubated at
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37 °C for 16-20 hours. The number of viable colonies was counted visually and the
reduction in the number of viable bacteria colonies was calculated after averaging

three experiments.
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5.3. Results and discussion

5.3.1. DFP degradation mediated by PHA

730 min l
> ‘
@
9 [335min |
£
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Figure 5.6. Typical 202.46 MHz 3'P NMR spectra of DFP degradation in aqueous
solution. [DFP],=5 mM; [HA],=10 mM; 50 mM TES buffer, pH=7.0; T=25 °C.

Hydroxamic acid is a reactive a-nucleophile, capable of degrading

122021 Hydrolytic destruction of

organophosphate (OP) compounds or nerve agents.
OPs by low molecular weight hydroxamic acid compounds has been established.**
However, until recently'? little work has been done to study the action of polymers
with hydroxamic acid groups, such as polyhydroxamic acid (PHA), in the degradation
of OPs. In this work, the capability of PHA to decompose DFP, a common simulant

for G-type nerve agent, in aqueous solution was evaluated.
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Figure 5.7. DFP degradation mediated by PHA in aqueous solution

Hydrolytic decomposition of DFP in aqueous solution in the presence of PHA
was monitored by >'P NMR spectra. All the experiments were conducted under
conditions of excess hydroxamic acid relative to the substrate ([HA],>[DFP],) with
pH maintained constant at 7.0 using 50 mM TES buffer. Figure 5.6 shows a typical
series of NMR spectra of DFP degradation mediated by PHA in aqueous solution as a
function of time. Doublet signals at 4.6 and 9.4 ppm are attributed to the reactant,
DFP, due to the splitting of the *'P signal from the coupling of the P-F bond (Jp.p~~
970Hz).** The singlet at 16.8 ppm is assigned to the product, diisopropyl phosphate
(DIP). Degradation of DFP (Figure 5.7) is mediated by PHA through the
nucleophilic attack of the >N-O-H oxygen in hydroxamic acid on the pentavalent

phosphorus of DFP, resulting in P-F bond cleavage and fluorine ion release.
The ratio of the relative signal integrations is proportional to the ratio of the
relative concentrations of the corresponding compounds, which allows us to estimate

the kinetic parameters of DFP degradation in our experiments. The time-dependent

relative degree of conversion, F,, was defined as:

F=XI /T +X1)

where >/, and X/, are the sums of the integrations of the signals corresponding
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to the reactant, DFP, and the product, DIP, respectively.

Figure 5.8 shows the plot of In(F,) vs. time for a series of experiments in which
the hydroxamic acid concentration, [HA],, was varied while keeping DFP
concentration constant; [DFP],=5 mM. All the experiments were observed to be
pseudo-first order with respect to DFP, as evidenced by the linear fit of the curve In(F;)
vs. time (R*>0.99). The slope yields the observed reaction rate, ks, as described by

the equation:
In(F))=—k,, ¢

The observed rate constant without PHA (ks,) was measured to be 1.9x% 10° s at pH
7.0, which is in accord with previously reported values for the spontaneous hydrolysis
of DFP.">*?  The observed reaction rate increases as [HA], increases. In the case of
the PHA-aided hydrolysis, the observed reaction rate consists of the PHA-aided and

spontaneous reaction rate contributions:

r obs

=Tpyy Ty OF é[’ime =K, [ DFP] =~k [DFP]-k [ DFP]

kPHA = kz[HA]o

Figure 5.9 shows the curve of k., vs. hydroxamic acid concentration, [HA],, in
which k,,, is obtained by subtracting spontaneous term, £, from the observed
overall reaction rate, k, . The slope of the linear fit of this curve (R*>0.99) yields

the second order rate constant, k,, which was determined to be 5.1x10* M's for

DFP hydrolysis mediated by PHA at pH 7.0. Given that the reaction rate is

significantly affected by solution pH, the nature of the reaction medium, temperature

20-21, 25-26

and pK, of hydroxamic acid compounds, it is difficult to compare directly the
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reactivity of PHA with small molecular weight hydroxamic acid compounds. Based
on the reported data, we estimated that the second order rate constant for the DFP
degradation via hydrolysis by isonicotinhydroxamic acid methiodide (pK, 7.8) in

aqueous solution at pH 7.0 is in the order of 10° Mt 2

Therefore, the reactivity
of PHA (pK, 7.5) towards DFP degradation in this study is comparable to that of
isonicotinhydroxamic acid methiodide, a small molecular weight hydroxamic acid

compound.

