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ABSTRACT

Polyelectrolyte complexes (PEC) are composites of two or more polyelectrolytes,
that when processed appropriately, can create thin films. These films can have a wide
array of properties and can serve to functionalize a wide variety of surfaces. This
dissertation discusses the functionalization of polymeric surfaces with polyelectrolyte
complexes. The layer-by-layer assembly method was used to sequentially build up the
PEC on the substrate. This process generally requires several steps to manufacture a film
of sufficient thickness and/or surface coverage. In an effort to reduce the number of
processing steps to form PEC thin films, development of a single step deposition method

was also developed.

Halloysite-based multilayer composites were found to significantly reduce the
flammability of polyurethane foam. There was a 60% reduction in the peak heat release
rate and total smoke release, and coated foam self-extinguished in open flame testing.
This coating worked by forming a physical barrier that reduces heat and mass transfer
during combustion, eventually leading to the flame extinguishing. Because of the
environmentally-benign nature of the ingredients used, this coating provides a safe

alternative to traditional flame retardant materials.

Polyelectrolyte complex multilayers were applied to polyester fabric and
bacterial adhesion was significantly reduced after a simple water rinse. >99% of
deposited bacteria was removed after rinsing. Bioluminescent Staphylococcus aureus

was used to evaluate viable bacteria on the fabric surface. Electrostatic repulsion



between the negatively charged surface and the negatively charged bacteria combined
with increasing surface roughness is believed to be the reason for reduced bacterial

adhesion.

Polyelectrolyte complexes were deposited to polyester fabric and film in a single
step. Film structure and morphology are dependent on how the film is cured (i.e.
formation of electrostatic network). Rough aggregated films were found to form when
the coating is cured while it is still wet on the substrate surface, and is ideal for coating
complex substrates (e.g. fabric). This coating was found to reduce bacterial adhesion and
>95% of deposited bacteria is removed after a simple rinse with water. When the PEC
coatings are cured after the film is dried to the surface of the substrate, a conformal
relatively smooth coating is formed, and when applied to PET film, reduces oxygen
transmission by two orders of magnitude. The transparency of this coating was found to
be dependent on the concentration and ionic strength of the buffer in which the films are
cured. These processes significantly reduce processing steps required to deposit films

with similar properties using layer-by-layer.
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NOMENCLATURE

AFM Atomic Force Microscopy

ATR-FTIR Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

BL Bilayer

BPEI Branched Polyethylenimine

HNT Halloysite

LbL Layer-by-layer

OTR Oxygen Transmission Rate

PAA Poly(acrylic acid)

PDDA Poly(diallydimethylammonium chloride)
PEC Polyelectrolyte Complex

PET Poly(ethylene terephthalate)

pkHRR Peak Heat Release Rate

PM Polyelectrolyte Mixture

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analysis

TSR Total Smoke Release

UV-Vis Ultraviolet-Visible Light Spectroscopy
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CHAPTER |

INTRODUCTION
1.1 Background

Polyelectrolyte complexes (PEC) deposited using layer-by-layer (LbL) assembly
have been broadly developed to deposit thin films on a variety of surfaces. Coatings can
be applied in ambient conditions and rely on complimentary interactions (e.g.
electrostatic, hydrogen bonding, etc.) to sequentially build thin PEC films, which don’t
adversely affect the desirable properties of the substrate.'* Coatings can be deposited by
exposing the substrate to solutions using dipping,*® spraying,®® and spin coating.1%?
Materials for these composites can included polymers,34 clays,® *° nano-particles, -
dye molecules,'®*° graphene oxide,?*?! and carbon nanotubes.* 22 A few of the
properties of LbL films include: gas barrier,?>? anti-reflection,?%-% super
hydrophobicity,*6-" anti-corrosion,® 22! flame retardancy,?°° and reduction of bacterial

adhesion.31-32

Polyurethane foam (PUF) is widely used in the transportation, packaging, and
furniture industries. PUF is also highly flammable and during combustion exhibits melt
dripping and high heat release rates, both of which contribute to flame spread in a
structure fire. Polyurethane decomposes into toxic diisocyanates that contribute to high
smoke toxicity and deaths by asphyxiation.®3-** From 2006-2010, 19% of all home fire
deaths and $427 million annually in property damage stemmed from upholstered

furniture (containing PUF).* Manufacture of flame retardant foam typically incorporates



halogenated compounds, which successfully reduces the danger of PUF in a fire
scenario.3®3 Despite their efficacy, these compounds have come under scrutiny due to
suspected adverse effects on human and environmental health.3"-%° Efforts have been
made to reduce their use in furniture to limit personal and environmental exposure.*®-4
LbL-assembled coatings have proven to be effective at reducing the flammability of
PUF.2%-%0 polymer-only coatings have been evaluated,*>*® but the most effective and
developed are coatings using clay fillers.*’>* These act by forming physical barriers that
reduce heat and mass transfer during combustion. Recently, fillers with tube-
morphology have been investigated.>>® These materials create a similar physical barrier
to clay-containing coatings, but also significantly reduce smoke release during

combustion.

Bacterial attachment to surfaces leads to the formation of large bacterial colonies
(biofilms) surrounded by an extracellular network that provides structural support and
protection from outside influences.>” Surface-attached biofilms can lead to medical
device failure (e.g. catheters, contact lenses, textiles, and implanted devices).%8>°
Biofilm formation can also lead can also lead to dangerous infections.®%-%2 There is an
immense body of research focused on modifying various surfaces to reduce bacterial
adhesion. PEC deposited using layer-by-layer assembly has been shown as a versatile
method for combatting bacterial adhesion.!-*2 The two main strategies for reducing
adhesion are by modifying the surface to reduce favorable interactions,®** or by
creating a surface that kills the bacteria either by releasing bactericidal agents,”> or by

direct contact.8%-100



1.2 Dissertation Outline

Chapter Il discusses the properties and applications of polyelectrolyte complexes.
Layer-by-layer assembled thin films, which reduce the flammability of polyurethane
foam and reduce bacterial adhesion are highlighted. Additionally, other deposition

techniques of PEC thin films as an alternative to LbL are discussed.

Chapter 111 investigates a polyelectrolyte nanocomposite coating using
environmentally benign halloysite (HNT) clay to reduce the flammability of
polyurethane foam. Deposition of polyelectrolyte stabilized HNT using LbL is
investigated. The flame retardant efficacy is evaluated and the composition of the

coating after burning is evaluated to elucidate flame retardant mechanism.

Chapter IV explores polyelectrolyte complex coatings to reduce bacterial
adhesion to polyester fabric. The effects of morphology and surface wetting are
evaluated as a function of deposition cycles. The antifouling is quantified using a

bioluminescent assay that can detect living bacteria on the fabric surface.

Chapter V highlights an improvement upon the LbL process by depositing PEC
thin films in a single step. Thin film properties are evaluated as a functions of processing
parameters, and based on how these films are processed, different properties are
explored. Films were evaluated to effectively reduce bacterial adhesion, while the same
PEC deposited in a different manner proves to be effective at reducing oxygen

transmission through a polyester film.



Chapter VI provides concluding remarks and outlines topics of future research.
Improvement of various properties of PEC films is also discussed. Oxygen barrier films
can be improved by studying and optimizing the charge compensation within a deposited
PEC. Flame retardant coatings for blended fabrics can be improved by modifying amine-
containing polymers with melamine. Coatings that reduce bacterial adhesion can be

more effective by incorporating ionic bactericidal agents during PEC formation.



CHAPTER II

LITERATURE REVIEW"
2.1 Polyelectrolyte Complexes

Macromolecular in nature, polyelectrolytes exhibit some degree of charge
density depending on monomer chemistry and the environment.9-192 Polycations are
usually amine-based, and, depending on pH, can adopt a positive charge in aqueous
media and are considered weak polyelectrolytes (e.g. branched polyethylenimine
(BPELI), poly(vinyl amine) (PVA), etc.). Quaternary ammonium species in polymer
systems are considered strong polyelectrolytes due to lack of charge density dependence
on pH (e.g. poly(diallydimethylammonium chloride) (PDDA)). Polyanions are more
varied, but typically contain of polycarboxylates, sulphonates, or phosphates (e.g.
poly(acrylic acid) (PAA), poly(styrene sulfonate) (PSS), and sodium hexametaphosphate
(PSP) respectively). Depending on the pKa of the side group, polyanions can be either
weak or strong polyelectrolytes (e.g. PAA and PSS, respectively) in aqueous
environments. These polyelectrolytes often have good solubility in water, making them
ideal candidates for environmentally-friendly polymer coating systems. Of particular
interest are the interactions of oppositely charged polyelectrolytes mixed in aqueous

media. Figure 2.1 shows several examples of polycations and polyanions.

* Reprinted with permission from Smith, R. J.; Holder, K. M.; Ruiz, S.; Hahn, W.; Song, Y.; Lvov Y. M.;
Grunlan, J. C. Environmentally-benign halloysite nanotube multilayer assembly significantly reduces
polyurethane flammability. Adv. Funct. Mater. 2017, 1703289. Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA.
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Figure 2.1. Examples of polycations and polyanions.'®* Adapted with permission from Bertrand,
P.; Jonas, A.; Laschewsky A.; Legras R. Ultrathin polymer coatings by complexation of
polyelectrolytes at interfaces: suitable materials, structure, and properties. Macromol. Rapid
Commun. 2000, 21, 319.

Polyelectrolyte complexation occurs along a spectrum depending on pH and salt
concentration, as shown in Figure 2.2.1%® Complexes between two polyelectrolytes can
form dense liquid-like coacervates,*® or an insoluble solid precipitate.’%® Coacervates
are viscous fluids of loosely interacting and highly hydrated polyelectrolytes. They were
first explored in 1929 where their formation, and reaction conditions (including pH and
ionic strength) were explored, but there was little evaluation of the coacervate
products. % 1% Coacervates are formed when the ideal amount of salt is introduced to a

polyelectrolyte complex mixture. This causes shielding of the coulombic interactions



and the polyelectrolytes loosely associate with one another. Since there is no expulsion
of small ions and water, a solid complex does not form, the coacervate remains hydrated,
leading to a viscous liquid-like substance.” Coacervates can be formed between two
strong polyelectrolytes such as PDDA and PSS by introducing salt.1%3 1% Mixtures of
strong and weak polyelectrolytes through, a combination of pH and ionic strength
control (e.g. PAH and PAA), can also lead to coacervates and their viscosity can be
tuned with salt content and pH.2%%-111 Coacervates can also be observed as microscopic
phase separations, which will coalesce into a macroscopic, two phase system with time
and elevated temperature.!'? Fu et al. found that different polyion pairs vary in their
association strength based on the concentration of KBr needed to dissolve the formed
PEC.1%2 They found that more hydrated polyanions like PAA have weaker interactions
and are better suited for coacervate formation. Conversely strongly interacting
polyelectroltyes like PAH and PSS form strong/glassy complexes that are more resistant
to added salt. Since coacervates behave like a liquid, there is significant potential to

develop methods to deposit them as functional polyelectrolyte complex (PEC) thin films.
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Figure 2.2. Polyelectrolyte complex composition as a function of salt concentration (a).
Schematic of PEC phase compositions with increasing salt concentration (b).1% Adapted with
permissions from Wang, Q.; Schlenoff, J. B. The polyelectrolyte Complex/Coacervate
Continuum. Macromolecules, 20141b 47 (9), 3108. Copyright 2014 American Chemical
Society. https://pubs.acs.org/doi/abs/10.1021/ma500500q Further permissions related to the
material excerpted should be directed to the ACS.

The first evaluation of an insoluble polyelectrolyte complex was reported in
1949, where the turbidity was measured of different suspensions of polyacrylate and

poly-4-vinyl-n-N-butylpyridonium bromide complexes. % Electrostatic interactions

between polycations and polyanions form PEC’s which can be insoluble solid materials

or suspended microparticles, depending on ionic strength and mixing ratio.!!? These
interactions between macromolecules are favored due to the large entropic gains from

small counterion and water expulsion during complexation.*'® Formation of complexes

can be exothermic or endothermic depending on pH'* and salt concentration.!*> Alonso

et al. found that PDDA and PAA complexation became more endothermic as the pH of

PAA increased.'* PAA undergoes more hydration with increasing pH and water
coordination with carboxylate groups needs to be disrupted in order for the complex to

form. Usually the stoichiometry of the complexed repeat units is 1:1, but studies have

shown that this ratio can be changed with added salt, changing the order of mixing, and


https://pubs.acs.org/doi/abs/10.1021/ma500500q

differences in molecular weight.!** 116117 As functional thin films, polyelectrolyte
complexes have a myriad of uses, but deposition of premade complexes is very difficult
due to their insoluble nature in agueous media.!!*® The following section will outline the

deposition of PEC thin films using layer-by-layer assembly.

2.2 Layer-by-Layer Deposition of Polyelectrolyte Complexes

The most well established method for depositing polyelectrolyte complex thin
films is layer-by-layer (LbL) assembly. First reported by ller at DuPont in 1966, it was
suggested that thin films could be assembled on substrates using sequential deposition
cycles with oppositely charged colloidal particles.'*® It was observed that discrete
thickness increases could be achieved with increased deposition cycles. The technique
didn’t gain traction until 1992 when Decher reported the assembly of oppositely charged
polyelectrolytes.*?® These films were also found to withstand water rinsing, stay
relatively smooth during deposition, and were optically transparent. These LbL
deposited polyelectrolyte complexes have garnered significant study over the last 30
years.

Layer-by-layer assembly is a relatively simple and environmentally benign
technique (usually water-based) in which a substrate is alternately and sequentially
exposed to materials with complimentary interactions to sequentially form a PEC.3 A
typical deposition starts by adapting substrate to the surface to promote polyelectrolyte
adsorption (generally through imparting surface charge). The prepared substrate is then

exposed to a polyelectrolyte with the opposite charge of the surface. The polyelectrolyte



adsorbs to the surface, usually through electrostatic and van der Waal’s interactions. The
loosely adhered/excess polyelectrolyte is typically rinsed and dried (although this isn’t
always necessary). The substrate is then exposed to a polyelectrolyte of opposite charge.
The oppositely charged polyelectrolyte adsorbs through electrostatic interactions and
through the entropic gains from the exclusion of small counterions and water. This
constitutes the formation of one bilayer (BL) and the process is repeated until the desired

thickness is achieved. Figure 2.3 highlights this process schematically.

Substrate

Substrate

Figure 2.3 Schematic of layer-by-layer assembly.

Substrate exposure can consist of dipping,®® spraying,5° and spin coating.'%*?
The vast majority of these interactions are electrostatic in nature, but other

complimentary interactions can be used, such as hydrogen bonding.*?*1?2 The chemistry
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of layering materials is diverse and film properties (e.g. thickness, transparency,
roughness etc.) can be tailored by changing temperature, 123124 pH,3: 125126 |t
concentration (i.e. ionic strength),27-128 and buffering capacity.'2°1*° Coating materials
aren’t restricted to just polymeric materials, clays,” 1°> nano-particles,**1" dye
molecules,*®*° graphene oxide,?°?! and carbon nanotubes,* 2 among others, can all be
used to construct these nanocomposite coatings. These systems are not restricted to just
bilayer assemblies. Trilayer'® 31132 and quadlayer* 132 assemblies can be constructed,
incorporating many chemistries into the final composite coating. Because of the
flexibility of the LbL technique there are a wide array of properties and substrates that
can be modified. A few of the properties of LbL films include: gas barrier,232 anti-
reflection,?28 super hydrophobicity,'®1” and anti-corrosion.® 122! The following
sections will highlight research focusing on multilayer assemblies that impart flame
retardancy to polyurethane foam, and polyelectrolyte complex coatings that reduce

bacterial adhesion.

