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ABSTRACT

DEVELOPMENT AND THERMAL CHARACTERIZATION OF POLYDIACETYLENE

(PDA) NANOFIBER COMPOSITES FOR SMART WOUND DRESSING APPLICATIONS

Conventional methods of identification of microbiological pathogens infection in wound
have manyhallengesuch aghe need fospecialized instrumenendtrained personnel, arte
long detection time. There is a critical need &n innovative method that is simple, accurate,
sensitive, reliable, and rapid in pathogen detection practices. Wound dsessitajning PDA
nanofibers coulde used as a diagnostic tool for the detection of onsite bacterial infection. By
early wound infection diagns the smart wound dressing wouwdtlow physicians to start
timely treatment which would reduce hospitalization time and patient suffé?lDgs are of
great interest in the development of chromatic sensors dtheitounique optical propsr of
undergoing a chromatic transition from blue to red upon external stin@jl2-
Pentacosadiynoic acid (PCDA) and poly (ethylene oxide) (PEO) were used istLitiis to
develop fiber composites via an electrospinning method at various mass ratit@ td PCDA,
solution concentrations, and injection speeds. High mass ratios of PEO to PCDA, loverpolym
concentrations, and low injection speed promoted fine fibers with smooth surfdoes. T
colorimetric transition of the fibers was investigated by heativg fibers at temperatures
ranging from 25 °C to 120 °C. A color switch from blue to red was observed when the fibers
were treated at temperatures higher than 60 °C. The color transition was mdreesenthe
fibers made with a low mass ratio of PEEORCDA due tdhehigh fraction of PDA in the fibers.

The large diameter fibers also promoted the color switch dtletuigh reflectance area in the



fibers. All of the fibers were analyzed using Fourier transform irdrapectroscopy (FIR) and
differential scanning calorimetry (DSC) and compared before and after the color change
occurred. The colorimetric transitional mechanism is proposed to occur due tontatrdogl

changes in the PDA macromolecules.

Keywords: polydiacetylene; electrospun &y biosensor; color transformation
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CHAPTER 1.INTRODUCTION

The development of advanced medical textiles for wound healing, drug deligsne
regeneration, sensing, and diagnostics is changing the face of the medicay imddigiroviding
doctors with tools and technology to improve patient care in dramatic ways. Thecinersé
smart textiles and medicine presents a range of intriguing opportumtiesifancing medical
diagnostics, sensingnd treatment. Advanced woundre, one of the most important segments
of the medical device products, has seen a slow emergence of “smart bandages”, wound
dressings that have some additional degree of-ipuiitinctionality. A wound dressinghat
provides early visual indication ofi¢ onset of bacterial infectipwould offer physicians early
wound infection diagnoses, allowing for timely treatment, reduced hospitatizeithe and
improved patient outcome (Dargaville, et al., 2013).

Wound management extremely challenging due to the complexitytioé wound itself
and the healing process.néwledge that keeping a wound moist accelerates the healing process,
asreported m his milestone study on wound management by Winter in 1962, was the start of
reseach in this disciplingDargaville et al., 2013)Other crucial developments have been the use
of antrmicrobial agents (i.e. silver and iodine), hyperbaric oxygen therapy librgat00%
oxygen at elevated pressure), skin grafts, and compression préssagy. Dargaville et al.
(2013) pointed out #t smart dressings would be the next revolution in wound care practice
where sensors would be used as a diagnostic tothleinvound healing process. This smart
sensor would be critical ithe management of @unds highly susceptible to infection like
chronic ulcers, acute wounds, burn patients etc., wheleagthy delay in treatment creates

difficulty in thehealing process (Dargaville et al., 2013).



Conjugated polymeréCPs)have been widely used in the development of chemosensors
and biosensors because they exhibit unique electronic and optical properties indudednay e
stimuli. CPs are able to detect extremely small quantities of analytes due to their ability to
amplify sensory signals (Lee, Povlich, & Kim, 2010). A wide variety of conjugated polymers
including polyacetylenegGerard, Chaubey, & Malhotra, 2003)olydiacetylenegChae et al.,
2007; Ahn & Kim, 2008; Chen, Zhou, Peng, & Yoon, 2012; Jelinek, & Ritenberf3)20
polyphenyleneCete & Bal, 2013)polythiophenegMarsella & Swager, 1993; Lee, Povlich, &
Kim, 2010, polyanilines and poly(phenylee ethynylenes)Tan, Atas, Miller, Pinto, Kleiman,

& Schanze, 2004; Pun, Lee, Kim, & Kim, 2006) hdeeninvestigated for the use in chemo
and biosensor applications (Ahn & Kim, 2008).

Among these conjugated polymers, polydiacetylenes are of great interest chamyt
advantages in molecular structure, method of preparation, and sensing properti@&KAhn
2008 Jelinek and Ritenberg, 2013 DA, synthesized by photopolymerization method with
254nm UV light, shows a blu®-red chromatic change visibte unaided eyes in response to
external stimuli such as pH and temperat@kaeet al., 2007;Yoon and Kim, 2008)Sinceno
catalysts or initiators are required in the polymerization, PDAs are hightyipwwomposition.
Electrospinning of PDAs without another polymer is challenging because tlositysaf PDA
solutions is relatively lowYoon andKim, 2008).When mixed with another polymer that is able
to increase the viscosity of the spinning solution, PDAs can be incorporated into fiber
composites via electrospinning. The other polymer serves as a supportive componenbaer the fi
composites antience is named the matrix polymBolyethyleneoxide PEO), a biocompatible
flexible polymer,is usedas a matrix polymerto facilitate electrospinning oPDA nanofiber

embeddedn PEO (Bhattarai, Edmondson, Veiseh, Matsen, & Zhang, 200B8¢. high surface



area to volume ratio of the nanofibers provides increased sensitivity of the sesteor ag well
as reduces response time due to an increased number of sites for analyttanterasignal
transduction, (Steyaert, Rahier, & De Clerck?015). PDA-based chemosensors built on
electrospun nanofibrous matrices have beguioredfor the creation of highly sensitive sensors
besides pathogen detection, for hazardous chemical compauecldging volatile organic
compounds (YoonChae,& Kim, 2007, lead ions (Wang et al., 2015nd hydrochloric acid
(Jeon,Lee,Kim, & Yoon, 2013.

The objective of this research is to develop PDA nanofiber composites uamg
electrospinning techniquand to evaluatethe colorimetric transitional propertiesf these
compositesas a function of temperatyréor thar potential applicatioras awound dressing

biosensor.



CHAPTER 2. LITERATURE REVIEW

2.Biosensors

Biosensors are tools for the analysis of-lmaterial samples to gain an understanding of
bio-composition, structure and function by converting a biological response into a signal. A
conventional biosensor is composed of two basic elements includinggibablrecognition unit
and a transducer that converts a biological response into a measurable Giigmatteristic
properties of a biosensor are selectivity, sensitivity, precision, and respors@.ée, Polvich,
and Kim, 2010). The selectivity of éhsensor defines the ability of the sensor to detect the
presence of certain biorganismsThe sensitivity of the sensor indicates the minimum change
that the sensor can detect. Precision is usually characterizedthusstgndard deviation of the
measurements. Response time refers to the time required to cardegdction event into a
measurable signal.

One of the conventional biosensors is the blood glucose meter that was invented by
Clarke & Lyons in 1962 and commercialized by Clemens in 187dlucometerutilizes atest
strip containing glucose oxidasgleatcanreactwith glucose A dropof bloodis placedon thetest
strip; the strip is insertedinto the glucameter. A seriesof chemicalreactionsbetweenblood
gluccse and glucose oxidase producésrrocyanide.The ferrocyanidegeneratesan electrical
signalthat is convertedto a correspondingligital readon themeter,indicatingthe amount of
glucosein the bloodlt is widely used by diabetic patients to selbnitor blood glucose at home
(Clarke and Foster, 2012). Recentthe biosensor market isindergoinga paradigm shift
towards advanced medical applications such as infectious disease monitoring, blood gas

analyses, cholesterol testing, and pregnancy testBigsensors also attract great interest in



many nommedical applications such as industrial biology, food safety and military service
Ongoing research and innovation in biosensors has ensured its penetration into neuchraas
security, military bialefense, environmental monitoring, aheé process industry (Thusu, 2010).
According to a new market report published by Transparency Market Res&ioserisors
Market - Global Industry Analysis, Size, Share, Growth, Trends and Forecast,- 202D}

the global biosensors market was valued at USD 12.4 billion in 2013 and is expected &b grow
compounded annual growth rate (CAGR) of 8.1% to reach USD 21.64 billion in2g2¢e2.1

shows the global biosensor market fore¢a2020. A high growth rate is found in home health
care and point of care testing. Higher precision and accuracy, shorter respegeainless
diagnosis, user friendliness and cost effectivenegs tiggeredhe rise of the market growth.
Figure 2.2 illustrates the comparative market share of different segments in the market. The
percent of revenues such as environmental, security and biodefense, and home diagmostics ar

forecasted to continue the growth trend until 2016 (Thusu, 2010).

Global Biosensors Market, by End-use {(USD Million)

11 B03.5 _—
I

2032 20313 2014 25 2016 2037 20mg 2m9 2020

® Home Healthcare Diagnostics ®Paoint of care testing ® Research Laboratories ®Food Industry

Figure2-1 Global biosensor market forecast, 2014-2020

(Retrieved  from http://www.grandviewresearch.com/industry-analysis/biosensors-
marke)
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Figure 2-2 The totalbiosensors market, showing the percent of revenues by vertical
markets (world) for 2009 and 2016 (Thusu, 2010)

One promising application of advanced biosessar to detect pathogéem bacterial
infections in hygiene processes such as food preparation and woundCoarentional
approaches include a culture and colony counting method, an immusiEegg method, and
polymerase chain reaction method. Although these methods are sensitive, inexpedsiaa
provide both qualitative and quantitative information on the number and nature of
microorganism, they are constraindry several drawbacks such as complex operation,
specialized instruments and trained personnel required for the tests, and lohgrditee (2 to
3 days for initial results and 7 t010 dafpr confirmation).Therefore, there is a critical nefat
innovative pathogedetecting biosensors that are reliable, rapid, accurate, simple, sensitive,

selective and cost effective (Velusamy et al., 2010; Mandal, Biswas, Chal, .1).