In(F. )

Time (X10%s)

Figure 5.8. Kinetics of DFP hydrolysis with the presence of PHA in aqueous solution.
[DFP]e=5 mM; 50 mM TES buffer, pH 7.0.
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Figure 5.9. Observed reaction constant of DFP hydrolysis vs. [HA], in aqueous
solution. [DFP],=5 mM; 50 mM TES buffer, pH 7.0; spontaneous hydrolysis of DFP
=1.9x10%s" at pH 7.0.

It is well known that amines and their derivatives can decompose OPs

2728 Qince antimicrobial

catalytically via a general base catalyzed hydrolysis.
poly(N-vinyl guanidine) (PVG) is a strong polybase bearing amine groups, it can
degrade DFP catalytically as well."®  To compare the reactivity of PVG with that of
PHA, the reaction kinetics of PVG with DFP under identical conditions with the same
concentration of functional groups (e.g. [VG],=[HA],) was conducted. Figure 5.10
shows the plot of In(F}) vs. time for PHA and PVG, the slop of which yield the

observed first-order reaction rates, at pH 7.0 with [DFP],=5 mM and
[VG]=[HA],~100 mM. The k,,, and £k, values obtained after subtracting the
spontaneous hydrolysis term were 5.5x10° s and 7.7x10° s, respectively. These
values indicate that the reactivity of PHA towards DFP is seven-fold higher than that

of PVG. Therefore, the reactivity of the PHA/PVG LbL coatings is primarily due to
the presence of PHA rather than that of PVG.
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Figure 5.10. Kinetics of DFP hydrolysis with the presence of PHA or PVG in aqueous
solution. [DFP],=5 mM; 50 mM TES buffer, pH 7.0; [HA],=[VG],=100 mM.

5.3.2. Multifunctional protective fabrics

LbL electrostatic assembly involves alternate adsorption of oppositely charged
materials to construct the ultrathin coatings. PHA is a weak polyelectrolyte with
pKa of 7.5," indicative of a negatively charged species at pH 9.0. Antimicrobial
PVG is a strong polyelectrolyte. The protonated PVG possesses a pK, of 13.4 and is
positively charged over a broad range of pH."> Electrospun fiber mats enable the
generation of porous fabric scaffolds with tunable, high specific surface area and
surface properties compared to conventional woven fabrics. Lee et al. showed that
the surface area of electrospun poly(dimethylsiloxane-b-etherimide) (PSEI) is 1.5x10*
times higher than that of the flat PSEI film, resulting in the enhanced reactivity of
LbL-assembled titanium dioxide coating on the electrospun PSEI fibers.” A broad

range of electrospun polymer fiber mats have been demonstrated to be effective
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substrates for LbL-assembled titanium dioxide functional coatings for protection
fabrics against toxic industrial chemicals or chemical warfare mustard agents.”” The
chemistry of substrate electrospun fiber mats has little effect on LbL electrostatic
assembly process. Herein, we have selected the commercially available polymer
PAN as a model for the fabrication of electrospun fiber mats. Figure 5.11(a) shows a
typical SEM image of PAN fiber mats electrospun from 10 wt% solution of DMF.
The average diameter of the PAN fibers is about 350 nm with the fiber size ranging
from 250 to 500 nm. The measured BET surface area is about 15 mz/g. The
prefabricated PAN fiber mats were treated with low-pressure air plasma for 1 min to
introduce negatively charged surface groups prior to LbL coating of functional
polyelectrolytes PVG and PHA.**"  Figure 5.11(b) shows the typical fiber
morphology of the functionalized PAN fiber mats with ten bilayers of PVG/PHA,
denoted as (PVG/PHA);o. Conformal coatings on individual fibers were observed
over the fiber mat. The characteristic oxygen peak observed at 529 eV in the XPS
spectra (Figure 5.12) shows the presence of oxygen on the surfaces of functionalized
PAN fibers, which indicates that the presence of PHA on the surfaces of prefabricated
PAN fibers. With twenty bilayers of PVG/PHA, rough surface of functional coatings
is clearly observed and the functional coatings start to bridge the pore structures in the
fiber mats (Figure 5.11(c)). As shown in Figure 5.11(d), with 30 coating bilayers,
(PVG/PHA)3, surface pores are partially filled, which accounts for about 20-30 %
pores. Bridging of surface pores may affect the transport properties of electrospun
fiber mats. Figure 5.13 and 5.14 shows the air flow resistances and water vapor
diffusion resistances of functionalized PAN fiber mats compared to standard reference
materials. As shown in Figure 5.13, air flow resistance of untreated electrospun
PAN fiber mats is comparable to that of Nylon/Cotton woven fabrics, which is widely
used as outer fabrics in the US army chemical/biological protective suit. The LbL
coatings on the functionalized fiber mats, (PVG/PHA)y and (PVG/PHA)30, may
cause pore size reduction by occupying the pores to some extent, consequently
increasing the convective air flow resistance for these functionalized fiber mats

