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1. Abstract

1.1. Introduction and Objectives

We report on progress made in year 2 of WP21-3053 on the development of novel
multifunctional fibers for the controlled delivery of environmentally friendly, low toxicity insect
repellents encapsulated in the core of polymer fibers via electrospinning and dry jet wet spinning
to demonstrate feasibility for transition. Individual fibers were engineered by electrospinning, as
well as scalable extrusion methods, to exhibit one or more functionalities providing multiple
approaches to produce yarn and/or fabric composites for environmentally sustainable
multifunctional textiles. Our specific objectives for this reporting period were 1) evaluate the
potential efficacy of dual repellent fiber designs, 2) develop and validate a bioassay for repellent-
loaded fibers, and 3) identify fiber designs that are compatible with transition to scalable

production methods.

1.2. Technical Approach

This program is organized into 4 tasks. First, dual insect repellents (Task 1) are
incorporated into electrospun nylon fibers to evaluate potential synergistic effects uniquely
enabled by the electrospinning process. Second, electrospun fibers are physically spun into threads
to demonstrate direct transition capability for improved performance for multifunctional uniform
applications (Task 2). Third, insect repellent composite fiber designs developed under Tasks 1
and 2 are transitioned to conventional fiber drawing techniques and efficacy (mechanical, release
properties) compared to demonstrate feasibility for scale-up (Task 3). Finally, additional additives
(fire retardant and antimicrobial) are separately incorporated into the most successful insect

repellent designs via electrospinning to demonstrate potential for dual-functionality (Task 4).

Manuscript approved August 15, 2023.



Ultimately, this research is designed to produce several different fiber designs with well proven

transition potential that could be used to design new multifunctional fabrics.

Electrospun Multifunctional Composite Fibers
for Improved Warfighter Insect Protection

Scheme illustrating electrospinning

of multfunctional fibers <)
Negative voltage sese

Voltage source /j/)

Electrospinning source

Drawing threads on w
collector bobbin

< _Optional second source »

Multifunctional fiber
thread integrated with
traditional fibers

Integration of thread | ‘¥
into fabric swatch

o

New multifunctional fabrics

&%
SEM close-up of =2 utilized for full proof-of-concep|
- sose electrospun mrea}ﬁ. clothing articles
Electrospun fiber morphologies =

S &

Monofilament Coaxial Core

Figure 1. Conceptualization of direct development pth of monofilament and coaxial electrospun
fibers to functional webs, patches, and potentially textiles.

The flexibility afforded by electrospinning provides the opportunity for the generation of
a library of multifunctional fibers with different additives, chemistries, and physical properties
(Figure 2, left). Individual fibers may be tuned to encapsulate varying functionalities and at
different concentrations or monofunctional fibers may be blended to form multifunctional fibers
or yarns depending upon the use case. This approach has the potential to enable new textile
manufacture methods that generate numerous multifunctional products that could impact multiple
applications, including intelligently designed ‘smart’ uniforms, including garments with localized
behavior (e.g., collars with high loading of insect repellent). Furthermore, electrospinning can
serve as a testbed technology to allow for rapid prototype and demonstration of the coaxial designs,
from which more conventional coaxial processing techniques can be easily adapted for transition

to large scale production (Figure 2, right).
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Figure 2. Transition of fiber designs enabled by electrospinning (left) to more scalable fiber
production methods, dry jet wet spinning and melt extrusion (right).
1.3. Results
In year 2, we have made substantial progress in Tasks 1, 3, and 4, which correspond to
electrospun prototyping, scalable extrusion, and multifunctional fibers, respectively. In Task 1, we
developed mixed insect repellent-doped recycled polyethylene terephthalate (PET) electrospun
microfibers and demonstrated their efficacy using a novel live insect bioassay specifically
designed for insect repellent loaded textiles. In task 3, we made progress in two parallel scalable
fiber fabrication pathways, dry jet wet spinning and melt extrusion. We identified and employed
the benefits of dry jet wet spinning, which extrudes polymer gels at relatively low temperatures
that enables the incorporation of volatile repellents, to a novel polymer-DEET gel formulation that
has significant promise to serve as a fiber core, as well as standalone repellent material. For melt
extrusion, we identified a promising melt depressant that effectively lowers the processing

temperature of nylon to enable compatibility with insect repellents. Towards Task 4, we designed,



formulated, and tested flame retardant tannic acid-nylon fibers that showed natural product tannic
acid was effective as a fire-retardant additive for nylon. We will build upon these findings in year

3 to incorporate insect repellency for a multifunctional fiber proof of concept.

1.4. Benefits

The encapsulation of insect repellent (i.e., picaridin, DEET) into textile fibers via a bottom-
up approach affords the potential to create fabrics and garments that offer long-term protection to
the warfighter from insect-borne diseases. Incorporation of the active materials into the core of
the fibers will greatly enhance the durability of these functionalities to laundering, especially when
compared with surface treatments, strongly reducing the current health hazards present for surface
treated fibers and increasing their environmental sustainability. The insect repellent fibers that will
result from this proposal have the potential to greatly reduce environmental and health risks during
their lifecycle by 1) increasing the longevity of functionalities after laundering, 2) reducing direct
skin contact of active additives by encapsulation within the core of a benign material, and 3)
generating novel fibers from which textiles and garments could be intelligently designed with
functionalities localized and limited only to the areas in which they are needed.

In this reporting period, we present several advancements in the program that have
potential to serve as standalone insect repellent materials, will enable future development insect
repellent loaded fibers and textiles, and provide significant contribution to the field. The
nonwoven fibrous mats sourced from recycled PET consumer goods have the capability to function
as patches for long-term repellent release to repel biting arthropods from exposed skin.
Furthermore, the high affinity between DEET and PET we identified will be leveraged in the

design of future filaments. Our development and demonstration of a novel bioassay specifically



designed to evaluate the repellency of insect repellent loaded fibers and textiles will have
significant implications for providing live insect performance on materials developed in Y3 of this
program, as well as provide new and useful methods to others in the field. Our design and
formulation of insect repellent loaded-polymer gels has potential for significant impact as
standalone insect repellent materials (passive-release or thermally induced repellent beads, strings,
gels), as well as to serve as a highly loaded core in bicomponent fiber designs. Importantly, the
gel designs are compatible with dry jet wet spinning, which is a scalable, manufacturing
compatible extrusion method. We also identified a promising melt depressant to lower the
processing temperatures of nylon to enable volatile repellent incorporation to improve the
compatibility of insect repellents with conventional melt extrusion manufacturing, which

represents a promising transition pathway for textile applications.



2. Background

2.1. Mosquito-borne disease

Mosquitos are considered one of the world’s deadliest creatures causing over 700,000
deaths per year as vectors for which deadly diseases such as Zika, malaria, and West Nile can
spread3. Over a billion animals and humans are infected yearly, with malaria as the most common
mosquito-borne disease. In 2021, approximately 247 million people were infected with malaria,
which caused 619,000 deaths®. Elimination of malaria and other mosquito-borne diseases requires
preventative measures to stop transmission. The World Health Organization provides insecticides-
treated mosquito nets and indoor insecticide spraying for the homes of people countries heavily
impacted by malaria®. Preventative strategies for indoor protection such as long-lasting insecticidal
bed nets and indoor residual spraying have been effective in reducing Plasmodium falciparum
infection in endemic Africa by half and the incident of clinical disease by 40 % between 2000 and
2015.°> However, outdoor environmental protection is regulated to topical treatment directly to the
skin, such as insect repellent aerosol-type sprays and creams®. These measures are effective, but
concerns of skin permeation’, water pollution®, and short efficacy time due to evaporation® brings
about a need for an indirect way of protection. As a result, efforts to increase insect
repellent/insecticide efficacy times have included physically entrapping the substrate into a

polymeric material for outdoor protection.®

2.2. Current Approaches to Extended Insect Repellent Release
Common commercially available synthetic based insect repellents contain N,N-diethyl-
meta-toluamide  (DEET) or  1-(1-Methylpropoxycarbonyl)-2-(2-hydroxyethyl)piperidine

(picaridin)!. The EPA also recognizes IR3535 and oil of lemon eucalyptus as biopesticides used



as natural-based repellents2. Topical repellents allow for mobile protection, but require
reapplication for extended protection. For example, picaridin is a volatile compound with an
estimated half-life of 5 hours at a concentration of 25%*3. Repellent sprays generally work in the
vapor and liquid phases, and their efficacy lifetime is limited by evaporation and absorption. DEET
is a multi-modal repellent, repelling through olfactory avoidance, contact, and ingestion4. The
vapor barrier of picaridin disrupts the insect’s olfactory sense and taste preventing contact®.
Encapsulation of repellents have shown to enable the extended release of repellents®’. For
example, solid lipid nanoparticles (SLN) have a high capacity of repellent loading but requires
direct contact with the skin'®. Polymer-based encapsulations have proven most effective while
limiting contact with the skin. The release rate of these systems depend on diffusion from the
polymer matrix. Polymeric microcapsules consist of insect repellent encased in a spherical
polymer sheath. Kadam and coworkers synthesized polyurethane microcapsules with DEET that
had a significant reduction in the release rate of DEET?. Synthesis of polymeric fibers containing
insect repellent have been accomplished through extrusion?® and melt spinning®. However,
electrospinning provides a facile and quick method to identify fiber formulations for extended
repellent release.

Electrospinning polymer materials have been effective employed in drug delivery?® and to
extend the release of insect repellents®>-?*, The synthesized fibers can quickly be tested for the
composition as well as release of repellents. Monofilament nylon nanofibers was shown to have
extended release of DEET with calculated half-life as high as 70 h?. Picaridin has also been
utilized in the synthesis of fibers and was observed to have extended release of the repellent?.
There is a wide range of materials used in electrospinning. Munoz and coworkers synthesized

cellulose—based nanofibrous mats for insect repellent activity?® using the biorepellent citriodiol.