2.1.Conjugated Polymers (CPs)

Biosensor systems based on conjugated polymers (CPs) are attractive drie éasth
signal analysis and unique optical properties, for example, color transitionsuareséence
emission change upon external stimuli. The extestiatuli can be viruses, bacterial toxins,
antigens, pathogens, glucose, enzymes eltest, (Yarimaga, Lee, Choi, & Kim2011 Chen
Zhou, Peng, &Yoon, 2012). Conjugated polymers are organic macromolecules that have
alternatingsaturated and unsaturateshds alongabackbone chain. Theackbone atoms are’sp
or sg hybridized and possess conjugateglectrons that are delocalized rather than being part of
one valence bond. Excitation energy of conjugatetectrons is usually in the visible range and
hence the conjugated electrons areoptically active and can provide conductivity and
fluorescence in CPs. Changedrnitramolecular conformatioand intermolecular packing in CPs
can induce change in effeaticonjugation length, resulting changes irthe properties of CPs.
The study of structurproperties relationships of CPs has bsemliedwith great interest for the
decades (Lebouch et al., 2005). The conjugated polymers that exhibit interestrmetric
behavior (chromism) in response to external stinmain be potentially used in biosensor
development. Previous studies have demonstrated potential biosensor systems using CPs
including graphene Wu, Chu, Koh, & Li, 2010; Li, Zhang, & Cui, 2015poly (p-
phenyleneethynylene) (Lebouch et al., 2005; Hill, Goswami, Evans, & Schanze, 2012), poly
(phenylene vinylene) (Koenen, et al., 2014), polydiacetyle (Charych et al., 18@8%k &
Ritenberg, 2013).
2.2.Polydiacetylene(PDA)

Polydiacetylenes (PDAs) are one of the most attractive conjugated polymers in

developing biosensors(@net al.,2010; Chen, Zhou, Peng, & Yoon, 2012; Lee et al., 2014).


http://pubs.rsc.org/en/results?searchtext=Author%3AXuemei%20Sun

PDAs are prepared by phepolymerization with UV or y-irradiation from seHassembled
diacetylene (DA) monomers. The phgdolymerization is free of catalysts or initiators and
results highly pure PDAs. PDAs (640 nm absorption wavelength) undergo a coléoshililue
to red (550 nm absorption wavelength) upon environmental stimulation. Thetokies
transition is visible tahe naked eyes (Figur2.4). The bluephase PDAs are nonfluorescent,
while their redphase counterparts are fluorescent, which makes polydiacetylenes applicable to
fluorescencébased sensor systems (Lee et al.,, 2014). These characteristics make PDAs
particularly attractive in detecty chemical and biological molecules such as influenza virus
(Charych et al., 1993Escherichia coli (Oliveiraa, Soaresa, Silva, Andrade, & Medeiros, 2013)
othermicroorganisms (Pindzola, Nguyen, & Reppy, 2006) pradeins Kolusheva, Kafri, Katz,
& Jelinek, 2001).
2.2.1Self- assembledM olecular Structures

PolydiacetylenegPDAs) are readily prepared by 1,4 additipimoto-polymerization of
self-assembled colorless diacetylene (DA) monomers with 254nm UV light as shdvigure
2.3 (Lee et al., 2014). The polymerization only takes place when the DAs are arranged in a
lattice with appropriate geometry. This topochemical constraint irdi¢htit polymerization can
only occur in solids or other highly ordered structures.

DA (R;—C=C—C=C-R;) monomers are amphiphilic molecules composed of a polar head
group and a hydrophobic tail containing the diacetylene group. This amphiphiife nendes a
convenient setaissembly molecular structure in an aqueous environment as shown inZ&gure
Each tail can be broken down into three components: the diacetylene grpapeatsetween the
head group and the diacetylene, and the terminal alkyl chain. Each element of théedmcety

amphiphile plays a crucial role towards the formation and theeprep of the selassembled


http://en.wikipedia.org/wiki/Photopolymerization

molecular structure. Due to the amphiphilic nature, DAs are likely to form inteculate
(between DA monomers) packing in water via hydrophblydrophobic interactions of adjacent
tails of DAs. Furthermore, hydrophilic head groups such as carboxylic acid or groiges in

DAs canalso form intermolecular hydrogen bonding. The aromatic head groups of DAs can

promote nt-w stacking interactions thatstabilize the selassembled structure of DAs.

Polymerization

ﬁ

Self-assembly ||| [ EEREE .

.
*
*
-

I mw i ni
I NN

Diacetylene Diacetylene Polydiacetylene
monomer supramolecule supramolecule

Figure2-3 Polymerization of DA monomer (Lee et al., 2014).

2.2.2Colorimetric Transition
PDA shows either a blue or a red color, depending on the polymerization conditions. The

origin of the color differencés not well understood. In 1984, Wegner et al. summarized the
relationship between the wavelength of the absorbance and the effective conjlgagth
(ECL) in PDAs (Wenz, Mueller, Schmidt, & Wegner, 1984). They found that ECL is sgrongl
affected by the lanarity of the main chain of PDA in a linear relationship. They explained that
the PDAs with an ECL of around 20 monomers slaored color and the PDAs with an ECL of

30 monomes show a blue color. The ECL is determined by the degreeoobifal overlap.The



smaller the energy gap between the valence and conduction bands, the longér. tARBAGas

its absorption at around 650 nm showing blue color after polymerizd&tigaré 2.4). When the

blue phase PDA is exposed to external stimuli (pH, temperatmexhanical stress,
microorganism etc.), the conjugated backbone of the PDA becomes twisted aplmarnp
orbitalsoverlap. The changes reduce the conjugation length and increase the energy band gap in

the PDA molecules. As a result, the PDAs absorb at around 550 nm and become red.

0.4} After <= Before

0.3

0.2

Absorbance

0.1

0.0

400 500 600 700 800
Wavelength (nm)

Figure 2-4 Absorption spectral and color changes of a PDA solution that take place
upon stimulation. (Ahn and Kim, 2008)

2.2.3.PDA Nanofibers

PDAs have been mixed with other polymers to create responsive polymer composites.
For example, PDA is embedded in polyethylene oxide (PEO) and then electrospun Anto PD
PEO nanofibers (Chae et al., 2007; Yoon, Chae, & Kim, 2007; Jeon, Lee, Kim, & Yo@), 201
The PEO is used as a matrix polymer to increase the viscosity of the PCDW#orsoh
chloroform so that the PEGCDA solution is spinnable. PEO is a biocompatible polymer and

approved for internal use in food, cosmetics, pharmaceuticals and pem@dPlEO has great

10



potential for biosensor application dueit®excellent biocompatibility (Bhattarai, Edmondson,
Veiseh, Matsen, & Zhang, 2005). PDA electrospun nanofibers are also madgolyinethyl
methacrylate (PMMA) (Chae et al., 2007) and tehrgetrthosilicate (TEOS) (Yoon, Chae, &
Kim, 2007) for chemosensor application. PDA nanofiberaagerage 100 nm in diameter and
can be used for sensor applications. The high surface area to volume ratio of the nanofibers
provides an increased numbédrsites for analyte interaction or signal transduction, resuiting
high sensitivity as well as a short response {(iBteyaert, Rahier, & De Clerck, 2015).
2.2.4 Electrospinning Apparatus

A typical electrospinning apparatus is shown in Figlre It consists of four major
components: a high voltage DC power supply, a syringe pump, a spinneret, and a grounded
collector. The system utilizes a high voltage DC power source, in the rangeeoélstens of
KVs, to inject charge of a certain polarity into alymer solution or melt, which is then
accelerated towards a collector of opposite polaBtyafdwaj & Kundu, 2010; Liang, Hsiao, &
Chu, 2007. Electrospinning is conducted at room temperature with standard atmospheric

conditions (Li & Xia, 2004).

.
Injection Pump
PEO-PCDA Solution
Needle \!/ High Voltage
DC Motor
Nanofiber _ <

Collector

Figure2-5 Schematic set up of a basic vertical electrospinner
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2.2.5.Electrospinning Parameters

The electrospinning process is governed by many parameters, classifidlybnoto
solution parameters, process parameters, and ambient parameters (Nariiamdu, 2010).
Solution parameters include viscosity, conductivity, molecular weight, and suréason.
Process parameters include applied electric field, tip to collector distancéealnag or flow
rate. The ambient parameters include temperature and relative humidity sdithéng room.
Each of these parameters significantly affects the fibephaogy, and by proper manipulation
of these parameters, nanofibers of desired morphology and diameters caaitedaidandana
& Kundu, 2010).
2.2.6.Solution Parameters

Polymer molecular weight reflects the number of entanglements of polyragrsan a
solution, andhus solution viscosity. Molecular weight of the polymer has a significaattesh
rheological and electrical properties such as viscosity, surface tersdoductivity, and
dielectric strength (Haghi & Akbari, 2007enerally,too low molecular weight solution tends
to form beads rather than fibers, and a high molecular weight solution gives \ilble larger
average diameters (Nandana & Kundu, 2010).

Thereis an optimum solution concentration for the electrospinning process. It has been
found that at a low solution concentration, a mixture of beads and fibers is obtained and as the
solution concentration increases, uniform fibers with increased diesvaete formed because of
the higher viscosity (Haghi & Akbari, 2007; Mckee, Wilkes, Colby, & Long, 2004).

Surface tension, which is a function of solvent, plays a critical role in thecslpictning
process (Hohman, Shin, Rutledge, & Brenner, 2001). Higface tension of a solution inhibits

electrospinning (Haghi & Akbari, 2007), and by reducing surface tensionlé&aéibers can be
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obtained Hohman, Shin, Rutledge, & Brenner, 2D0OA lower surface tension of the spinning
solution helps electrospinning to occur at a lower electric field (Haghi & AkP@@i7) although
lowering the surface tension of a solvent will not always be more suitable érosf@nning.
Basically, surface tension determines the upper and lower boundaries of thesgiecirg
window, if all other variables are held constant (Pham, Sharma, & Mikos, 2006).
2.2.7.ProcessParameters

Applied electric force is the most crucial parameter on which the morphofothe o
electro spun nanofiber depends although there is some dispute abalé¢ tifeelectric force in
the electrospinning process (Nandana & Kundu, 2010). Reneker and Chun (1996) demonstrated
that there is not much effect of electric field on the fiber size when elpictnisg with
polyethylene oxide. At higher voltages, more polymer is ejected which ledus torination of
a larger diameter fiber (Demir, Yilgor, Yilgor, & Erman, 2002; Zhang, Yu&/u, Han, &
Sheng, 2005). However, other authors (Buchko, Chen, Shen, & Martin, 1999; Yuan, Zhang,
Dong, & Sheng, 2004) haveeportedthat an increase in the applied voltage increases the
electrostatic repulsive force on the fluid jet, which ultimately favors fiiber. Larrondo and
Manley (1981)xhowed that doubling the applied voltage deciethsdiber diameteby roughly
onehalf.

The injection speed is one of the most important parameters as it influences the jet
velocity and the material infusion rate. Bhardwaj and Kundu (2010) reportedhthdiber
diameter increases with an increase in the polymer injection rate. At ailge&tron rate the
solventhasenough time for evaporation (Yuan et al., 2004); converselygh injection rate

results in beaded fibesnceproper drying timedoes not occuprior to reaching the collector

13



(Yuan et al., 2004). However, there should be an optimum distdratefavors solvent
evaporation, and provides sufficient time to drying (Geng et al., 2005).
2.2.8.Ambient Conditions

Besides the solution parameters and spinning parameters, the relative humidity a
temperature also affeetectrospinning (Bhardwaj & Kundu, 2010). Li and Xia (2004) observed
that high humidity can help th®rmation of the electrospun fibers. At very low humidity,
volatile solvents may dry up rapidly due tlee faster evaporation of the solvent. On the other
hand, an increase in the humidity resultthe appearance of small circular pores on the surface
of the fibers Casper,Stephens, Tassi, Chas&, Rabolt, 2004). In a study on the effect of
temperaturesanging from 28C to 6(0C, Mit-uppatham, Nithitanaku& Supaphol (2004) found
an inverse relation between temperature and fiber diameter. They atttiibeitgecline in fiber
diameter at an increased temperature to the decrease in the viscosity @rsalgrtion.
2.3. ColorAnalysis

CIE LAB is an internationally recognized method for quantifying color appeardt
was developed by the Commission International D’Eclairage (WeditBeCoombs, 1992)The
CIE LAB softwarecharacterizes color in a tleeimensional space as shown in Fig8i& The
vertical axis (L*) is the lightness/darkness indicator. It ranges from &ckBlto 100 (White).
Any value up to 50 indicate a darker sample, whereas values above 50 indicate a lighleer sam
One horizontal axis ranges from blue (negative b* values) to yellow (poditi values). The
other horizontal axis ranges from green (negative a* values) to red (positivalies)
(Weatherall & Coombs, 1992; Yoshida, Yoshioka, Inoue, Takaichi, & Maeda, 2007). AE*
indicates the color difference between objelience AE*can be used to compare color changes

between objects. AE*is defined by the following equation:
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AE *= | (AL 24 Aa %2 + Ab #2|
where AL*, Aa*, and Ab* are differences in L*, a*, and b* values between objects.