(Figure 5.13). As shown in Figure 5.14, both functionalized PAN fiber mats,
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Figure 5.11. Typical SEM images of (a) prefabricated PAN fiber mat (scale bar: 2 um);
(b) functionalized PAN fiber mat (PVG/PHA);o (scale bar: 2 pm); (c¢) functionalized
PAN fiber mat (PVG/PHA),, (scale bar: 5 um); and (d) functionalized PAN fiber mat
(PVG/PHA); (scale bar: 10 um).

C1s
O1s N1s

LbL-coated fibers

L "

Intensity

PAN fibers

1000 800 600 400 200 0
Binding Energy (eV)

Figure 5.12. XPS spectra of untreated PAN and LbL-functionalized fiber mats
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Figure 5.14. Water vapor diffusion resistance of functionalized PAN fiber mats

compared to standard reference materials.
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The performance of functionalized fiber mats serving as chemical detoxification

fabrics was tested with DFP. A DFP mist (3 pL of DFP with 7 pL of air in a 10pL

syringe) was sprayed onto the prepared fiber mat (the mass of dry fiber mat, W ,,=30

mg) to mimic an attack of G-type nerve agents. The DFP degradation mediated by
PVG/PHA-functionalized fiber mats was monitored by HRMAS *'P NMR. Figure
5.15 shows three representative NMR spectra of a DFP misted fiber mat
functionalized with (PVG/PHA),o, showing decomposition as a function of time.
Doublets at 3.7 and 9.7 ppm (Jp.r=970Hz) are assigned to DFP>* With time, the
doublet peaks for DFP decreased and the singlet peak at 16.6 ppm, assigned to the
product DIP, increased. The signals for the reactant and product correspond well
with the NMR assessment we have reported previously.! The doublets at 12.5 and
6.9 ppm observed after 24 hr are attributed to the unreacted DFP that is absorbed onto
the charged polyelectrolyte coating on the fiber surfaces, which shifts the signal
positions.”’ Figure 5.16 shows the DFP degradation kinetics on

PVG/PHA-functionalized fiber mat (PVG/PHA)y as well as an untreated PAN

control fiber mat, under identical test conditions (W ,,=30 mg, W,,,=3 mg, C =13

wt/wt, 21 °C). The DFP degradation mediated by the PVG/PHA-functionalized fiber
mat in the presence of water was observed to be pseudo-first order with respect to
DFP. The observed reaction rate is 2.1 X10” s™, which is approximately 60-fold
faster than the observed spontaneous decomposition rate of DFP in the presence of the
control fiber mat with the same water content. The reactivity of the functionalized
fiber mats modified via the LbL electrostatic assembly method is also comparable to
that for oxime-functionalized fiber mats prepared via surface oximation reported
previously.! The advantage of the LbL assembly method is the broader selection of
available polymeric fiber substrate materials compared to the methodology of direct
chemical modification of the fiber material, where the material choice is limited to
fiber-forming polymers expressing certain functional groups that can be converted to
the reactive groups. The PVG/PHA-functionalized fabrics also demonstrate better

reactivity towards DFP as compared to XE-555, a commonly used decontaminating,
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0.8 hr A A

=
& 5 hr
o
£
24 hr }\
[} | i |
30 20 10 0 -10 -20
ppm

Figure 5.15. Representative 161.98 MHz *'P HRMAS NMR spectra of DFP mist (3
uL) deposited onto functionalized fiber mat (PVG/PHA)y as a function of time. The

mass of dry fiber mat, Wfo =30 mg; water content in the fiber mat, C,=1.3 wt/wt;
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Figure 5.16. Kinetics of DFP degradation with the presence of functionalized or

control fiber mat at 21 °C. The mass of dry fiber mat, W =30 mg; water content in

the fiber mat, C, =13 wt/wt; W, =3 mg.