Biodegradable electrospun nanofibers have also been fabricated from poly(L-lactic acid) (PLLA)
with incorporation of DEET?®. Reuse of a material has promise in the study of insect repellent-
doped fibers.

Polyethylene terephthalate (PET) is a class of polyesters widely used in the food and
beverage industry?’. The polymer material provides transparent, rigid packaging that can be
produced at a low cost. As a result, the food and beverage industry use PET to package many
single-use products. Unfortunately, the increased use of PET has become an escalating
environmental problem?. The United States generates the largest amount of plastic waste in the
world at 44 metric ton produced in 2019%°. Recycling PET bottles provides a solution to an

environmental problem while also being cost effective®.

2.3. Polymer Gels

Passively-controlled substrate release has most commonly been investigated for in vivo
drug delivery systems through gelled polymer morphologies.®*-3? The high degree of free space in
gelled microstructures compared to paracrystalline materials allows for efficient substrate loading,
thus making gels the preferred loading vessel for in vivo drug delivery systems.®® Physical gels
give the added benefit of thermo-reversal properties through the formation and deformation of
microcrystals at polymer chain entanglement junctions. At temperatures above this gel point,
processes such as injection molding or fiber spinning can form consumer products such as
bracelets or textiles without requiring a crosslinking/curing stage. Moreover, once depleted of their
substrate the residual polymer can then be recycled due to maintaining a linear structure thus
forming a circular economy.

Physical gels are a miscible polymer and solvent system that exhibit a storage modulus



greater than the loss modulus (G”/G’ = tan(d) < 1) at 1 Hz.** The gel point where tan(d) = 1 is
dependent on variables such as polymer concentration, polymer molecular weight,
polymer/solvent types, and temperature. The insect repellent loading in a physical gel is
maximized if the repellent acts as the gelling solvent. Therefore, the polymer and insect repellent
must be miscible with one another. Hansen Solubility Parameters (HSPs) quantify chemical
affinities through a tri-coordinate characterization that has been proven to determine

polymer/solvent miscibility.*®

2.4. Flame Retardant Polymer Fibers

Oftentimes, polymer morphology informs application. The development of high-
performance polymer fibers has been a driver of applications including textiles and biomedicine,
but there are many applications, including textiles, and air filtration, that require flame retardancy.
As a processing technique, electrospinning is a facile and versatile method of preparing
nanofibrous materials from a library of different polymer scaffolds and additives ranging in scale
from nm to microns®. Fibers can be prepared with varying morphologies, including core-sheath,
multi-core sheath, beaded, hollow, porous, webbed, and more®*2. The most common
electrospinning process uses high voltage applied to the end of a needle tip, through which a
polymer solution is passed using a syringe pump, to accelerate the newly formed polymer jet
towards a grounded collector plate. During this process, rapid solvent evaporation results in the
formation of polymeric fibers which are then collected on the grounded plate. The application of
electrospinning to flame-retardant polymeric materials has been used for textiles, coatings, and, of
significant recent interest, membrane separators for lithium-ion batteries***’. A major drawback

of many flame-retardant materials is environmental and exposure concerns, especially when



dealing with textiles. Polyphenols have shown significant promise as a family of non-toxic
biomolecules used as naturally occurring flame retardant materials*> 849, Polyphenols are
excellent char-formers, good radical scavengers making them ideal flame-retardant materials,
however, they rapidly degrade under high temperature making it difficult to fabricate polymer
composites using traditional melt-extrusion and melt-forming methods*®. Of the polyphenols
currently studied, tannic acid (TA), a naturally occurring polyphenol, has high char-forming
tendency due to its network of aromatic rings and is an exceptional radical-scavenger®. Upon
heating to the point of thermal decomposition (ca. 200-230 °C), tannic acid acts as an intumescent
material. Decomposition of the ester linkages results in the release of CO2 and the pyrolysis of the

aromatic rings leads to the formation of a char layer thus insulating and underlying areas.
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3. Materials & Methods
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Figure 3. (Left) A general depiction of an electrospinning setup. High voltage is applied to a
needle tip through which a nylon/repellent solution is pumped. At the Taylor cone formed at the
needle tip, the solvent evaporates as the polymer jet accelerates towards the collector plate. The
result is a non-woven mat of polymeric nanofibers. (Right) The chemical structures of common

insect repellents and representative textile polymer, nylon 6,6.

Materials. Polyethylene terephthalate (PET) was recycled from consumer soft drink
bottles obtained from the Coca Cola and Pepsi Company. The bottles were rinsed thoroughly first
with distilled water, then methanol (Sigma-Aldrich, 99% purity), and allowed to dry.
Trifluoroacetic acid (TFA) and dichloromethane (DCM, HPLC grade) were purchased from
Fischer Scientific and used as received. N,N,-diethyl-meta-toluamide (DEET) was provided by
TCI America, and 1-(1-methylpropoxycarbonyl)-2-(2-hydroxyethyl)piperidine (picaridin) was
purchased from MedChemExpress (Monmouth Junction, NJ). Nylon 6/6 (nylon) was obtained
from Aldrich (429171-1KG), tannic acid (TA) was provided from Fisher Scientific, and Formic
acid (88%) was provided by Fisher Scientific. All materials were used as received without further
purification.

Electrospinning monofilament PET fibers. Solutions of recycled PET (rPET) were

prepared by cutting the drinking bottles into 1 x 1 cm pieces. A mixture of 30% TFA and 70%
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DCM by weight was made. The rPET pieces were added to the solution at 10 rel. wt%
concentration. DEET, Picaridin or a mixture of 1 to 1 DEET/Picaridin was added to the rPET
solution to achieve the desired concentration with respect to rPET (0, 10, 15, 30, 40, 50, 54, 60,
70 wt%), Table 1. Solutions were sealed and mixed for 24 h at 20 °C to obtain complete
homogenous mixtures. For mixtures containing 60 and 70 wt% DEET, heating at 60 °C overnight
(18 h) was required. After dissolution, solutions were stored at 2 — 4 °C and warmed to room
temperature before use.

Monofilament fibers were fabricated through electrospinning on a custom-built system.
The polymer solutions were loaded into a 10 mL syringe equipped with a 22 gauge needle. A New
Era Pump Systems syringe pump (NE-300) was used to dispense the solution horizontally toward
a grounded collector. The needle was set at a distance of 12 cm from grounded collector.
Accelerating voltage was set to 12 kV by a Bertan Series 205B high voltage power supply. Fibers
were collected onto aluminum foil as nonwoven mats. For live insect testing, fibers were collected
for 45 min. onto a 10 x 10 in. metal wire screen. All nonwoven mats were evaluated following 24
h residence at room temperature (18 °C) to afford solvent removal.

FR Nylon Solution Preparation. Nylon solutions were prepared by dissolving 1.25 g
nylon in formic acid up to a total mass of 10 g. To this, TA was added to achieve the appropriate
concentration with respect to nylon (0, 10, 30, 50, 75, 100 rel. wt%). All repellent concentrations
are reported as a relative wt% (rel. wt%) with respect to nylon. The theoretical concentration of
TA in the electrospun fibers is given in Table 1. After the polymer and repellent were thoroughly
mixed, the solution was sealed and heated to 50 °C overnight in a block heater to completely
dissolve the contents. Sealed solutions were kept for no more than a week at 2 — 4 °C and allowed

to warm to room temperature before electrospinning.
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Electrospinning FR Nylon Fibers. Monofilament electrospinning was performed on a
custom-built system using a New Era Pump Systems syringe pump (NE-300) oriented horizontally
towards a grounded collector. The electrospinning solution was loaded into a 5 mL syringe with a
22-gauge needle. Fibers were electrospun at 0.9 mL<hr?, 20 — 22 °C, and a relative humidity of
<35 %. The needle was set at distance of 15 cm away from the collector horizontally and the
voltage between the needle and collector was set to 15 kV for samples containing 0 — 50 rel. wt%
TA and 19 — 20 kV for samples with >50 rel. wt% TA. Voltage was supplied by a Bertan Series
205B high voltage power supply. Fibers were collected on aluminum foil for 2 — 6 hours.

Scanning Electron Microscopy. The morphology of electrospun monofilament fibers was
characterized by field emission scanning electron microscope (SEM) on a JEOL JSM-7600F
(Peabody, MA). Operating voltage was set to 5 kV. Samples were sputter coated with at least 3
nm of gold prior to SEM analysis using a Cressington 108 auto sputter coater equipped with a
MTM20 thickness controller. Fiber thickness was determined using ImageJ software (n > 100).

Optical Microscopy. Optical microscopy was performed using a Zeiss Axio Imager 2.
Images were taken using EC Epiplan-Neofluar 5—100% objectives and processed using Zen Core
software (Zeiss, Oberkochen, Germany). Samples were prepared on glass slides and were analyzed
in reflection or transmission mode.

Thermal Analysis. Analysis of release kinetics and fiber composition was measured by
thermogravimetric analysis (TGA) on a TA Instrument Discovery TGA using platinum pans
(100 pL). Thermal decomposition was evaluated by heating ramps performed at a heating rate of
10 °C/min to 600 °C. Kinetic measurements were deduced from isothermal decay curves
performed in a nitrogen atmosphere at 60, 80, and 100 °C for 300 min. Isothermal curves were fit

to nonlinear decay models using Origin software.
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Thermal Analysis of FR Nylon Fibers. Analysis of release kinetics and fiber composition
was characterized by thermogravimetric analysis (TGA) on a TA Instruments Discovery TGA
using platinum pans (100 pL). Heating ramps were performed at a heating rate of 10 °Cemin to
600 °C. For analysis in air, the flow gas was switched from N to air at 50 °C. The char yield was
measured as the percent of residual mass remaining at 600 °C.

ATR-IR Analysis. Compositional analysis of electrospun nanofibers was evaluated using
an attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrometer from Thermo
Scientific (Nicolet iS50-FTIR spectrometer) equipped with an iS50 ATR attachment and Ge
crystal. Background and sample spectra consisted of 128 scans averaged together with 4 cm™
resolution at a scanner velocity of 10 kHz.