2.2.1 Layer-by-Layer Flame Retardants for Polyurethane Foam

Polyurethane foam (PUF) has many desirable properties (e.g. flexibility, strength,
cost, etc.) and is widely used in the transportation, packaging, and furniture industries.
PUF is also highly flammable and during combustion exhibits melt dripping and high
heat release rates, both of which contribute to flame spread in a structure fire. The
polyurethane decomposes into toxic compounds (diisocyanates) that contribute to high

smoke toxicity and deaths by asphyxiation.®*** From 2006-2010, 19% of all home fire
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deaths and $427 million annually in property damage stemmed from upholstered
furniture (containing PUF).®* Manufacture of flame retardant foam typically
incorporated halogenated compounds, which successfully reduced the danger of PUF in
a fire scenario.®3" These halogenated agents form halide radicals that abstract hydrogen.
The resulting hydrogen halide reacts with hydrogen or hydroxyl radicals in the gas phase
that form hydrogen or water, respectively. This reaction acts to limit the combustible
gasses in the flame zone and eventually halts the spread of the fire.134135 Despite their
efficacy, these compounds have come under scrutiny due to suspected adverse effects on
human and environmental health.®3® To help reduce the use of these materials in
furniture, the California 117B safety bulletin removed the requirements that PUF in
furniture needed to resist an open flame.*%#* While the intentions of minimizing the
impact on the environment and human health are good, open flame ignition of
upholstered furniture still contributes significantly (either as an ignition source or as a
source of flame spread) in ~1/3 of structure fires.®® As a result, there is a need to develop

more environmentally-benign solutions to combat PUF flammability.

Due to its complex geometry, applying a uniform coating to the surface of
polyurethane foam is difficult. Layer-by-layer assembly can overcome these difficulties
by applying conformal coatings directly to the surface of PUF without impairing the
inherent characteristics of the foam (e.g. porosity). LbL coatings have been employed to
reduce PUF flammiblity.?%° Laufer et al. prepared multilayers of chitosan (CH) and
poly(vinyl sulfonic acid sodium salt) (PVS). This coating, during combustion, degrades

to form SOz gas and dilutes/displaces oxygen in the gas phase, slowing combustion and

12



leading to self-extinguishing behavior.*? This coating also prevents melt dripping and
shows extensive char formation on the surface. Carbohydrate containing coatings are
suspected to lead extensive char formation during combustion, which usually shows a
significant reduction in the peak heat release rates. This was demonstrated by Wang et
al. who used CH and sodium alginate multilayers to reduce the peak heat release rate
(PkHRR) by 66%. This coating is also a good example of an environmentally and
health-friendly coating as it is composed of two naturally abundant and safe
polysaccharides. Insulating char can also be formed using an intumescent composite
coating. Carosio et al. has developed several of these systems, utilizing CH and various
phosphorous containing polymers.*-¢ Due to char formation, these coatings typically
reduce pkHRR, but do little to preserve the underlying foam and in one case increased
the total smoke released during combustion.** However they were able to demonstrate
the deposition of 2 BL in 2.5 seconds,*® which if applied correctly and with a more
efficient flame retardant system could improve the commercial appeal of the LbL

process to flame retard PUF (Figure 2.4).
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Figure 2.4. Schematic of rapidly deposited FR multilayers onto polyurethane foam. Processes
like this highlight the commercial feasibility of the layer-by-layer process.*® Adapted from
Carosio, F.; Alongi J.; Ultra-fast layer-by-layer approach for depositing flame retardant coatings
on flexible PU foams within seconds. ACS Appl. Mater. Interfaces, 2016, 8 (10), 6315.
Copyright 2016 American Chemical Society.

Incorporating clay platelets into a multilayer assembly has proven an effective
method for reducing the flammability of polyurethane foam. Laufer et al. was the first to
explore this concept by combining CH with montmorillonite (MMT) clay.*” 10 BL
reduced pkHRR by 52%, prevented any melt dripping and preserved the interior of the
foam. This coating is also completely from naturally abundant sources. A separate
studied showed that increasing clay composition during deposition improved flame

retardant properties.*® The same study highlighted the durability of these coatings by
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showing only a marginal reduction in flame retardant properties after compression
testing. These coatings act by creating a clay-rich char layer on the surface of the foam
that acts as a physical barrier, shielding the inner portion from heat and prevents
combustion. Cain et al. highlighted the importance of char formation by incorporating
PSP into trilayers with PAH and MMT (Figure 2.5).%® Compared to the CH/MMT
coating, PAH and PSP can promote char formation, while the MMT provides a
physical/thermal barrier and required less coating to reduce the pkHRR by 55%. This
study showed the synergy between intumescence and clay leading to increased char
formation and better flame retardant properties. This combination of materials was
expanded by Holder et al. by combining 4 bilayers of CH and vermiculite (VMT) with
20 bilayers of CH and ammonium polyphosphate (APP).>° CH/APP by itself forms a
char during combustion through intumescence, but due to the underlying polyurethane
foam collapsing, the char collapses as well due to lack of support from the substrate. The
clay coating by itself behaved similar to other clay-containing coatings by preserving the
interior of the sample during an open flame test. When the two are combined, the
resulting coating almost completely resists an open flame and reduces in the pkHRR by
66%. This is due to the underlying VMT-based coating providing structural support for
the intumescent char to successfully form. This coating has two drawbacks: the number

of processing steps and the increased smoke released from the intumescent coating.
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Figure 2.5. Cross section photograph of 10 PSP/PAH/MMT TL on PUF (left). SEM images of
coated foam after burning (right).*® Reproduced with permission from Cain, A. A.; Nolen, C. R;;
Li, Y.; Davis, R.; Grunlan, J. C. Phosphorous-filled nanobrick wall multilayer thin film
eliminates polyurethane melt dripping and reduces heat release associated with fire. Polym.
Degrad. Stab. 2013, 98 (12), 2645. Copyright 2013 Elsevier Ltd.

Due to the success of these clay-based coatings, efforts to reduce the number of
processing steps have been made to improve the industrial feasibility of LbL-assembled
flame retardants. Kim et al. coated a full-size chair with 2 BL of a MMT-based
coating.> Not only was there a significant reduction in the pkHRR, there was no melt
dripping, and the original shape was maintained with significantly reduced processing
steps (Figure 2.6). This highlights an important aspect of these flame retardant
treatments (i.e. they will not keep objects from burning in a structure fire), but they will
reduce the spread of a fire, providing more time to escape safely. Cain et al. was able to
reduce processing steps by depositingl BL of BPEI and VMT, which significantly

reduced pkHRR and TSR (54% and 31% respectively) and prevented melt dripping.® It
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was suggested that this significant improvement with VMT is due to a larger aspect ratio
than MMT, creating a more efficient thermal barrier and reduced mass transfer during

combustion due to fewer gaps between platelets.
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Figure 2.6. Images of full a scale LbL coated foam chair (top) that burns less than an uncoated
chair (bottom).5! Adapted with permission from Kim, Y. S.; Li, Y.; Pitts W. M.; Werrel M.;
Davis, R. D. Rapid growing clay coatings to reduce the fire thereat of furniture, ACS Appl.
Mater. Interfaces, 2014, 6 (3), 2146. Copyright 2014 American Chemical Society.

Patra et al. developed a one bilayer boehmite (BMT) and VMT coating that
prevented melt dripping and reduced pkHRR and TSR by 50%.°® The alumina hydrate in
BMT undergoes an endothermic dihydroxylation, which absorbs heat during combustion
and leaves behind insulating aluminum oxide. Layered double hydroxides (LDH) were
compared to MMT in films containing BPEI and PAA.>* LDH-containing films

decreased the pkHRR by 10% relative to MMT-containing films. LDH also undergoes
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an endothermic dehydration, suggesting this mechanism can significantly reduce heat
release rates in a flame retardant composite. Aluminum hydroxide based “cooling” FR
coatings were further investigated by Haile et al. by introducing aluminum trihydrate
(ATH) into a LbL assembled film.2*® Incorporation of ATH lead to self-extinguishing of

foam during torch testing and a 64% reduction in the pkHRR.

Aside from clay platelets, other nano-fillers have been used in FR multilayers for
PUF (nanotubes are of particular interest). Pan et al. assembled CH, alginate (AL), and
titanate nanotubes in trilayers (TL) on the surface of PUF.> 6 TL reduced the pkHRR by
70% and the TSR by 41%, while only adding 5.7wt% to the sample. Analysis of the
pyrolosis products using FTIR showed no difference between uncoated and coated
samples, suggesting the TNT acts as physical barrier to prevent heat and mass transfer.
Carbon nanotubes (CNT) have also been incorporated into multilayers for flame
retardation.>® 6 BL of pyrene-modified BPEI/PAA-stabilized CNT reduced the pkHRR
by 67% and TSR by 80%. This study was also significant because at 9 BL, it is the only
example of coated foam self-extinguishing during vertical flame testing (VFT). It was
suggested that the CNT acts as a foundation for char formation, creating a thermal
insulating barrier. It was also suggested in both studies that the fillers with tubular
morphology absorb pyrolysis products and combustion products, which help limit
combustion and reduce smoke release. TSR was reduced by 31% in TL assemblies of
CH, AL, and graphene oxide (GO).**” Materials with tubular morphology add another
dimension of fire safety by reducing smoke and heat release. It would be interesting to

see if there is a synergistic effect with coatings containing both platelets and tubes.
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2.2.2 Layer-by-Layer Coatings to Reduce Bacterial Adhesion

As one of the oldest living organisms on the planet, bacteria have had millions of
years to adapt to adverse environments in order to survive and reproduce. In many cases
this is achieved through attachment to surfaces. Attachment leads to the formation of
large bacterial colonies (biofilms) surrounded by an extracellular network that provides
structural support and protection from outside influences.%’ Surface-attached biofilms
can lead to decreased utility of medical devices (e.g. catheters, contact lenses, textiles,
and implanted devices).%®>° Not only can device efficacy be reduced, but dangerous
infections can occur as a result of biofilm formation.®-%2 It should be noted that there are
cases where bacterial adhesion is desired,*3 including sewage treatment**® and biofuel
production.*® As a result, there is an immense body of research focused on modifying
various surfaces to reduce bacterial adhesion. Zhu et al. and Séon et al. recently prepared
reviews highlighting several of the common strategies using LbL films to fight bacterial

adhesion/colonization.31-32

Bacteria range from 0.2-5 um in size and can be treated like colloidal particles
when examining their interactions with surfaces. Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, which is generally used to describe these interactions, applies to
bacterial surface attachment. Bacterial adhesion to a surface is a typically a two stage
process.'** Basic DLVO theory describes the first stage as initial attraction to a surface
through a combination of van der Waal’s (always attractive) and coulombic (attractive or
repulsive depending on surface charge) forces. During this stage, bacterial cells are still

mobile and can undergo Brownian motion and adhesion is reversible. If the only
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considerations being made are van der Waal’s and electrostatic interactions, DLVO
theory does an adequate job of predicting bacterial adhesion (Figure 2.7a),'42 but Lewis
acid and base interactions (usually in the form of hydrogen bonding)'*® and
hydrophilicity (through surface hydration)!44 of the surface play significant roles in
predicting bacterial adhesion. As a result, DLVO has been modified to encompass these
energies and can often reliably predict/explain the factors for bacterial adhesion. It has
also been suggested that a conditioning layer can contribute to adhesion to a surface.'®®
15 This layer is described as the accumulation of particles, organic and inorganic
molecules, or anything else present in solution. This accumulation is driven by gravity or
Brownian motion and can affect the nature of the bacterial interactions with a surface by
changing the conditions considered in a DLVO model. Regardless of the factors
considered, the mechanism of bacterial adhesion is exceedingly complicated, and the
individual contributions of individual factors (e.g. surface charge, hydrophilicity, etc.)
towards adhesion in multifaceted treatments are not well understood.**® Since this stage
of adhesion is reversible, modifying a surface to decrease favorable interactions is a

common strategy to prevent permanent adhesion.
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Figure 2.7. Two stage adhesion process of bacteria.**®® Adapted from Hori, K.; Matsumoto, S.
Bacterial adhesion: from mechanism to control, Biochem. Eng. J., 2010, 48 (3). 424. Copyright
2010 Elsevier Ltd.

Device failure from bacterial fouling requires colonies to be permanently adhered
to the device surface. In order for this to occur, bacterial cells need to get into close
proximity to the surface. Surfaces that facilitate hydration layer formation, or
electrostatic repulsion, can be effective at preventing this, but bacteria can use pili (nano
fiber appendages) to anchor themselves to the surface (Figure 2.7b).2*” Pili can range
from nanometers to microns in length, and consist of several protein subunits and often
act as adhesins, which help facilitate bacterial adhesion to both biological and non-
biological surfaces.**® They can also promote bacterial motility and aid in the positioning
between a bacterial cell and a surface (e.g. flagella).**° Interactions between pili and a
surface can be covalent or non-covalent and are highly dependent on surface chemistry
and bacterial species.'®1% To a lesser extent, the secretion of exopolysaccharides (EPS)
can influence adhesion to a surface through non-covalent interactions, but these secreted

films also provide protection, and cohesion in a biofilm.'%2% Once bacteria is firmly
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anchored to a surface, accumulation begins through cohesion, which eventually leads to
biofilm formation and device failure.>® Permanent adhesion is a multifaceted process
which still requires significant effort to overcome (often with the use of bactericidal

agents).

LbL- assemblies can be deposited to alter the surface
hydrophilicity/hydrophobicity to create non-adhesive surfaces. Filtration membranes are
especially susceptible to biofouling, which causes the membranes to operate
inefficiently. LbL has been used to make the surface charge negative and increase the
hydrophilicity, to reduce the bacterial adhesion to the surface of the membrane and other
surfaces.%%% Tang et al. deposited PAH/PAA multilayers on polysulfone membranes,
that removed 99% of deposited bacteria (E. coli) with two 10 minute rinsing cycles of a
NaCl solution.®* It was suggested that the PAA on the surface increased the
hydrophilicity and imparted a negative surface charge which limited direct interaction
between the membrane and bacteria through electrostatic repulsion and the formation of
a hydration layer. LbL assemblies can also be made hydrophobic, through multilayer
assembly utilizing polyelectrolytes with hydrophobic side groups,®®"* or by a post-
deposition modification,’?"® but there are limited studies which explored this as a viable

strategy.’t 7

Bactericidal multilayer assemblies have been more extensively developed. These
coatings, due to the intrinsic variability of LbL, offer a wide array of killing-chemistries
that utilize many different mechanisms.3! An exceedingly popular technique has been to

incorporate heavy metals (e.g. silver) into multilayer assemblies to take advantage of
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their bactericidal properties.” " Silver has been found to reduce bacterial DNA’s ability
to replicate and deactivates proteins through reactions with thiol groups.* Silver ions
have been imbedded into multilayer assemblies. In a notable example, Malcher et al.
constructed multilayers of poly(L-lysine) and hyaluronic acid (HA) with AgNOs filled
liposome aggregates.” The liposome “bins” undergo a phase transformation at ~34 °C
releasing the Ag* to the surrounding area. This temperature is ideal because ideal growth
temperature for bacteria is ~37 °C. After exposure of two hours, there was a four order
of magnitude reduction in E. coli population (Figure 2.8). Direct loading of AgNOs into
the PLL/HA assemblies did not lead to coatings with bactericidal properties. This
suggests that loaded bins have sufficient concentrations of Ag* to be bactericidal. While
silver salts loaded into multilayers after fabrication don’t show bactericidal properties,
they can be reduced (Ag*to Ag®) in situ to form silver nanoparticles.””8 Antibacterial

multilayer coatings utilizing metals have also incorporated copper® and zinc.82#3
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Figure 2.8. Schematic of liposome aggregates filled with AgNOgsincorporated into PLL/HA
multilayers (a). Release of Ag* as a function of time (b). Viable bacteria as a function of AgQNO;
content in multilayers (c).” Adapted from Malcher, M.; Volodkin, D.; Heurtault, B.; André, P.;
Schaaf, P.; Mohwald, H.; Voegel, J.-C.; Sokolowski, A.; Ball, V.; Boulmedais, F.; Frisch, B.,
Embedded silver ions-containing liposomes in polyelectrolyte multilayers: cargos films for
antibacterial agents, Langmuir, 2008, 24 (18), 10209. Copyright 2008 American Chemical
Society.

Multilayer assemblies with a triggered release of antibiotics have been prepared
to combat bacterial colonization.*8 These films are usually loaded with an ionic
antibiotic such as gentamicin which binds to the film through electrostatic interactions.
The compound is released through a change in pH which causes a change in charge-

state, eliminating electrostatic interactions, and allowing the drug to interact with the
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bacteria. Albright et al. recently reported on a multilayer assembly of poly(vinyl
caprolactam) (PVCL) and poly(methacrylic acid) (PMAA) with either gentamicin or
polymyxin (both cationic antibiotics).® These films showed a high efficacy of killing
adhered bacteria (both S. aureus and E. coli). Local acidification of the surface by the
bacteria was found to trigger the release of antibiotics locally, killing bound bacteria.
The coatings were also exposed to multiple sequential assays and did not lose efficacy.
This highlights a current research need, which is extending the lifetime of antibiotic
releasing coatings. This is a good example of improving lifetime through multiple
approaches. Not only does triggered release lead to longer efficacy times, but the amount
of gentamycin in the film scales with number of bilayers (i.e. more bilayers leads to
longer efficacy time). One thing not addressed in this study is whether or not the
antibiotics incorporated deep into the film are accessible through this mostly surface-

mediated process.