The performance of the PVG/PHA functionalized fiber mats to protect against
bacterial contaminants was tested with a representative gram-negative strain of E. coli
and a gram-positive strain of S. epidermidis. The functionalized fabrics were
challenged with airborne bacteria in the form of sprayed mists, to mimic combat
situations, as described in the Experimental section. Table 5.1 shows the bactericidal
efficiency of the functionalized fiber mats with different levels of PVG/PHA coating.
The bactericidal action of PVG with its large positive charge density, has been
attributed to its excellent capability to bind onto negatively charged cell surfaces or
cytoplasmic membranes and irreversibly disrupt cell membranes, thereby killing the
microorganisms.>'>* With one bilayer coating, the fiber mat demonstrates only 20%
and 25% killing efficiency, respectively, against E. coli and S. epidermidis. This low
activity is due to the PVG concentration on the fiber surfaces being less than the
minimum inhibitory concentration of PVG (34 pug/mL for E. coli and 68 pg/mL for S.
epidermidis"). As the number of bilayers increases, the killing efficiency increases
significantly due to the increase of surface concentration of PVG.  In the case of five
bilayer coatings, the functionalized fiber mats are capable of killing 99.8 % of the
viable bacteria. With ten or more bilayers functional coatings on the fiber mats, no
bacterial colonies were observed on the functionalized fiber mats after the test. We
also examined the effect of the last applied coating layer on the bactericidal property
of PVG/PHA functionalized fiber mats. The same bactericidal efficiencies (>99.9%)
were observed for functionalized fiber mats (PVG/PHA),y or (PVG/PHA),s and
(PVG/PHA),o or (PVG/PHA);os with either PVG or PHA as a last applied coating
layer in electrostatic assembly. This may be due to interpenetration between
neighboring layers or interlayer diffusion of polyelectrolytes, resulting in the presence

of PVG in the outer layer of functional coatings on fiber surfaces.***”  This also
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explains the better bactericidal efficiency as bilayers of functional coatings increases.
A disk diffusion (Kirby Bauer) test was conducted on functionalized fiber mat
(PVG/PHA),, to test for possible release of PVG from the bilayers to the surrounding
solutions. No zone of inhibition (Figure 5.17) was observed for the fiber mat after
the test, indicating that functional PVG/PHA coatings on fiber surfaces do not release

PVG out to the proximity under test conditions, and only kill bacteria on contact.

Bactericidal Efficiency (%)

Number of bilayers

E. coli S. epidermidis
20.0 25.0
5 99.5 99.8
10 >99.9 >99.9
20 >99.9 >99.9

Table 5.1. Antibacterial capability of PVG/PHA functionalized fiber mats

Figure 5.17. A photo image of the agar plate after disk diffusion test (E. coli) for
functionalized fiber mat, (PVG/PHA ).



5.4. Simulation of reactive fiber systems

All the previous work demonstrated that lightweight breathable reactive and/or
bactericidal electrospun fiber mats can be fabricated by various methods. These
functionalized fiber mats could be incorporated into next generation of protective
clothing system as key reactive layer(s). Although the good performance of these
functionalized fiber mats to detoxify representative chemical and biological toxins
have been illustrated, the functioning of self-detoxifying protective fabrics containing
these functional mats as a reactive barrier against chemical warfare agents in combat
situations remains unanswered. However, given the acute toxicity of
organophosphate chemical warfare agents and limited facility, we are unable to
conduct experiments to test the performance of these new self-detoxifying protective
fabrics. Herein, we simulate the reactive protective fabric systems to provide
insights on the performance of these reactive fiber systems, which could guide us for

the further design of new protective clothing.

Figure 5.18 shows a schematic picture of 1-D reactive fiber system. One
reactive electrospun fiber mat is placed between two identical commercial fabrics.
Herein we only consider the worst case with toxic chemical agent in the environment
in its vapor state since liquid toxin will diffuse through fabrics system much more
slowly than vaporous toxin. We assume the concentration of vaporous toxin
constant (C,) in the environment. Then we monitor the concentration of toxin inside
clothing system as a function of time. To simplify the problem, we only consider the
diffusion of toxin through the reactive fiber system, neglecting the convective
transport of toxins through the system. In commercial membrane region, I and III,
only diffusion of toxins occurs. However, in reactive electrospun membrane region,
II, both diffusion of toxins and reaction with toxins exist. The dimensionless

governing equations for these regions are described as follows:
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where C is concentration; x is length along x axis; 7 is time; D, is diffusivity of toxin

in electrospun membrane; D; is diffusivity in commercial membrane; & is first-order

reaction constant; L is characteristic length scale; #p is characteristic time scale; Da is

a dimensionless number to characterize the ratio of reaction rate vs. diffusion rate; 8,

n, T is dimensionless concentration, length and time, respectively.
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_ Inside cloth