Headspace analysis and method. To detect the volatile organic compounds (VOCSs) in
the headspace of rPET/DEET/picaridin fibers, a 7890B/5977B Agilent GC-MS coupled with the
7697A Agilent Headspace Sampler (Agilent Technologies, Santa Clara, CA) was used for analysis.
The GC-MS was equipped with a 30 m x 0.25 mm i.d. x 0.25 mm, Rxi-5MS column (Restek,
Bellefonte, PA). The sample subjected to headspace analysis was rPET-54-DP monofilament
fibers produced via electrospinning. Approximately 2 mg of fibers were prepared, rolled into a
ball, and placed into a 20 mL Agilent headspace vial equipped with a crimp cap. The fibers were
allowed to sit at room temperature (22 °C * 3°) for 2 h. Prior to headspace extraction, the vial was
allowed to equilibrate at 90 °C for 25 min while shaking at 50 shakes/min in the headspace sampler,
and then followed by 30 s injection to the injection loop set at 90 °C. The sample was transferred
to GC-MS via transfer line set to 100 °C, the analytes flowed at a rate of 20 mL/min. The GC
column oven began at 40 °C, was held for 30 s, increased to 250 °C at 40 °C/min, and finally held

at 250 °C for 1 min. The mass scan range m/z 40-300 and the transfer line to the MS was 250 °C.
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Hansen Solubility Parameters (HSP). Diffusion kinetics between polymer and substrate
were quantifiably interpreted through Hansen Solubility Parameters (HSPs) analysis. HSPiP
software obtained from Hansen-Solubility website (https://www.hansen-solubility.com/HSPiP/)
was used to perform analysis.

Live Mosquito Bioassay. Three- to five-day old insecticide-susceptible female Aedes
aegypti (ORL strain) were used in all evaluations. Laboratory bioassay methods used a
modification of Jiang et al.>! in 3.8 diameter by 30.5 cm clear glass cylinders. Treatments consisted
of either 50% (Al) DEET, picaridin, or a 1:1 mixture of both impregnated in 10% PET fibers. A
4.5 cm diameter hole punch was used to remove standardized disc samples from each textile for
testing. Three samples were removed from each textile mat (mats N=2). Each excised disc was
then separately placed into an open ended 4.5 diameter x 1.0 cm translucent polyethylene end cap
(SF-16, Caplugs, Buffalo, NY) and placed over one end of the glass cylinder. An average of about

15 non-blood fed mosquitoes were then mouth aspirated into each cylinder (Figure 4).

GLASS CYLINDER WITH TREATED FABRIC DISC
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Figure 4. Diagram of bioassay using live insects.

Once mosquitoes were introduced into each tube, a similar sized metal 1 x 1.2 mm mesh

window screen disc with endcap was placed on the opposite end to prevent escape of mosquitoes
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and provide ventilation. Initially, all cylinders were positioned horizontally on a table until the
start of testing. Once mosquitoes were transferred to all tubes, they were positioned at a 45°
incline®>2 with the textile disc at the top of the cylinder. Controls consisted of 10% PET only, as
well as the metal window screen the latter used as a negative control. Testing started at
approximately 0700 and data recorded at 10, 15, 30 min, then hourly through 8 h of continuous
exposure in tubes. Mosquitoes located on or beyond the midline of the tube were scored as repelled
based on the criteria of Jiang et al.>* To determine residual effectiveness of treatments, testing was
conducted at 0, 24 h, and weekly intervals thereafter for 4 wks. Between these time intervals all
discs were stored in separate clear plastic polyethylene bags at ambient room temperature in a
windowless laboratory under continuous overhead lighting. All disks were weighed prior to testing
to determine amount of repellent in treated textiles. Room temperature and relative humidity were
recorded with a ThermoPro TP49 digital meter at the time of tests. Results are presented as mean

(£SE) percent of mosquitoes >50% from repellent source.
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4. Results and Discussion — Electrospun Fibers from recycled PET with
Long-Term Insect Repellent Release

In this section, we demonstrate the use of recycled PET (rPET) from consumer drink bottles
as a polymer feedstock for functional long-term insect repellent release from nonwoven microfiber
mats. Fiber morphology and size were identified by SEM. Repellent retention in the electrospun
fibers were tested using TGA. Release kinetics of the repellents from the fibers was calculated
based on isothermal TGA experiments. We present the use of a novel live mosquito bioassay to
evaluate the repellency of the electrospun PET fibers for 3 weeks. Repellency was observed in all
fibers tested with the highest repellency observed at 100% for over one week. Our method provides
DEET-loaded PET microfibers that exhibit extended mosquito repellency that significantly

outperforms current commercially available repellent products.

4.1. rPET fiber motivation

In recent years, there has been an increase in insect-borne diseases. Topically applied insect
repellents are used to prevent these infectious diseases, but concerns of skin permeability have
given way to alternative delivery methods. Encapsulation of insect repellents in fibrous material
allows for non-contact method of delivery of repellent with an extended-release profile without
reapplication. PET is widely used in food packaging and is a major environmental pollutant, thus
recycling PET is of great interest and utility. We report on the fabrication and evaluation of
recycled PET microfibers containing DEET, picaridin, and a mixture of DEET/picaridin via
electrospinning. The synthesized monofilament microfibers were shown to have the repellents
within the polymer network with repellent retention up to 97%. Release profiles were characterized

using isothermal TGA with a calculated repellent release half-life up to 23 days at room
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temperature. Repellent chemical affinity was also evaluated using HSPs. Insect repellency was
assessed against live mosquitos using a novel bioassy method. Repellency was observed to be as
high as 100% for over 1 week and 80% at over 3 weeks. Our method allows for long-lasting

repellency and the possibility of large-scale textile manufacturing.

4.2. rPET fiber morphology

Table 1. List of rPET sample abbreviations

Abbreviation Definition

rPET 10 wt% recycled PET microfibers
rPET-10-D rPET with 10 wt% DEET

rPET-30-D rPET with 30 wt% DEET

rPET-50-D rPET with 50 wt% DEET

rPET-60-D rPET with 60 wt% DEET

rPET-70-D rPET with 70 wt% DEET

rPET-40-P rPET with 40 wt% Picaridin

rPET-50-P rPET with 50 wt% Picaridin

rPET-15-DP rPET with 15 wt% of 1:1 DEET/Picaridin
rPET-40-DP rPET with 40 wt% of 1:1 DEET/Picaridin
rPET-54-DP rPET with 54 wt% of 1:1 DEET/Picaridin

Electrospun microfibers at 10 wt% rPET loaded with 10-70 wt% repellents were
synthesized using method discussed above in Section 3, Materials & Methods. Repellents used
were DEET, picaridin, and a 1:1 mixture of DEET and picaridin. The effects of repellent
concentration relative to the PET on fiber diameter and morphology were evaluated with SEM.
Fiber diameter varied greatly for all fibers synthesized as seen in Figure 5. Our previous studies
with repellent loaded nylon fibers produced nanofibers (100 — 500 nm)?324, while rPET allowed
for microfibers (0.6 — 4.0 um) to be obtained. Fiber morphology was dependent on insect repellent
type, combination, and retention. Common morphologies observed were cylindrical, ribbon-like,
beading, branching, and loops. Cylindrical shape is normal morphology for fibers. Ribbon-like

shape occurs when fiber diameter reaches its capacity and the structure collapses on itself>3. The
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imbalance of surface tension and electrical forces can also affect the shape of the fiber. This
instability results in the ejecting of a smaller fiber from the primary fiber in what is called
branching. This splitting can also result in loops where the smaller branched fibers spin upon
themselves forming a larger segmented fiber. When the electrical forces are reduced the surface
tension forces fluid into the beads®. Recycled PET fibers containing no repellents were cylindrical
and free from defects, Figure 2. DEET fibers contained a mixture of morphologies. Both
cylindrical and ribbon fibers occurred in all DEET-loaded fibers tested. Morphological defects
increased with increasing DEET loading. Branches and loops were prevalent in fibers containing
50 and 60 wt% DEET. Beading as well as branching occurs in 70 wt% DEET fibers. Picaridin
fibers contained ribbon-like morphology with some branching. Fibers containing a blend of
repellents had ribbon-like and cylindrical fibers at 15 wt% with branching. When repellent loading

increased to 40 and 54 wt% only the ribbon-like morphology was observed.

Fiber Diam
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Figure 5. Fiber diameters of monofilament rPET fibers in a box plot where dots represent the
individual measurements.

The amount of insect repellent retained in the electrospun fibers was determined using

TGA. Fibers were subjected to increasing temperature from room temperature to 600 °C at 10
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°C/min to evaluate the mass loss within the ramp, Figure 6E-F. The decrease in fiber mass at 250
°C was attributed to loss of insect repellent, from which the percentage of repellent retained was
calculated?®. After electrospinning, DEET rPET fibers retained 80.0-97.5% of DEET from the
initial electrospinning solution, Table 2. Picaridin rPET fibers retained nearly all (97.5%) after
electrospinning. The greater retention of picaridin than DEET in rPET electrospun fibers was
attributed to the lower vapor pressure of picaridin. Repellent retention in DEET/picaridin rPET
fibers ranged from 54.1% to 87.2%. The use of dual-repellents causes an increase of evaporation
during electrospinning. Headspace analysis was performed using GC/MS to determine analytes

present during evaporation at room temperature.
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Figure 6. Scanning electron microscope (SEM) images of electrospun rPET microfibers with (A)
no repellent loading, (B) 50 wt% Picaridin, (C) 50 wt% DEET (D) 54 wt% DEET/Picaridin.
Thermogravimetric analysis (TGA) heating ramps showing the mass loss of repellent from fibers
containing (E) 0 — 70 wt% DEET (F) 0 — 50 wt% picaridin and (G) 0 — 54 wt% DEET/Picaridin
blend
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Headspace analysis was performed on rPET-54-DP fibers to identify the relative rates of

release. The headspace of a neat DEET and picaridin blend was first evaluated as a standard to

identify the GC peaks that correspond to each repellent. DEET and 2-butanol were preliminarily

identified from the DEET/picaridin standard mixture, in addition to siloxane containing

compounds attributed to column decay. 2-Butanol is a known fragment of picaridin® and the most

abundant in the headspace. The headspace of rPET-54-DP was tested at 2 h, 1, and 7 days. Again,

2-butanol and DEET were two major compounds within the headspace throughout the study.