The last major strategy for killing bacteria is direct contact with the coating
surface. Usually these coatings have some high degree of positive charge (usually
through a quaternary ammonium salt).3-32 1% |t has been suggested that a positively
charged surface adsorbs bacteria (through electrostatic interactions) and the resulting
release of small counterions from the bacteria leads to death and there appears to be a
surface charge density threshold to achieve this.*>” Multilayer assemblies utilizing this
strategy have been explored.®%%" Contact killing often leads to dead bacteria forming a
conditioning layer,**8-1° which not only blocks killing sites, but also leads to bacterial

build up, drastically reducing the coating potency. Methods have been developed to
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release bacteria from the surface after they die. Multifunctional LbL coatings have been
designed to release dead bacteria before it can form a conditioning layer on the
surface.’ %8100 \wej et al. recently reported a multilayer assembly with quaternary
ammonium salt derivatives of B-cyclodextrin (CD-QAS), which is loosely adhered as
the top layer.®® The salt participated in contact killing of E coli, which the dead bacteria
subsequently adhered. With a simple treatment of sodium dodecylsulphate (SDS), the
CD-QAS is removed through swelling of the LbL assembly, taking the bacteria with it.
The coating can then be exposed to fresh CD-QAS to restore antibacterial activity. This
process was shown to be repeatable over multiple cycles, which demonstrates long term
effectiveness of a coating of this nature. Ideally, coatings should be designed where

bactericidal and antifouling occurred without external stimulus.

2.3 Other Polyelectrolyte Complex Deposition Methods

Layer-by-layer assemblies have the ability to impart a wide range of properties,
uniformly, to many complex surfaces, but the number of processing steps has certainly
diminished commercialization of this technique.? 1% While not as established as LbL-
assembly, methods for the deposition of polyelectrolyte complexes in a single step are
being explored. One method, often used in the preparation of PEC membranes, involves
controlling charge density of a weak anionic polyelectrolyte (e.g. PAA, hyaluronic acid,
sodium alginate, etc.) via pH, mixing them with a polycation (often chitosan). The
solution is then cast, and the solvent (usually water) is evaporated away leaving a film

comprised of a polymer mixture that forms a PEC when rinsed with deionized water due
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to polyanion ionization.!1-3 These polyelectrolyte films are usually in the tens to
hundreds of pum thick and usually free standing (well beyond thicknesses required for

LbL prepared films).

Controlling the pH of a polyelectrolyte has been used to deposit intumescent

164 165

PEC thin film coatings onto cotton,%* polyester-cotton,'®® and nylon-cotton?®® blend
fabrics. These coatings consist of a nitrogen containing polycation (e.g. BPEI or PAH)
and a polyphosphate (e.g. PSP or APP). The charge density of the polycation was
reduced by increasing pH. When mixed with polyphosphates, electrostatic interactions
are minimized and both polyelectrolytes are soluble simultaneously. This makes for an
ideal coating solution. Upon deposition, coatings are cured in buffer to form an insoluble
PEC on the fabric surface. Leistner et al. showed that this method could effectively
deposit a BPEI-melamine/APP coating in a single step to the surface of a nylon-cotton
blend fabric.1®® Following the buffer cure, ~20 wt% was added to the fabric, rendering it

self-extinguishing in VFT (due to increased char formation from the melamine), and

reduced the pkHRR by 60%.

Complimentary polyelectrolytes can be sprayed simultaneously onto a surface.
This forms the polyelectrolyte complexes as the two solutions come into contact with
one another. Film thickness increases linearly as a function of spraying time.'®” This
technique was extended to deposit inorganic salts, nanoparticles, and small oligo ions
(e.g. citric acid).*%® This represents a significant reduction in processing requirements to
deposit a thin polyelectrolyte complex, and also highlights that under the correct

conditions single step deposition methods can be as versatile as LbL assembly. Spraying
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has also been used to make stimuli-responsive PEC containers fabricated in a single step.
They can be fabricated to contain magnetic nanoparticles, %17 proteins,’* and
fluorescent dyes.’2173 Typically one polyelectrolyte solution is sprayed into a solution
containing a complimentary polyelectrolyte. The capsule formation relies on phase
separation of the two solvent systems, and a PEC microcapsule is formed at the liquid-
liquid interface of the two solvents. The formed microcapsules can release any stored
material upon exposure to the appropriate pH or ionic strength, making them an

interesting concept for delivery devices.

Sedimentation of polyelectrolyte complexes has also been investigated. PEC is
formed by mixing a polycation and polyanion. The size of the PEC and by extension the
rate at which they underwent sedimentation (i.e. film formation) was determined by
polymer chemistry, pH and ionic strength (Figure 2.9a).17417 Interestingly, these
parameters also dictated whether a cohesive film or an aggregated “snow flake” structure
formed. Thickness was found to be dependent on the time the substrate was exposed to
the sedimentation solution. This idea was used to deposit an intumescent flame retardant
PEC onto the surface of cotton fabric.1’® BPEI and PSP were mixed at pH 7 and the
complex formed was allowed to settle and deposit onto the cotton surface. The efficacy
of the coating was evaluated as a function of sedimentation time. It was found that
cotton fabric exposed to the sedimenting PEC for 10 minutes self-extinguished during
vertical flame testing and showed a 57% reduction in peak heat release rate (Figure
2.9b). This coating was compared to various intumescent LbL deposited PEC coatings

and showed comparable open flame testing and calorimetry (i.e. VFT and pkHRR,
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respectively) results and reduced processing cycles from 40-64 down to one and reduced
time of deposition down from 64-108 minutes to 10. This study is an excellent example
of advantages these “one-pot” systems have over similar LbL deposited coatings to

deliver desired properties.

3) @ @ PLL-HA complexes

Film obtained by
sedimentation

Coatrol
w1 min soak
—5 min soak
e 10 miin s0BK

1 -step flame retavdant

HRR (W/g)

250 300 350 400 450 500
Temperature (C)

Figure 2.9. Schematic and electron micrograph of PEC coating deposited through sedimentation
(a).1* Schematic and heat release rate as a function of temperature of intumescent PEC coatings
deposited through sedimentation (b). 1® Adapted with permission from Ball, V.; Michel, M.;
Toniazzo, V.; Ruch, D., The possibility of obtaining films by single sedimentation of
polyelectrolyte complexes. Ind. Eng. Chem. Res. 2013, 52 (16), 5691. Copyright 2013 American
Chemical Society. And Cain, A. A.; Murray, S.; Holder, K. M.; Nolen, C. R.; Grunlan, J. C.,
Intumescent nanocoating extinguishes flame on fabric using aqueous polyelectrolyte complex
deposited in single step. Macromol. Mater. Eng., 2014, 299 (10), 1180. Copyright 2014 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, respectively.
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Coacervates have also received some recent attention for depositing PEC in a
single step. Kelly et al. created free-standing 15 um films via spin coating PDDA/PSS
coacervates.%® Increasing rpm reduced coating thickness. Increasing the salt
concentration showed the same trend, but increasing spin time also decreased the
thickness of the films due to decreased coacervate viscosity. Haile et al. deposited a high
oxygen barrier coating using a coacervate made from BPEI and PAA. The coating was
deposited on the surface of a PET film using a Meyer rod. In order to achieve a
transparent PEC coating, the deposited coacervate was cured in citric acid buffer, and
humidity treated. The resulting PEC reduced the oxygen transmission rate by two orders
of magnitude. Curing the polyelectrolytes reduces free volume through electrostatic
interaction, creating an efficient gas barrier coating. Even though there are limited
examples of direct coacervate deposition, there is significant potential in mimicking LbL
coatings, significantly reducing processing steps and achieving many of the same
properties. Because of the broad scope of applications and environmental friendliness
nature that PEC coatings provide, there is great potential for commercialization and wide
spread implementation. The following chapters highlight polyelectrolyte complexes
deposited via LbL assembly to reduce PUF flammability and to reduce bacterial
adhesion to polyester fabric. Efforts have also been made to make these coatings more
commercially viable by depositing PEC complexes in a single step building on some of

the methods described here.
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CHAPTER Il
ENVIRONMENTALLY-BENIGN HALLOYSITE NANOTUBE MULTILAYER"

ASSEMBLY SIGNIFICANTLY REDUCES POLYURETHANE FLAMMABILITY

3.1 Introduction

Halloysite nanotubes (HNT) (AlSi2Os(OH)4-nH20) are clay nanoparticles
comprised of rolled aluminosilicate sheets (Figure 3.1a). These safe and naturally
abundant alumosilicate clay tubes have a diameter of 50-60 nm, inner lumen of 10-15
nm and a length of about 1 um.*"*"® The inner lumen has water coordinated within,
which after thermal dehydration, is vacated and can be filled with various compounds
designed for controlled release.*’®8! Because halloysite is a naturally occurring clay
with nanotube morphology, it is a good candidate for incorporation into PEC thin films
for flame retardation due to the combination of thermal barrier properties of clay and the
smoke reduction properties of nanotubes. Polymer composites with flame retardant filled
HNT exhibit reduced flammability.'8228 |t is believed that these composites have
reduced mass and energy transfer by forming a physical barrier, and dilution of the gas
phase via a dehydration mechanism. Filling of the lumen with volatile organics and other
toxins during burning reduces smoke release during combustion. Despite promising

properties, halloysite has seen limited use in multilayer assemblies, likely due to poor

* Reprinted with permission from Smith, R. J.; Holder, K. M.; Ruiz, S.; Hahn, W.; Song, Y.; Lvov Y. M.;
Grunlan, J. C. Environmentally-benign halloysite nanotube multilayer assembly significantly reduces
polyurethane flammability. Adv. Funct. Mater. 2017, 1703289. Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA.
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stability of dispersions in water.184185 Even so, a few thin films have been deposited with

various properties,86-187

This chapter focuses on the development of an environmentally-benign flame
retardant for polyurethane foam (PUF). Layers of halloysite clay nanotubes (HNT)
stabilized by branched polyethylenimine (BPEI) or poly(acrylic acid) (PAA) were
deposited from aqueous suspensions to create multilayered nanocomposite coatings.
PUF is very flammable and widely used in upholstered furniture throughout the world.
Foam treated with five BPEI-HNT/PAA-HNT bilayers (BL), deposited using layer-by-
layer assembly, was rendered self-extinguishing in open flame testing. Cone calorimetry
reveals that this coating reduces the peak heat release rate (pkHRR) by 62%. Due to the
tubular morphology of HNT, small volatile gasses given off during combustion are
trapped, so total smoke release (TSR) is reduced by 60%. Infrared spectroscopy suggests
this multilayer film survives during combustion, forming a HNT-rich barrier that
prevents mass and energy transfer during open flame testing and calorimetry. The
significant reductions in pkHRR and TSR, along with the self-extinguishing behavior,
indicate that these halloysite-based multilayer films have the potential to greatly improve
PUF fire safety. The low cost and natural abundance of HNT makes this technology

especially amenable to widespread use.
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3.2 Experimental Section

3.2.1 Materials

Branched polyethylenimine (25,000 g/mol) and poly(acrylic acid) (100,000
g/mol) were purchased from Sigma Aldrich (Milwaukee, WI.) Halloysite was supplied
from Applied Minerals, Inc. (New York, NY). All chemicals were used as received and
all solutions were prepared with 18 MQ deionized water. Solutions of 1.0 wt% PAA,
used as a surface treatment for polyurethane foam,*” were altered to pH 2 with 2 M
HNO3 prior to priming. Halloysite nanotubes (0.5 wt%) were dispersed in 0.1 wt% PAA
solutions and 0.1 wt% BPEI solutions (unaltered pH, 3.5 and 9.9, respectively). The
suspensions were placed in an ice bath and exposed to two rounds of 15 W tip sonication
(Model VCX750; Sonics & Materials, Inc., Newtown, CT) for 30 min each with a 10
min pause in between. Solutions were used for coating immediately after sonication.
Silicon wafers (p-doped, single side polished (1 0 0), 500 nm thick) were purchased
from University Wafers (South Boston, MA). Flexible open cell polyurethane foam

(type 1850, 1.75 Ibs/ft® density) was purchased from Future Foam (High Point, NC).

3.2.2 Layer-by-Layer Deposition

Films for profilometry and atomic force microscopy were deposited on the
polished side of a silicon wafer that was rinsed thoroughly with DI water and methanol
and exposed to plasma for 5 minutes to impart a negative surface charge. Using a

homebuilt robotic coating system,® the substrate was first dipped into the cationic
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BPEI-stabilized HNT suspension for 5 minutes followed by a spray rinse with DI water.
The substrate was then dipped into the anionic PAA-stabilized HNT suspension for 5
minutes followed by a spray rinse with DI water. This procedure was repeated with dip
times reduced to 1 minute until the desired number of bilayers was achieved. For LbL
deposition on polyurethane foam, 10.2 cm x 10.2 cm x 2.5 cm thick pieces were cut and
rinsed thoroughly with DI water and placed in a 70 °C oven overnight. Prior to LbL
deposition, dry pieces of foam were first submerged and were compressed completely 3
times to ensure priming solution uptake into the free volume of the foam. Saturated foam
was left for 30 seconds, after which the sample was wrung out using a mechanical roller.
The foam was then rinsed with DI water by compression three times to ensure removal
of loosely adhered material. The sample was then immersed in the cationic HNT
solution by fully compressing it three times and letting it soak for 5 minutes. The foam
was wrung out in a mechanical roller and rinsed by compressing three times in a DI
water basin. The sample was then exposed to the anionic HNT in the same fashion to
form the first bilayer. This process was repeated with one minute immersion times until
the desired number of bilayers was deposited. Coated samples were placed in an oven at

70 °C to dry overnight and stored in a dry box prior to testing.

3.2.3 Thin Film Characterization

Film thickness was measured on silicon wafers with a P-6 Profilometer (KLA-
Tencor; Milpitas, CA). Coated polyurethane substrates were imaged using a field-

emission scanning electron microscope (SEM) (Model JSM-7500, JEOL; Tokyo, Japan).
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Samples were placed on an aluminum stub and sputter coated with 4 nm of
platinum/palladium alloy prior to imaging. 3 and 5 bilayers of BPEI-HNT/PAA-HNT
were deposited on silicon wafers as described previously. Surface topology was imaged
using a Dimension Icon Atomic Force Microscope (Bruker, Billerica, MA) in tapping
mode before and after two hours in an 800 °C furnace. 20 BL of BPEI-HNT/PAA-HNT
were deposited onto a silicon wafer as described above. Infrared spectra were compared
before and after thermal treatment at 800 °C for two hours using an Alpha Platinum-

ATR FTIR spectrometer (Bruker, Billerica, MA).

3.2.4 Thermal Characterization

Thermal stability of coated and uncoated polyurethane foam samples (~ 30 mg)
were evaluated using a Q-50 thermogravimetric analyzer (TA Instruments; New Castle,
DE), under a controlled heating ramp of 10 °C min‘, from ambient temperature to an
isothermal hold at 100 °C for 60 min and then ramping up to 850 °C. A sample purge
flow of 60 mL s™ air and a balance purge flow of 40 mL s™ nitrogen was used. TGA
experiments were repeated with a sample purge flow of nitrogen for a non-oxidative
atmosphere. Open flame tests were performed on control and coated foam by exposing
samples (5 x 5 x 2.5 cm®) to the direct flame (~ 1400 °C) of a butane hand torch
(Triggertorch™ MT-76 K, Master Appliance Corps.; Racine, W1) for 10 s. The torch
was adjusted prior to each test so that the inner blue flame length was approximately 2.5
cm and the outer transparent blue flame was approximately 5 cm in total length. The

fume hood sash was lowered to 12.5 cm before the start of each test and the samples
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were suspended over a wire mesh sheet 25 cm above the benchtop to minimize fume
hood ventilation draft influence on the flame. The torch was placed approximately 5 cm
from the side face of the foam such that the flame tip contacted the foam. Cone
calorimetry experiments were conducted at the University of Dayton Research Institute
using a FTT Dual Cone Calorimeter in accordance with a standard testing procedure
(ASTM E-1354-12). Samples (10.2 x 10.2 x 2.5 cm®) were placed in an aluminum foil

pan and exposed to a heat flux of 35 kW/m? (exhaust flow of 24 L/s).