Figure 5.18. A schematic diagram of the reactive fiber system.
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The diffusion through the porous membranes is significantly affected by the
structure of porous materials (i.e. porosity and tortuosity). The porous membrane
provides a partial barrier to diffusion, so the membrane porosity must be taken into
account. In addition, the distance a gaseous molecule must travel to cross the barrier
is a winding path through interconnecting voids rather than the membrane thickness;
it requires the tortuosity correction factor. Therefore, the effective diffusivity is

described as follows:*°

£
D,=—D
77

where ¢ is porosity, and 7 is tortuosity. Since ¢ is smaller than 1 and 7 is larger than 1,
Dy is smaller than D. The form of the diffusivity depends on the diffusion
mechanism (i.e. Fickian, Knudsen, or transition). The mean free path of gaseous

molecule can be described as follows:*!
A=kT (zd?, P2)

where djg; is the diameter of the molecule, P is the pressure and 7' is the temperature.
At room temperature and atmosphere pressure, the mean free path for OP is about
5-10 nm. However, the pore size diameter (d) for electrospun fiber mats is about
5-10 pum, which is much larger than the mean free path. Knudsen diffusion is only
dominant when A/d>10; in our case, with A/d<1/100, the diffusion mechanism will
primarily determined by Fickian diffusion. Based on previous water vapor
diffusion resistance measurements, the diffusivity of water vapor through our
functionalized fiber mats is estimated to be 107-10° m?s. Considering
organophosphates are larger than water molecule in size, diffusivity D, for
organophosphates is estimated to be in the order of 10® m?%s. A reasonable length
scale for protective fabric layers is in the order of millimeter. Herein, we selected L
= ]1mm, and the reaction constant & is estimated to be in the order of 107! according
to our previously reported reactivity results. In this regard, Da is in the order of 0.1.
Characteristic time scale, #p, through L (1 mm) is 100 s. According to reference [38],

D/D,is in the order of 0.01.

147



10"? 5
— 0]
102 | o
s 10 - 0
[(}]
£ -
10
- O
10—8 | | | | ]
0001 001 01 1 10 100 1000
Da

Figure 5.19. 6;, vs. D, at steady state. D/D, = 0.01; L, = L; = L = Imm. &
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Figure 5.20. Normalized 6;, vs. time for various Da. Normalized 6;,: dimensionless

concentration 8 inside cloth, normalized by steady state value.
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Figure 5.21. Normalized 8;, vs. time for various L/L. L./L = 1; D, =1; Normalized 6;,:

dimensionless concentration € inside cloth, normalized by steady state value.

1.2

= 9
o o =~

04

et
N

Normalized 60in

o

0 5000 10000
Time (n)
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dimensionless concentration @ inside cloth, normalized by steady state value.
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Figure 5.23. 6y, vs. L/L at L/L=1. 6y, vs. L/L at L/L=1. D/D.=0.01; D, = 1.

All numerical simulation work was performed using commercial Comsol
Multiphysics® software. Figure 5.19 shows dimensionless concentration of toxins
inside cloth as a function of D, at steady state. When dimensionless concentration is
normalized by its steady state value (Figure 5.20), we observe that the time scales to
steady state for all cases of D, are very similar (5000 #p), which is attributed to the
constant thicknesses (L., L;) of membranes in the system. Therefore, the reaction (or
contact) time with reactive electrospun membrane is constant in these situations. As
D, increases, the reactivity (k) of functionalized electrospun fiber mats increases,
leading to the consumption of more toxins at the same reaction time. It results in the
significant decrease in toxin concentration (8;,) inside cloth (Figure 5.19). At D, =
0.1, which is a typical value representing our previously reported reactive fiber mats,
the steady state toxin concentration inside cloth is 8.9% of the toxin concentration (C,)
in the environment. The time scale to steady state is 5x10° s, corresponding to 140
hour. Depending on the absolute value of toxin concentration, C,, in the
environment along with the known lethal dosage of toxins, we may estimate the valid