Significantly, trifluoroacetic acid and DCM were not identified in the headspace, thus indicating

no residual solvent in the rPET-54-DP fibers.

Table 2. Repellent retention of rPET electrospun microfibers.

Sample

Retention (wt%)

(PET
rPET-10-D
rPET-30-D
rPET-50-D
rPET-60-D
rPET-70-D
rPET-40-P
rPET-50-P
(PET-15-DP
rPET-40-DP
(PET-54-DP

80.0
97.5
88.0
89.1
94.0
97.5
97.6
79.7
54.1
87.2

ATR-FTIR was used to determine the composition of the rPET fibers. Fibers from
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solutions containing rPET with 0 wt% repellent, 50 wt% DEET, 50 wt% picaridin and 54 wt%
DEET/picaridin were evaluated using ATR-FTIR (Figure 7). The characteristic bands of PET
occurred in all fibers at 2978 and 2852 cm * (C-H stretching), 1715 cm™ (C=0 stretching of
carboxylic ester group), 1581, 1506, and 1409 cm™ (C=C aromatic stretching), 1453 and 870 cm-
! (CH2 bending and rocking), sharp peaks at 1238 and 1090 cm™ (C-C-O stretching of ester group),
sharp peaks at 1015 and 723 cm™ (in-plane C-H stretching and out-of-plane C-H bending of
aromatic ring)®®. In the insect repellent loaded fibers, peaks corresponding to repellents were
observed and confirmed incorporation of IRs, however most peaks associated with the repellents
overlap with rPET peaks due to the structural similarities. Notably, the sharp C=0 stretch at 1626
cmt associated with DEET shifted slightly higher wavenumber to 1630 cm™ in rPET-50-D fibers
suggesting potential intermolecular interactions between rPET and DEET, similar to behavior
previously observed in PLLA-DEET fibers?. This behavior is also observed in rPET-50-P fibers,
the sharp peak at 1659 cm™ from the hydrogen bonded carbamate carbonyl (C=0) stretch
associated with picaridin shifted to 1670 cm™. Additionally, lack of shifts in the repellent peaks in

rPET fibers suggests physical entrapment of repellent within the polymer matrix.
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Figure 7. ATR-FTIR of electrospun microfibers from electrospun microfibers rPET, rPET-50-D,
rPET-50-P, rPET-54-DP, neat DEET and picaridin composites showing the full spectrum (left)
and the area of interest (right).
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4.3. Insect repellent release kinetics

Measuring repellent release rate kinetics and calculations of repellent lifetime is an
important factor to elucidate to understand compositional effects on release and predict future
repellent performance. Isothermal TGA experiments were conducted at 60, 80, and 100 °C to
determine the release rate of repellents. Each experiment was maintained for 5 h where the mass
loss over time was attributed to the evaporation of repellent. The data was fit to a first order reaction
model (Equation 1) to calculate the rate constant (k) at each temperature. Where y is the mass
percent remaining of the sample for a given temperature at time, t. A is defined as a pre-exponential
factor, k, is the rate constant in s, and ¢ is a constant for fitting purposes.

y=Axe * +¢ (1)

The rate constant was then used to calculate the activation energy (Ea) using the linearized

Arrhenius equation (Equation 2). Where k is the calculated rate constant, R, is the universal gas

constant (8.314 J/mol-K), and T is the temperature in Kelvin. The In(k) was plotted against their
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given temperatures and the generated slope was used to calculate the activation energy.

Eq

In(k) = = (%) +1n (4) )

The half-life was also calculated at using Equation (3).
Ty, = 0.693/k 3)

The release profiles of rPET-50-D, rPET-50-P, and rPET-55-DP were evaluated in this
study. Figure 8 displays the profile of 54 wt% DEET/picaridin 1:1 blend, the profiles of the
remaining fibers can be found in the supplemental information. Expectedly, the rate at which
repellent evaporates increases with increasing temperature (Figure 8A). A plot of the In(k) vs. the
inverse temperatures (Figure 8B) gave a linear fit line which was used to calculate Ea using
Equation 2. From this, the rate constant at for hypothetical 20 °C was calculated and was used in
Equation 3 to determine the half-life of each sample at room temperature. ldentifying fiber
performance at 20 °C was imperative due to high mosquito activity at ambient temperatures®’.

Activation energy, rate constant and half-life of samples tested are displayed in Table 3.
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Figure 8. (A) Isothermal release profile of rPET with 54 wt% DEET/picaridin microfibers at 60,
80, 100 °C. (B) Linear fit for the Arrhenius analysis used to determine the activation energy of
rPET with 54 wt% DEET/picaridin electrospun microfibers. Error bars are a result of triplicate

measure.
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Table 3. Activation energy, rate constant, and half-life of repellents at 20 °C from electrospun
microfibers. Errors indicate a triplicate measurement.

Repellent Ea(kd/mol) k(s?),at 20 °C ti2 (h), at 20 °C
rPET-50-D 85.4+17.6 353x107+1.03x10°% 5458+ 160
rPET-50-P 17455 3.31x10°+1.12x10% 582+1.7
rPET-55-DP 335+10.7 130x10°+274x10° 148+7.0

The activity of each repellent differed greatly. The rate constant for the loss of repellent at
20 °C ranged from 3.53 x 107 to 1.3 x 10° st with picaridin having the highest and DEET having
the lowest rate of release. This also translated to activation energy and half-life. Picaridin rPET
fibers exhibited a half-life comparable to picaridin spray, suggesting minimal intermolecular
interaction between picaridin and rPET. While the DEET/picaridin rPET fibers resulted in an
increased activation energy (33.5 kdJ/mol) and half-life (14.8 h). DEET rPET fibers were calculated
to have an activation energy of 85.4 kJ/mol and a significantly long half-life of 545.8 h (22.7 days).
This is a significant increase in half-life compared to the previous study of DEET loaded nylon 6,6
fibers?, indicating potential positive intermolecular interactions between DEET and rPET to
effectively slow the release of DEET. The calculated release kinetics of the fibers were compared

to actual performance using live insect testing.

4.4. Live-insect bioassay
Fibrous rPET mats were subjected to a novel bioassay to evaluate their efficacy for live
mosquito repellency over multiple weeks. This bioassay was specifically designed to evaluate the
long-term repellent efficacy of insect repellent-loaded fibers and textiles, and this represents the
first report of the use of this bioassay in the evaluation of insect repellent-loaded materials. rPET

nonwoven mats were first evaluated over a 24 h span during continuous exposure to identify the
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role of insect repellent composition on repellency and validate the bioassay method. Separate
mosquito populations were exposed to rPET, rPET-50-D, rPET-50-P, and rPET-54-DP nonwoven
mats. Furthermore, this study aimed to identify possible synergistic effects from the combination
of DEET and picaridin in the same fibers system. Figure 9 presents the results of the 24 h study,
where the percent repellency was determined as the percentage of mosquitoes on the opposite half
of the test tube. It is expected that if a material exhibited no repellent effect, then the mosquitos
would be uniformly distributed throughout the tube thus resulting in a value of 50% mosquitos
repelled, as probability dictates at any time half of the mosquitos would be in one half of the tube.
Expectedly, the rPET exhibited an average repellency of 39.5+7.2%, which clearly represents no
repellency in the unmodified fiber. Incorporation of picaridin in rPET fibers resulted in only minor
improvement over the control at some time points, but was mostly statistically similar to the
control. Both rPET-50-D and rPET-54-DP fibers demonstrated very high repellency immediately
within 90% range and both maintained approximately 100% repellency through 24 h. Commercial
insect repellent sprays exhibit repellency on the order of several hours®. Since both rPET-50-D
and rPET-54-DP fibers exhibited near 100% repellency over the full 24 h, potential synergistic
effects were not able to be resolved from this study. Further evaluation of the fibers was performed

to identify the entire duration of effective repellency of the insect repellent loaded rPET fibers.
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Figure 9. Live insect testing of rPET, rPET-50-P, rPET-50-D and rPET-54-DP electrospun
nonwoven microfiber mats over 24 h.

A three-week study was conducted on the rPET fibers to determine the effects of long-term
aging on repellent performance. Over the course of 3 weeks, the fibers were tested for 8 h at each
set time (0 h, 24 h, 1 week, 2 weeks, and 3 weeks). The fibers resided at room temperature in open
air between time sets for the entire 3-week duration. The performance of rPET, rPET-50-P, rPET-
50-D, rPET-54-DP, and a blank metal screen are detailed in Figure 10. The blank metal screen was
incorporated as a negative control to confirm the behavior of the mosquitoes and further validate
the test method. The range of the screen repellency was approximately 50% for the entire 3-week
duration, which serves as a negative control to validate that the test method does not bias for
repellency or non-repellency. The rPET control also demonstrated close to 50% repellency over 3

weeks, similar to that of the screen alone, indicating that the unmodified rPET does not exhibit
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any insect repellent effect. The initial repellency of rPET-50-P was approx. 40% and the repellency
increased to approx. 85% at 5 h, suggesting potential slow release of picaridin from the rPET fiber
matrix. The rPET-50-D fibers exhibited 100% repellency through 32 h and at 1 week remained at
approximately 80%. At 3 weeks, rPET-50-D fibers still exhibited some repellency of 60-70%,
which was greater than that of the controls, however by 3 weeks the variability of rPET-50-D
increased significantly. The rPET-54-DP fibers demonstrated long-term repellent efficacy over 2-
3 weeks, with nearly 100% repellency over the first 32 h. Significantly, rPET-54-DP fibers
maintained an approximate 90% repellency through weeks 1 and 2, representing long-term
repellency, and rPET-54-DP fibers repellency was still within the 80% range at 3 weeks. Although
the role of synergistic effects on repellent efficacy are unclear, repellency variability decreased in
fibers containing both repellents. Notably, there is a benefit to dual repellent loading in the polymer

matrix.
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Figure 10. Live insect testing of rPET, rPET-50-P, rPET-50-D and rPET-54-DP electrospun
nonwoven microfiber mats. The study was conducted for 3 weeks with testing at 0 h, 24 h, 1
week, 2 weeks, and 3 weeks. An 8 h evaluation was conducted at each testing time with
repellency observations at 10 min, 15 min, 30 min, 1 h,2h,3h,4h,5h,5h, 6 h, 7 h, and 8 h.
Error bars represent n>3.