3.3 Results and Discussion
3.3.1 Layer-by-Layer Assembly of Halloysite Nanocoatings

Halloysite has seen little use in layer-by-layer assemblies due to its poor
dispersibility in water. Even after ultrasonication, halloysite suspensions begin to settle
almost immediately, making them impractical for use in water-based coatings. Unaltered
halloysite has a zeta potential of -25.9 + 0.8 eVV. When sonicated with either BPEI or
PAA, a white suspension is formed that shows very little settling for up to 7 hours. The
zeta potentials for the BPEI-HNT and PAA-HNT suspensions were measured to be 19.2
+1.1eVand-33.7 £ 1.7 eV, respectively. It is believed that positively-charged BPEI
adsorbs onto the surface and stabilizes the suspension through electrostatic repulsive
interactions. For PAA, it is believed that it adsorbs onto the surface of HNT through
hydrogen-bonding and van der Waals interactions and increases suspension stability

through negative electrostatic repulsive interactions. It is also possible that anionic PAA
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is adsorbed predominantly into the positively charged tube’s lumen, neutralizing positive
inner charge, and increases the magnitude of the overall negative particle zeta
potential 8 Polyurethane foam was first primed for LbL deposition through exposure to
a PAA/HNOs solution. The primed foam was then immersed in the BPEI-HNT
(cationic) suspension followed by the PAA-HNT suspension. This procedure was
repeated until the desired number of bilayers was deposited. Thickness as a function of
bilayers was measured using profilometry and is shown in Figure 3.1b. A 5 BL coating
of BPEI and PAA without HNT was also applied to PUF in the same fashion to act as a

control.
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Figure 3.1. SEM micrograph of halloysite powder (a). Layer-by-layer film thickness as a
function of BPEI-HNT/PAA-HNT bilayers deposited on a silicon wafer.
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SEM micrographs of 3 and 5 BL HNT-based coatings, shown in Figure 3.2,
reveal complete conformal coverage of the three-dimensional foam surface. Large
aggregates (highlighted in the green and red boxes) of halloysite tube bundles are visible
on the surface of the coated foam, but individual tube-like structures are also present
throughout the entire film, suggesting that HNT is well dispersed/exfoliated. AFM
micrographs of these same films deposited on Si wafers reveal significant uniformity of
the tubular structures. Micrographs of the 5 BL BPEI/PAA control coating show a
smooth conformal film, indicating that the texture observed in the HNT-containing films
is from halloysite. Also evident from the micrographs is the conservation of the open
porous structure of the PUF. This is an important advantage of LbL-assembly, as it is

able to uniformly coat complex structures with little change to the porosity.

Figure 3.2. SEM micrographs of 3 and 5-bilayer HNT-containing flame retardant coatings and 5
BL BPEI/PAA on polyurethane foam. AFM micrographs of 3 and 5-bilayer HNT-containing
flame retardant coatings on silicon wafers are also shown.
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3.3.2 Thermal Analysis of Halloysite Multilayers

Halloysite-containing multilayer coatings are effective flame retardants because
they form a ceramic insulating barrier similar to those seen in other clay-based
nanocoatings.®*>? Thermogravimetric analysis (TGA) was used to assess the thermo-
oxidative stability of uncoated and coated PUF. Weight percent and derivative weight
loss as a function of temperature are shown in Figure 3.3, with insets displaying plots
for unaltered HNT. Uncoated PUF shows an initial onset at ~260 °C (Figure 3.3b).
Polyurethanes typically degrade in two or three primary steps.'%1%? This peak at
~260 °C corresponds to the first step, which is the degradation of hard segments in PU
and the formation of isocyanates and alcohols, primary or secondary amines, olefins, and
carbon dioxide. The second degradation step is associated with soft segment
degradation, represented by two additional peaks at ~310 and ~348 °C (associated with
the remaining polyol thermal decomposition). There is no residue remaining beyond

600 °C.
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Figure 3.3. Weight loss and derivative weight loss as a function of temperature for uncoated and
coated PUF under air (a,b), and under nitrogen (c,d).

A 5 BL of BPEI/PAA coating does not significantly alter the initial

depolymerization of the underlying polyurethane foam. The degradation of polyols

happens simultaneously in coated foam (single sharp peak), while two broad degradation

peaks are observed with uncoated foam, due to the lack of melt pool formation. Foam

collapse and pool formation reduces the total surface area, slowing the rate of oxidative

degradation. This behavior does not occur with the coated foam, and high surface area is

maintained throughout combustion. Thermo-oxidative degradation happens more rapidly

with more surface area, which results in the single sharp peak observed in Figure 3.3b.
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Similar to uncoated PUF, there is no char residue beyond 600 °C. Three and five-bilayer
HNT coated foam exhibits similar behavior to 5 BL BPEI/PAA. Initial onset of
depolymerization is not significantly affected by the coating. It is believed that HNT-
containing coatings form ceramic barriers, preventing mass/energy transfer, and confine
the melt within the ceramic exo-skeleton, accelerating the decomposition of the polyol
segments. Unlike uncoated PUF and 5 BL BPEI/PAA, a significant amount of residue
remained in the sample crucible (11.9% for 3 BL HNT and 17.2% for 5 BL HNT). This
residue is believed to be predominately halloysite. The estimated HNT content in the 3

and 5 BL coatings is 91 and 86 wt%, respectively.

TGA was also carried out under inert an atmosphere (N2). Figures 3c and 3d
show weight loss as a function of temperature. Uncoated PUF undergoes two stages of
non-oxidative thermal degradation. The initial stage, with an onset of ~250 °C (from the
peak in the derivative plot), is the depolymerization of polyurethane hard segments into
isocyanate units. Polyol degradation follows, with an onset at ~355 °C, and is
characterized by formation of a melt pool and rapid mass loss. The accelerated mass loss
observed under oxygen is not observed here, suggesting that non-oxidative thermal
degradation occurs independently of surface area. All coatings slightly delay the onset of
degradation by no more than 5 °C and have even less of an influence on polyol
decomposition (< 3 °C). Under inert conditions, 5 BL BPEI/PAA coated (and uncoated)
PUF exhibit little char residue (3.8% and 2.2% respectively) due to lack of oxygen for
formation of combustion products. Neat HNT (insets) shows a single decomposition

event at 500 °C, observed in both oxidative and inert atmospheres, which is associated
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with thermal dihydroxylation (an endothermic event).18 19 The water generated is also

believed to help dilute the gas phase in a fire scenario.

3.3.3 Cone Calorimetry

Cone calorimetry is a standard bench-scale technique to measure the
flammability of a material. Heat release rate is measured based on oxygen consumption
during combustion and used to determine material behavior during a fire.*%#% Cone
calorimetry was conducted on uncoated and coated foam samples at a constant heat flux
(35 kWm-2) following ASTM E-1354 (Figure 3.4). Uncoated PUF (black line) displays
two distinct heat release peaks. The first is the result of hard segment degradation into
isocyanates, alcohols, amines, and olefins, which all contribute to the toxicity and
quantity of smoke generated during combustion. The second larger peak is a result of
polyol degradation, which forms a large melt pool (in the absence of structural support
of the hard segments) that rapidly combusts, releasing a large amount of energy.®*
During a structural, fire melt dripping can aid fire spread. Applying a 5 BL BPEI/PAA
coating does little to reduce the flammability of PUF since both polymers are inherently
flammable. A slight 2.1% decrease in the peak HRR was observed, but there was an
increase in the initial HRR, and an increased total heat release (THR) and total smoke
release of 9.9% and 22%, respectively. It is evident from cone calorimetry that
BPEI/PAA multilayers, in the absence of halloysite clay, increase the flammability of

polyurethane foam.
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Figure 3.4. Heat release rate, as a function of time in the cone calorimeter, for coated and
uncoated polyurethane foam.

Applying 3 BL of BPEI-HNT/PAA-HNT (~200 nm thick) to PUF has a dramatic
impact on flammability. During combustion, a halloysite-rich barrier is formed, delaying
mass loss/transfer (i.e. less fuel available at the flame zone) and resulting in a reduced
HRR. This barrier can be seen in SEM images of foam taken after open flame testing
(Figure 3.5). Because mass transfer is limited, the large melt pool observed with
uncoated foam is prevented from forming, which forces degradation to occur within the
confined space of the shell formed by the coating. This reduction in HRR is the largest
contributor to increasing the safety of synthetic polymer materials in a structure fire.1%
The coated foam maintains its original shape and porosity, where uncoated PUF leaves
only residue in the sample holder. Even though there is a large reduction in HRR, this

coating acts passively (i.e. does not prevent total degradation). SEM micrographs of
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post-burn samples show hollow struts (Figure 3.5), indicating that the underlying PUF is
completely consumed in the fire (also evidenced by the HNT-based films having the

same THR as uncoated foam (Table 3.1).

3BL 5BL

Figure 3.5. SEM micrographs of polyurethane foam, with 3 and 5 bilayer HNT coatings or 5 BL
BPEI/PAA, after torch testing. Insets (green and red) highlight tube morphology of the HNT
coatings. AFM micrographs of 3 and 5 BL HNT coatings after exposure to 800 °C for two hours
in air.

Table 3.1. Cone calorimeter data for coated polyurethane foam.

Coating Weight Gain HNT pkHRR THR TSR
[%] [%] [kwWm?] [MIm?]  [m’m?]
Uncoated N/A N/A 634+31 184+0.1 1787
5BL PEI/PAA | 10.6+0.5 N/A 621+11 202+0.3 2174

3BLHNT | 26.2+0.6 91 244+2 181+£02 93%8
SBLHNT | 34.2+05 86 243+2 18802 71%7
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Five bilayers of BPEI-HNT/PAA-HNT provides a significant reduction in HRR,
but there is no significant difference with a 3 BL nanocoating. Peak heat release rates of
HNT-containing coatings were reduced by 61.5% and 61.7% for 3 and 5 BL coatings,
respectively. Increasing bilayers beyond three primarily reduces smoke release. 3 and 5
BL coatings reduce TSR by 47.8 and 60.1%, respectively. Reduction in TSR scales with
increased halloysite mass, which increases the capacity for volatile compound
adsorption. Reduction in smoke release has been observed previously in other clay-

containing multilayer films, (and films with nanotube fillers).52 55-%

3.3.4 Fourier Transform Infared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to analyze these HNT-
containing multilayer composites deposited on silicon wafers. Error! Reference source
ot found. shows the FTIR spectra of the individual components (i.e. BPEI, PAA, and
HNT), and 20 bilayers of BPEI-HNT/PAA-HNT, before and after exposure to 800 °C.
Before thermal treatment, the characteristic stretching peak from carbonyl groups (1690
cm™) is observed in the 20 BL film. There is also a peak at 1535 cm™ for N-H stretching,
associated with BPEI, along with stretching peaks of the interior hydroxides (3691 cm™
and 3618 cm™) from HNT.X¥” There is no evidence of BPEI or PAA remaining in the
film after exposure to 800 °C, confirming complete degradation of the polymers. The
hydroxide shifts associated with HNT also disappear due to the thermal dehydroxylation
observed at ~500 °C in TGA (Figure 3.3)The tube-like surface morphology observed in

both AFM and SEM micrographs (Figure 3.5), and the presence of the Si-O stretching
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peak at 1034 cm™, suggest that the remaining coating is predominantly halloysite. It is
believed that the formation of this clay barrier causes these HNT-containing coatings to
be effective by forming a physical, clay-rich barrier that significantly reduces both heat

and mass transfer.
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Figure 3.6. FTIR spectra of 20 BL BPEI-HNT/PAA-HNT and the individual ingredients before
and after two hours in a 800 °C oven.
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3.3.5 Direct Flame Testing of Coated Foam

Open flame testing was conducted on foam samples to assess coating performance
as a flame retardant. 5 cm? PUF samples were exposed to a butane torch for 10 seconds
and then monitored until the flame extinguished. Uncoated PUF ignites quickly upon
exposure to the torch, generating dense smoke and flaming melt drips that could ignite
underlying flammable materials (e.g., carpet and textiles). This test simulates how PUF in
a piece of furniture would behave during a house fire. The foam continues to burn upon
torch removal, until only residue remains. With the addition of 5 BL BPEI/PAA, foam
burns vigorously when the torch is applied. The fire continues upon torch removal until
only a very thin char mass remains (Figure 3.7a). Surprisingly, this polymer coating
prevents melt dripping. A 3BL BPEI-HNT/PAA-HNT coating allows the flame to travel
over the entire surface of the foam after removal of the torch, but a cross section (Figure
3.7b) shows that much of the internal foam remains unharmed, covered by a layer of
fluffy, insulating char. A 5 BL HNT coating ignites upon application of the torch, and
burns after torch removal, but the foam self-extinguishes before the flame spreads over
the entire surface, preserving a large portion of the sample. The halloysite within the films
acts as a barrier preventing mass transfer and as a thermal barrier that prevents the flame
from spreading over the entire sample. The HNT-containing films also prevent melt
dripping, without collapsing the foam structure like the BPEI/PAA coated foam. Post burn
SEM of BPEI/PAA-coated foam reveals destruction of the network with a very thin layer
of hollow char remaining (Figure 3.5). Images of HNT-coated foam reveal the porous

network remains as hollow shells. The tube-like texture observed with AFM and SEM
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pre-burn is clearly visible qualitatively in these post-burn images. The self-extinguishing

behavior and melt drip prevention impart fire safety with relatively benign chemistries.

Figure 3.7 Cross sectional images of 5 BL BPEI/PAA (a), 3 BL HNT (b), and 5 BL HNT (c)
coated PUF after 10 second exposure to a butane torch.

3.4 Conclusions

The incorporation of halloysite nanotubes into an effective and safe flame retardant
multilayer nanocoating for polyurethane foam was demonstrated for the first time. Using
benign polymers and clay to create aqueous suspensions, layer-by-layer assembly was
used to make conformal composite coatings on the three-dimensional foam structure,
while maintaining the porosity and reducing flammability. Only five bilayers of BPEI-
HNT/PAA-HNT (~633 nm thick) is needed to self-extinguish foam in an open flame test
and cone calorimetry reveals a peak heat release rate reduction of 61.7% (and a 60.1%
reduction in total smoke release.) The large reduction in overall foam flammability
suggests these halloysite-based composites could reduce fire related injuries and deaths
by increasing the time to escape a burning home (or office building). This protective
composite coating is scalable and low cost, making it attractive for possible

commercialization and widespread implementation.
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CHAPTER IV
POLYELECTROLYTE MULTIALYER NANOCOATING DRAMATICALLY"

REDUCES BACTERIAL ADHESION TO POLYESTER FABRIC

4.1 Introduction

Bacterial adhesion is a significant problem in medical devices which can lead to
systemic infections and device failure.>®>° Textiles, especially in clothing, linens, and
wound dressings should be resistant to bacterial adhesion to reduce the spread of harmful
bacterial strains in medical centers.!®® According to the United States Center for Disease
Control (CDC), methicillin resistant Staphylococcus aureus (MRSA) infections were
reduced by 54% between 2005 and 2011, due to improved hygienic practices and better
antibiotic stewardship, that resulted in 9,000 fewer deaths.'*® Due to the prolific use of
polyester (PET) fabric in modern textiles, and its propensity to undergo MRSA
adhesion,?® it is a good candidate for modification to reduce adhesion and possibly
reduce the number of dangerous infections in medical centers. Polyelectrolyte complexes
deposited using layer-by-layer assembly have been developed as a possible solution to
reduce bacterial adhesion to various surfaces, or Kill the bacteria on contact.3*2 These
coatings typically reduce the ability for bacteria to adhere to a surface by changing
surface properties (e.g. negative surface charge or increased hydrophilicity).%"* They

can also kill bacteria by exposing bacteria to bactericidal agents. %

* Reproduced with permission from Smith R. J.; Moule, M. G.; Sule, P.; Smith, T.; Cirillo, J. D.; Grunlan,
J. C. Polyelectrolyte multilayer nanocoating dramatically reduces bacterial adhesion to polyester fabric. ACS
Biomater. Sci. 2017, 3(8), 1845-1852. Copyright 2017 American Chemical Society
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This chapter focuses on the development of a poly(diallyldimethylammonium
chloride) (PDDA) and poly(acrylic acid) (PAA) polyelectrolyte complex deposited to
the surface of polyester fabric using layer-by-layer assembly. The efficacy of this
coating was found to increase with the number of bilayers added. At 10 BL, >99% of
deposited bacteria was removed after simple rinsing with deionized water. The efficacy
of this coating is attributed to electrostatic repulsion between the PAA in the film and the
negatively charged bacterial surface, and the increase in surface roughness observed
with increasing bilayers. In order to evaluate the efficacy of these coatings, an assay
using bioluminescent bacteria, often used with living laboratory animals in vivo,201203

was developed to easily measure the amount of viable bacteria on the fabric surface.