protection time for our reactive protective fabric system.
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We also conduct several simulations to evaluate the effect of the thickness of
reactive fiber system on the performance. Figure 5.21 shows curves of the
normalized 6,, vs. time as a function of L,, the thickness of commercial fabric, when
L., the thickness of reactive electrospun membrane, is fixed. The increase in L, leads
to the corresponding increase in time scale to the steady state. Figure 5.22 shows the
curves of normalized 6;, vs. time as a function of L, when L, is kept constant. The
time scale remains approximately constant when L. is varied and L, is kept constant.
These results indicated the diffusion through the commercial membrane is the
rate-determine step in reaching the steady state. This can be explained by two orders
of magnitude smaller of diffusivity in commercial membrane, D, compared to
diffusivity in reactive electrospun membrane, D,. We further compare steady state
0, in these two series of experiments. Interestingly, L. has a larger effect on steady
state 8;, than L,. An increase in L. results in more reduction in steady state 6,
compared to that for L, (Figure 5.23). In fact increasing L. leads to longer reaction
or contact time of toxins with reactive electrospun membrane, which allows for
detoxification of more toxins and results in the reduction in steady state 6,,. On the
other hand, in term of increasing L, while maintaining L. constant, the reaction or
contact time with reactive electrospun membrane remains constant; the diffusion
resistance in commercial membrane significantly increases as L, increases, causing an
increase in toxin concentration in reactive electrospun membrane. Consequently,
more toxins are decomposed since reaction rate is essentially determined by k6. In
this regard, by manipulating the thicknesses of these composite membranes, we could
tune the transport properties and reactivity of these self-detoxifying protective

clothing.

In summary, our simulation results show that chemical detoxifying protective
fabrics containing a functionalized electrospun membrane as a reactive layer/barrier in
combat situations could provide effective protection to some extent. The
experimental validation of these simulation results need to be further addressed in

future work.
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5.5. Conclusions

The layer-by-layer electrostatic assembly technique has been applied to
electrospun nanofibers and used to fabricate novel, breathable electrospun fiber-based
protection fabrics and filters for chemical and biological protection.  The
combination of LbL assembly and electrospinning techniques allows us to take
advantage of high specific surface area and high breathability of electrospun fiber
mats while simultaneously providing the versatility to incorporate different functional
polyelectrolytes to achieve bifunctional coatings for both chemical and biological
protection together. The reactive polyanion, polyhydroxamic acid, and antimicrobial
polycation, poly(N-vinyl guanidine), were synthesized. The ability of PHA to
degrade the OP nerve agent simulant, DFP, hydrolytically was demonstrated. The
PVG/PHA-functionalized fiber mats are proven to be highly breathable. DFP
degradation mediated by PVG/PHA functionalized fiber mat was found to be 60-fold
faster than that with a control fiber mat under identical conditions. Furthermore,
PVG/PHA functionalized fiber mats demonstrate potent bactericidal capability over
representative strains of E. coli and S. epidermidis when used as biological protective
fabrics. The simplicity of preparation and meaningful performance of the
functionalized fiber mats in decomposing nerve agents and bacterial contaminants,
suggest they can be readily incorporated into a new generation of breathable
self-detoxifying chemical and biological protective fabrics or filters. In addition,
LbL electrostatic coating of porous non-woven materials provides the versatility to

generate multifunctional polymer-based membrane materials for other applications.
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6.1. Research summary

Protective clothing is used widely to provide protection for military personnel and
emergency responders when they are at risk of exposure to chemical or biological
threats. Function of the protective clothing is primarily based on full barrier
protection by absorbing or blocking toxic agents. Current multilayer fabric systems
are bulky and possess low moisture vapor permeability. Extensive contamination
may occur as the absorbed toxins leave the surfaces of protective fabrics. These
challenges motivate the development of a new generation of protective clothing
system that is lightweight, breathable, and capable of selectively decomposing toxic
agents on the fabric surfaces. In this regard, an electrospun fiber-based protective
clothing system wields a lot of promise. Electrospun fabrics are remarkable for their
breathability, light weight and high specific surface area. Moreover, high surface
area of electrospun fibers allows the attachment of functional compounds to fabricate
chemical and biological detoxifying protective clothing system. Such fabrics
emerge as candidates for the next generation of chemical and biological protective

fabrics.

In this study, we aimed at developing electrospun fiber-based chemical and/or
biological detoxifying protective fabrics containing a-nucleophilic oxime moieties,
which are capable of hydrolytically decomposing toxic organophosphate chemical
nerve agents and pesticide, and/or biocides, which can act against biological bacterial

contaminants.

