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Objective:

There is substantial demand for antimicrobial coatings, films and fibers in medical and industrial sectors.
Bacterial infections are harmful to people and are responsible for expensive repainting jobs caused by
fouling of structures like ships, marine construction, etc. Barrier materials and coatings are used for the
protection of structures and people. Current deficiencies include lack of antimicrobial effectiveness, lack
of durability, and release of the agent into the environment. Environmental concerns stimulate the search
for better coatings/films/fibers having low release of the antimicrobial agents into the environment.
Currently used materials will not meet the expected future environmental regulations.

In this proposal, we envision a new type of waterborne polyurethane, suitable for the above mentioned
applications. The antimicrobial properties will result from incorporation of quaternary ammonium groups
covalent bonded to the polymer backbone. The expected features of these polymers are a relatively high
stability, and good antimicrobial properties. The work proposes the synthesis of polyurethanes, dispersal
into water, formation of films, evaluation of film properties, and testing the antimicrobial performance.
If successful, the results will be used as preliminary data for the preparation of a proposal for submission
in a nationally competitive grant process.

Relevance to The Polymer and Fiber Engineering Department Mission:

The proposal includes polymer synthesis, fabrication of polymeric film, and testing of a product in a application for
which there is significant demonstrated need as well as commercial potential. All of these activities fit within the
mission of the Department of Polymer and Fiber Engineering.

State of the Art:
There are specific problems that are addressed in this proposal.

1) There is a consistent need for barrier materials (coatings/films/fibers) that will protect people and
materials biological agents, and perhaps some toxic chemicals. These materials find application in the
medical field, military, hazardous waste materials, structural applications (paints and coatings), etc.
Finding hand-protection materials (elastomeric gloves) that provide protection, while at the same time
allowing performance of tasks requiring dexterity and tactile sensing is a particular challenge.

2) Natural rubber latex, precipitated onto hand molds has been the material of choice for both
medical worker’s gloves and condoms. A growing number of people are becoming allergic to the protein
surfactants used by the rubber tree to maintain the latex emulsion, and so newer synthetic elastomers are
increasing in use.

3) An elastomeric film with antimicrobial and antiviral properties (and perhaps destructive of some
highly reactive chemicals) would be a welcome addition to the arsenal of protective clothing. It would
also be of considerable value if the film could be manufactured from a water dispersion of polymer rather
than from a solution in a volatile organic solvent (VOC).

4) Elastomeric, environmental safe polyurethanes, suitable for preparing films, fibers, membranes
and coatings, that do not contain a high proportion of volatile organic solvents, might be the materials of
choice for such applications.

5) Due to environmental concerns, antimicrobial polymers should have agents that cannot be released
into the environment. An interesting alternative to the existing systems may be to develop coatings
containing polymeric antimicrobial segments which are effective, but which are not easily released into
the environment. Such coatings could combine greater efficiency with lower environmental impact in
applications ranging from biomedical to painting.

6) The ability to modify the properties of polyurethanes means that they can be tailored to serve in a
variety of applications from elastomers, to hard, scratch-resistant coatings and paint. The tailoring of
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properties is simple in concept, but considerable art must be developed to produce and demonstrate the
use of antimicrobial, water-dispersable polyurethanes in these applications..

The proposed work is to synthesize water-dispersable, environmentally-safe polymeric materials
(polyurethanes) with biocidal surface-active group bonded to the polymer backbone. Subsequently, the
polyurethane emulsion will need to be coated on a mold, or in the case of coatings, painted/sprayed on a
surface. Upon drying, a strong, flexible elastomeric film is expected, but not guaranteed. Initially, the
antimicrobial functionality will be a polymeric quaternary amine, which will be a part of the polyurethane
structure. The quat functionality will also likely increase the water dispersability of the polymer.
Subsequently, we would propose to incorporate a nitrogen heterocycle which could be converted to a
halamine, which will insure a faster kill and would add activity against viruses and chemicals. The
halamines have been shown to inactivate viruses, as well as some of the reactive, easily-oxidized
compounds that have used in chemical warfare.

Significance of the proposed research: challenges

Why Waterborne polyurethanes? PUs have been used in many industrial applications such as: coatings
biomedical applications, glass fiber sizing, textile adhesives, automotive and marine paintss, films for
packaging, gloves, etc. [1]. Conventional PU resins systems are diluted in volatile organic solvents
(approximately 40-60% by weight). The wide property range available in PU’s allows multiple uses, but
there is considerable pressure from the coatings industry and environmental legislation for low organic
solvent content. The use of waterborne resin systems is used to meet the increasing concern for health,
safety and the environment [1-2]. Central to the utilization of polymers in aqueous media is the fact that
certain polar functional groups (usually carboxylic acids or tertiary amine groups) can conferr water
solubility or water dispersibility to a water insoluble PU. The concentration of such functional

groups in the polymer is important in determining the solubility or dispersibility in an aqueous
environment. Thus, at high concentrations of quat, the polymer may be water soluble, and at low
concentrations the polymer may be water dispersible. As a result, aqueous polymer systems with a wide
range of different morphological and physical characteristics can be obtained, depending on the synthetic
routes used for preparation. During the past years, both Dr. Broughton, and Dr Auad’s research groups
have examined the synthesis and properties of solvent based PU systems [3-5].