L* = 100 (Light)

™
f—

—a* Green +b*  Yellow

—b* Blue +a* Red

L* =0 (Dark)

Figure 2-6 Graphical representation of the CIELAB L*,a*,b* value three dimensional
space (Adobe Systems Incorporated, 2000)

K/S values are used to evaluate the strength (depth) of the aadbare calculatedsing the
Kubelka and Munk equation (Sarker and Seal, 20@&hida,Yoshioka , Inoue, Takaichi, &
Maeda, 2007). The equation is as follows:

K (1-R)?

S 2R

Where R is the reflectance coefficient, K is the absorption coefficient andh® scattering
coefficient.Large K/S values indicates deep color. Sarker and Seal (2003) used the Kaldelka a
Munk equation to examine color strength of flax fabrics dyed with natural esdjioka
,Yoshioka , Inoue, Takaichi, & Maeda (200&ed K/S values to evaluate differenbesween

colors of thebacterialcultures.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Materials

10, 12Pentacosadiynoic acid (PCDA, 9%) was purchased from GFS Organics
(Columbus, OH, USA) and was used as monomer to prepare polydiacetylene (PDA).
Polyethyene oxide (PEOyIw = 300,000 g mét) was purchased from Sign#derich (St. Louis,
MO, USA). PEOwasused as matrix polymer for fiber formation. Chloroform (> 99.8 %) was
purchased from Sigmaldrich (St. Louis, MO, USA), and wasised as solvent for
electospinning solution preparatioliethyl ether was purchased from Fisher Scientific (Fair
Lawn, NJ, USA)AIl the polymers and solvents were used without further purification.
3.2Methods
3.2.1 Preparation of PDA

The diacetylene monomer PCDA (6.44 g, 17.2 mmol) was dissolved in diethyl ether (35
mL) and filtered to remove any contaminants. The monomer was isolated afterativm of
the solvent under vacuum in a flask protected from direct exposure to lighpdvélhvater (18.2
MQ-cm) was added to yield a 1.29% weight/volume (w/v) suspension, which was sonicated at
65 °C for 30 min. The suspension was allowed to cool to room temperature, then stored at 4 °C
overnight. The suspension was transferred to a crystallizing dish with a trnagjivebar and
irradiated with UV light (254 nm) for 8 min (Champaiboon, Tumcharern, Potisatityuenyong
Wacharasindhu, & Sukwattanasinitt, 2009). After phmbtymerization, the dark blue
suspension was transferred to a round bottom flask protected from light to remeadvtre

under vacuum. The solid PDA was then stored at 4 °C and characterized|By FFTNMR
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(Proton nuclear magnetic resonance) characterization was not possible dueirgpahed
solubility of the material.
3.2.2PDA Fiber Composites

Mixtures of PEO and PCDA in chloroform were prepared at different mass ratios of
matrix polymer (PEO) to PCDA (w/w %), different polymer (PEO and PCDxcentrations,
and different injection spesdTable 1 (manuscriptl) shows the experimental design for
preparig PDA fiber composites (PEPDA) for electrospinningA solution d PEO-PDA fibers
was prepared by addinthe reqired amount of PEO and PCDA in chloroform, followed by
stirring overnight at room temperature on a hotplate stirr8b6@tevolutions per minute (rpm)
until a homogeneousdhtpink solutionwas obtained.A customized electrospinning apparatus
was used to prepare fibers. The apparatusguily consisted of a Gamma High Voltage
Research ES50P power supply and a Harvard PHD 2000 syringe pump. The uniform
electrospinningsolution was injected a constant injection spee.{ mL-h* or 0.2 mL-h")
and 15 KVelectrical force The spinningime was kept constarfior 1 hour to obtain a thick,
colorless fiber mat. The fibers were collected at a distance of 17 cm @anminumcollector
plate. The obtained fibers were kept in the dark overnight befordigdV (Spectroline,
Longlife™ filter, New York, USA) irradiation. During irradiation with Ulight at 254 nm, the
fibers became blue within 30 s anthen turned deep blue in 3 min, indicating
photopolymerization of PDA fiber composites.
3.2.3Fiber Characterization

Fiber size and morphology was studied using scanning electron microscope (JEOL, JSM

6500F, Tokyo, Japan). The fiber samples were kept overnight under vacuum to evaporate any
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residual solvent or moisture. Then they were sputtated with gold to improve conductivity of
thesamples for better quality imaging.

FTIR-attenuated total reflectance (ATR) spectra of PDA powders andAEEOfibers
were recorded in the range of 68000 cm' using a Nicolet 6700 FTIR spectrometer (Thermo
Electron Corporation, Madison, WI, USA). All materials were dried in a vaamen overnight
at room temperature prior to the analysis. Two spectra were collected fafehelblue and red
phase PDA powders, and PEDA fiber composites. The color change to red was induced by
heating both the blue PDA powders and filer$20 °C for 10 minutes.

Differential scanning calorimetry (TA Q20 DSC) was used to determine theahe
transitions of the PE®DA fibers. The transitions were measured through three heating cycles
under nitrogen flow. During the first heating cycle, the temperatureeguabrated at 40 °C and
ramped at 10 °C/min to 250 °C and equilibrated at 250 °C. In the second cycle, the temperature
was ramped at 10 °C/min to —60 °C and equilibrated at —60 °C. For the third and final cycle, the
temperature was ramped at 10 °C/min to 250 °C and equilibrated at 220 TRermolyne
benchtop furnace (Thermolyne, Thermo Fisher Scientific, Waltham, MA&) Wi&s used for

exposing the fibers to treatment temperatures up to 120 °C.

3.2.4.Colorimetric Transition due to Temperature

Colorimetric transition behavior of the BEPDA fibers was evaluated as a function of
treatment temperature (25 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, 100 °C, 110 °C, and 120 °C).
The color of PEGPDA fibers was measured using a spectrophotometer (HunterLab ColorQuest
XE). Electrospun fiber mat samples (1 inch x 1 inch) were first treated in the benchtapefur
for 10 min at 25 °CThe fiber mat was then measured in the spectrophotometer and reflectance

spectra were collected from 400 nm to 700 nm. The same fiber mat was ladrb&tok to the
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furnace and treated at a higher temperature for another 10 min, followed |&starefe
measurement of the fiber mat. Reflectance spectra was collected for the same fibtarreathf
heat treatment from 25 °C to 120 °C. For a given fiber mat treated at a given tenepé¢hace
spectrophotometric measurements were taken and the average reflectance was used for co

analysis.
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CHAPTER 4. MANUSCRIPT

Study of PolydiacetylenePoly (Ethylene Oxide) Electrospun Fibers Used as Biosensors

SYNOPSIS

Polydiacetylene (PDA) is an attractive conjugated material for use in biosehsoto its
unique characteristic of undergoing a btaged color change in response to external stimuli.
10,12Pentacosadiynoic acid (PCDA) and poly (ethylene oxide) (PEO) wererutigd study to
develop fiber composites via an electrospinning method at various mass ratios wf PEDA,
solution concentrations, and injection speeds. The-PB@ fibers in blue phase were obtained
via photepolymerization upon UMight irritation. High mass ratios of PEO to PCDA, low
polymer concentrations of spinning solution, and low injection speeds promotedéree iith
small diameters and smooth surfaces. The colorimetric transition of the iiasrgvestigated
when the fibers were heated at temperatures ranging from 25 °C to 120 °C. A colorfiswaitc
blue to red in the fibers was observed when the fibers were heated at terepayetater than
60 °C. The color transition was more sensitive in the fibers made with a low atiassfriPEO
to PCDA due to high fraction of PDA in the fibers. The large diameter fibers alswofed the
color switch due to high reflectance area in the fibers. All of the fibers were edalgmng
Fourier transform infrared spectroscopy {/ll) and diferential scanning calorimetry (DSC) and
compared before and after the color change occurred. The colorimetric treabsitechanism is

proposed to occur due to conformational changes in the PDA macromolécules.

! A version of this manuscript has been published in Materials journathétfollowing citation details: Alam, A. K. M., Yayp,
J. P., Reynolds, M. M., & Li, Y. V. (2016). Study of Polydiacetyl&tady (EthyleneOxide) Electrospun Fibers Used as
Biosensors. Materials, 9(3), 202.
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1. Introduction

When biomaterials are analyzed using biosensors, biological responses candoeddnyw
the biosensor into measurable signals, providing analytic tools for the compositiocisyrss,
and functions of the biomaterials [1,2dleal bosensors can provide short response time, high
precision and accuracy, and painless diagnosis inibaflro andin vivo applications including
infectious disease monitoring, food safety, environmental monitoring, and mili@dgfbnse
[3]. One promising application of biosensors is to detect pathogens and bacfea@bns in
hygiene processes, such as wound carepansbnal careCurrent wound care management of
pathogen infection may be tine®nsuming because it usually requires multiple steps including
physical examination, imaging of the wound, and sample testing, sometimkinges a delay
of treatment4]. Such a delay could Hde-threateningn chronic wound management. Quick
and easypathogerdetecting biosensors are, therefogeeatly needed in wound care [5,6].
Recently, conjugated polymers have gained interestiaeebhsor development because they
exhbit reliable bio-sensing activities, which are usually associated with color transitional
behaviors [7,8]. Conjugated polynserthus, potentially provideeasy signal analysis, user
friendliness, and painless diagnosis in the biosensor development.

Polydiacetylene (PDA) is one dhe attractive conjugated polymers with color transitional
properties. PDAs can be prepared by catalyses photepolymerization, resultingn a highly
pure product [7,8]. The PDAs usually have absorption at 650 nm, exhibithge color [7].
When the blue phase PDAs are exposed to external stimuli such as chemical or mechanical
stress, the absorption is switched to 550 nm and the color of PDAs becomes red [7,9].-The blue
to-red transformation is visible to the naked eye, whddikes PDAs attractive materials for

biosensor applications. The color transition is also observed when biological fret@pgplied
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to the PDAs, including microorganisms [10] and prot¢iri§. Because the sensitivity of sensing
activities is importantn the use of biosensors, PDAs in different structures have been studied,
such as thin films [1215], crystals [16], coatirgy and fibers [1#19], suggesting that the
sensitivity is usuallygreaterwith an increase in contact surface area. One promisimgdibn
method that provides high surface areas for sensor materials is electragpitmin
electrospinning, a spinning fluidontainingPDA is placed in a syringe loaded on a syringe
pump. When a high voltage power is on, an electrostatic force overtbenssrface tension of
the spinning fluid to eject a liquid jet from the tip of the syringe needle. Thaegetundergoes a
stretching process and is eventually deposited on a collector, forming solRl& fibers [17]
Yoon et al. [18] prepared electrospun fiber mats of PDAs for detecting volatile organic
compounds (VOCs) via the bhie-red color switch. The similar method was also used to make
PDA fibers for detecting tracer HCI gas, suggesting a significant serysaivRkDA-containing
electrospun fibersThe color change of PDA electrospun fibers was compared with thin films
prepared from the same solution, and PDA fibers exhibited superior sensitivitthevBDA
films [20]. The high surface area to volume ratio of the edsgun fibers provided an increased
number of sites that interacted with external factors, resulting in higltigégnsnd a shorter
response time, which is favorabler biosensor applicationR21]. Electrospinning of PDAs
without another polymer is chahging because the viscosity of PDA solutions is relatively low
[18]. When mixed with another polymer that is able to increase the viscosihe afpinning
solution,PDAs can be incorporated into fiber composites via electrospinning. The other polymer
saves as a supportive component in the fiber composites and hence is tmettrix

polymer. Previously, PDA electrospun fibers have been developed with matrix polyncéras

22



polymethyl methacrylate (PMMA) [17,18], polystyrene (PS) [18], tetrdethiyhosilicate
(TEOS) [22], and poly (ethylene oxide) (PEO) [17].