Modification of polyacrylonitrile (PAN) by hydroxylamine results in
polyacrylamidoxime (PAAO), the amidoxime groups of which are nucleophilic and
capable of hydrolyzing esters. Functionalized nanofiber mats were produced via
electrospinning of a suspension of PAAO blended with PAN.  The functioning of the

reactive fiber mats was tested by the esterolysis of p-nitrophenyl acetate (PNPA).
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The presence of the PAAO/PAN nanofiber mats significantly accelerated the
hydrolysis of PNPA compared to its spontaneous hydrolysis at pH ranging from 7.0 to
9.0. The effect of the fiber size on the reaction rates indicated that intra-fiber
diffusional resistances might limit the accessibility of the oxime catalytic sites inside
the fibers, and that the catalytic hydrolysis probably occurs primarily on the surface of
the oximated nanofibers. In addition, the capability of polyacrylamidoxime powders
to decompose combat organophosphate chemical warfare agents, such as soman (GD)
and VX, in the presence of moisture was demonstrated. We believe that PAAO
groups are capable of decomposing chemical warfare agents when they are present
on the PAAO/PAN nanofibers. This work demonstrates the concept of incorporation
of the o-nucleophilies into the electrospun nanofibers capable of catalytically

decomposing toxic chemicals.

In light of possible diffusional limitations observed in PAAO/PAN blend fibers,
we adopt a somewhat analogous concept of having the majority of the reactive groups
on the fiber surface by modification of prefabricated electrospun fibers.  Allocating
all of the active reactive sites on the fiber surface rather than distributing the reactive
sites in the whole volume of the fibers should improve the reactivity. Prefabricated
PAN submicron fiber mats were modified by an efficient, one-step oximation reaction,
resulting in conversion of the surfaces of the fibers into PAAO. Surface
modification strategy results in a higher density of functional amidoxime groups and
enhanced reactivity compared to the previous blending strategy, as indicated by XPS
spectra. The nucleophilic amidoxime groups on the surfaces of fibers enable the
functionalized fiber mats to hydrolytically degrade chemical warfare agent (CWA)
simulant, diisopropyl fluorophosphates (DFP), in the presence of moisture. At a
water content (C,,) of 130 wt/wt%, the DFP hydrolysis, monitored by >'P MAS NMR,
is 80-fold faster in the presence of surface-modified fiber mats than with the
unmodified PAN fibers. The reaction rate constant was observed to increase with
the amount of water in the fiber mats. The water serves as a medium to promote the

nucleophilic action of the amidoxime groups in the fibers by facilitating the proton
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transfer and stabilizing the substrate’s transition state. The simplicity of preparation
and efficiency of the functionalized, electrospun fiber mats in degrading toxic
organophosphates make them good candidates for incorporation into a new generation

of chemical detoxifying, lightweight fabrics and textiles.

To provide protection against bacterial contaminants, submicron fibers with
bactericidal properties were successfully produced by electrospinning of blends
containing cellulose acetate (CA) as a polymer base, chlorhexidine (CHX) as a
bactericidal agent, and organic titanate Tyzor™ TE (TTE) as a cross-linker. A small
amount of high molecular weight poly(ethylene oxide) (PEO) was incorporated into
the blends to facilitate the electrospinning by improving the elasticity of the solution.
A dimensionless De number, defined as the ratio of fluid relaxation time to instability
growth time, was used to characterize the spinnability of the blends. It was found
that uniform fibers were produced in the region of De > 7. The De number can
generally be utilized for prediction of spinnability of other polymer solutions. The
CHX-containing fiber meshes (CA-CHX) were cured by TTE in the presence of water
vapor, which creates covalent links between the CA and CHX. The immobilization
of CHX on or within the fibers was confirmed by FTIR, Raman and XPS
measurements. The CA-CHX fibers demonstrated bactericidal activity against
representative gram-negative E. coli and gram-positive S. epidermidis not only
through a gradual release of unbound CHX from the fibers but also via contact with
CHX bound on the fibers. In addition, antibacterial fiber mats were obtained by
post-spin treatment of the CA-PEO fibers to immobilize CHX on the fibers via
titanate linkers. The post-spin treated fibers achieved similar bactericidal efficiency
compared to that of the CA-CHX fibers electrospun from the blends, even with a
much lower CHX content. We believe that the strategies presented herein are not
limited to incorporation of CHX only, but will also enable incorporation of a wide