4.2 Experimental Section
4.2.1 Materials

Poly(diallyldimethylammonium chloride) (Mw = 100,000 g/mol, 20 wt%
aqueous solution) and poly(acrylic acid) (Mw = 100,000 g/mol, 35 wt% aqueous
solution) were purchased from Sigma-Aldrich (Milwaukee, W1). All chemicals were
used as received. Deionized water with a specific resistance greater than 18 MQ was
used in all aqueous solutions and rinses. Single-side-polished, 500-pum-thick silicon
wafers (University Wafer, South Boston, MA) were used as deposition substrates for
ellipsometry, and atomic force microscopy (AFM). Silicon-wafers were rinsed with

deionized water and methanol and then plasma treated for 10 minutes using a plasma
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cleaner model PDC-32G (Harrick Plasma Inc. Ithaca NY). Contact angle experiments
were conducted on 179 um thick poly(ethylene terephthalate) (PET) (Tekra, New Berlin,
W1) that was rinsed with deionized water and methanol before use. The PET surface was
imparted a negative charge using a BD-20 corona treater (Electro-Teching, Inc. Chicago
IL). Polyester 720H fabric, supplied by Test Fabrics Inc. (West Pittston, PA), was

washed thoroughly with deionized water thoroughly and dried at 70 °C prior to use.

4.2.2 Layer-by-Layer Assembly

LbL deposition on two-dimensional substrates (Si, PET) was carried out using a
robotic coater.?%* The substrate was first immersed in 0.2 wt% PDDA with an unaltered
pH (~6.5) for 5 min, rinsed with DI water, then blown dry with compressed air. This
procedure was followed by an identical dipping, rinsing, and drying procedure with the
0.2 wt% PAA solution at an unaltered pH of ~3.0, resulting in one PDDA/PAA bilayer.
Following the deposition of the initial bilayer, immersion times were reduced to 1
minute. The longer initial immersion times (5 min.) were employed to ensure the best
possible surface coverage. For fabric samples, 5 minute immersion in 0.2 wt% PDDA at
unaltered pH, followed by rinsing in DI water and wringing out, was followed by an
identical procedure for 0.2 wt% PAA at unaltered pH, resulting in one PDDA/PAA
bilayer on fabric. The dip times were reduced to 1 minute and repeated until the desired

number of bilayers were deposited, as shown in Figure 4.1.
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Figure 4.1. Schematic of layer by layer deposition of PDDA and PAA onto a substrate.

4.2.3 Bacterial Adhesion Assay

Bioluminescent Staphylococcus aureus Xen36 (Caliper LifeSciences) was used
for bacterial adhesion testing. Overnight cultures were grown in Luria-Burtani (LB)
media containing 200 ug/mL of kanamycin. Cultures were then centrifuged at 8000 rpm
and re-suspended in phosphate buffered saline (PBS) and diluted to a concentration of
5x108 CFU/mL. Two-fold dilutions were prepared in PBS to test a range of bacterial
concentrations for bacterial adherence. Circular swatches of 8.5 cm diameter polyester
fabric, coated with the 2, 4, 6, 8 and 10 PDDA/PAA bilayers (and an uncoated control),
were sterilized with 70% ethanol for 15 minutes. The fabric was then rinsed with sterile
water and allowed to dry for approximately 30 minutes in a biological safety cabinet.
The fabric swatches were then spotted with 10 pL of each bacterial dilution in triplicate.
After spotting, fabric samples were imaged using an IVIS Lumina Il imaging system
(PerkinElmer, Waltham, MA) with one minute exposure time on luminescence imaging

setting f-stop 2, field of view 12.8, and binning factor 8. Following imaging, the samples
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were rinsed together in a 1 L beaker, using 125 mL per fabric sample, for 15 minutes in
sterilized water. The rinse water was decanted off and fabric samples were rinsed in 100
mL sterilized water. This rinse procedure was then repeated one additional time. Rinsed
fabric was placed on an LB agar plate containing 200 pg/mL kanamycin. The plated
samples were imaged again to determine the amount of bacteria lost following rinsing.
To determine the ability of the bacteria to regrow on each fabric, the swatches were then
incubated at 37 °C and reimaged hourly for 3 hours. To assess whether the coating was
bactericidal or anti-adhesive, samples were spotted with 10 ul of 5 x 108 colony forming
unit per ml (CFU/ml) of S. aureus and imaged to quantify radiance. The samples were
rinsed individually in 125 ml PBS for 15 minutes with a magnetic stir plate and then
imaged to determine amount of bacteria removed using bioluminescence. Rinse water
for each sample underwent three 10-fold dilutions, which were all spotted on an LB agar
plate coating 200 pg/ml kanamycin. Bacterial colonies were counted to determine the

amount of viable bacteria in the rinse water.

4.2.4 Multilayer Film Characterization

Thickness was evaluated using an a-SE ellipsometer (J.A. Woolam Co. Lincoln,
NE). Film surfaces were characterized using a Dimension Icon atomic force microscope
(Bruker, Billerica, MA) in tapping mode. Surface wettability was evaluated using a
CAM 200 goniometer optical contact angle and surface tension meter (KSV Instruments,

Ltd. Monroe, CT). Weight gain on polyester fabric was measured on 33 by 33 cm2
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sheets, which were weighed dry before and after coating to measure the change in mass

due to the coating.

4.3 Results and Discussion
4.3.1 Multilayer Film Growth and Morphology

Thickness of poly(diallyldimethylammonium chloride)/poly(acrylic acid)
assemblies, measured at two bilayer increments, is shown in Figure 4.2. Growth is
linear, even beyond 10 bilayers, suggesting uniform growth per bilayer and minimal
interdiffusion between PDDA and PAA.2% Studies reporting exponential growth for this
system were carried out under similar conditions (i.e. pH and solution concentration),2%
but deviation from a linear fit was only observed at bilayers beyond the scope of this
study. Deposition of the two polyelectrolytes was performed at differing pH (PAA ~3.0
and PDDA ~6.5). During PAA deposition, the polymer is in a very weakly- charged
globular conformation. It is believed that during deposition, a large amount of
poly(acrylic acid) is adsorbed onto the PDDA to achieve charge balance and increases
the observed texture of the coating (Figure 4.3). During PDDA deposition, the solution
pH causes the previously deposited poly(acrylic acid) to be highly charged. It is believed
that a small amount of PDDA is adsorbed based on the results of other studies involving
deposition of highly charged polyelectrolytes.?% 207 Weight gain on fabric exhibited two
different linear growth regimes. Beyond four bilayers there was heavier deposition,

which is attributed to formation of a coherent coating. The initial layer deposition relies
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on van der Waals interactions between PDDA and the PET substrate, which can result in
island-like deposition that can persist for a few bilayers (sometimes known as the
induction period).2%-2%° Once the polyelectrolytes achieve complete coverage, a greater

growth rate occurs due to more surface area with ionic bonding sites.
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Figure 4.2. Film thickness on a silicon wafer and weight gain on PET fabric as a function of
PDDAJ/PAA bilayers deposited.

The surface of PDDA/PAA films deposited on a silicon wafer were imaged using atomic
force microscopy (AFM), as shown in Figure 2. Uncoated silicon has no remarkable
surface features and an average surface roughness of 1 nm. Two bilayers (BL) of
PDDA/PAA display island-like domains scattered across the surface of the silicon wafer.
Bare silicon is observed and the surface roughness increased to approximately 4 nm
(measured using a 20 x 20 um2 micrograph). At 4 BL of deposition, improved yet
incomplete coverage can be seen in the form of porosity. One such pore is highlighted

with an arrow in the micrograph. The depth of this pore is 40-50 nm, which correlates
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with the film thickness of 56 nm (Figure 1). The surface roughness of four bilayers is
~11 nm. This agrees with prior studies, where the charge state of the polymer during
deposition played an important role in the surface topology.?!° Significant texture can be
seen at the surface of the 10 BL film, with a surface roughness of 16 nm, but the pores
seen at 4 BL are not observed. This increase in surface roughness is believed to cause the
observed decrease in contact angle (see insets in micrographs of Figure 4.3) by

increasing surface area of the film.

Figure 4.3. Atomic force microscope tapping mode surface images of a bare silicon wafer and
coated with 2, 4 and 10 PDDA/PAA bilayers (from left to right). The inset images are contact
angle images of these surfaces on a 179 um PET substrate.

The contact angle of uncoated PET film is 71+2°, while two bilayers of PDDA/PAA
reduced this value to 46£3°. At 4 BL, the contact angle was further reduced to 28+1°
(and 20+1° with 10 BL). This increase in hydrophilicity with PDDA/PAA bilayers can
be explained by the degree of protonation of PAA. During deposition, the pH of the
PAA solution was ~3. The pKa of PAA is reported to be 4.5,2!! so the vast majority of
the carboxylic acid groups are protonated (a ratio of approximately 100:1) at pH 3.

These protonated acid species can participate in hydrogen bonding (also known as polar
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interactions) with water to form a hydration layer at the film surface,?'? which leads to
the spreading of the water and a decrease in the contact angle. It is believed that the
increased surface roughness across the 10 BL coating results in more PAA available to
participate in lowering the contact angle. Contact angle roughness values are

summarized in Table 4.1.

Table 4.1. Thickness and surface properties of PDDA/PAA deposited on silicon wafers.

Bilayers Thickness Roughness Contact Angle
[nm] [nm] [°]
0 N/A 1.24 71+£2
2 9.4+0.3 3.98 46 + 3
4 56.0 +0.7 10.5 28+ 1
10 179.3+0.5 16.1 201

*Contact angle measured on PET film.

4.3.2 Bacterial Adhesion

In an effort to quantify bacterial adhesion to the surface of polyester fabric,
Staphylococcus aureus was selected due to its natural abundance on human skin.?'® This
abundance contributes to infections around surgical sites and other opportunistic wound
infections. Polyester was chosen as a model substrate because of its prolific use as a
fabric for apparel. When the PDDA/PAA nanocoating was applied, a reduction in the
amount of adhered bacteria after a simple rinse with sterilized water was observed, as
shown in Figure 4.4. A bioluminescent strain of S. aureus containing an integrated copy
of the luxABCDE operon from Photorhabdus luminescens was used to visualize and

quantitatively measure bacterial populations on fabric. The colorful spots indicate
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luminescence from viable bacteria, with brighter/warmer colors and larger spots
representing more bacteria present on the fabric. When the fabric is rinsed with sterilized

water the intensity is reduced, demonstrating the removal of viable bacteria.

Pre-rinse

Post-rinse

) N y b ; b 4 X g y 5 v,' %, 4
5.0x10% 1.0x 108 1.5 x 108 2.0x108
Radiance (p/sec/cm?/sr)

Figure 4.4. Representative fabric samples before and after rinsing with sterilized water. Higher
radiance indicates more viable bacteria present on fabric. Rows consist of spots with the same
bacterial concentration. Columns consist of spots with bacterial concentration decreasing by 50%
per row, starting with 5 x 108 CFU/mL. Extraneous dots on the edge of each sample are lab
marker spots for identification and positioning purposes.

Increasing the bilayers of PDDA/PAA deposited onto the fabric decreases
bacterial adhesion, with 10 BL releasing bacteria below the limit of detection after
rinsing. This data was quantified using Living Image software (Perkin Elmer) and
correlated to bacterial colony forming units (CFU) using a standard curve generated
from 10 fold dilutions of bioluminescent S. aureus Xen36. CFU were calculated for the
most concentrated spots on the fabric (top row of each sample). The data are
summarized in Table 4.2, showing a steady decrease in the amount of S. aureus detected

before and after rinsing. At 6 BL, there is an order of magnitude reduction in detected

58



bacteria. At 10 BL, the amount of bacteria detected is two orders of magnitude less than
uncoated fabric. The percent removal of bacteria was calculated for all trials by
calculating the difference in luminescence measured before and after rinsing the fabric
and dividing by the total luminescence measured for each dilution (Figure 4.5). As
bilayers of PDDA/PAA increase, the percent removal of bacteria detected increased.
With no coating, rinsing removes ~50% of S. aureus from the polyester fabric surface,
while ~99% is removed with a 10 BL PDDA/PAA coating that adds only 2.5% to the

weight.

Table 4.2. Colony forming units (CFU) detected before and after water rinse of
polyester fabric.

Bilayers Before Wash After Rinse
[CFU] [CEU]

Uncoated 1.50 x 10" + 2 x 10° 7.02x10°+5x 10°
2 1.51x 10" £2x 10° 4,98 x 10° 5 x 10°
4 1.71x 10" + 7 x 10° 2.89x 10°+1x10°
6 1.59 x 107 + 1 x 106 1.08 x 10° + 5 x 10*
8 1.48 x 10" + 4 x 10° 2.97 x 10° + 1 x 10*
10 1.41x 10" +3x 10° 1.72x10° +8 x 10°

Figure 4.5 shows the slight decrease in anti-adhesive activity seen between
different dilutions of bacteria spotted onto the fabric. A two-way ANOVA test shows
statistical significance between bilayers up to 8. Tukey’s multiple comparison posttest
was used to compare column means and P<0.001 for all conditions except for the
comparison between 6 and 8 BL and the comparison between 6 and 10 BL where

P<0.01. The PDDA/PAA nanocoating clearly diminishes the ability of the bacteria to
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adhere to the fabric. This antifouling performance of coated fabric is remarkable,
especially considering that 10 BL is only 180 nm thick and has no adverse influence on
the hand (i.e. feel) of the fabric. There are several factors that contribute to the decreased
adhesion of S. aureus. Derjaguin—Landau—Verwey—Overbeek (DLVO) theory describes
the interaction of colloids with surfaces. Due to bacteria’s negative surface charge, it can
be treated as a colloid when examining bacterial adhesion.'*> According to DLVO
theory, bacterial interactions with a smooth surface can be attributed to two types of
interactions. Van der Waals interactions are always attractive forces, while electrostatic
interactions can be either attractive or repulsive depending on the charge conditions of
the surface. Other conditions that were explored in this study, but are not taken into
account in the DLVO theory, are hydrophobic/hydrophilic interactions and contributions

of surface roughness.
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Figure 4.5. Percent loss of bacteria after rinsing as a function of PDDA/PAA bilayers deposited.
Each bar within a color set represents a 2-fold dilution of bacteria initially deposited, starting
with a concentration of 5 x108 CFU/mL, moving left to right within each set.

Polyester fabric is inherently nonpolar (i.e. no formal surface charge), making
van der Waals interactions the primary means of bacterial adhesion on uncoated fabric.
Bacteria removed from uncoated fabric is simply due to rinsing eliminating the most
weakly bound individual S. aureus cells. Upon applying the PDDA/PAA multilayer
coating, bacterial adhesion is more dramatically diminished. Contact angle
measurements indicate an increase in hydrophilicity that creates a hydration layer
through hydrogen bonding between the carboxylic acid repeat units in PAA and water
molecules. The LbL deposited coatings increase the surface roughness, so this may
contribute to the observed reduction in bacterial adhesion. During adhesion testing,

bacteria are suspended in pH 7 PBS. At this pH, surface PAA exposed to the bacterial
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suspension will be highly ionized due to the interaction between phosphate and
carboxylic acid. Previous studies suggest electrostatic repulsion between a negatively-
charged surface and the negatively-charged bacterial wall is the predominate factor in
limiting bacterial adhesion.®% Studies have also shown that nanoscale surface
roughness can reduce or slow the adhesion of S. aureus to a surface?**2> It is believed
that, due to the observed surface roughness, there is less surface area for the bacteria to
adhere to, which reduces the magnitude of attractive van der Waals forces. Under the
conditions of the bacterial adhesion assay, the PAA on the surface is highly ionized,
providing repulsive electrostatic forces from the negatively charged bacterial cell wall

that likely further diminishes adhesion.