We have developed PDA fiber composites and observed adted color switch in the
composites when they were immersed in bacterial solution at room temperatuobséheation
suggested a great potentiaf the PDA compositetd be used as biosensors. However, previous
discussion indicates that the color switch may be due to other external factbrsasuc
temperature. Although it is known that PDAs exhé&xblor switch at high temperatufg|, little
is known on the relationship between the temperature and the colorimetric transitiBDAs a
embedded fiber composite. If the PDA fiber composite is used in a biosensorritice to
determine if a colorimetric transition is triggeredthg change in temperature or by the presence
of bacteria inthe environment. This paper presents a stodythe development of PERDA
fiber composites and their colorimetric transition properties as a functioengberature,
potentially used in the biosensors for wound dressimgthis study, PEO was used as the matrix
polymer because it has excellent biocompatibility and is often used in internalapps of
food, pharmaceutical and personal care products [PEHO was mixed with 10, 12
pentacosaghnoic acid (PCDA) in the electrospinningolution The PCDA was photo
polymerized upon UMight irritation resultingin PEO-PDA fibers. Electrospinning parameters
including polymer concentration, mass ratio of PEO to PCDA in solution, and injection speed
were studiedThe PEGPDA fibers were obtained with diameteenging from 220 nm to 3.4
pm. Colorimetric transitional properties of the obtained PEDA fibers were evaluated using a
spectrophotometer and compared before and after the fibers were exposadperatures
ranging from 25 °C to 120 °C. The colorimetric transitiomesponsdo temperature changes

varied in the fibers depending on how the fibers were made. Thedstad switch was not
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observed in the fibers until the temperature was more than 60h&Cresults wereneaningful
because an optimum temperature where bacterial growth in wounds is most rapidiaadtlis<
usually 3537 °C [24]. It suggested that the PIRDA fiber composite could be potentially used
in wound dressings at normal body temperature range3{35C), directly for detecting
biological change, such as bacterial infection. Thermal and chemical fpeséithe fibers were
also analyzed usingifferential scanningcalorimetry (DSC) and Fourier transform infrared
spectroscopyHT-R) to gain an understanding thfe color transition mechanism of the fibers.
The results reveale@& conformational change involving-€ bond rotation in the PDA
macromolecules after the haadatments. It is hypothesized that the conformational change of
the PDA leads to the color change from blue to red in PB@-fibers.
2. Results and Discussion
2.1. Preparation of PEOPDA Fibers

Mixture solutions of PEO and PCDA in chloroform were prepared with varied niassof
PEO to PCDA (2, 3, and 4 in Table The solutions were injected by a syringe pump at 0.1 mL
h™ (or 0.2 mL ") and at 15 kVPEG-PDA fibers in nano and submicron size were obtained on a
flat collector placed at a distanoé 17 cm.The synthetic scheme of PDA containing fibers is
illustrated in Figure4-1. When the mixture of PEO and PCDA was stretched during the
electrospinning, there were larger attractive forces between the Ra@wmers than those
between the PCDA antié PEO matrix, resulting sedissemblies of the PCDA monomers in the
obtained fibers. The setfssembled PCDA monomers were then polymerized when the fibers
were treated with UMight irradiation. The fibers were colorless before the-lighit treatment
andthen became blue upon the Wight irradiation, suggesting that the PCDA monomers were

polymerized to produce PDAs embedded in the fibers [17].
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Electrospun
PEO-PCDA
fibers

R1 = (CH3)11CH3
R = (CH,);COOH
Rj3 = (CHz)11CH3 or (CH,)7C00 [(CH2),0H],

Figure 4-1 Schematic representation of tleéectrospinning of poly (ethylene oxide)
(PEO)—Polydiacetylene (PDA) composite fibers.

2.2. Characterization of Fiber Morphology

It was found that the electrospinning parameters of polymer solution concentratssn, ma
ratios of PEO to PCDA, and injection speed had great impact on the morphology of the PEO
PDA fibers. Figure4-2 shows average diameters of the fibers prepared at varied parameters
using electrospinning. Fine fibers were obtained at high mass ratios ofdPECDA, because
more PEO in the mixre was able to enhance the fiber formation due to the higher viscosity of
PEO supporting fiber stretchability. As expected, the low injection speed (0. nproduced
fine fibers because the amount of polymer solution injected to the spinning reggsosmaller,

resulting finer fibers. Fiber diameters increased with the increase in potgmeentration. The
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increase in polymer concentration usually prevents rapid changes in the Tayoraron of

electrospinning, resulting in thick and uniform fibers.

- = - Low concentration, 0.1 mL h™

- -»- - Low concentration, 0.2 mL h™
3.5 1 —a— Medium concentration, 0.1 mL h”
i ' —w— Medium concentration, 0.2 mL h”
= 3.0 .- #-- High concentration, 0.1 mL h™
£ | g
2 . --«-- High concentration, 0.2 mL h™'
g |
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! -
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@ |
e
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0.0 . T I

Mass Ratio (PEO:PCDA)
Figure4-2 Fiber diameters are illustrated as a function of polymer concentration, mass
ratios of PEO and PCDA, and injection speHuk injection speed used was 0.1 mLL h

(m, A, ¢)and 0.2 mL h-1 (e, ¥, <), respectively. Finer fibers were formed at higher
mass rabs, lower concentrations, and lower injection speeds.

SEM images of the electrospun fibers, shown in Fig48e illustrate the variation in fiber
morphology. The fibers obtained at low concentrations contained beads and junctiores4{Figu
3A-F). Also, there were more beads in the fibers obtained at a low injectiah (fpgere4-3A,

C, and E). The amount of beads on fibers was reduced with an increase of both polymer
concentration and injection speed. When the polymer concentration was more than 3 wt. % at
any mass ratios, bedcke fibers were formed, indicating a critical concentration of 3 wt. % was
required in this study for yielding bedigke fibers. The critical concentratioficavs polymer

chain entanglement that is sufficient for the formation of continuous fibers [25\2@n the
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electrically driven polymer jet is elongated in the spinning region, the entaggieof polymer
chains prevents them from breaking up, resultmigaadfree fibers.

The surface roughness of the fibers was also varied depending on the electrospinning
parameters. High mass ratio of PEO to PCDA promoted fibers with smooth supfagsbly
due to high fraction of PEO in the mixture solution that enhanced fiber formations lale@
found that the surface roughness of the HHIA fibers increased with an increase in solution
concentration and injection speed. In previous studies, surface roughnessrosmlectibers
containing PDAs was reported to be varied when different solvents were used, including
dimethylformamide, chloroform, and methylene chloride [18]. When a mixture of P&idA
poly (methyl methacrylate) (PMMA) in methylene chloride was electrospenohtained fibers

exhibited porous structures on the surface [17].
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Figure 4-3 SEM images of PE@DA electrospun fibers. Fibers presented in first
column (AF), second column (&), and third column (MR) were prepared at low
concentrations, medium concentrations, and high concentrations respectively.
Respective mass ratio and irtjea speed are mentioned respective at the left and right
side of the fiber images. Fibers with beads were prepared at low coticest(@-F)
irrespective of mass ratio of PEO to PCDA. Number of beads were higher &.low (
mL h™) injection speed (A, @nd E) as compared to the high (0.2 mit) mjection

speed (B, D and F). Smooth fibers were developed with an increase in concentration
and injection speed.
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2.3. Temperature Sensitive Properties of PE®DA Fibers

Colorimetric transition of the PE®DA fibers was evaluated after the fibers were -heat

treated at a temperature ranging from 25 °C to 120 °C using a spectrophotaBi&EOPDA

fibers obtained at varied spinning parameters (see Table 1) were all measmgdhesi

spectrophotometric method. Representative spectra of fiber #9 are shown indHglitee fiber

#9 was obtained at 3:1 mass ratio of PEO to PCDA, injection speed of 0.T,rmahchpolymer

solution concentration of 3.34 wt.%. The inserted photographs takendafféinent temperatuse

are associated with the corresponding reflectance spectra of the fiber.

Reflectance
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Figure4-4 (A): Reflectance spectra of the selected FHOA fiber (Fiber #9) treated at
selected temperatures (25 °C, 60 °C, 70 °C, 90 °C, 100 °C, and 1Z0h&Cinserted
photographs show the color of the fibers. The fibers treated at 70 °C began to exhibit
colorimetric transition on both the reflectance spectra and the photograph. The color
switch in the fiber was continuously developed until the temperature was 110 °C. No
further change in either reflectance spectra or photograph was observed at B0 °C; (
Reflectance at 600 nm for the fibers treated at different temperature is plotted as
function of temperature ranging from 25 °C to 120 °C. The same color switch behavior
was clearly observed when the temperature was more than 60 °C.

The fiber exhibited arising and high reflectance at 650 nm to 700 nm at low temgeratur

(37 °C and 50 °C) and a blue color in the corresponding photograph. When the heat treatment

continued for the fiber, the fiber began to demonstrate a reflectancé swa lower wavelenigt
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at 550 nm from 700 nm, resulting in a red color in the corresponding photograph. The reflectance
switch was observed in alif the fibers studied in this work, but did not occur until the
temperature was more than 60 °C for most of the fibers. It was much signifibent tive
temperature reached) °C for allof the fibers (#3#18). The observation that no biteered

switch occurred at low temperatures in the range of normal body temperatlaeegclude a

false positive signal for biological sensingpagations, such as bacterial infection.

Normalized reflectance spectra of all the fibers heated at 70 °C are presenigared B
where the diameters of the corresponding fibers are also insertedb@&reviith mass ratio of
PEO to PCDA of 2:1 (sekigure4-5A) clearly showed a more pronounced reflectance switch
(color transition of blue to red) than the fibers with mass ratios of 3:1 and 4:1 (see4-&Rir
4-5C). There was 33.33% PDA in the fiber composite with mass ratio of PEO to PCDA of 2:
This high fraction of PDA in the fiber composite provided high sensitivity of colorckwit
properties of the fiber. It is also interesting that that the reflectance swashnareasingly
pronounced with an increase in fiber diameter, particularly for the fibeghs 38.33% PDA
(mass ratio of PEO to PCDA of 2:1) (see FigdrBA). Our early discussion on fiber size
indicated that the polymer solution and injection speed influenced the fiber sizengesuln
order of fiber diameter as shown in the insdrplots in Figure4-5A. The high reflectance
associated with theoarsefibers was possibly due to high reflectance surface area. The
reflectance switch, or color transition, continuously developed when the taomeewas more
than 70 °C, but no furthechange was found after the temperature was more than 110 °C,

suggesting that aaquilibriumwas reached in the PDA macromolecule structure.

30



A 2:1 PEO:PCDA ; B 3:1 F’E_O:F’CDA

804 as
— 3.0 E
£ 51.5
25 -4 =
50 - :120 i 501
275 gr1o
a0 1o * 40+ S05
§ “os = o.ol. ; ) ;
= 0.0 y E s £ 30 T 7 8 9 10 11 12 /
g 301 Ti2insi 4 nS el g = Fiber ID #
= Fiber ID # %
@D
X 50 [
A
e AP
400 450 500 550 600 550 700 500 550 500 650 700

Wavelength (nm) Wavelength (nm)
C 4:1 PEOQ:PCDA

®07 =20 : ——#13
P o~ #14
- #15
- #18
! #17
- #18

o . . . .
13 14 15 16 17 18 ‘
Fiber ID # ST

400 450 500 550 800 850 700
Wavelength (nm)

Figure4-5 Normalized reflectance spectra of 18 fibers that were heated at 70 °C for 10
minutes. A) Fibers #3#6 have mass ratio of PEO to PCDA of 28):(Fibers #7##12

have mass ratio of PEO to PCDA of 3:C):( Fibers #13#18 have mass ratio of PEO

to PCDA of 4:1. The inserted figures show the diameters of the correspondirgg fiber
Fibers #1-#6 exhibit a more pronounced reflectance switch from blue to red.