4.5. Proposed Physical Model
Hansen Solubility Parameters (HSPs) have demonstrated quantified relationships on the
issue of solubility, dispersion, diffusion and more through its direct correlation with chemical
affinity. Hansen solubility parameters are a tri-component position where 34, 6p, and on are the
dispersion, polar, and hydrogen bonding parameters, respectively. As the distance between two
coordinates (Ra) in “Hansen space” decreases, the chemical affinity between those two chemicals

or mixtures increases. Polymers exhibit an inherent interaction radius (Ro) wherein solvents or

solvent mixtures within or on this radius (Ra/Ro < 1) will dissolve or swell the polymer. If Ra/Ro
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> 1, the solvent or solvent mixture will exhibit no chemical affinity to the polymer. This Ra/Ro
ratio is also called the Relative Energy Difference (RED) value.

The RED PET values show DEET, picaridin and DEET/Picaridin blend exhibiting a RED
PET value <1 compared to the RED nylon 6,6 values >1. This indicates a higher chemical affinity
between PET and the insect repellents as all reside within the inherent interaction radius in Hansen
space (Figure 11). The 1:1 DEET/picaridin exhibits a lower RED PET value than the individual
insect repellents alone. This higher chemical affinity can aid in the retention of insect repellents
within the polymer matrix therefor resulting in the distinctly longer repellency in live mosquito
testing as observed in the 1:1 DEET/Picaridin fibers. This also further explains the results of
previous studies of electrospun nylon 6,6 loaded with DEET in which DEET-Nylon fibers
exhibited a shorter half-life relative to DEET-PET fibers. The RED value for nylon and DEET
indicated no chemical affinity between polymer and insect repellent as DEET resides outside of

the inherent interaction radius in Hansen space (Figure 11).

12

18 %
Figure 11. Calculated HSP plot. Left sphere is of PET and right sphere is of nylon. The blue dots
represent DEET, DEET/Picaridin and picaridin. Repellents are within the sphere of PET
indicating good affinity to the polymer.
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Based on the HSP analysis and IR analysis, we propose a physical interpretation of the
insect repellent loading in PET and the molecular interactions dictating release behavior. Strong
intermolecular interaction between DEET-PET resulting from the polar interactions from the
carbonyl, amide, and ester, as well as pi-pi interactions of aromatic rings in each compound are
responsible for the high retention of DEET and the extended-release profile. In fibers containing
DEET, the combination of polar-polar and aromatic interactions facilitated the dispersion of DEET
throughout the PET matrix. Furthermore, the polar and pi- intermolecular interactions contributed
an energetic barrier, over which the DEET had to overcome to volatilize, resulting in extended-
release profiles and long-term repellent release. In picaridin-PET fibers, the polar contributions
were weaker and the aromatic component absent, thus the release of picaridin-PET was not
significantly improved compared to neat picaridin. The dual-repellent-loaded fibers demonstrated
additive behavior of the independent DEET and picaridin interactions, thus resulting in an
intermediate release profile where the improvement was attributed to DEET-PET interactions.
Ultimately, the live insect release behavior was primarily dependent on the amount of repellent
that remained in the PET fibers at any given time, and therefore the intermolecular interactions
between the repellent and polymer matrix, as predicted with HSPs, represent and effective
approach to design and modulate the release profile and live insect release performance in IR-

loaded polymer fibers.

4.6. rPET Fibers: Conclusions
Microfibers composed of recycled PET consumer bottles and EPA-registered insect
repellents were fabricated via electrospinning. Characterization of the fibers indicated entrapment

to the repellents within the polymer that allows for the extended release of the repellent via
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diffusion. Morphology and fiber thickness varied throughout all fibers, however, it did not interfere
with the retention of repellents after electrospinning with retention rates up to 97%. Repellent rate
constants and half-life was calculates using isothermal TGA experiments at room temperature. It
was shown that rPET fibers with 50 wt% DEET exhibit significantly long release times with a
half-life nearly 23 days. Nonwoven mats containing repellents were tested against live mosquitoes
initially over a 24 h period where 100% repellency was observed with 50 wt% DEET and 54 wt%
DEET/picaridin fibers. Further study on the performance of the fibers as they aged was conducted.
Further, 50 wt% DEET and 54 wt% DEET/picaridin fibers continued to repel above the controlled
environments throughout the 3-week study. The repellent blend showed higher performance with
precision of repellency. Investigation of the solvent interactions of repellents and polymer strongly
correlate the performance with the chemical affinity. The repellent blend was calculated to have
highest chemical affinity to rPET allowing for extended diffusion of the repellents thus longer
repellency. Commercially available repellent sprays can maintain their repellency up to 10 h for
DEET and 8 h for picaridin before reapplication®. Our method allows for repellency beyond 3
weeks as the study indicates continued repellency of 80% at 3 weeks for fibers containing 1:1
DEET/picaridin blend. As such, the IR loaded-PET fibers described herein represented a novel
fiber-based long-term insect repellent platform for potential patch, yarn feedstock, or textile
applications (Figure 12). Future work will focus on the durability of the fibers through laundering,

as well as transition to the extrusion of fibers for manufacturing of textiles and fabrics.
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Figure 12. Comparison of efficacy lifetime between commercial DEET- and picaridin-based
sprays to rPET-50-D (left). Calculated expected repellent lifetime of a hypothetical fabrics
composed of rPET-50-D as a function of fabric weight (right).
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5. Results and Discussion — Modacrylic DEET Gels

In this section, we report on the design of physical gels centered around DEET, the most
common EPA-registered active ingredient in insect repellents, as the gelling solvent for
compatibility with dry jet wet spinning (Figure 13). Common textile filaments were analyzed for
their miscibility with DEET through HSPs to be repurposed as insect repelling physical gels thus
inducing a circular economy. Insect repellency will be determined through diffusion analysis and

live insect testing.

Spinning Solutions

Textile Polymer Polymer
Solvent Insect Repellent

Paracrystalline
Sheath

Gelled AN
‘ Core .

@ @
Figure 13. Conceptualization of dry jet wet spinning to fabricate insect repellent bicomponent
fibers and application to produce textiles.

5.1. Motivation and Concept
This physical gel will ultimately be purposed in a bicomponent fiber design (Figure 14)
where a paracrystalline sheath provides protective barrier and apparel-grade mechanical properties
while the physically gelled core serves as a reservoir for high loading of insect repellents to
facilitate long-term release. To achieve the design as proposed in Figure 14, we have established

four objectives. First, identify a core polymer solution suitable for gelation with insect repellents.
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Second, identify a sheath polymer suitable for textile applications while maintaining high barrier

properties. Third, optimize spinning solutions for dry-jet gel spinning. And fourth, analyze

resulting samples.

Paracrystalline-Sheath Properties

Polymer/insect repellent immiscible

Common apparel textile polymer

Optimal Barrier Properties

Textile-grade Properties —2

Highly crystalline material
Poor free space for loading

/—-'\
4 \
| i
o2/
L

Gelled-Core Properties
Polymer/insect repellent miscible
Gelling temp above washing temp

Easily Permeable Membrane

[ Unsuitable for Textile-grade Fibers

Optimal Loading Properties

Figure 14. Bicomponent paracrystalline-sheath with gelled-core fiber design.

5.2. Core Polymer Identification

DEET has shown to be within the inherent interaction radius of an array of polymers as

correlated with a RED < 1 which indicates that DEET is miscible with the polymer (Figure 15A).

Polyvinyl chloride is a thermoplastic polymer with a degradation temperature lower than its

melting temperature, thus being an important polymer in fire retardant textiles. Specifically,

modacrylic copolymers of acrylonitrile and vinyl chloride are commercially produced for various

fire-retardant applications such as children’s garments, upholstery, faux fur, and protective

outerwear. Therefore, we aimed to repurpose this largely produced and available copolymer type

for physical gels.
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Weng, M. the Je 1 0186, 133 (16)

B) Hansen Solubility Parameters \L
Sample 5d 5p 8&h Ro Ra DEET RED DEET
DEET 18.10 6.70 5.40 XXX XXX XXX
Polyethylene Terepthalate 18.00 6.20 6.20 5.00 0.96 0.19
Polyvinyl Chloride 18.40 6.60 8.00 3.00 2.67 0.89 e
Polylactic Acid 18.50 9.70 6.50 10.50 3.24 0.31
Polyvinylidene Chloride 17.60 9.10 7.80 3.90 3.54 0.91
Polymethyl Methacrylate 18.64 10.52 7.51 8.59 4.50 0.52
Polysulfone 19.70 8.30 8.30 8.00 4.61 0.58
Polyamide 6 17.00 3.40 10.60 5.10 6.54 1.28

RED = 1: Solvent system will dissolve/swell the polymer
RED > 1: Solvent system has no affinity for the polymer

Common modacrylic fibers are acrylonitrile-co-vinyl chloride copolymers
Inherently flame retardant

Figure 15. A) Application of Hansen Solubility Parameters (HSPs) to determine RED values. B)
Application of HSPs to identify textile polymers compatible with DEET for gelled core.