In an effort to confirm that the PDDA/PAA nanocoating is truly antifouling (i.e.,
releasing bacteria) rather than bactericidal, the same fabric samples shown in Figure 3
were put onto a nutrient rich agar plate and placed in a 37 °C incubator. These samples
were then imaged hourly, as shown in Figure 4.6. Over three hours luminescence
increased, radiating out from the spotting location, which was especially evident in the
samples with fewer bilayers (Figure 4.6a). It is believed that increased bacterial growth
is not the result of random adherence of viable bacteria during rinsing, but rather
regrowth of viable S. aureus that remained adhered after rinsing. In examining the raw
pictures of the regrowth and plotting bacterial population as a function of time after
rinsing (Figure 4.6b), it is clear that fabric with more PDDA/PAA bilayers created an
environment that resulted in slower bacterial regrowth because fewer colonies remained

attached to the fabric. Rather than the film acting as a bactericidal agent, it is believed
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that the bacteria that remained after rinsing were too poorly adherent for effective
biofilm formation, which requires stable adherence as its first step.1*° The rate of
regrowth observed for the 10 BL coated fabric, relative to uncoated PET (Table 4.3),
can be explained by poor adherence rather than contact killing. To reinforce this
hypothesis, aliquots of rinse buffer were spotted onto nutrient rich agar plates. Viable
colonies were counted after 24 hours at 37 °C and plotted in Figure 4.7. As the number
of bilayers increases and the quantity of bacteria adhered to the fabric decreases, the
amount of viable bacteria in the rinse water increases by an order of magnitude. If the
coating was only killing on contact, and not affecting adherence, there would be no

relationship between viable bacteria in the rinse water and bilayer count.
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Figure 4.6. Representative experiment monitoring regrowth of S. aureus on PET fabric after
rinsing. Smaller spots with cooler colors indicate lower bacterial concentration (a). Regrowth of
S. aureus as a function of hours incubated after rinse for PET fabric coated with varying bilayers
of PDDA/PAA (b).
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Table 4.3. Rates of bacterial regrowth as a function of bilayers deposited on PET.

Bilayers = Regrowth Rate

(CFU/ hour)
Uncoated 1.68 x 107
2 1.19 x 10/
4 6.74 x 106
6 5.64 x 106
8 2.43 x 106
10 8.71 x 10°

10°f

S. aureus Concentration (CFU/mI)

0 4 10
Number of Bilayers

Figure 4.7. Concentration of S. aureus in rinse water as a function of bilayers deposited on PET
fabric. Taller bars indicate a higher population of viable bacteria. Statistical variance assessed
using a one-way ANOVA test (P<0.001).
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4.4 Conclusion

A layer-by-layer deposited nanocoating was shown reduce the adhesion of S.
aureus on a model polyester fabric. Just ten bilayers of poly(diallyldimethylammonium
chloride) and poly(acrylic acid) caused 99% of bacteria to be released from the fabric
surface with simple water rinsing. The efficacy of the coating was evaluated using a
bioluminescence technique. A commercially available bioluminescent strain of S. aureus
was deposited on coated and uncoated fabric and imaged to quantify its radiance, which
correlates to viable CFUs, resulting in a quick and quantitative assessment of bacterial
concentration on the fabric. With a 10-bilayer coating of PDDA/PAA (180 nm thick and
adding only 2.5 wt% to the fabric), a two orders of magnitude reduction in detected
bacteria was observed before and after rinsing relative to uncoated polyester. This
performance can be attributed to a combination of hydrophilicity, increased surface
roughness, and charge repulsion between bacteria and the surface, which is likely the
largest contributing factor. It was determined that this nanocoating is truly antifouling,
rather than bactericidal, by measuring regrowth of plates spotted with rinse water.
Because of its prolific use in apparel, including medical garments, modifying polyester
fabric to inhibit bacterial adhesion could be very useful for reducing the transmission
and spread of MRSA infections. Additionally this technology could be easily scaled up

using a conventional pad dry process,?*® making it commercially viable.
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CHAPTER V
FUNCTIONAL POLYLECTROLYTE COMPLEX THIN FILMS DEPOSITED IN A

SINGLE STEP

5.1 Introduction

Due to the difficulty of processing polyelectrolyte complexes in aqueous media,
LbL has proven to be a valuable technique to conveniently deposit PEC thin films
sequentially on a wide variety of surfaces and with a wide variety of properties.: Even
s0, the process of building PEC films sequentially (nanometers at a time) often requires
tens to hundreds of processing steps to deposit enough material to meet performance
goals. This drawback has limited the commercial viability of these films, despite their
variety of commercially attractive properties. As highlighted in Chapter |1, other
methods to develop coatings using PEC have been investigated (e.g. pH control, 161163 166
coacervates, %1% sedimentation, 17417 etc.) but their properties has been limited in

SCope.

In this chapter, polyelectrolyte complexes containing
poly(diallydimethylammonium chloride) and poly(acrylic acid), deposited in a single-
step, were investigated to effectively reduce the adhesion of S. aureus to polyester fabric
and reduce the oxygen transmission rate of polyester (PET) thick films. Film properties
were found to be dependent on the curing method (i.e. formation of ionic crosslinks).
When these films were cured while the deposited polyelectrolyte mixture was still wet,

the coating was found to be effective at removing > 95% of deposited bacteria to
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polyester fabric. It is believed that the PEC thin films increase surface charge, causing
electrostatic repulsion between the surface and bacteria. If the polyelectrolyte mixture
was dried before curing, the resulting film was less effective at removing bacteria from
fabric, but is effective at reducing the oxygen transmission rate (OTR) of a thick PET
film by two orders of magnitude. Increased cohesive energy and decreased free volume
are the factors believed to influence the barrier properties. This discovery dramatically
reduces the processing steps and time needed to prepare similar LbL assemblies, while
also maintaining the desirable properties of the underlying substrates (e.g. flexibility of

fabric or optical clarity for PET film).

5.2 Experimental

5.2.1 Materials for Antifouling Coatings

Poly(diallydimethylammonium chloride) (PDDA,; 100 kg/mol; 20 wt% aqueous
solution), poly(acrylic acid) (PAA; 100 kg/mol; 35 wt% aqueous solution), and citric
acid monohydrate (CA; 99%), were purchased from Sigma Aldrich (St. Louis, MO) and
used as recieved. 18 MQ Deionized water was used for all aqueous solutions and rinsing
procedures. 200 mM CA solutions were prepared at pH 3 and pH 5. Single-side-
polished, 500 um-thick silicon wafers (University Wafer, South Boston, MA) were
rinsed with a sequence of deionized water, methonal, and deionized water. Si-wafers
were dryed with filtered compressed air prior to a five minute plasma cleaning using a
PDC-32G plasma cleaner (Harrick Plasma Inc. Ithica NY). Polyester 720H purchased

from Test Fabrics Inc. (West Pittston, PA) was cut into 20x20 cm?squares and soaked
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in 100% ethanol for 20 minutes, washed with deionized water, and dried at 70 °C, prior
to polyelectrolyte complex deposition. Bioluminexcent Staphylococus aureus Xen36

(Caliper Life Sciences, Waltham, MA) was used for bacterial adhesion assays.

5.2.2 Materials for Oxygen Barrier Coatings

PDDA (400-500 kg/mol; 20 wt% aqueous solution), PAA (250 kg/mol; 35 wt%
aqueous solution), citric acid monohydrate (CA; 99%), were purchased from Sigma
Aldrich and used as recieved. 18 MQ Deionized water was used for all aqueous
solutions and rinsing procedures. CA was prepared in 25, 100, 200, and 300 mM
solutions. Solutions at the same concentrations were also prepared at constant ionic
strength (~150 mM) by adding the appropiate amount of sodium chloride. All CA
solutions were adjusted to pH 3. Poly(ethylene terephthalate) film (PET, 178 um thick,
ST505, Dupont-Teijin) was purchased from Tekra (New Berlin, WI). The PET was
rinsed with a sequence of DI water, methanol, and DI water and dried with filtered
compressed air. Clean PET was exposed to plasma cleaning for five minutes using a
PDC-32G plasma cleaner (Harrick Plasma Inc. Ithica, NY). Glass slides for atomic force
microsopy, UV-Vis light transmission, nanoindentation, and aluminum foil for FTIR,

were prepared the same way.

5.2.3 Deposition of Polyelectrolyte Complex Thin Films
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Deposition of PEC thin films for the reduction of bacterial adhesion was done as
described here. PDDA (100 kg/mol) and PAA (100 kg/mol) were diluted with DI water
(5 wt% and 8.75wt% respectively). PAA was slowly added to PDDA until a 1:3 molar
ratio (based on repeat units) is reached. The polyelectrolyte mixture (PM) is then diluted
to either 1.5 or 3 wt% dissolved solids with DI water. The pH was adjusted to 2 using 5
M HCI. The solution is allowed to stir (magnetic) overnight to dissolve any complex
formed during intial mixing. The final solution was non-turbid and homogeneous. For
dry cured (DPEC) coatings, washed and dried fabric was immersed in the PM for 5
minutes. Fabric was then squeezed several times to remove exess polyelectrolyte
solution, and dried for 3 hours at 70 °C. Dried fabric was then immeresed in 200 mM
citric acid at pH 3 or 5 for 20 minutes. The fabric was then rinsed with deionized water
and dried at 70 °C overnight. For wet cured (WPEC) coatings, washed and dried fabric
was immersed in the PM mixture for 5 minutes. Fabric was then squeezed several times
to remove exess polyelectrolyte solution, and then placed into 200 mM citric acid at pH
3 or 5 for 20 minutes. The fabric is then rinsed with deionized water and dried at 70 °C
overnight. Two-dimensional substrates (e.g. PET and Si-wafers) were coated in a similar
manner. The only difference being that excess polyelectrolyte mixture was wicked away
with a paper towel three times before drying (for DPEC) and immersion in buffer (for

WPEC). This process is shown schematically in Figure 5.1b.

Gas barrier coatings were deposited on 178 um thick PET film as described here.
PDDA (400-500 kg/mol) and PAA (250 kg/mol) were diluted with DI water (5 wt% and

8.75wt% respectively). PAA was slowly added to PDDA until a 1:3 molar ratio (based
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on repeat units) was reached. The polyelectrolyte mixture was then diluted to 1.5, 3, 4.5
or 6 wt% dissolved solids with DI water. The pH was adjusted to 2 using 5 M HCI. The
solution is allowed to stir (magnetic) overnight to dissolve any complex formed during
intial mixing. The final solution was non-turbid and homogeneous. Cleaned PET film
was immersed in the polyelectroltye solution for five minutes, after which the excess
polymer solution was wicked away, and the sample was placed in the oven at 150 °C for
20 minutes. The sample was then placed in a dry box (~ 11% RH) for 3 hours. It was
then immersed in citric acid buffer at pH 3 for 20 minutes to cure the coating (i.e. form
ionic crosslinks). The sample was dip rinsed in DI water for 20 seconds three times, and
placed in the oven for 20 minutes at 150 °C. The finished samples were stored in a dry
box (~11% RH) prior to testing. This process was carried out in an identical fashion on

glass slides and Al foil.

5.2.4 Evaluation of Bacterial Adhesion

Adhesion of Staphylococcus aureus to circular swatches of 8.5 cm diameter
polyester fabric, coated with the dry and wet cured PEC coatings at pH 3 and 5 (and an
uncoated control), were evaluated in an identical manner to that reported previously (and

outlined in Chapter 1V).2%’

5.2.5 Film Characterization
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Thickness of PEC films deposited on glass slides was measured using a
DektakXT Surface Profiler (Bruker, Billerica, MA), with a stylus force of 2 mg and
stylus radius of 12.5 um. Static contact angles were measured on PEC coatings deposited
on 178 um PET film using a CAM 200 goniometer optical contact angle and surface
tension meter (KSV Instruments, Ltd. Monroe, CT). Coated PET fabric samples were
imaged using a field-emission scanning electron microscope (SEM) (Model JSM-7500,
JEOL,; Tokyo, Japan). Samples were mounted on an aluminum block with carbon tape
and sputter coated with 5 nm of platinum/palladium alloy prior to imaging. Surface
morphology was evaluated using a Dimension Icon atomic force microscope (Bruker,
Billerica, MA) in tapping mode. Probes (HQ:NSC35/Al BS, Micromasch USA
Watsonville, CA) had a force constant of 5.5-16 N/m and a tip radius of ~8 nm.
Reduced modulus (Er) of PEC barrier coatings was evaluated using a T1 950
Triboindenter (Hysitron, Inc, Minneapolis, MN). A Berkovich tip with a radius of
curvature of ~150 nm was used with a loading force of 200 uN (to keep indentation
depth ~10% of coating thickness) and was calibrated against a fused quartz standard to
generate the area function. A loading profile of 10 s of loading, followed by 5 seconds at
a stationary position and 2 seconds of unloading was used. Infrared spectra were taken
on PEC coatings deposited on aluminum foil 28 using an Alpha Platinum-ATR FTIR
spectrometer (Bruker, Billerica, MA), taking 30 scans from a range of 400-4000 cm*
range with a resolution of 4 cm™. Light transmission through gas barrier coatings
deposited on glass slides was measured using a USB2000 UV-Vis spectrometer (Ocean

Optics Inc., Largo, FL) at 550 nm. Data was normalized so uncoated glass slides
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measured ~100 % transmission. Oxygen transmission rate measurements were
performed by Ametek-Mocon (Minneapolis, MN) using an Oxtran 2/21 ML oxygen
permeability instrument (in accordance with ASTM Standard D-3985) at 23 °C and at

0% RH.

5.3 Results and Discussion
5.3.1 Polyelectrolyte Complex Deposition

In order to simultaneously deposit oppositely charged polyelectrolytes as a
uniform thin film, the electrostatic interactions must be inhibited to prevent
complexation. This can typically be achieved through the introduction of salt and/or pH
adjustments, depending on the polyelectrolytes involved.% 107109 This |eads to a
homogeneous solution of oppositely charged polyelectrolytes suitable for deposition.
PDDA and PAA can be mixed at pH ~2 to form a homogeneous mixture. PDDA is a
strong polyelectrolyte and the charge density is independent of pH. PAA on the other
hand, has a pKa of ~4.5%'* and charge density can be reduced by reducing pH though
protonation of the carboxylic acid. Increasing the pH of the PM initially causes small
insoluble PEC aggregates to form, which are easily suspended in the mixture. By
increasing the pH further, the charge density of the PAA increases sufficiently to
promote the formation of an interpolymer composite between PDDA and PAA
(coalescence) and macroscopic precipitation is observed (Figure 5.1a). The PM at pH 2

is suitable for coating a wide variety of substrates (e.g. glass, silicon wafer, PET film,
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and PET fabric). Deposition of the polyelectrolyte mixture onto a substrate was carried
out through immersion of the substrate into the polymer solution. The polyelectrolytes
likely adsorb through a combination of van der Waals and dipole interactions. After
initial deposition of the PM, the coating can either be dried, thereby immobilizing the
polymers onto the substrate surface, or the PM can be directly cured, while still
dissolved in water on the substrate (Figure 5.1b). Curing is done by exposing the PM to
citric acid buffer, which causes deprotonation of PAA and subsequent formation of ionic
crosslinks with PDDA. This forms the functional and insoluble polyelectrolyte complex

film (coating) on the substrate.

6 wt% PDDA/PAA PEC with Increasing pH
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Figure 5.1. Photographs and schematic representation of 6 wt% PDDA/PAA PEC at various pH
values (a). Schematic of PEC deposition (b).
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The effect of curing the polyelectrolyte mixture after drying, or while still wet on
the substrate, and curing pH was compared using 200 mM citric acid buffer at pH 3 and
5. ATR-FTIR spectroscopy was conducted on both wet and dry cured coatings deposited
on aluminum foil (Figure 5.2). Al foil has very minimal background signal and makes
for a good substrate to examine polyelectrolyte complex coatings without the need for
freestanding films.?!8 By increasing pH, PAA charge density increases through
deprotonation and electrostatic complexes form on the substrate. Before complexation,
the deposited polyelectrolyte mixture has a large asymmetric carbonyl stretch at 1700
cm® from PAA, indicating that the PAA is completely protonated. Upon exposure to pH
3 buffer, the intensity of the protonated peak decreases and a new assymetric carbonyl
stretch at 1550 cm™ from the carboxylate formed during curing. The intensity of the
carboxylate peak increases upon exposure to pH 5 buffer, while the intensity of the
protonated acid decreases, suggesting an increase in the charge density of PAA at this
pH. At a higher charge density (i.e. higher pH) more interpolymer networking between
PDDA and PAA takes place,® leading to the increased coalescence observed in Figure

5.1a.
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Figure 5.2. FTIR spectra of dry and wet cured PDDA/PAA polyelectrolyte complex coatings
deposited on Al foil.