The blue and red PEBDA fibers were compared in FTIR analysis. The results shaw
Figure4-6 indicate the presence of functional groups expected after the polynoeriab®DA
in the fibers. Spectrum A corresponds to the blue #BE®@ fibers, where the following
resonance features were interpreted for characterization;J@m*: 2919 cni (H-C=C), 2885
2848 cm (H-C-H), 1692 cml (C=0, ester), and 1097 &ém(C-O). Similar features were
observed in the spectrum B of the red PEDA fibers: IRvma/cm™ 2919 cm* (H-C=C), 2885
2857 cnm® (H-C-H), 1722 cmt (C=0, ester), and 1107 ¢h{C-O). The resulting resonance

features were similar to previously reported results for the PDAs [27,28].
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Figure4-6 Fourier transform infrared spectroscopy {lR) spectra of PE@DA fibers
and PDApolymers. The signals correspond to: blue FHOA fibers (A), red PEO
PDA fibers (B), blue PDA (C), and red PDA (D).

PDA was also synthesized in the absence of PEO and characterized by FTIR b&fore an
after the color transition (Figue6C, 46D). Spectrmm C represents the blue phase PDA where
the following resonance features were observed:dgcm™ : 2955 cni (H-C=C), 29182847
cm?* (H-C-H), 1690 crt (C=0, ester), and 722 ¢h{C=C). Spectroscopic data on spectrum D
correspond to the red PDA: IRa/cm’: 2955 cnitt (H-C=C), 29182847 cni (H-C-H), 1690
cm™* (C=0, ester), and 722 ¢h{C=C).

Previous studies suggested the colorimetric change is due to a twist of the conjugated
backbone of the PDAs upon high temperature. The changes reduce the conjugatiombkkngth a
increase the energy band gap in the macromolecular structures of PDAs,snhihifiestedia
a color switch from blue to red [7,15The similarities found in the IR spectra confirm that the

PDA retains its functional groups as it transitions from blue to red. A hypothesid ba these

32



results is that the color change is due to a conformational variation in thehaids of the PDA

which disrupts the m overlap and changes its planarity [29]. This in turn causes changes to the
electronic configuration of the PDA, which changes the absorption wavele@jthspectra A

and B, the stretching band associated with the hydrbgaed carbonyl shifts from 1692 to

1722 cni, indicating @ increase in the C=0 bond strength, thus a reduction in the strengh of the
hydrogenbond [30]. This suggests that theQCrotation creates strain on the polymeric
backbone and affects the chemical environmsentounding the alkyne and disfavolsalrogen

bonding on the end groups of the polymer. In addition, the resonance band at 170@¥) cm
shifts slightly to 1107 cfh (B). This subtle change suggests that the matrix polymer (PEO) is
also affected by the duced color change. The matrix polymer might be slighly modified as a
result of temperature changes which cause oxidation indicated by the resomahshitia [31].
However, spectra C and D have almost identical vibrational frequencieseftriué and ed

phases of PDA, where only very subtle changes can be noticed. One such variation is the
vibrational frequency at 931 ¢hC-C), which appears to have higher intensity for the red fibers,
suggesting that rotational changes cause the transmittancepeiathéo vary. These features and
spectroscopic data suggest that changes to the conformation may occur within the backbone of
the polymer as it is exposed to increased temperature, disrupting the hydoogéemg and
causing changes in the electronic ¢gafation of the polymerThe IR results also suggest that

the matrix PEO in the PE®GDA fiber composite does not delay or retard the colorimetric

transition in the PDA.
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Figure4-7 illustrates DSGnalysisresults obtained from the second and third cyofethe
blue and red PE®DA fibers, respectively. The melting temperatufg) (and crystallization
temperature T) were calculated from the second and third heating cycle, after the thermal
history of the mixture of PEO and PDA had been removed. Fide shows the data collected
from the blue fibers wheré. was 43.72 °C, and th&, was 60.27 °C. Similarly, Figuré-7B
depicts the data from the red fibers whereTtheas 43.88 °C, and thie,was 61.94 °C.

A B

8] _ T=4372°C 8
& . T=4388°C

Heat Flow (W/g)
1 '}’ 1
Heat Flow (W/g)

| T=6027°C |__T,=6194°C

100 -50 0 50 100 150 200 250 400 50 0 50 100 150 200 250
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Figure 4-7 Differential scanning calorimetry (DSC) plot of PEIA fibers: (A) blue
fibers; and (B) red fibers.

Both the blue and red fibers showed similar crystallization and melting tempesrétigure
4-7A, 4-7B). The crystallizationemperatures were determined during the cooling cycle at 43.72
°C and 43.88 °C for the initially blue and red fibers, respectively. This temperaturat@sdicat
the crystalline regions in the PHEDA fibers became ordered and crystalline, while the
amaphous regions provided flexibility to the fibers. It is noteworthy that thetimgel
temperature falls in the range of-6@ °C,which is the same as when the occurrence of color
transition from blue to red is observed in the fibas discussed previously. This consistency
supports the hypothesis that the optical properties of the material may be edueynca

structural alignment of the polymer chains. As the temperature is incréa€eldond rotation is
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facilitated and disruption of hydrogdiond networks may destabilize the planarity of the
polymer confirmation [32]. A change in the conformation of the material is possibl® dhe

phase change of the fibers that incredise entropy of the systemwhich is shown in Figure 4-8.

Blue PEO-PDA fiber mat

Heat treatment

l

Red PEO-PDA fiber mat

Ra = (CH2)11CH3 or (CH2);COO [(CH2)20H],

Figure 4-8 An illustration of color transition from blue to red in PEDA fiber mat,
which is due to a C-C bond rotation induced by heat treatment.

3. Materials and Methods
3.1. Materials

10, 12Pentacosadiynoic acid (PCDA, 98%) was the monomer used to prepare
polydiacetylene (PDA) and was purchased from GFS Organics (Columbus, OB, U

Polyethylene oxide (PEQM,, = 300,000 g mat). Chloroform (>99.8%) was purchased from
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SigmaAldrich (St. Louis, MO, USA). Diethyl ether was purchased from Fisher Sciefféo
Lawn, NJ, USA).
3.2. Methods
3.2.1. Preparation of PDA

The diacetylene monomer PCDA (6.44 g, 17.2 mmol) was dissolved in diethyl ether (35
mL) and filtered to remove any contarants. The monomer was isolated after evaporation of
the solvent under vacuum in a flask protected from direct exposure to lighpdvélivater (18.2
MQ-cm) was added to yield a 1.29% weight/volume (w/v) suspension, which was sonicated at
65 °C for 30 min. The suspension was allowed to cool to room temperature, then stored at 4 °C
overnight. The suspension was transferred to a crystallizing dish with a tronagjivebar and
irradiated with UV light (254 nm) for 8 min [33]. After the phgiolymerizationthe dark blue
suspension was transferred to a round bottom flask protected from light to remove the solvent
under vacuum. The solid PDA was then stored at 4 °C and characterized|By FFTNMR
(Proton nuclear magnetic resonance) characterization wapassible due to the impaired
solubility of the material.
3.2.2. Electrospinning of PEOPDA Fibers

Mixture solutions of PEO and PCDA in chloroform were prepared at different atass of
PEO to PCDA (w/w %), different polymer (PEO and PCDA) concentrations, aneresff
injection speed. Table 1 shows the experimental design for preparind?€B@ fibas in the

electrospinning.
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Tablel Electrospinning design for preparing Polyethylene oxide (PEO)-¢tsatdiynoic acid
(PCDA) fibers.

PEO:PCDA Polymer Injection speed Fiber identification
(wiw) concentration (wt. %) (mL h™?h (ID) number
0.1 #1
15
0.2 #2
0.1 #3
2:1 3.75
0.2 #4
0.1 #5
7.5
0.2 #6
0.1 #7
1.33
0.2 #8
3:1 0.1 #9
3.34
0.2 #10
0.1 #11
6.67
0.2 #12
0.1 #13
1.25
0.2 #14
0.1 #15
4:1 3.13
0.2 #16
0.1 #17
6.25
0.2 #18

The PEO and PCDA mixture solutions were stirred overnight on a hotplate stiB&0 a
revolutions per minute (rpm) at room temperature, resulting in a uniformpligktsolution. A
customized electrospinning apparatus was used to prepare fibers. Thatuspgaimarily

consisted of a Gamma High Voltage Research ES50P power supply and ad Haza 2000
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syringe pump. The uniform PEPCDA solution was injected at 0.1 mL* kor 0.2 mL K") and
15 KV. The spinning time was kept constant at 1 hour, resuhigthick, colorless fiber mat.
The fibers were collected atdistanceof 17 cm on a collector plate. The obtained fibers were
kept in the dark overnight before UNMight (Spectroline, Longlif8” filter, New York USA)
irradiation. During the irradiatiomvith UV-light at 254 nm, the fibers became blue within 30
seconds and then turned deep blue in 3 minutes.
3.2.3. FiberCharacterization

Fiber size and morphology was studied using scanning electron microscope (JEOL, JSM
6500F, Tokyo, Japan). The fiber samples were kept overnight under vacuum to evaporate any
residual solvent or moisture. Then they were sputtated with gold to improve conductivity of
the samples for better quality imaging. FTdRenuated total reflectance (ATR) spectra of PDA
powdersand PEGPDA fibers were recorded in the range of 68000 cm' using a Nicolet 6700
FTIR spectrometer (Thermo Electron Corporation, Madison, WI, USW)naterials were dried
in a vacuum oven overnight at room temperature prior to the analysis. Twoaspect
collected for each of the PDéontaining materials, one per color phdeerigure 6, pectrum A
represents the fibers during thkie phase, and B shows resonance features that correspond to
the red fibers. The color change was induced by hedimdplue fibers at 120 °C for 10 min to
obtain red fibers. In addition, spectrum C depicts resonance features of the blue asds,of
and spectrum D corresponds to the red phase of PDAs, where the color change wasnnduced i
the same manner as the fibers

Differential scanning calorimetryTA Q20 DSC)was used to determine the thermal
transitions of the PE®DA fibers. The transitions were measured through three heating cycles

under nitrogen flow. During the first heating cycle, the temperatureeguabrated at 40 °C and
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ramped at 10 °C/min to 250 °C and equilibrated at 250 °C. In the second cycle, the temperature
was ramped at 10 °C/min to —60 °C and equilibrated at —60 °C. For the third and final cycle, the
temperature was ramped at 10 °C/min to 250 °C and equilibrated at 25Dhé@&nolyne
benchtop furnace (Thermolyne, Thermo Fisher Scientific, Waltham, MA, USA) wasfaise
exposing the fiber®otaltreatment temperatures up to 1’20
3.2.4. Colorimetric Transition of the PEOPDA Fibers Due to Temperature Change

The color of PEGPDA fibers was measured using a spectrophotometer (HunterLab
ColorQuest XE). Colorimetric transition behavior of the fibers was evaluateduasctzgon of
treatment temperature (25 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, 100 °C, 110 °C, and 120 °C).
Electrospun fiber mat samplekigch X 1 inch)were first treated in thieenchtop furnacéor 10
minutes at 25 °C. The fiber mat was then measured in the spectrophotometer atahcefle
spectra were collected from 400 nm to 700. The same fiber mat was later stored back to the
furnace and treated at a higher temperature for another 10 minutes, follownefjdayance
measurement of the fiber mat. Reflectance spectra was collected for the same fdfermath
heat treatmeanfrom 25 °C to 120 °C. For a given fiber mat treated at a given temperature, three
spectrophotometric measurements were taken and the average reflectance was used for co
analysis.
4. Conclusions