Modacrylic filaments composed of 1:1 mol/mol acrylonitrile-co-vinyl chloride (P(AN-
VC)) had an RED value of 0.90 to DEET, suggesting miscibility (Figure 16). Upon bulk fiber
dissolution in DEET at 130 °C, P(AN-VC)/DEET systems were achieved at varying
concentrations. For optimal washfastness properties, the gel temperature should exceed laundering
temperatures to retain the gelled morphology. AATCC 61-1A standard conducts washfastness
testing at 40 °C which correlates to the “warm” setting on commercial washing machines;

therefore, a target gel temperature of 45 °C was selected.
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Figure 16. Demonstration of gelled P(AN-VC) with DEET at 10 g/dL and 30 g/dL.

~

Rheological temperature sweeps at a frequency of 1 Hz were conducted at varying polymer
concentrations to determine the gelation temperature (Figure 17). A linear correlation between gel
temperature and polymer concentration was found for P(AN-VC)/DEET systems as seen in Figure
17-2. Utilizing this trend line, an accurate extrapolation determined that a gel temperature of 45
°C is achieved with a P(AN-VC)/DEET concentration of 47.5 g/dL (Figure 17-3). The resulting

system at room temperature possessed hard gel physical properties.
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Figure 17. 1) Rheological analysis of P(AN-VC)/DEET solutions of increasing concentration as
a function of temperature. 2) Gel temperature determined from rheology as a function of P(AN-
VC)/DEET concentration and observed linear relationship. 3) Extrapolation of linear fit to target
gel temperature (45 °C) and accurate prediction of gel temperature at 47.5 g/dL (black square).
4) Representative image of 47.5 g/dL P(AN-VC)/DEET gel demonstrating transparent, amber
appearance.
5.3. Sheath Polymer Identification
To maintain optimal barrier and mechanical properties within the sheath, the sheath
polymer should be immiscible with DEET to slow diffusion through the membrane and also
prevent crystallite disruption within the polymer matrix. HSPs in Figure 18 showed potential

sheath candidates with RED DEET > 1 values which indicate immiscibility. Cellulose acetate was

chosen for its immiscibility in conjunction with its flame-retardant properties.
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Polymer Dissolving Solvent RED DEET Melting Temperature (°C)

Cellulose NMMO; DMAc/LiCl 1.25 N/A
Wool N/A N/A N/A
PET TFA/DCM 0.19 250
—>Cellulose Acetate Acetic Acid; Acetone 1.06 N/A
PAN DMSO; DMF; DMACc 1.01 N/A

RED < 1: Solvent system will dissolve/swell the polymer
RED > 1: Solvent system has no affinity for the polymer

Figure 18. Application of HSP theory to identify promising paracrystalline sheath polymer
(cellulose acetate).

5.4. Optimization of Spinning Solutions
Spinnability utilizing dry-jet wet spinning techniques has been rheologically correlated
with a zero-shear viscosity between 20-30 kPa-s, as calculated by the cross model.>® Frequency
sweeps of 47.5 g/dL P(AN-VC) at different temperatures were conducted to extrapolate the zero
shear viscosity (Figure 19A). An Arrhenius equation was used to fit the zero-shear viscosity with

temperature and accurately used to extrapolate a temperature of ~76 °C to be within the target

range.
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Figure 19. A) Cross model fit to determine zero-shear viscosity. B) Fitted using Arrhenius's
equation, 30 kPa-s zero-shear viscosity = ~76 °C

5.5. Preliminary proof of concept

Preliminary gel spinning of 47.5 g/dL P(AN-VC)/DEET was successfully performed

through a simple syringe and take-up system (Figure 20). The applied temperature on the syringe
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was 160 °C; however, the temperature of the P(AN-VC)/DEET “semi-molten” upon exiting the
capillary was ~75 °C. Therefore, appropriate measures to insulate the heated syringe system will
be investigated. A feed rate of 0.3 mL/min and take-up of 110 m/min successfully resulted in gelled
filaments. The resulting filaments exhibited low tensile strength and high elongation due to the
gelled morphology. Subsequent initiatives will look towards designing a sheath spinning solution
to implement protective barrier properties and apparel-grade mechanical properties while also

achieving similar rheological properties under these spinning parameters.

1

4 : /4 = _ »;" -

Figure 20. Lab-scale dry jet wet spinning apparatus capability of coaxial (bicomponent) fiber
fabrication (right-inset) and demonstration of P(AN-VC)/DEET filaments collected onto the
spool (left-inset).

5.6. Modacrylic Gels: Conclusions
Modacrylic physical gels highly-loaded with insect repellent were successfully designed
through HSP theory. A 47.5 g/dL P(AN-VC)/DEET system possessed a gel temperature of 45 °C
to maintain a gelled morphology during laundering under the “warm” setting. Moreover, spinning
conditions to achieve dry-jet wet spinning was determined through rheological correlations. A

sheath core composed of cellulose acetate with the potential of implementing other sheath polymer

systems will be tuned for these spinning parameters.
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6. Results and Discussion — Reducing Nylon Melt Extrusion Processing Temp.

One strategy to improve the insect repellency of textile fibers is to incorporate functional
components into the fiber at the time of filament production or during the weaving step. An NRL-
led SERDP effort is using electrospinning to incorporate insect repellents to screen a number of
fiber and repellent compositions and morphologies. To support this effort, ARL has been
evaluating the use of plasticizers to inhibit the crystallization of nylon matrix materials (e.g., nylon-
11, -12). Using a small batch conical twin screw extruder, varying compositions of matrix and
plasticizer were prepared and evaluated using thermal analysis techniques. Impacts on the peak
crystalline melting temperature were determined, and a down-selected composition was prepared
as a master-batch to enable subsequent low-temperature melt processing of the plasticized blend

and a variety of insect repellents and insecticides.

6.1. Concept and Motivation
The incorporation of EPA-registered repellents, including DEET and picaridin, into textile-
grade polymer filaments via melt extrusion is conventionally limited by the high processing
temperatures. Additionally, flammability and flash point considerations of insect repellents
become significant at elevated temperatures (e.g., > 200 °C). Nylon is a widely used polymer for
textile applications that is produced commercially through melt extrusion at temperatures ca. 220
°C — 260 °C. Therefore, our objective was to reduce the melt temperature of nylon to enable

improved retention of repellent and allow use of volatile repellents
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6.2. Evaluation of Melt Depressants
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Figure 21. DSC thermogram demonstrating decreasing melting point of nyl“(')‘n-ll as a function of
increasing pTSAm concentration.

Two plasticizers were initially selected for evaluation, one originating from literature
references (para-toluenesulfonamide, pTSAm), and from the predicted compatibility of the
plasticizer with both the amide matrix and the candidate repellents. Using HSPs, NRL identified
evaluation of methylsulfonylmethane (MSM), which is also used commercially as a nutritional
supplement. Testing protocols involved evaluation of batch mixes on ca 15 mL scale using a DSM
Xplore Microcompounder to ensure good mixing of the constituents. The Xplore is a conical twin-
screw extruder that uses a recirculation pathway to simulate a longer residence time or I/d ratio.
Loading levels of 20 and 30 wt/wt were probed, along with a single-stage dilution at of each
composition, resulting in a ca. 66% reduction of loading for the diluted batch. Impacts on matrix
characteristics were assessed using dynamic scanning calorimetry (DSC). Nylon-11 was used as
the matrix for the initial screening of plasticizers.

The pTSAm plasticizer was found to form a good alloy with the nylon-11, resulting in a
single melting transition and significant reduction in the melting peak. The MSM plasticizer was

also effective in reducing the melting peak temperature for the blends, but appeared to perhaps be
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less soluble with the matrix. A distinct melting peak for MSM was still observed when looking at
the blend characteristics. A summary of observed plasticizer and composition correlated with melt
peaks are shown in Table 4. In both instances, the 30% plasticizer loading run was extended in
time, as the extruder barrel was cooled in 5-10 degree °C steps to observe the rise in melt
viscosity/drive current. In general, pTSAm allowed processing at ca. 5 degrees lower temperature
than the MSM, but the results of the melting peak depression suggest that MSM may have been

lost during the extended processing time at elevated temperatures.

Table 4. Thermal analysis of Nylon-11/plasticizer blends at the loading levels indicated (wt/wt).
Melting peak of nylon-11 crystallites are reported.

Identity Loading pTSAm MSM
" Nylon-11 0 1859 1859
Plasticizer 100 136.5 107.6
Nylon-11/plast 30 168.6*  171.9*
Nylon-11/plast 20 172.1 170.7
Nylon-11/plast ~10 180.3*  184.6*
Nylon-11/plast ~7 180.8 180.6

Based on the efficient alloying observed for pTSAm it was selected for processing on the
Process 11, an 11mm twin-screw extruder with a higher capacity than the DSM Xplore system. A
batch of 350 grams was prepared, comprised of 70% nylon-11 pellets and 30% pTSAm powder.
The blend was mixed by hand and then fed into the Process 11 to yield a polymer filament stock,
which was subsequently pelletized. The pellets were then combined and fed through the process
two additional times to enhance homogenization of the plasticizer in the matrix. Analysis of the
resulting masterbatch is pending, and the resulting pellets will be used to conduct formulation and

compounding trials with the DSM Xplore system and candidate insect repellents. Yield after three
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total passes through the Process 11 was approximately 220 g from the original 350 g, allowing for

discarded scrap between material changeover.

6.3. Melt extrusion demonstration

To facilitate development and production of filaments using melt extrusion, DEVCOM-
SC successfully produce fibers and filaments on a ca. 100 m scale, which is important to enable
demonstrate capability to span the gap from laboratory electrospinning scale (small, nonwoven) to
larger, pilot-scale production. In this reporting period, we demonstrate feasibility of the extrusion
approach using nylon and LDPE, and also demonstrate successful compounding of permethrin
loaded filaments. Specifically, a Xplore Tabletop Extruder equipped with a micro-compounder
was used to process polymer filaments ca. 100 m in length and approx. 200 pum in diameter.
Polymers were compounded using an Xplore MC40HT micro-compounder which allows for small
polymer batch size for processing materials and can process high shear and high viscosity
polymers while maintaining good mixing. Furthermore, the micro-compounder affords a
consistent dispersion with the incorporation of additives during processing and is capable of
processing temperatures up to 425 °C.