The thickness of coatings is influenced by the concentration of dissolved
polyelectrolytes in the PM solution used for deposition. Thickness of dry cured coatings
deposited on Si wafers were measured using profilometry at different pH and PM
concentrations. The thickness of the DPEC coatings without curing increases as the
concentration of the solution increases (Figure 5.3). As this process utilizes solvent
evaporation to deposit the initial coating, having more dissolved polyelectrolyte in
solution leads to more polymer deposited.?!® There isn’t a significant difference between
films thicknesses cured at different pH values. This is likely due to the fact that the PM
is immobilized through drying, and stays deposited on the substrate surface during PEC
formation. This suggests that the thickness of the cured coatings are dependent only on
the amount of material initially deposited. Because of the lack of uniform coverage
observed in AFM (Figure 5.4) and SEM (Figure 5.5), the thickness of WPEC coatings
could not be reliably measured, but increasing the concentration of the deposition

solution does lead to increased coverage and coalescence in both pH 3 and pH 5
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coatings, along with increased weight gain when deposited on PET fabric (Table 5.1),

suggesting that more PEC is deposited.
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Figure 5.3. Thickness of dry cured PDDA/PAA coatings using different dissolved
polyelectrolyte concentrations and cured with 200 mM citric acid at different pH values.

Coating morphology was observed using atomic force microscopy, as shown in
Figure 5.4. DPEC coatings show relatively uniform surface coverage. These coatings do
not possess any distinct features, apart from the porosity observed in pH 5 films. This is
likely from the increased PEC mobility during cure due to the higher ionic strength of
the buffer at pH 5 that allows for pore formation. Changes in PEC film morphology due
to exposure to salt solutions (i.e. increased ionic strength) have been reported
previously.?2%-2?! Since the coatings are immobilized through drying before curing,
formed complex stays adhered to the surface rather than becoming suspended in the

curing solution, leading to the observed uniform coverage. Relative to dry cured
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polyelectrolyte complex, WPEC coatings have significantly different structure. pH 3
cured coatings appear to consist of aggregates of small polyelectrolyte complex
particles. Increasing polymer concentration leads to increased aggregation of the
complexes. pH 5 cured coatings still show aggregation, however the films have a
signicant increase in coalescence. This is likely occuring due to two factors. By
increasing the PAA charge density, each PAA chain has more carboxylate groups
available for complexation. Each chain can form ionic crosslinks with more sites on an
individual PDDA chain, or can complex with sites on other PDDA chains. This leads to
the significantly more coalesced films (compared to pH 3 cured coatings) through
interpolymer ionic bonding. It is also believed that the electrostatic interactions that do
form during curing are likely more shielded (i.e. weaker) than those in the pH 3 coating
due the increased ionic strength of the buffer.??! This leads to the polymer chains being
more mobile within the formed PEC and aiding in the coelescence of the film. Increasing
the concentration of dissolved polylectrolytes from 1.5 to 3 wt% increases the
aggregation and coalecence observed in both pH 3 and pH 5 wet cure coatings. This is

likely due to there simply being more polyelectrolytes available to form PEC.
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Figure 5.4. AFM images of wet and dry cured coatings deposited at pH 3 and 5 on a Si wafer at
different deposition concentrations.

5.3.2 Reduction of Bacterial Adhesion to Polyester Fabric

The amount of coating deposited on the surface of fabric was monitored by
evaluating the weight gain (Table 5.1). 1.5 wt% polymer mixture was used for DPEC
coatings and the weight gain was 2.1 wt% and 2.3 wt% for pH 3 and 5, respectively.
When WPEC coatings are made at the same polymer concentrations, the weight gain is
lower (1.3 and 2.1 wt% at pH 3 and 5, respectively), especially at pH 3. During dry
curing, the coating is already immobilized onto the substrate surface and complexation
occurs with little PEC loss in the curing solution. This is not the case with the wet cured

coatings. Significant amounts of flocculants (i.e. non-adheard PEC) are visible through

79



the increased turbidity in the curing solution. This in turn leads to the lower weight gain
observed. Increasing polymer solution concentration from 1.5 to 3 wt% increased the
wet cure weight gains to 3.2 and 4 wt% for pH 3 and 5, respectively, simply due to more
polymer being available to complex and deposit. The morphology observed in AFM is
also observed with PEC deposited on fabric in SEM. (Figure 5.5). The difference in
weight gain as a function of pH can be explained by two factors. The increase in ionic
strength of the buffer solution at pH 5 allows the polymer chains more mobility at higher
ionic strength due to electrostatic charge shielding, allowing PEC aggregates to coalesce
more readily and resulting in higher weight gain. Similar results have been observed
with PEC deposited on paper pulp.t”® Increasing pH also allows for a greater charge
density on PAA (through deprotonation) and as a result there is a greater amount of

interpolymer networking between PDDA and PAA that leads to more coalescence.???
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Table 5.1. Weight gain of PEC deposited on polyester fabric and contact angle of PEC
deposited on PET film.

Coating Cure Weight Gain  Contact Angle
Conditions [%] [°]

Uncoated N/A 77.01 £2.82

Dry Cure pH 3 2.08 £0.12 51.46 +4.33

Dry Cure pH 5 2.31+0.15 31.14 £4.11
Wet Cure 1.5% pH3 | 1.22+0.14 N/A

Wet Cure 3% pH 3 3.22+0.08 15.77 £ 1.73
Wet Cure 1.5% pH 5 | 2.09+0.18 N/A

3.95+0.14 23.38 £3.09

Wet Cure 3% pH 5

Dry Cure pH 3

10 ym
Dry Cure pH5

Wet Cure 1.5% pH 3

i,
o

| Wet Cure 1.5% pH 5

Wet Cure 3% pH 3

10 ym ‘
Wet Cure 3% pH 5

A ——.

Figure 5.5. SEM micrographs of PET fabric with PEC deposited using wet and dry cure

methods.
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The difference in observed morphology indicates that the curing conditions
should be tailored to the substrate and application. This was investigated by depositing
PDDA/PAA polyelectrolyte complexes on the surface of polyester fabric. Micrographs
obtained using SEM show that DPEC coatings are uniform and don’t change the
underlying morphology of the fabric fibers. However, extensive bridging of PEC
between multiple fibers occurs. Broken bridges can be observed in the micrographs,
leaving the underlying substrate with no coating (Figure 5.5 yellow arrow and 5.6) and
are especially evident in pH 5 coatings. This is not suitable for applications were
complete surface coverage is needed (e.g. reduction of bacterial adhesion). Not only is
there incomplete surface coverage due to bridging, but the intact bridges lead to
significantly stiffer fabric compared to uncoated fabric, which adversely impacts the
hand. PET fabric with WPEC has similar aggregate morphology as observed in AFM,
and even though the topology is not uniform (there are some areas with significant
aggregation), complete surface coverage is achieved. Bridging is significantly reduced as
well. Drying the PM to the fabric before PEC formation immobilizes the PM bridges,
which during curing are not removed. Curing while the PM is still dissolved leads to
deposition only on fibers because the material that would cause bridging is loosely
adhered. During curing, the PEC formed is suspended into the curing solution rather than
bridging fibers together. The stiffness of WPEC coated fabric is significantly lower (and
close to uncoated fabric) relative to DPEC coatings, in part due to higher fiber mobility.
More PEC is deposited by increasing the dissolved polymer concertation from 1.5 to 3

wt%. More bridging is observed, but there is significantly less than the DPEC coatings at
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pH 3 and 5. The bridging that is present seems to be from the coating settling on the

areas of the fabric with higher fiber density rather than fibers being “glued” together

with PEC.

Dry Cure pH3 o @ Wet Cure 1.5% pH 3 " Wet Cure 3% pH 3

40 pm

Dry Cure pH 5 N Wet Cure 3% pH 5

10 pm

Figure 5.6. SEM micrographs showing bridging of dry and wet cured PDDA/PAA PEC on
polyester fabric.

Differences in the adhesion of Staphylococcus aureus to coated fabric was
evaluated using the same technique outlined in Chapter IV. Briefly, the amount of
photons detected from bioluminescent S. aureus was compared after depositing (10 pL
spots at 9.5 x 108 CFU/mL) and rinsing uncoated and PEC-coated PET fabrics. This
generates a “heat” map showing where viable bacteria are on the fabric. Larger spots

with warmer colors (red and yellow) indicated more photons detected (i.e. more viable
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bacteria). It should be noted that initial bacterial populations on uncoated fabric are
higher due growth between the time of deposition and initial measurement (Figure
5.7a). Using a standard curve, radiance was converted to colony forming units (CFU)
quantitatively evaluate bacterial adhesion before and after rinsing (Table 5.2). When
rinsed, ~42% of deposited bacteria remains on uncoated fabric. This was similar to the
value shown in Chapter IV. The best coating (wet cured 3 wt% pH 3) only allows ~3%
of the initially deposited bacteria to remain after rinsing. One-way Anova analysis,
followed by Tukey’s comparison test (calculated using GraphPad Prism software)
showed that all coated fabric reduced the adhesion of deposited bacteria significantly
compared to uncoated fabric (p < 0.001), as shown in Figure 5.7b. Dry cured pH 5
coatings show a significant deficit in antifouling ability relative to all other coatings (p <
0.001). Dry cured coatings at pH 3, also show a diminished ability to reduce bacterial
adhesion relative to wet cured coatings 3 wt% pH 3 (p < 0.05). Beyond that the
difference observed between coated fabrics were not statistically significant. It should be
noted that there is slightly better anti-adhesion (i.e. more bacteria removed) in the wet
cured coatings when increasing the polymer concentration from 1.5 wt% to 3 wt%. This
is likely due to the increased surface coverage observed in both AFM and SEM (Figure
5.5). Overall, there is an order of magnitude reduction in the amount of detected bacteria

in wet cured 3wt% coatings at both pH 3 and 5, relative to the uncoated control.
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Figure 5.7. Differences in initial adhesion of S. aureus to coated and uncoated polyester fabric
deposited at 9.5 x 10 CFU/mL (a). Amount of bacteria removed after rinsing (b).

Table 5.2. Measured CFU of S. aureus before and after DI water rinse.

Cure Conditions* S. aureus Before Rinse . aureus After Rinse Bacteria

Remaining

[CFU] [CFU] [%]

Uncoated 171x 10 £0.1x 100 7.38x 10°+ 1.4x 10° 43
DPECpH3 |883x10°+021x10° 7.40x10° +0.26x 10’ 8
DPECPHS5  [9.67x10°£0.17x 10°  2.33 x 10°+0.02 x 10° 24
WPEC 1.5% pH 3| 889x 10°£0.31x 10° 4.60x 10"+ 1.20x 10° 5
WPEC3%pH3 | 723x10°+0.04x10° 2.04x 10°+0.14x 10’ 3
WPEC 1.5% pH 5 | 921 x 10°£0.09x 10°  7.06x 10" +0.42x 10’ 8
WPEC 3% pH 5 |7.25x 10° £ 0.37x 10°  3.05x 10° = 0.06 x 10’ 4

* Percent value in the Cure Conditions column refer to the percent of dissolved solids in the deposition solution.

The diminished ability of bacteria to adhere to coated fabric is a result of the

changes in surface properties imparted by the coating. The interaction between a surface
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and bacteria can be described using modified Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory.'*2 This theory describes the interactions between a colloid and a surface
by describing van der Waals (always attractive) and electrostatic interactions (attractive
or repulsive depending on surface charge). Bacteria is usually negatively charged in
aqueous media, so these interactions can be described using DLVO theory, but other
interaction also need to be taken into account, including Lewis acid and base interactions
(usually in the form of a hydrogen-bonded hydration layer).143-14* The decrease in
contact angle (Table 5.1) suggests the formation of a hydration layer, which may reduce
the bacteria’s ability to adhere to coated fabric. Repulsion from electrostatic interactions
can also explain the observed behavior. PEC is formed with an excess of PAA present, is
only 3% ionized (i.e. deprotonated) at pH 3, so there is still an excess of protonated PAA
in the final PEC evidenced by the carbonyl stretch at 1700 cm® in FTIR (Figure 5.2). At

high pH, PAA will ionize and can repel negatively-charged bacteria.

Dry cured coatings were exposed to pH 7 buffer and dried to simulate similar
conditions to those in the antifouling assay. The films were compared to ambient films to
estimate the differences in carboxylate within the films at higher pH using FTIR (Figure
5.8). It was observed that the films at pH 7 have predominately carboxylate functionality
because of the strong absorbance at ~1550 cm™. The carboxylic acid stretch (1600 cm™)
is also significantly reduced. This suggests that there is very high negative charge
density of the coating at the pH of the assay for bacterial adhesion, which would lead to
significant electrostatic repulsion between the film and S. aureus. This test was

conducted on both DPEC films at pH 3 and 5 (Figures 5.8a and 5.8b, respectively) and
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the same trend is observed in both films. Because the stretching peak at 1550 cm™ is
very strong in both pH 3 and 5 dry cured coatings, it is believed that the major difference
observed in the antifouling behavior between these films is due to the extensive amount
of broken bridges seen in SEM mages of the dry cured pH 5 fabric, which is highlighted
in Figure 5.5 with a yellow arrow. This is mainly due to the fact that broken bridging
appears to delaminate the coating from the fabric, potentially leaving large areas of

uncoated fabric that bacteria can adhere to.

—Ambient —pH 7 —Ambient —pH 7
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Figure 5.8. FTIR spectra of PEC coatings dry cured at pH 3 (a) or 5 (b), under ambient
conditions and after exposure to pH 7 Tris buffer.

5.3.3 Oxygen Transmission Rate Reduction

Thin, transparent, and flexible films are required for food packaging to improve
shelf-life and minimize food waste.??32%* These properties often achieved through
constructing multilayered plastic films or with metalized plastics.??® Both of these
processes are energy intensive and lead to a product with low recyclability. As an

alternative, polyelectrolyte complex thin films have been applied using layer-by-layer
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assembly to reduce transmission rates of various substrates.?® Clay-platelet containing
composites have been deposited using LbL, creating significant tortuosity and slowing
the transport of small molecules through a film.?26-228 Transparent polymer-only thin
films have also been prepared via layer-by-layer deposition that have high barrier and
selectivity towards small molecules due to increased cohesive energy and reduced free
volume within the PEC.?1% 22% These coatings are very efficient, but the number of
processing steps inherently required to construct these barrier coatings diminishes
commercial feasibility. Recently a BPEI/PAA coacervate was deposited in a single step
and significantly reduced the oxygen transmission rate of PET film.1% This coating
exhibited remarkable barrier while significantly reducing the number of processing
steps, but has significant room for improvement due to poor wettability of the coacervate

and the post-cure “healing” needed to fill in pinholes.

Transparent coatings that impart low gas transmission must be dense and uniform
with complete surface coverage (i.e. no pores and low roughness). WPEC coatings
generate non-uniform surfaces either in the form of large aggregates (pH 3) or
insufficient surface coverage (pH 5) (Figure 5.4). This leads to non-transparent films
that have poor barrier due to inconsistent surface coverage. DPEC coatings on the other
hand, show complete surface coverage and are much more conformal (i.e. smooth) by
comparison. This makes them an ideal candidate for gas barrier coatings. 6 wt%
mixtures of PDDA/PAA at a 1:3 molar ratio (based on repeat unit molar mass) were
deposited onto 178 um thick PET. The effect of citric acid concentration and ionic

strength during the curing step was evaluated. Increasing buffer concentration increases
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the ionic strength of the curing solution, and ionic strength is well known to influence
the formation of polyelectrolyte complexes.!*>1!" In order to account for this, samples
were also cured in CA buffer solutions that were at a constant ionic strength (~150 mM)
by adding NaCl. Figure 5.9 shows the coating thickness as a function of curing
conditions at pH 3. Increasing buffer concentration, with and without added salt, does
not appear to influence the final thickness of the coatings. On average, these coatings are
~ 1900 pm thick. The uncured coatings are also ~1900 um thick, suggesting that the
thickness is determined by the initial amount of polymer mixture deposited rather than
curing conditions. This was also observed when comparing the thickness of the same

PEC coatings as a function of curing pH of 200 mM citric acid buffer (Figure 5.3).

m No NaCl mNaCl added

Thickness (nm)

NoCure  25mMCA 100 mM CA 200 mM CA 300 mM CA
Curing Conditions

Figure 5.9. Thickness of PDDA/PAA PEC films as a function of citric acid buffer concentration
at constant ionic strength (~150 mM adjusted with NaCl) (blue), and buffer concentration with
naturally increasing ionic strength (green).