A mixture solution of PEO and PCDA was used to prepar®-PBA fibers via
electrospinning. The PCDAs s&lfsembled in the PEO matrix when the mixture solution was
ejected in the electrospinning. The setsembled PCDAs were phgiolymerized upon UV
light irradiation on the electrospun fibers. The size andasarroughness of the fibers was

reduced when the mass ratio of PEO to PCDA was increased. A colorimetric clandsue
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to red was observed when the fibers were treated at a temperature sHaghex than 60 °C.
The fibers obtained at a mass ratioREO to PCDA of 2:1 exhibited pronounced color switch
behaviors at 70 °C. Nturther colorimetric change was found after the temperature was more
than 110 °C. High sensitivity of color switch was also associated with low ntessfrREO to
PCDA in the fiers as well as large size of the fibers. The FTIR and DSC analysis indicatted th
the color transition was due to a conformational change in PDA macromoleculessths r
suggest that the PDA can be embedded into fibers capable of detecting a temibexiaitimore
than 60 °C and signaling this change via a colorimetric change. It isicagmithat the PDA
fiber composite does not change color at normal body temperatu@7(3€6) because this is
able to exclude a false positive signal for biologisahsing application, such as bacterial
infection. No delay or retardation in color switch was observed in the REECHBer composite,
suggesting that the addition of PEO had no negative impact on the optical propeheB DAL

The study of electrospinning demonstrateat fEO significantly enhanced the spinnability of
the PDA. PEGPDA fiber composites are more economical compared to 100% PDA fiber used
in wound dressing, further confirming that it is viable to develop PB@ fiber composites
especidly for flexible biosensor applications. The responsive behavior of -PBE® fiber
composites to bacteria is currently undergoing investigation, which will provide more
information on the feasibility of using PERDA fiber composites in wound dressings for
detecting bacterial infection.
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Abbreviations

PCDA: 10, 12-pentacosadiynoic acid

PDA : polydiaetylene

PEO: poly(ethylene oxide)

UV: ultra-violet

SEM: Scanning electron microscope

DSC: Differential scanning calorimeter

FTIR: Fourier transmission infrared radiation spectroscopy

VOC: volatile organic compound

PPM: parts per million
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PMMA: polymethyl méhacrylate

TEOS: tetraethyl orthosilicate

PS: polystyrene
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CHAPTER 5. CONCLUSIONS

A spinning solution containing PEO and PCDA was used to preparePEECrbers viaan

electrospinning technique. When the mixture solution was ejected in theogbeating, the
solvent evaporated, and the PCDAs -ssembled in the PEO matrix. The sedfembled
PCDAs werethen photepolymerized upon UVMight irradiation ¢ the electrospn fiber mas.
Finer fibers were obtained d&bw concentréons, low injection speed and higher massio of
PEO to PCDAContinuous fibers without beads were favored at concentrations @vén/3v)
%, below whichbeaded fibers were obtaine8moother grfaces were obtainedfor the fibers
with largerdiameter.

When the fibers were treated at a temperature higher than,G8€@ber mats exhibited a
color transition from blue to redHigh sensitivity of color switch was associated with low mass
ratio of PEO to PCDA in the fibers as well as large size of the fibbes fibermat that were
obtained at a mass ratio 2fL of PEO to PCDA exhibited more pronounced color switeh 70
°C than the fibers prepared at mass ratios of 3:1 and 4:1. The color transition continugz until
temperature was raised 0 °C. Nofurther colorimetric change wasbservedafter the
tempeature was highethan 110 °CThe DSC analysis shows thtate melting temperature falls
in the range of 6670 °C where the occurrence of color transition from blue to red was observed
in the fibers.The similarities of the blue and red phase PDAs on théRF3pectra confirm that
the PDAs retain its functional groups it transitions from blue to red. However, changes in
absorption wavelengshsuggesa strain due to rotation in the conjugated backbone of the PDAs
upon high temperature. Ehstrain reduce the conjugation length andausechanges in

electronic configration ofmacromolecular structures of PDAs, which is manifestad color
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switch from blue to redThe consistencyamong the ColorQuest, HR, and DSC datandicated

that the color transition was due to a conformaliatenge in PDA macromoleculel. is
significant that the PDA fiber composite does not change color atahdody temperature (35

37 °C), and hencthis is able to exclude a false positive signal for biological sensing application,
such as bacterial infection. No delay or retardatiosalor switch was observed in the PEO
PDA fiber composite, suggesting that the addition of PEO had no negative onphet optical
properties of the PDA. The study demonstrated that the spinnability of thdilldAomposites

was significantly enhanced by the addition of PERBEOPDA fiber composites are more
economical compared to 100% PDA fiber used in wound dressing, further confirmingishat
feasibleto develop PEO-PDA fiber composites especially for flexible biosensor ajpmtica

The development of PE®BDA fiber composites for wound dressing biosenaod their

colorimetric transitional properties as a function of temperatwes studied.Further
investigation is suggested as follows:

1. Aninvestigation on theolor changef PEGPDA fiber compsites to the biomolecules
such ask. coli and Saphylococcus aureus can beconducted.The sensitivity and
selectivity of the color change can be evaluated.

2. The interaction between PDA amadnatrix polymersuch as PEO can be studied using
atomic force microscopy.

3. Further research could be conducted on the development of PDA fiber composites with
other matrix polymers includingpoly(methyl methacrylate) RMMA), polyurethane
(PU), andcelluloseacetate (CA).The colorimetric transition properties of the PDA fiber
compositegesponding to temperature, bacteria, gath be studied andomparedwith

different polymer composites.
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4. The mechanical properties of the PDA composites with various matrix polyandrec
compared to evaluate the suitability of the fiber composite to be incorporate ime an

vivo wound dressing biosensor.
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APPENDICES

Appendix 1: Fiber diameter distribution of the prepared samples

Table2. Average diameter of the electrospun REDA fibers.

Mass Ratio, Polymer Inj. Speed Fiber Average Standard
PEO: PCDA Concentration%  (ml hr?) ID # Fiber Diameter (um) Deviation
0.1 1 0.5 0.062
1.5
0.2 2 0.64 0.062
0.1 3 1.3 0.035
2:.01 3.75
0.2 4 1.7 0.177
0.1 5 2.2 0.111
7.5
0.2 6 3.4 0.062
0.1 7 0.38 0.043
1.33
0.2 8 0.58 0.063
0.1 9 1.3 0.104
3:01 3.34
0.2 10 1.5 0.068
0.1 11 1.3 0.058
6.67
0.2 12 1.9 0.128
0.1 13 0.22 0.040
1.25
0.2 14 0.52 0.053
0.1 15 1.1 0.049
4:01 3.13
0.2 16 1.6 0.058
0.1 17 1.7 0.069
6.25

0.2 18 1.9 0.052
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Appendix 2: Reflectance valuegor fiber composites prepared at 2: PEO: PCDA

Table3. Spectral reflectance data of the fiber composite (# 1) prepageti BEO: PCDA, 1.5
w/w % concentration, and 0.1 mlhinjection speed