As shown in Figure 22, polymer processing was successfully achieved with consistent,
uniform filaments produced from nylon and LDPE. For both polymers, the fiber length was
approximately 100 m and the fiber diameters ranged from 250-300 um. Furthermore, nylon-12
with 4 wt% permethrin was also successfully compounded and extruded into 100 m long fibers.
This represents feasibility of employing the extruder and compounder to produce fibers of

promising fiber designs.
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Figure 22. Demonstration of melt extrusion (left), collection onto a spool (center), and sp(‘)ohlis of
composite filaments composed of permethrin-nylon-12, nylon-12, and LDPE (right).

6.4. Conclusions

We evaluated multiple melt depressants and identified pTSAm as a promising additive to
effectively reduce the melting point and processing temperature of nylon 12. Concurrently, we
demonstrated feasibility to compound and extrude nylon 12, as well as LDPE, at increased scales
to produce fibers on the order of 100 m. Together, these findings present significant opportunity
to apply findings to progress from electrospinning to incorporate insect repellents into polymer
fibers produced using scalable melt extrusion methodology. We intend to incorporate permethrin
using the melt depressant to improve processing conditions to evaluate the effect on insect

repellent loading and fiber properties.
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7. Results and Discussion — FR Nylon Fibers

In this section, we report on the use of electrospinning to fabricate non-woven mats of
nylon 66/tannic acid composite nanofibers. Tannic acid was incorporated into nylon nanofibers at
concentrations up to 50 wt% while maintaining uniform fiber morphology. Nanofibrous mats were
prepared by electrospinning solutions of 12.5 wt% nylon and 0 — 100 wt% tannic acid with respect
to nylon. The fibers were characterized using SEM, optical microscopy, ATR-FTIR, DSC, and
TGA. The fibers were further characterized using microscale combustion calorimetry (MCC) to
determine their heat release properties. Analysis using TGA showed that the tannic acid within the
nanofibers begins to degrade at ca. 230 °C and the polymer begins to degrade at ca. 400 °C
irrespective of the initial concentration of tannic acid. The char yield increases with respect the
concentration of tannic acid, resulting in a maximum of 25% for fibers containing 50 wt% tannic
acid. Finally, thermal tests show that tannic acid can still act as an intumescent material when

embedded within the nanofibers as the nanofibers are shown to bloom and char under direct heat.

7.1. Concept and Motivation

Nonhazardous flame-retardant materials are of increasing interest as per and
polyfluoroalkyl substances (PFAS) and other halogenated flame retardants are being phased out
of use due to their associated health and environmental concerns. Tannic acid has emerged as a
promising bio-derived, non-toxic, intumescent flame-retardant material. Despite its many
advantages, problems with solubility and polymer compatibility have thus far prevented tannic
acid from becoming a leading flame-retardant material. Electrospinning provides the opportunity
to create flame retardant materials with a unique morphology which can be difficult to achieve

using other methods. Finally, electrospun fibers have demonstrated applications in textiles and air
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filters, both which would benefit greatly from additional flame-retardant properties.

7.2. Fiber morphology

Table 5. Electrospinning Solution Preparation
Nylon,g TA,g [TA] in [TA] in fibers,
solution, theoretical wt
rel. wt% %

1.25 0 0 0
1.25 0.125 10.0 9.0
1.25 0.375  30.0 23.1
1.25 0.625 50.0 333
1.25 0.937  75.0 42.8
1.25 1.25 100 50.0

Nanofibers were prepared by electrospinning solutions of nylon in formic acid with 0-100
wt% TA with respect to nylon (rel. wt%). Samples were prepared by dissolving 1.25 grams of
nylon into 10 g solution to achieve a nylon concentration of 12.5 wt%. Then 0-1.25 g of TA was
added to achieve final concentrations of 0, 10, 30, 50, 75 and 100 rel. wt% TA (Table 5). The
solutions were sealed and heated at 60 °C overnight to dissolve the contents. After overnight
heating, nylon and TA completely dissolved at all concentrations prepared. Solutions were
thoroughly mixed by vortexing before electrospinning and stored for up to one week at 2-4 °C.

Fibrous mats were prepared from solutions containing < 50 rel. wt% TA at 15 cm and 15 kV, but

at >75 rel. wt%, a higher voltage was necessary, and the polymer would solidify on the needle tip
requiring routine cleaning during the electrospinning process. Non-woven mats were collected for
2-6 hours resulting in solid nanofibrous mats at all concentrations of TA tested. An example of a

fibrous mat made from a solution containing 100 rel. wt% TA is given in Figure 23.
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Figure 23. Images of nanofibrous mats containing 10 (A) and 100 (B) rel. wt% TA.

Fibrous mats were analyzed using SEM and optical microscopy (Figure 24) and compared
to neat nylon nanofibers. Uniform, defect-free fibers were obtained regardless of TA loading. In
the absence of TA, electrospinning resulted in a non-woven mat of ca. 100 nm fibers and the only
noticeable effect of increasing TA concentration is a gradual increase in fiber diameter. With up
to 30 rel. wt% TA, there is little effect on fiber diameter as all fibers measure ca. 120 nm. At > 50
rel. wt% TA there is a modest increase in fiber diameter to 258 + 93 nm at 50 rel. wt% and 439 +
86 nm at 75 rel. wt% and a diameter of 656 + 113 nm at 1:1 nylon/TA. Despite the increase in
fiber diameter caused by increasing amounts of TA, all fibers remain cylindrical with few defects.
Previous studies have shown that nylon fibers can collapse into ribbons at high (ca. >500 nm) fiber
diameters due to the rapid solvent loss during electrospinning and subsequent collapse of thin fiber
walls, however we do not observe significant ribbons in our study suggesting that TA provides
some structure to the polymer network during the electrospinning process®’.

Optical microscopy images of nylon fibers containing 100 rel. wt% TA are given in
Figure 24 at three different scales. The uniformity of the non-woven mat can be seen in the
microscopy images. The edge of the mat illustrating the non-woven and highly porous nature of
the materials is given in Figure 24D. The mat is comprised of a uniform distribution of

nanofibers,
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even at high (1:1) TA loadings. As shown in images at higher magnification (Figure 24E, F), there
are no visible defects in the fiber morphology. Neat nylon is an optically clear material and,
surprisingly, the fibers are still relatively clear at 100 rel. wt% TA loadings. The uniformity of the
fibers suggest that the TA is evenly distributed within the polymer matrix. If the components were
incompatible with one another, one would expect some phase separation during electrospun
leading to beaded or otherwise non-uniform fibers. However, the high solubility of both TA and
nylon in the electrospinning solution suggests that the two materials are highly compatible with

one another resulting in remarkably uniform cylindrical fiber morphologies, even at extremely

high TA loadings.

Figure 24. There is a general increase in fiber morphology with the addition of tannic acid as
shown by SEM images of fibers made with 0 (A), 50 (B) and 100 (C) rel. wt% TA (Scale bar =1
pum). Fiber morphology and uniform incorporation of TA can be further verified by optical
microscopy of a fibrous mat made with 100 rel. wt% TA as shown at three different
magnifications (D-F).
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Table 6. Electrospun Fiber Diameters

[TA], rel. wt% Diameter, nm?@
Neat 119+ 34

10 115.0 + 15

30 130 £ 15

50 258 + 93

75 439 + 86

100 656 + 113

& Determined using Image J based on
SEM images with n > 100

The structural composition of Nylon/TA fibers was investigated using ATR-FTIR. Neat
TA (Figure 25, Red) has characteristic absorbance peaks at 1004 cm™, 1161 cm™, a CH, aromatic
stretch at 1598 cm™, a carbonyl stretch at 1694 cm  (vs (C=0)) and a broad OH stretch at ca. 3300
cm* corresponding to the phenols. Neat nylon (Figure 25, Black) exhibits a characteristic sharp
N-H stretch centered at 3300 cm™!, peak corresponding to CH: stretches at 2933 (vs(CHa)
asymmetric) and 2860 cm™! (vs(CH2) symmetric) and amide stretches at 1636 cm™ (amide I,
vs(CO), 1536 cm™ (amide 11, vs(NH), and 1275 cm (amide I11). Spectra of Nylon/TA composite
fibers indicate even distribution of TA within the polymer matrix. Spectra of nanofibers containing
10 and 100 rel. wt% TA are given in Figure 25. With increasing concentration of TA, there is a
corresponding increase in the characteristic TA peaks discussed above. At 100 rel. wt%, peaks
corresponding to TA and nylon are visible in relatively equal intensity. The CH> stretches for nylon
at ca. 2900 cm* and the OH stretch for TA at ca. 3300 cm™ are unshifted in the composite relative
to neat starting materials, however, the nylon amide stretches are compressed, and the TA carbonyl
stretch shifts to 1708 cm™ in the composite fibers. Shifts in the amide and carbony! regions indicate
interactions between the polar amide regions of nylon and the aromatic esters on TA further
suggesting that TA is interspersed within the nylon matrix and does not exist in phase-separated

regions.
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Figure 25. ATR-FTIR of Electrospun nanofibers. The characteristic regions are highlighted in
grey. Nylon/TA composites are shown at 10 rel. wt% (Blue) and 100 rel. wt% (green).
7.3. Thermal Analysis

Thermal analysis of nanofibrous mats was performed in N2 and air using TGA from
ambient to 600 °C (Figure 26). A summary of the thermal properties is provided in Table 7. Under
nitrogen, there is a single weight loss for neat nylon at 422 °C corresponding to its thermal
decomposition and composite fibers show an additional weight loss peak at ca. 250 °C
corresponding to the decomposition of TA. When compared with neat nylon, incorporation of TA
does not negatively affect its peak thermal decomposition temperature. Indeed, at 100 rel. wt%
TA, nylon decomposes at 421 °C indicating that the incorporation of high concentrations of TA
have little effect on the stability of the polymer matrix. The residual mass at 375 °C gives an
indication of the TA loading in the electrospun fibers as the nylon has not yet degraded and

indicated that much of the TA loaded into the electrospinning solution is incorporated into the
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polymer fibers. Finally, the residual mass at 600 °C gives an estimation of the char-forming ability
of the material. With increasing TA loadings, there is an increase in the residual mass. There is no
residual mass for neat nylon, but at only 10 rel. wt% there is an increase to 7.8% mass remaining.
The residual mass continues to increase with TA loadings resulting in a maximum of 20.2%
remaining for 100 rel. wt% TA. The residual mass is an indication that the TA is still able to char
and act as an intumescent material when dispersed within the polymer network. Additionally, a
char yield of >20% indicates good fire resistance.