PDDA/PAA PEC was deposited and cured on glass slides to observe any

difference in film transparency due to buffer concentration and ionic strength. Data was
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normalized so that uncoated glass slides showed ~ 99.2 + 0.6 percent light transmitted.
The uncured polyelectrolyte mixture has a percent transmittance of ~ 99.3 £ 1.0.
Formation of PEC through curing causes some rearrangement of the polymers, as
evidenced by the reduction of light transmission. Figure 5.10 shows light transmission
as a function of curing conditions. Increasing the buffer concentration appears to
increase light transmission through the film. Performing curing at the same ionic
strength (i.e. adding NaCl) showed an increase in the light transmission at 25 mM and
100 mM CA relative to curing without added salt. Coating uniformity is also much better
when NaCl is included in the curing solutions at 25 mM and 100 mM CA. This can be
seen by the considerably smaller standard deviation in transparency for these films with
added NaCl. At 200 mM CA (with and without NaCl) and 300 mM CA, almost all light
is transmitted (> 95%). Salt is known to plasticize PEC through electrostatic charge
shielding,?3%-2%2 and adding salt to the curing solutions likely gives the polymers
increased mobility and a more coalesced structure results (rather than an aggregated
rough structure). When the ionic strength is held constant with NaCl an increase in
transparency is observed, indicating that ionic strength is not the only determining
factor. It is believed that increasing buffer concentration increases the citrate
concentration, allowing for increased deprotonation (up to ~3 %) and leading to more
interpolymer ionic crosslinks and a more uniform coalesced coating. These findings are

reinforced by measurement of surface topography.
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Figure 5.10. Percent light transmission (%T) of PDDA/PAA PEC deposited on glass slides as a
function of citric acid buffer concentration and ionic strength.

The morphology and surface roughness of PDDA/PAA PEC films was measured
using AFM. The roughness and surface topology was measured as a function increasing
buffer concentration, with and without a constant ionic strength of ~150 mM. Figure
5.11 shows the topography of these coatings deposited on glass slides. The
polyelectrolyte mixture was imaged before curing, and a very smooth (Rq< 1 nm)
featureless surface is observed Exposing the PM to citric acid forms a PEC through
deprotonation of PAA due to increased negative charge density. This causes significant
morphological changes in the coating as the polymers rearrange to form ionic crosslinks.
Curing the coatings in buffer with increasing concentration leads to coatings with lower
surface roughness as summarized in Table 5.4. This increase in surface roughness
scatters more light and explains the reduced transparency.?? By increasing ionic

strength, either through the addition of NaCl or by increasing the buffer concentration,
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the polymer chains in the PEC have more mobility and can form a more uniform

coalesced structure with lower roughness and higher transparency.

S - O of Vo’ M "' 4.0 ym -y L B
25 mM CA +NaCl 100 mM CA + NaCl 200 mM CA + NaCl No Cure

Figure 5.11. AFM height images of PDDA/PAA PEC thin film surfaces deposited on glass
slides formed with varying curing conditions.

Table 5.3. Surface roughness of PDDA/PAA PEC films.

Roughness* [nm] 25mM CA 100 mM CA 200mM CA 300 mM CA

No NaCl 55.7+3.0 239+1.3 74+0.7 33+14
With NaCl 29.0+5.2 11.5+04 45+0.2 N/A

*Roughness measurements taken on PEC films deposited on glass slides.
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The oxygen transmission rate (OTR) for PEC coatings deposited on both sides of
a 178 um PET film (~1.9 um/side) was evaluated under different curing conditions
(Figure 5.12). Surprisingly, depositing a PDDA/PAA polymer mixture without curing
reduces the OTR by a factor of 36. This is significant considering that there is minimal
barrier improvements between 127 um thick PET and 178 pum PET (OTR is 9.5 and 8.6
cm®m2day’?, respectively).1%® 22 |t is believed that dipole interactions between PDDA
and PAA, observed at low pH,%* leads to higher cohesive energy in the film, reducing
oxygen’s ability to move through the coating. Exposing the deposited polyelectrolyte
mixture to buffer further reduces the barrier by a factor of 8.7-18, depending on the
buffer and NaCl concentration (Figure 5.12). The large increase in the cohesive forces
during complexation can explain the differences in barrier observed. Complexation
increases cohesive forces within the PEC due to the formation of ionic crosslinks.**
Higher cohesion energy in general leads to better small molecule barrier in polymeric
materials.?*® Greater cohesive energy increases oxygen barrier by an order of magnitude
after the PEC films are cured. This increase in cohesive energy is evidenced by the
increase in reduced elastic modulus (Er) of the films during curing (Table 5.5).
Nanoidentation of the cured coatings reveals an average reduced modulus of 12.3 GPa
irrespective of buffer concentration or ionic strength. Even though there is no correlation
between salt concentration and modulus, adding NaCl to the curing solutions increases
the oxygen barrier (i.e. reduces OTR) in both 25 and 200 mM CA cured coatings by a
factor of 2. It is believed that the salt increases the free volume of the coating during the

curing process,?*® allowing any PEC aggregates to coalesce (through increased free
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motion of polyelectrolyte chains), leading to a less aggregated structure with reduced

free volume (once the film is rinsed and dried).2%
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Figure 5.12. Oxygen transmission rates of uncoated 178 um PET film (Ref. 230) and
PDDA/PAA PEC films deposited on PET.

Table 5.4. Reduced modulus of PDDA/PAA PEC films.

Reduced No Cure 25 mM CA 100mMCA 200mMCA 300 mM CA
Modulus* |GPa] |GPa] |GPa] |GPa] |GPa]
No NaCl 6.95 + 12.53 +£3.69 13.01 £1.55 12.43+0.96 11.37 £ 0.35
0.11
With NaCl N/A 12.00 £ 2.11 12.86 £ 1.21 11.98 £ 0.61 N/A

*Nanoindentation measurements taken on PEC films deposited on glass slides. Reduced modulus is very nearly the elastic modulus

(to a first approximation).

94



5.4 Conclusions

Polyelectrolyte complexes of PDDA and PAA were deposited as functional thin
films in a single step, significantly reducing the number of processing steps that would
be required for similar layer-by-layer assembled thin films. Homogenously mixed
polyelectrolyte solutions were prepared at pH 2, eliminating electrostatic interactions
between PDDA and PAA and allowing both polymers to be deposited simultaneously.
Film morphology can be tailored based on curing method. If the coatings are cured
without drying, a highly aggregated film is formed, which significantly reduces the
adhesion of bacteria to polyester fabric. These coatings were found to have a high degree
of negative charge density at pH 7, leading to electrostatic repulsion between bacteria
and the coating. PEC thin films where the polyelectrolyte mixture dried prior to curing
made smooth, uniform coatings that provided a two orders of magnitude reduction in
oxygen transmission rate through a polyester thick film. The optical transparency of
these films can be improved by increasing buffer concentration or by adding salt to the
curing solution, which reduces the surface roughness and generates a more coalesced
network. These coatings, when cured, significantly increase the cohesive energy of the
film and reduce free volume because of the ionic network formed, leading to high
oxygen barrier. This process significantly reduces processing steps to deposit a
polyelectrolyte complex thin film (relative to layer-by-layer assembly). This study
highlights the tailorability of these coating through simple changes in the curing process,

which could potentially lead to more opportunities to use functional PEC thin films.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Functionalization of Polymer Substrates Using Polyelectrolyte Complexes

This dissertation describes the deposition of polyelectrolyte complexes on
polyurethane foam, as a flame retardant treatment, and on polyester fabric to reduce
bacterial adhesion. These coatings were deposited using the layer-by-layer assembly
technique. Reducing the number of processing steps often required with layer-by-layer
assembly is of significant interest. The final topic of this dissertation focused on the
parameters that influence the formation and film properties of
poly(diallydimethylammonium chloride) and poly(acrylic acid) polyelectrolyte
complexes deposited in a single step. Depending on the conditions under which these
complexes are formed, coatings were found to effectively reduce bacterial adhesion to
polyester fabric and reduce oxygen transmission rate of poly(ethylene terephthalate)
film. The significant reduction in processing steps associated with this process could

lead to commercial use of functional PEC thin films.

6.1.1 Environmentally-Benign Halloysite Nanotube Multilayer Assembly
Significantly Reduces Polyurethane Flammability

Chapter I11 highlights the development of a polyelectrolyte complex
nanocomposite thin film utilizing halloysite clay to reduce the flammability of

polyurethane foam. By stabilizing halloysite with branched polyethylenimine and
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poly(acrylic acid), cationic and anionic-halloysite suspensions could be used to form a
PEC-clay nanocomposite thin film via layer-by-layer assembly. At 5 BL, ~36 wt% was
deposited on the surface of PUF, leading to a 60% reduction in peak heat release rate and
a 60% reduction in total smoke release. This coating was also found to exhibit self-
extinguishing behavior during direct flame testing. It is believed that this halloysite
nanocomposite coating forms a physical barrier during combustion, which prevents heat
and mass transfer, reducing fire’s ability to spread. Because of the efficacy at low
bilayers and the environmentally-friendly nature of the ingredients, this coating has the
potential for wide-spread use as a safe flame retardant treatment to increase fire-safety in

homes.

6.1.2 Polyelectrolyte Multilayer Nanocoatings Dramatically Reduce Bacterial
Adhesion to Polyester Fabric

Chapter IV discusses the development of a polyelectrolyte complex made of
PDDA and PAA that, when deposited to the surface of polyester fabric, reduces bacterial
adhesion. An assay using bioluminescent Staphylococcus aureus was used to detect
photons emitted from viable bacteria on the fabric surface. A 10 BL coating only adds
2.5 wt% to the fabric and reduces the amount of detectable bacteria by two orders of
magnitude (>99%) after simple rinsing with deionized water. It was observed that the
efficacy of the coating increased as a function of BL deposited. Since PAA is the
terminal layer, the surface is negatively charged, which repels the negatively-charged

bacteria through electrostatic repulsion. It is also believed that the surface roughness and
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the formation of a hydration layer contribute to the reduction of bacterial adhesion. The
bacteria were shown to regrow on the surface of coated fabric, suggesting that the
coating is truly antifouling and not bactericidal. This process could easily be scaled up
using a pad dry process, or applied to other substrates, providing a possible solution to

reducing the spread of antibiotic resistant infections in medical centers.

6.1.3 Functional Polyelectrolyte Complex Thin Films Deposited in a Single Step

PDDA/PAA PEC formation and film characteristics were evaluated under a
number of different curing conditions. It was observed that curing the polyelectrolyte
complex (i.e. forming ionic crosslinks) when the PM was dried (immobilized) on the
substrate, rather than solubilized (wet and highly mobile), lead to films with significantly
different properties. AFM surface images revealed that WPEC films have a more
aggregated structure (less conformal). DPEC films have conformal, smooth
morphologies due to the decreased mobility of the dried polyelectrolytes on the substrate
surface. Because of these different film morphologies, different applications of these
PEC thin films were studied.

Dry and wet-cured coatings were compared in the reduction of bacterial adhesion
to polyester fabric. A 3 wt% WPEC at pH 3 was found to remove > 95% of deposited
bacteria, while only adding ~2 wt% to the fabric surface with (minimal impact to fabric
hand). DPEC coatings significantly increased the stiffness of coated fabric, and in
general were less effective at reducing bacterial adhesion, mainly due to the extensive

bridging of fibers by the PEC. These bridges can easily break (observed in SEM),
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delaminating the coating from the fabric and leaving exposed areas of fabric. It is
believed that these PEC coatings are effective due to electrostatic repulsion between
negatively-charged bacteria and the negatively-charged surface.

Dry cured PDDA/PAA PEC coatings have very uniform surface coverage and
were also explored as a thin film oxygen barrier. A 6wt% PDDA/PAA solution was cast
on 178 um PET. Films were cured at different concentrations of citric acid buffer at pH
3, with and without keeping the ionic strength constant. It was observed that the
transparency of these films increased with increasing buffer concentration due to the
reduction of surface roughness. When the buffer ionic strength was kept constant by
adding NaCl, the light transmittance increased relative to the cured films with no added
salt. This was due to the increased polyelectrolyte mobility from charge shielding,
leading to smoother, more coalesced coatings. Coatings cured at 200 mM citric acid,
with salt added to obtain ~150 mM ionic strength, exhibited an oxygen transmission
reduction of two orders of magnitude (a factor of 660) mainly due to the increase of

cohesive energy in the cured coatings.

6.2 Future Research Directions

6.2.1 Polyelectrolyte Complex Thin Film Properties Impact on Barrier Properties

Chapter V examined polyelectrolyte complexes formed between PDDA and PAA
deposited in a single step, which exhibited a significant reduction in oxygen transmission

rate. PEC deposited via layer-by-layer assembly have produced transparent thin films
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that reduce the OTR below the limit of detection of standard testing equipment.3 210229
There is still opportunity for improvement with these “one-pot” PEC thin films to
achieve the LbL level of effectiveness. It has been observed that the strength of the ionic
crosslinks within a PEC vary depending on polymer chemistry,'°2 which may also
impact barrier properties (e.g. films with stronger ionic bonds may increase barrier).
Intrinsic versus extrinsic compensation within the PEC could also play a role in
improving barrier properties. This could be altered by studying PEC formation at
different molar ratios of polyelectrolytes, !’ or by treating PEC films after curing with
salt and subsequent exposure to low concentrations of polycations or polyanions.?3®
Variation in film compensation could be measured using radiolabeled small counter
ions.2%-240 Films with different compensation could be tested for their barrier properties.

A better understanding of film properties could lead to films with much better barrier.

6.2.2 Improvement of Flame Retarndant PEC

Polyelectrolyte complexes deposited using layer-by-layer assembly have been
significantly developed and have proven to be a versatile method for rendering
numerous substrates flame retardant.?>° Intumescent PEC thin film coatings have been
deposited in a single step onto cotton,®* polyester-cotton,'® and nylon-cotton blended
fabric.1%® Fabric consisting of blends of cotton and synthetic fibers, such as polyester and
nylon, are more difficult to flame retard due to different burning characteristics of the
synthetic fibers, which tend to melt and release more heat during combustion. One

strategy to combat this is to improve the intumescent coatings, producing greater
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insulating char formation to help reduce heat transfer during combustion. PEC coatings
incorporating melamine have been shown to be more effective due to the formation of
melamine polyphosphate (MPP), which significantly increases char formation.?** MPP is
insoluble in water and melamine needs to be incorporated in a separate step to include it
in the final PEC. Melamine could be grafted to a polyelectrolyte such as BPEI and could
be complexed with a polyphosphate to produce a more effective intumescent PEC.
Increased char formation could be measured using Raman spectroscopy. Films using
unmodified BPEI could be compared to films using melamine-modified BPEI. The MPP
formed in the PEC could lead to better charring with cotton in the fabric blend, shielding

the increased heat release from the synthetic fibers.

6.2.3 Improvements of Antifouling PEC Coatings

The PEC coating highlighted in Chapter V to reduce bacterial adhesion has
significant room for improvement. These coatings have been shown to be antifouling,
but cannot kill bacteria that do manage to adhere, which still leads to fouling over time.
This aspect could be improved by making the coatings bactericidal as well.
Multifunctional PEC coatings deposited using layer-by-layer assembly have been shown
recently to reduce bacterial adhesion and also kill surrounding bacteria.’® %1% |t js
possible that similar coatings could be developed and deposited in a single-step.
Gentamicin or ionic antibiotics could be incorporated into the polyelectrolyte mixtures.
Upon deposition and curing, the antibiotic could be electrostatically bound in the PEC

and could slowly be released under various stimuli (i.e. salinity, pH, or temperature),
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similar to layer-by-layer films.2488 If these coatings were formulated with a large excess
of one polymer (like those developed in Chapter V) the ratio of the two polyelectrolytes
could be altered to evaluate the influence of excess polyelectrolyte and antibiotic
loading. This could then be tuned to increase the time that the coating remains effective.
If the coatings have excess polyanion, they may also exhibit antifouling characteristics
(due to electrostatic repulsion). The polyelectrolyte ratio could be tuned to find the best
balance between antibiotic loading and ideal surface charge density for efficient

reduction in adhesion.
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