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 45.64 4196 40.55 38.9 39.62 40.88 41.69 4184 4271
410 4494 4097 39.66 37.94 38.83 40.19 40.76 40.89 41.9
420 43.31 394 37.73 3595 36.93 3835 39 39.15 40.11
430 42.01 37.81 35.75 33.84 3498 36.49 37.28 37.49 38.54
440 41.04 36.58 34.28 32.21 33.48 35.08 3597 36.15 37.21
450 39.61 35.03 32.39 30.32 31.79 3352 34.61 34.77 35.82
460 38.34 33.67 30.91 28.96 30.67 32.57 33.71 33.86 34.89
470 37.18 32.32 295 27.69 29.66 31.76 3295 33.1 3415
480 36.37 31.18 28.59 26.99 29.16 31.39 327 32.78 33.85
490 34.33 29.68 26.99 25.67 28.04 30.39 31.69 3182 32.82
500 33.06 28.49 264 2538 27.86 303 3154 3166 32.68
510 31.86 27.41 26.35 25.71 28.19 30.59 31.87 3199 33.00
520 30.85 26.44 26.35 26.17 28.68 31.08 324 3255 33.66
530 29.43 2545 25.61 25.79 28.26 30.73 32.11 3232 3351
540 28.31 25.02 25.35 25.7 27.91 3043 31.79 3196 33.11
550 27.27 2484 26.05 26.65 28.41 30.83 31.97 32.06 33.04
560 26.9 24.82 27.98 29.76 31.49 33.88 3435 3439 35.04
570 26.31 24.45 28.48 3242 359 42.06 4588 46.01 46.37
580 25.86 24.14 28.58 33.67 38.29 47.68 56.64 57.01 57.09
590 25.86 24.14 28.76 34.28 39.42 50.93 65.67 66.38 66.36
600 25.97 2429 28.97 3461 39.93 5243 70.32 71.18 71.26
610 25.72 24.09 28.73 3458 40.03 53.02 71.76 726 7275
620 25.01 23.32 28.01 34.07 39.69 53.09 7248 73.21 73.32
630 2445 2289 27.34 33.38 39.19 53.05 73.04 73.67 73.78
640 2454 23.09 27.42 33.25 39.08 53.26 73.35 739 7399
650 25.28 24.05 28.56 34.22 399 5426 73.79 74.23 74.33
660 28.21 27.2 3118 36.1 4147 56.08 7336 73.8 73.95
670 3481 3395 36.62 40.19 44.79 59.52 7314 7363 73.75
680 45.62 4499 456 47.76 5156 65.04 73.22 73.72 73.84
690 56.97 56.25 56.26 57.8 60.61 69.57 73.33 73.74 73.78
700 64.63 63.33 63.67 64.6 66.76 71.61 728 73.17 73.44
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Table4. Spectral reflectance data of the fiber composite (# 2) prepaetiREO: PCDA 1.5
w/w % concentration, and 0.2 mrhinjection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 29.84 29.77 27.62 2456 25.68 26.74 29.79 29.31 30.76
410 28.76 28.76 26.57 23.42 2483 25.99 28.82 28.27 29.85
420 27.32 27.23 24.92 21.84 23.18 2452 27.23 26.87 28.30
430 26.05 25.82 23.3 20.23 2152 23.05 25.77 256 26.97
440 2498 24.71 21.94 18.79 20.24 2196 2468 2449 2584
450 23.72 23.35 20.52 17.54 19.01 20.93 23.64 23.6 24383
460 2259 22.16 19.34 16.61 18.18 20.28 2297 2299 24.15
470 215 21.06 1826 15.81 17.49 19.77 2246 2252 23.67
480 20.54 20.13 17.35 15.07 17.04 1946 22.27 22.18 23.39
490 19.19 18.86 16.36 14.61 16.44 19.02 21.64 218 22.82
500 18.10 17.92 15.84 144 16.34 1897 216 21.73 2238
510 17.08 17.04 1558 1445 16.51 19.1 21.82 21.85 23.01
520 16.20 16.33 15.42 146 16.79 19.33 22.11 22.07 23.36
530 1528 155 1490 14.46 16.54 19.13 21.87 21.94 2321
540 1458 14.95 1456 14.48 16.42 19.07 21.75 21.86 23.05
550 13.96 1456 14.73 15.07 16.87 19.43 22.02 22.07 23.20
560 13.59 14.36 15.44 16.76 18.95 21.43 242 24.03 25.11
570 13.24 14.03 15,51 18.51 22.16 279 34.08 34.41 35.43
580 13.08 13.85 15.49 19.35 23.96 3251 44.32 46.95 47.61
590 13.09 13.85 15.53 19.66 24.77 35.12 53,5 60.00 60.28
600 13.19 13.98 15.67 19.89 25.12 36.24 5884 67.91 68.06
610 13.08 13.87 15.58 19.92 25.18 36.63 60.94 70.48 70.67
620 12.68 13.38 15.03 19.29 24.74 36.41 62.05 71.23 71.37
630 1255 13.23 14.76 18.84 2431 36.11 63.11 71.89 71.99
640 12.82 1351 1498 189 2432 36.14 64.33 72.17 72.28
650 13.30 14.11 15.74 19.68 25.13 36.96 66.10 72.49 72.60
660 16.02 16.94 18.15 21.54 26.78 38.79 67.65 71.98 72.15
670 21.80 22.78 23.43 26.02 30.32 42.75 69.42 7173 71.96
680 31.09 32.14 32.06 34.05 37.78 50.96 70.88 71.73 72.05
690 4444 455 4498 46.91 50.35 61.10 7152 71.71 71.92
700 55.47 56.33 55.79 57.42 60.15 66.99 7134 7120 71.52
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Table5. Spectral reflectance data of the fiber composite (# 3) preparedRE@IPCDA, 3.75
w/w % concentration, and 0.1 mlinjection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 24.82 24.62 22.29 20.26 21.67 22.2 23.71 23.20 23.26
410 23.69 23.52 21.15 19.16 20.57 21.06 22.27 2183 21.94
420 2221 2199 196 175 18.78 19.24 20.24 19.95 20.03
430 20.98 20.53 18.05 15.86 17.07 17.50 18.44 18.23 18.31
440 1994 1945 169 14.75 1597 16.38 17.18 17.08 17.15
450 18.81 18.23 15.72 13.77 1498 1540 16.19 16.13 16.19
460 17.81 17.23 14.79 13.15 1440 1485 15,57 15,57 1561
470 16.89 16.27 13.95 12.66 13.98 14.46 15.16 15.18 15.23
480 16.07 1550 13.27 1242 13.80 14.32 15.05 15.13 15.18
490 15.06 14.61 12.63 12.14 1355 14.12 14.80 1491 14.95
500 14.23 13.92 12.26 12.22 13.71 1429 1499 15.11 15.20
510 13.45 13.32 12.05 12.44 1395 1450 15.25 15.38 15.54
520 12.79 12.78 11.88 12.67 14.17 14.67 1545 15.60 15.81
530 12.15 12.20 11.48 1257 14.00 1452 1528 1541 15.64
540 11.71 11.85 11.28 12.67 14.12 14.69 1542 1552 15.70
550 11.33 11.63 11.42 13.18 1454 15.04 15.81 15.89 16.10
560 11.08 11.47 11.75 16.14 18.02 18.48 19.34 19.46 19.89
570 10.82 11.18 11.60 25.15 29.81 30.97 32.76 33.09 33.88
580 10.74 11.07 11.53 33.40 43.11 4557 49.27 49.89 50.92
590 10.76 11.07 11.54 38.71 53.23 56.72 6250 63.32 64.31
600 10.85 11.19 11.73 41.30 58.05 61.90 68.73 69.55 70.50
610 10.86 11.25 11.81 42.06 59.58 63.50 70.42 71.19 72.16
620 10.56 10.86 11.3 40.84 59.89 63.86 70.99 71.78 72.77
630 10.53 10.74 11.04 39.26 60.12 64.23 7150 7221 73.25
640 10.72 10.89 11.13 38.98 60.63 64.65 71.71 72.34 73.33
650 10.65 10.99 114 4156 62.08 65.65 7204 726 73.63
660 12.83 13,5 14.19 4735 63.68 66.39 7146 72.11 73.14
670 19.80 21.27 223 554 6557 6733 71.01 71.89 73.01
680 33.39 36.15 37.58 62.94 67.61 6858 70.98 7198 73.20
690 51.27 53.89 55.39 67.12 69.18 69.65 71.23 7190 73.15
700 62.90 65.09 66.39 68.78 69.47 70.02 71.10 7152 72.72
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Table6. Spectrakeflectance data of the fiber composite (# 4) prepared at 2:1 PEO: PCDA, 3.75
w/w % concentration, and 0.2 mlinjection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 2457 24.14 22.44 19.91 21.98 22.09 23 22.31 22.76
410 235 2311 215 1882 21 21.04 21.64 20.98 21.39
420 2214 21.69 19.98 17.36 19.31 19.37 19.87 1948 19.71
430 20.99 20.36 185 159 17.73 17.79 18.28 18.14 18.18
440 19.97 19.38 17.43 1482 16.69 16.66 17.14 16.97 16.97
450 18.88 18.19 16.24 13.95 15.73 15.74 16.22 16.22 16.1
460 17.89 17.2 15.28 134 15.18 15.2 1565 15.71 15.54
470 16.98 16.27 144 1299 1476 148 1527 154 15.17
480 16.12 1552 13.74 12.69 1461 146 15.14 15.13 14.98
490 15.15 1458 12.99 1254 143 1444 1492 151 14.84
500 1431 13.87 1256 1259 144 1459 15.09 15.23 15.03
510 135 13.25 12.26 12.73 1459 14.78 1535 15.36 15.32
520 12.84 12.74 12.02 12.89 14.8 1493 15,53 15.49 1557
530 12.24 12.18 11.62 12.82 14.63 1481 154 1541 15.46
540 11.82 11.82 11.41 1298 14.69 1496 155 1556 15.54
550 1146 1156 11.41 13.3 1492 1526 15.79 1583 15.9
560 11.23 11.42 1159 15.18 16.93 1755 1797 1796 184
570 10.98 11.17 11.37 23.58 26.19 28.67 29.45 29.69 30.62
580 1092 11.09 113 32.74 36.64 43.33 4551 46 47.32
590 10.93 11.07 11.3 39.66 448 56.2 60.4 60.67 62.02
600 10.98 11.16 11.42 43.23 4891 62.84 68.01 68.03 69.31
610 11.02 11.2 11.46 4443 50.21 65.09 70.17 70.11 71.42
620 10.78 10.95 11.12 43.56 49.77 65.73 70.81 70.75 721
630 10.81 10.92 11.04 42.49 49.17 66.47 71.37 71.29 72.65

640 11 1112 112 4264 4959 67.16 71.61 7146 72.82
650 10.96 11.12 11.18 45.51 52.15 68.23 7193 71.71 73.12
660 11.8 12.02 12.64 51.21 56.43 68.73 71.37 71.21 72.69

670 16.9 17.35 18.83 58.7 6151 69.25 71.04 7097 72.59
680 29.03 29.77 32.24 65.47 66.06 699 71.06 71.13 72.78
690 46.85 47.8 50.81 69.11 68.92 70.34 71.12 71.07 72.79
700 59.73 60.32 62.67 70.33 70.02 70.36 70.77 70.74 72.35
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Table7. Spectral reflectance data of the fiber composite (# 5) prepared at 2:1 @BES; P5
w/w % concentration, and Orl hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 34.88 36.07 32.53 34.04 34.64 36.31 39.14 37.10 38.25
410 33.63 34.99 31.19 33.06 33.63 35.32 37.83 35.92 37.02
420 32.00 33.14 29.19 31.00 31.74 33.19 3559 33.8 34.85
430 30.59 31.26 27.26 29.12 29.97 31.25 3351 3185 32.90
440 29.32 30.12 25.63 27.75 28.63 29.82 3192 3041 31.39
450 27.88 28.44 24.03 26.32 27.35 28.37 30.39 29.00 29.90
460 26.55 27.12 22.73 25.39 26.52 27.46 29.35 28.05 28.90
470 25.28 25.80 21.57 24.66 25.88 26.78 28.53 27.32 28.14
480 24.03 25.05 20.61 24.37 2553 26.52 28.25 27.14 27.88
490 22.50 23.45 19.73 2352 2489 25.69 27.34 26.25 26.99
500 21.11 22.44 19.31 2357 2489 25.77 2735 26.29 27.01
510 19.73 21.6 19.19 2391 25.13 26.11 27.76 26.71 27.46
520 18.49 20.8 19.09 24.37 25.47 26.55 28.32 27.29 28.14
530 17.35 19.79 18,58 24.1 25.14 26.18 27.99 26.98 27.87
540 16.46 19.09 18.47 24.05 2497 2597 27.66 26.63 27.43
550 15.62 18.53 19.27 24.71 25.31 26.31 27.93 26.78 27.53
560 15.01 18.31 20.91 28.42 29.05 304 3239 31.19 3244
570 1453 17.76 21.28 39.97 41.82 44.22 46.97 4574 47.63
580 1424 17.36 21.25 49.42 53.47 57.38 60.48 59.59 61.49
590 1412 17.26 21.14 55.37 61.34 66.58 69.7 69.35 70.70
600 1423 17.44 21.44 58.09 6482 70.6 7354 7351 7452
610 14.33 17.48 21.74 58.87 65.85 71.78 74.41 74.47 75.40
620 13.74 16.74 20.64 58.21 65.87 72.12 74.75 74.89 75.79
630 13.29 16.06 195 57.16 659 7246 7499 75.18 76.04
640 13.20 15.82 18.92 57.03 66.28 72.67 74.97 75.15 76.01
650 13.14 16.11 19.42 59.23 67.72 73.14 75.17 75.41 76.20
660 15.77 19.53 23.42 63.26 69.22 73.07 74.62 74.84 75.67
670 24.04 28.86 33.13 67.98 70.75 73.00 74.26 7456 75.44
680 40.06 45.79 50.36 71.8 7223 73.32 7426 74.66 75.57
690 57.89 61.67 64.78 73.33 73.11 7355 74.23 74.66 75.46
700 68.53 70.71 7248 74.05 73.21 73.43 73.85 74.08 75.02
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Table8. Spectral reflectance data of the fiber composite (# 6) prepared at 2:1 @GBS, P5
w/w % concentration, and Orl hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 37.3 33.43 29.96 36.34 38.04 39.15 41.05 37.78 38.49
410 36.17 32.19 28.51 35.17 36.83 37.91 3955 36.45 37.22
420 344 30.34 26.53 33.39 34.89 3583 37.53 3455 3524
430 32.88 2858 245 315 3289 3376 3545 32.68 33.23
440 31.74 273 229 30.07 31.36 32.06 33.74 31.12 316
450 30.23 25.74 21.32 28.65 29.86 30.45 32.15 29.75 30.08
460 28.9 2443 20.14 27.69 28.84 29.35 31 28.73 28.98
470 27.64 23.21 19 26.81 2792 284 29.94 27.87 28.02
480 26.62 22.27 18.17 26.2 27.27 27.66 29.27 27.28 27.41
490 24.89 20.99 1731 255 26.54 26.94 28.43 26.61 26.63
500 23.56 20.1 16.96 25.32 26.35 26.75 28.15 26.44 26.45
510 22.21 19.24 17.03 25.54 26.56 26.95 28.44 26.69 26.78
520 20.92 18.37 17.18 25.84 26.89 27.29 2891 27.13 27.38
530 195 174 16.72 2554 26.47 26.92 2857 26.86 27.12
540 18.42 16.86 16.39 25.34 26.06 26.5 28 26.4  26.47
550 17.35 16.47 17.14 25.85 26.38 26.81 28.18 26.52 26.53
560 16.58 16.16 20.17 29.97 30.84 31.47 33.07 31.09 32.17
570 15.78 15.49 22.96 43.55 45.05 46.16 47.94 4597 48.13
580 1522 15.01 24.04 56.54 58,5 59.88 61.15 60.01 62.33
590 14.85 14.68 23.95 65.62 67.72 6893 69.69 69.33 71.1
600 14.67 1456 23.99 69.42 7145 7255 7299 73.04 7441
610 14.89 14.83 24.78 70.41 7232 73.45 7357 73.82 75.09
620 14.68 1456 24.23 70.56 7252 7359 73.84 74.11 754
630 14 13.88 22.58 70.68 72.79 73.84 74.01 74.28 75.55
640 13.2 13.13 20.75 70.83 7287 73.84 739 7419 754
650 12.83 12.84 19.88 71.58 73.12 73.94 74.07 74.27 75.46
660 1296 13.14 2195 718 7248 7334 7346 73.7 74.94
670 15.78 16.34 29.04 7194 71.77 72.63 73.07 73.38 74.85
680 234 2466 436 722 7161 7246 73.1 7354 75.2
690 37.44 39.54 62.06 72.44 7213 72.72 73.15 736 7531
700 53.78 55.31 71.72 72.03 7195 72.62 7273 73.14 7475
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Appendix 3: Reflectance values for fiber composites prepared at 3:1 PEO: PCDA