Thermal analysis was also performed in air for 10 and 100 rel. wt% TA fibers. In air, there
is little effect on the thermal decomposition of nylon, or TA, but there was no residual mass at 600
°C. The lack of residual mass under air is expected due to thermal oxidation reactions. Importantly,
however, the TGA curves in air and nitrogen are otherwise near superimposable indicating that the

presence of oxygen does not affect the properties of nylon/TA composite fibers.
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Figure 26. Left: TGA ramps of nylon nanofibers with 0 — 100 rel. wt% TA under N.. Right: TGA
ramps of nylon nanofibers with 10 and 100 rel. wt% TA heated from ambient to 50 °C under N2
before switching the atmosphere to air.
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Table 7. Thermal Properties of Electrospun Fibers
[TA], rel. Tonset 10% Tmaxt  Tmax Residual Massat 375 Residual Mass at

W% (°C)? (°C  (°C)  °C (%) 600 °C (%)°
Neat 390 422 - 95.3 0.0

10 354 247 438 88.4 7.84

30 273 272 439 76.0 11.0

50 252 255 432 68.2 15.9

75 248 247 430 61.2 17.9

100 238 238 421 56.3 20.2

2 Recorded as the residual mass after heating to 600 °C under N2 as measured by TGA. °
Temperature at first maximum weight loss rate. © Temperature at second maximum weight loss
rate. °Under Ny,

The heat release properties of nylon/TA composite fibers were further analyzed by MCC.
The heat release capacity decreased significantly with the addition of TA. At 10 rel. wt.%, the heat
release capacity decreased by 32% from 626 to 424 JegteK™! respectively, when compared with
neat nylon. The heat release capacity continues to decrease with increasing TA until at >75 rel.
wt% TA, it drops below the minimum value of 200 Jeg™+K* to be considered flame resistant with
an ultimate reduction in heat capacity of 74% for 100 rel. wt% TA. Likewise, the THR decreases
significantly with increasing TA. The decrease starts to become significant at 30 rel. wt% TA
loading with a decrease of 22% in THR and becomes more prominent for 75 and 100 rel. wt% TA
with a decrease of 42 and 46%, respectively. These results further demonstrate the impact on the
flame resistance of nylon, turning what started as a flammable polymer into a flame-retardant
composite. These data are comparable to some of the most recent TA-based flame-retardant
materials and coatings and demonstrate the feasibility of this technique for preparing flame

retardant nylon composites*.
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7.4. Flame tests

Figure 27. Exposure of nanofibrous mats to an open flame. The mats were directly exposed for

ca. 2 seconds before the ignition source was removed. Results are shown for mats without TA

(A-C) and with 100 rel. wt% TA (D-F). (A, D) Before ignition. (B,E) During flame exposure.
(C-F) Images taken 10 seconds after exposure.

Compressed fibrous mats weighing 100-200 mg and measuring ca. 1 x 1 cm were exposed
to an open flame to investigate their performance. As previously mentioned, nylon will melt, drip,
and generally shrink away from the ignition source without charring. This can be seen in Figure
27A-C which shows the exposure of a nanofibrous nylon mat to an open flame source. Seconds
after exposure, the mat ignites and burns rapidly. During combustion, there are flaming drops of
melted polymer that fall from the burning sample until there is no remaining residue (Figure 27C).
Exposure of a fibrous mat with 75 rel. wt% TA to an open flame results in combustion, but without
afterglow, dripping, and is almost immediately extinguished. The exposed area significantly chars,
leaving the unexposed area essentially unaffected. At 100 rel. wt%, the polymer does not combust
and is only minimally affected by open flame exposure (Figure 27D-F). The charred area remains

small and completely insulates the unexposed areas of the fibrous mat. Any ignition is immediately

extinguished without afterglow and no melt-dripping. A summary of open flame tests for fibrous
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mats is given in Table 8.

Table 8. Flame Resistance of Nanofibrous Mats

[TA], Heat THR  Combustion  Afterglow Drip Extinguishment
rel. Release a
wt% Capacity 2, kJeg*
J.g-l,K-l
0 626 276  YES YES YES NO
10 424 26.0 - - - -
30 317 215 - - - -
50 248 18.2 - - - -
75 197 16.0  YES NO NO YES
100 165 12.7 NO NO NO YES

@ Average of three measurements.

7.5. FR Nylon Conclusions

Electrospinning was used to formulate and evaluate the efficacy of tannic acid as a fire-
retardant additive in nylon fiber compositions. Importantly, electrospinning enabled the very high
loading (up to 1:1 ratio) of tannic acid in nylon and maintain fiber morphology. Tannic acid was
shown to be an effective fire-retardant additive for nylon fibers. At tannic acid loading levels
greater than 75 rel. wt%, heat release values exceeding the required minima for acceptable FR
levels were attained. The FR behavior as indicated by thermal analysis was confirmed using open
flame tests, where the TA-nylon fibers resisted burning with exposure to open flame. The
mechanism of FR imparted by TA into nylon appeared to be intumescent char formation from the
TA components. The FR nonwoven TA-nylon mats have potential to serve as standalone FR
materials in various applications, and also importantly serves as a prototype to show feasibility for

using TA in nylon fibers produced through more scalable approaches, such as melt extrusion.
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8. Summary and Conclusions

8.1. Summary

In year 2, we have made substantial progress in Tasks 1, 3, and 4, which correspond to
electrospun prototyping, scalable extrusion, and multifunctional fibers, respectively. In Task 1, we
developed mixed insect repellent-doped recycled polyethylene terephthalate (PET) electrospun
microfibers and demonstrated their efficacy using a novel live insect bioassay specifically
designed for insect repellent loaded textiles. In task 3, we made progress in two parallel scalable
fiber fabrication pathways, dry jet wet spinning and melt extrusion. We identified and employed
the benefits of dry jet wet spinning, which extrudes polymer gels at relatively low temperatures
that enables the incorporation of volatile repellents, to a novel polymer-DEET gel formulation that
has significant promise to serve as a fiber core, as well as standalone repellent material. For melt
extrusion, we identified a promising melt depressant that effectively lowers the processing
temperature of nylon to enable compatibility with insect repellents. Towards Task 4, we designed,
formulated, and tested flame retardant tannic acid-nylon fibers that demonstrated the natural
product tannic acid as an effective fire-retardant additive for nylon. We will build upon these

findings in year 3 to incorporate insect repellency for a multifunctional fiber proof of concept.

8.2. Significance
In this reporting period, we presented several advancements in the program that have
potential to serve as standalone insect repellent materials, will enable future development insect
repellent loaded fibers and textiles, and provide significant contribution to the field. The
nonwoven fibrous mats sourced from recycled PET consumer goods have the capability to function

as patches for long-term repellent release to repel biting arthropods from exposed skin.
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Furthermore, the high affinity between DEET and PET we identified will be leveraged in the
design of future filaments. Our development and demonstration of a novel bioassay specifically
designed to evaluate the repellency of insect repellent loaded fibers and textiles will have
significant implications for providing live insect performance on materials developed in Y3 of this
program, as well as provide new and useful methods to others in the field. Our design and
formulation of insect repellent loaded-polymer gels has potential for significant impact as
standalone insect repellent materials (passive-release or thermally induced repellent beads, strings,
gels), as well as to serve as a highly loaded core in bicomponent fiber designs. Importantly, the
gel designs are compatible with dry jet wet spinning, which is a scalable, manufacturing
compatible extrusion method. We also identified a promising melt depressant to lower the
processing temperatures of nylon to enable volatile repellent incorporation to improve the
compatibility of insect repellents with conventional melt extrusion manufacturing, which

represents a promising transition pathway for textile applications.

8.3. Next steps

Moving forward to year 3, we will continue to build upon the findings of years 1 and 2 to
deliver new insect repellent and multifunctional fiber technologies. Our goals are to continue to
deliver advanced technology readiness (TRL) prototypes by application of the novel bioassay,
down select and focus on designs compatible with scalable fiber production methods, deliver a
swatch prototype, and engage with commercial transition partners to pursue a EPA registration
pathway. For the P(AN-VC)/DEET gels, we will evaluate and demonstrate the standalone release
kinetics and live-insect repellency to demonstrate potential use as standalone gel-based materials.

Furthermore, the P(AN-VC)/DEET gels will be incorporated into bicomponent fibers through dry
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jet wet spinning to serve as the core of a core-sheath design with potential for long-lasting insect
repellency from EPA-registered DEET. We will focus heavily on melt extruded fiber production,
as melt extrusion is the most scalable, cost-effective fiber production method which facilitates
transition to commercial production. We will leverage our findings in melt depressants to
incorporate insect repellents, such as permethrin, into nylon-12 fibers. We aim to down select a
best performing formulation to extrude, produce yarns, and ultimately deliver a knit swatch
prototype to represent advanced TRL. Finally, we will use leverage our findings from Y2 tannic
acid-nylon fibers to design and evaluate multifunctional fibers that exhibit long-term insect
repellency and fire-retardant behavior that will represent a new class of environmentally friendly

high-performance fibers for textile applications.
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