range of antibacterial agents such as antibiotics in/on the fibers.
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The fiber post-spin modification strategy has the advantages of higher surface
density of functional groups, enhanced reactivity and ease of implementation
compared to the blending strategy. The layer-by-layer (LbL) electrostatic assembly
technique offers another strategy by which to functionalize the surfaces of electrospun
fibers. Another advantage of LbL technique is that, by selecting appropriate
functional polyelectrolytes, one could generate multifunctional coatings on the
electrospun fiber mats. In this regard, breathable, chemical and biological
detoxifying protective fabrics are obtained via functionalization of the electrospun
fiber mats using LbL electrostatic assembly technique. The reactive polyanion,
polyhydroxamic acid, which can decompose CWA, and the antimicrobial polycation,
poly(N-vinyl guanidine), were synthesized and electrostatically assembled to generate
multifunctional coatings on prefabricated PAN fiber mats. The ability of PHA to
hydrolytically degrade the OP nerve agent simulant, DFP, was demonstrated. The
degradation rate with PHA is comparable to that of low molecular weight hydroxamic
acid compounds such as isonicotinhydroxamic acid methiodide, an efficient catalyst
in the hydrolytic degradation of OP. DFP degradation mediated by PVG/PHA
functionalized fiber mat was found to be 60-fold faster than that with a control fiber
mat under identical conditions. Furthermore, PVG/PHA functionalized fiber mats
demonstrate potent bactericidal activity against representative strains of £. coli and S.
epidermidis when used as biological protective fabrics. The water vapor diffusion
and airflow resistance results indicate that the PVG/PHA-functionalized fiber mats are
highly breathable. The simplicity of preparation and meaningful performance of the
functionalized fiber mats in decomposing nerve agents and bacterial contaminants
make them good candidates for chemical and biological protective clothing. In
addition, LbL electrostatic coating of porous non-woven materials provides the
versatility to generate multifunctional polymer-based membrane materials for other

applications.

In summary, we have successfully fabricated several reactive and/or bactericidal

electrospun fiber mats by various methods; all of the resulting fibers have been
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demonstrated to be capable of selectively decontaminating organophosphate nerve
agents/pesticides and/or bacterial contaminants. We envision utilization of such
chemical and biological detoxifying, lightweight and breathable fiber mats as key
functional components in a new generation of chemical and biological protective

fabrics, filters and masks.
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6.2. Suggestions for future work

In this work, we primarily focus on the development of functionalized
electrospun fiber mats for chemical and biological detoxifying protective fabrics.
The research work emphasizes the methodology to incorporate functional compounds
or groups on/in the electrospun fiber mats and the evaluation of these functionalized
fiber mats. We have successfully achieved these goals in this dissertation and
developed several functionalized fiber mats with good performance for chemical and
biological protection. However, little work has been done to incorporate these
functionalized fiber mats into a new generation of chemical and biological
detoxifying protective clothing system. This system will need to be evaluated in a
practical way, which involves a test of the transport properties of the reactive fiber
system besides the reactivityy. ~We have concluded some simulation work
demonstrating that our reactive fiber system will be effective to some extent still.
The experimental evaluation of the new protective system containing functionalized
electrospun fiber mats in the field needs to be addressed to validate our simulation

results.

Functioning of the reactive electrospun fiber mats containing a-nucleophilic
amidoxime moieties was demonstrated to be dependent on the amount of water
absorbed in the fiber mats. This significantly limits practical application of our
reactive fiber fabrics in an extremely dry environment, such as desert. One solution
is the incorporation of another hygroscopic compound or polymer into our reactive
fiber mats. A hygroscopic polymer in the fibers may help to absorb water from the
surrounding environment, which could enhance the reactivity of reactive amidoxime

groups in the fibers.

Post-spin modification strategy has been proven to be more effective to

functionalize the surfaces of the fibers in order to obtain reactive and/or bactericidal

162



fiber mats. Surface chemical modification and layer-by-layer electrostatic assembly
methods have been adopted to functionalize the fiber surfaces. Some other
techniques, such as chemical vapor deposition (CVD) and core-shell coaxial spinning,
could be used to obtain functionalized fiber surfaces as well. By using CVD
technique, one can directly polymerize reactive monomers to generate conformal
reactive polymer coatings on the surfaces of prefabricated fiber mats. We expect
that the functional coatings obtained in such a way will be more stable in wet
conditions compared to those made by the LbL electrostatic assembly technique.
Core-shell coaxial spinning provides another strategy to functionalize the fiber
surfaces. The functional compounds or polymers will be placed in a solution of shell
material. By selecting appropriate core materials, one could facilitate the
electrospinning and produce uniform fibers with functional groups in the shell, which

can enhance the function of fiber mats.

In this work, we only incorporated the biocides with biguanide functional groups
into our fiber mats to produce bactericidal fibers. There is a great variety of other
antibacterial agents, such as quaternary amine compounds, phosphonium compounds,
and sulfonium compounds, which could also be incorporated into the fibers for

antibacterial properties.

163