Why Quaternary ammonium compounds (QACs)? How does QAC destroy microorganisms?
R Quaternary ammonium compounds consist of a nitrogen cation with four
2 covalently-bound alkyl groups and a halogen counter ion (Figure 1).

/' \ Figure 1 - Chemical Structure of Quaternary ammonium compounds.

Two molecular groups are needed for QACSs’ activity: a cationic group and

A =Halogen (Cl, Br. 1) | 3 nonpolar alkyl chain with at least 8-16 carbons [5]. These two groups are
responsible for the bactericidal activity of QACs, which is based on disruption of bacterial cell
membranes. This causes the cytoplasm to leak from the cell, and disrupts the cell metabolism. There is
some indication that recurring quaternary groups along a polymer chain may function well, even with
smaller alkyl chains attached.

Two main approaches have been developed to make antimicrobial coatings: a) a molecular biocide is
simply added to a classical binder. It becomes active by migrating out of the polymer matrix, b) a biocidal
compound is grafted to a polymer by a bond sensitive to hydrolysis [5-6]. In both cases, the biocidal
activity depends on the liberation of the biocide in the environment, resulting in a progressive loss of the
activity with time, and an environment hazard (biocides are frequently toxic). The proposed approach is a
covalent attachment between the biocidal group and polymer that will not be cleaved by environmental
conditions and which will show consistent antimicrobial activity with time (Figure 2).

During the past years, Dr. R. Broughton, Dr. S.D.Worley and Dr. T. S. Huang have been involved in the
development of N-Hamine based protective materials. They have strong background in antimicrobial
compounds, antimicrobial testing and protective materials [7-9]. Dr. Auad has been active in the
synthesis and property measurement of polyurethanes.
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Figure 2: Functioning of the PU coatings/films (a) and the antimicrobial activity of the coating (b).
Approach and Mid-Project Review Goals:

During the one year of this effort, we will conduct the necessary research needed to design and synthesize
a new waterborne PU/antimicrobial coating. During this period we will produce at least one research
grant proposal to be submitted to NSF, NIH, etc. The project will involve three tasks:

1 - Synthesis of waterborne polyurethane. Waterborne segmented PU consisting of soft amorphous
segments and hard crystalline segments will be synthesized. The hard segments will be formed by
reacting 1,4-butanediol and 4,4’-methylenebis (phenyl isocyanate) and the soft segments from
poly(oxytetramethylene glycol). Polar functional groups (carboxylic acids or tertiary amine groups) will
be incorporated into the PU structure, conferring water solubility or disperssibility. The procedure will
allow the manipulation of the thermal and mechanical performance of the PU via altering: a) the
molecular weight of the soft segments, b) the mole ratio between hard and soft segments, and c) the
nature of the soft and hard domains, d) the nature and amount of the polar group. This will allow selection
of formulations with desirable properties (flexibility, barrier properties, tear strength, etc). [1*. Period — 4
months]

2 — Synthesis of quaternary ammonium (QAC) based PU. This task is the synthesis of PU with
guaternary ammonium compounds incorporated in the PU. We will replace all/part of the hard crystalline
segment of the PU by di-hydroxyl terminated amide (i.e. N,N-bis(2-hydroxyyethyl) isonicotinamide).
This chemical with provide both biocidal activity and the polar functional groups in order to conferring
the PU water solubility. The variables will be studied systematically: a) concentration of QACs
(important parameter controlling the bioactivity and water solubility), b) influence of the PU chemistry
(aliphatic chain length and type of isocyanate, c) ability to form a film. [2". Period — 4 months]

3- Test the antimicrobial properties in the final material. This task is to study the efficacy of the final
materials in disrupting the cell membrane of bacterial cells. The antibacterial properties against Gram-
positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa, and E. coli) bacteria will
be evaluated using recoverability from the surface and serial dilution on agar plates. Different contact
times and temperatures will be evaluated. Scanning electron microscopy will be used to assess damage to
the cell wall of bacteria. [3". Period — 4 months]

Outreach to Industry:
Results will be disseminated to industry through normal scientific meetings and through direct contact
with individual companies that are already active in the development and sale of antimicrobial products.

New Resources Required:

We expect to spend part of the money of this proposal in the following equipment: 2 inch melt blowing
attachment to extruder, FTIR microscope, contribution to chaotic mixer, vacuum oven, precision balance,
pH meter.
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