Table9. Spectral reflectance data of the fiber composite (# 7) prepared at 3:1 @BES; P33
w/w % concentration, and Orl hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 50.43 50.35 50.48 47.8 50.16 54.14 5542 5577 55.97
410 49.32 49.09 48.88 46.15 48.69 5252 54.2 5419 54.74
420 4777 47.4 47.17 4452 46.66 50.19 51.78 52.43 52.30
430 46.41 4592 4556 4285 4466 47.85 49.6 50.39 50.10
440 45.04 4445 43.57 40.69 4246 456 47.64 48.46 48.12
450 43.58 429 42 39.19 40.68 43.63 45.62 46.72 46.08
460 42.11 41.39 40.39 37.8 39.18 42.02 44.07 453 4451
470 40.75 40 3891 36.51 37.81 40.53 42.7 4394 4313
480 39.26 38,55 37 34.88 36.46 39.22 4188 42.71 42.30
490 37.31 36.72 35.87 34.21 35.33 37.99 40.16 41.77 40.56
500 35,51 35.15 34.73 33.69 3497 37.59 39.92 41.13 40.32
510 33.62 33.51 33.76 33.88 35.36 38.09 406 41.8 41.01
520 31.89 31.97 32.73 34.16 3595 38.82 41.65 43.09 42.07
530 30.11 30.32 3149 33.7 3537 38.29 41.16 43,51 41.57
540 28.59 29.01 30.61 33.17 34.7 37.53 40.32 4255 40.72
550 27.12 27.8 30.56 34.56 36.06 38.83 41.15 4245 41.56
560 26.02 26.88 30.75 39.82 4238 45.66 47.15 48.47 47.62
570 25.21 26.1 30.52 46.71 53.19 59.33 60.29 62.62 60.89
580 246 2549 30.12 50.2 5953 68.09 6943 71.77 70.12
590 24.48 25.39 29.97 5144 623 7248 7461 76.71 75.36
600 24.73 25.68 30.33 52.02 63.29 74.02 76.56 7854 77.33
610 24.39 25.32 30.17 52.16 6357 7435 77.03 78.88 77.80
620 2293 23.76 28.29 513 6347 746 77.29 79.19 78.06
630 21.86 22.63 26.83 50.36 63.25 74.64 77.44 79.34 78.21
640 21.98 22.76 26.75 50.12 63.23 7459 7742 79.27 78.19
650 24.26 25.24 29.08 51.41 63.82 7495 7756 795 78.34
660 30.44 31.61 35.34 54.04 6455 7492 77.15 7894 77.92
670 41.55 42.88 46.35 57.67 65.79 75.29 76.89 78.67 77.66
680 56.44 57.39 59.65 61.88 67.82 76.1 76.9 78.67 77.67
690 66.74 67.34 68.95 65.34 69.73 76.61 76.85 785 77.62
700 7249 72.86 73.72 66.86 70.32 76.32 76.25 77.99 77.01
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Table10. Spectral reflectance data of the fiber composite (# 8) prepared at 3:1 CES: P33
w/w % concentration, and Orl hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 41.98 40.71 38.66 35.82 38.08 43.67 4358 4532 47.13
410 4091 39.72 37.06 34.02 36.45 421 422 43.64 45.39
420 39.24 38.18 35.41 32.22 34.32 39.82 40 41.82 43.49
430 37.98 36.99 33.93 30.43 32.26 37.61 37.93 39.73 41.32
440 36.69 35.81 32.09 28.24 30.11 35.61 36.07 37.75 39.26
450 35.28 345 30.66 26.77 28.44 33.81 3437 36.1 3754
460 33.91 33.22 29.2 2549 27.06 3248 33.13 3482 36.21
470 32.69 32.11 27.88 24.42 2591 31.35 32.09 33.65 35.00
480 31.46 31.07 26.21 23.07 24.78 30.57 3147 32.67 33.98
490 29.56 29.31 25.15 2256 23.89 29.43 30.31 32.02 33.30
500 28.14 28.08 24.14 22.17 2359 29.23 30.14 3159 32.85
510 26.62 26.83 23.31 22.24 23.79 29.63 30.57 32.09 33.37
520 25.33 25.74 2251 2243 2412 30.22 31.23 33.12 34.44
530 23.86 24.35 21.56 22.16 23.73 29.79 30.86 33.56 34.90
540 22.66 23.27 20.89 219 2337 29.36 3045 33.02 34.34
550 2155 22.31 20.87 22.78 24.25 30.18 31.11 33.02 34.34
560 20.87 21.8 21.03 26.08 28.04 34.82 3528 37.49 38.99
570 20.23 21.16 20.89 31.18 33.54 4391 47.21 5142 53.48
580 19.79 20.72 20.71 33.89 36.48 49.48 5591 6293 6545
590 19.74 20.69 20.64 3494 37.69 5225 61.18 70.99 73.83
600 19.9 20.86 20.85 35.53 38.27 534 6352 746 77.58
610 19.62 20.54 20.73 35.74 38.4 53.74 64.38 7556 78.58
620 18.71 19.62 19.7 35 37.74 53.64 64.77 76.09 79.13
630 18.1 18.94 19.06 34.32 37.01 53.3 65.08 7648 79.54
640 18.29 19.15 19.27 3434 37 53.29 65.46 76.55 79.61
650 19.57 20.38 20.49 35.42 38.08 54.16 66.38 76.95 80.03
660 23.91 2456 24.61 37.94 40.46 55.81 67.29 76.46 79.52
670 319 3217 32.07 4256 45.09 59.21 68.63 76.28 79.33
680 4444 4341 4392 50.38 53.01 64.69 70.08 76.31 79.36
690 55.74 53.2 55.79 58.69 6158 69.59 70.74 76.25 79.30
700 62.64 58.76 62.81 63.42 66.23 71.68 70.56 75.8 78.83
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Tablell. Spectral reflectance data of the fiber composite (# 9) prepared at 3:1 @EA: 234
w/w % concentration, and Orl hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 28 2512 22.75 20.34 21.04 2289 2321 26.19 26.53

410 26.65 23.66 21.19 18.97 19.74 21.34 215 2443 24.75
420 25.09 22.26 19.53 17.32 18.08 19.4 19.56 22.33 22.62
430 23.75 21.03 17.97 15.88 16.65 17.68 17.79 20.26 20.52
440 22.51 19.77 16.61 14.78 15.51 16.44 16.48 18.67 18.91
450 21.29 18.75 15.51 13.97 1467 155 1556 17.44 17.67
460 20.14 17.74 1462 134 14.08 14.92 1499 16.65 16.87
470 19.09 16.86 13.84 13.02 13.73 1454 14.64 16.12 16.33
480 18.01 15.86 13.15 12.72 13.48 14.39 14.46 15.89 16.10
490 16.86 15.14 12.67 1257 13.26 14.2 1441 15.72 15.92
500 15.84 144 1245 12.68 13.42 14.42 1466 1596 16.17
510 14.89 13.67 12.46 12.88 13.63 14.66 1494 16.52 16.73
520 14.07 13.02 12.45 13.03 13.82 14.84 15.09 17.06 17.28
530 13.31 12.44 12.13 1291 13.69 14.71 1497 17.07 17.29
540 12.76 12.05 11.94 13.03 13.81 1491 15.23 16.96 17.18
550 12.32 11.79 12.34 13.62 1441 1551 1581 1755 17.78
560 12.01 11.55 13.28 16.86 17.39 19.53 20.18 23.48 23.79
570 11.76 11.33 13.51 25.84 26.12 31.41 34.28 39.54 40.05
580 11.68 11.28 13.61 33.28 33.27 43 50.14 56.12 56.85
590 11.73 11.33 13.71 37.68 37.41 50.68 61.79 67.68 68.56
600 11.85 11.46 13.97 39.68 39.31 54.13 66.99 72.85 73.80
610 11.77 11.39 13.88 40.23 39.92 55.25 6849 74.28 75.25
620 11.49 11.05 13.26 39.58 39.27 55,52 69.06 749 75.87
630 11.5 11.07 12,99 38.71 38.38 55.57 69.53 75.36 76.34
640 11.82 11.41 13.34 38.83 38.32 559 69.77 7551 76.49
650 12.51 12.19 14.68 40.78 39.88 57.14 70.19 75.85 76.84
660 16.04 15.75 19.02 44.98 43.57 59.02 69.86 75.41 76.39
670 24.8 2396 28.01 51.38 49.38 62.02 69.8 75.2 76.18
680 39.64 37.49 4255 59.33 57.07 65.83 70.02 75.28 76.26
690 56.11 52.46 58.28 65.58 63.65 68.68 70.11 75.23 76.21
700 66.78 61.66 67.91 68.41 66.79 69.63 69.67 74.69 75.66
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Tablel2. Spectral reflectance data of the fiber composite (# 10) prepared at 3:1 PE®; PCD
3.34 w/w % concentration, and Or2 hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 29.5 28.26 23.88 2229 22.95 23.64 2549 2271 20.44
410 28.27 27.01 2273 20.85 21.7 2221 235 2139 19.25
420 26.46 25.08 20.78 19.22 20.05 20.45 21.62 1991 17.92
430 2497 23.45 19.07 17.83 18.66 18.98 1994 18.58 16.72
440 23.77 22.09 17.78 16.52 1752 17.77 18.24 17.61 15.85
450 22.38 20.65 16.53 15.67 16.67 16.88 17.29 16.85 15.17
460 21.13 194 156 15.04 16.08 16.28 16.57 16.41 14.77
470 19.98 18.29 14.85 14.63 15.71 1593 16.12 16.12 1451
480 19.02 17.4 14.42 1425 1554 15.78 1558 16.11 14.50
490 17.55 16.14 13.63 14.03 152 1545 156 1596 14.36
500 16.51 15.41 13.58 14.12 15.39 15.67 15.74 16.13 14.52
510 15.53 14.74 13.78 14.28 15.68 1594 159 16.47 14.82
520 14.68 14.13 13.99 1443 1591 16.17 16.01 16.72 15.05
530 13.8 13.34 1357 14.28 15.73 1597 1598 16.68 15.01
540 13.12 12.85 13.3 1436 1584 16.09 16.2 16.81 15.13
550 12.59 1257 138 147 16.24 1641 16.58 17.11 15.40
560 12.31 12.42 15.86 17.7 19.03 19.72 20.74 19.8 17.82
570 1196 12.08 17.96 28.05 29.73 32.59 35.71 31.92 28.73
580 11.82 11.95 18.99 38.4 41.27 48.02 5294 46.29 41.66
590 11.85 11.98 19.51 4549 49.86 60.18 65.22 57.26 51.53
600 11.98 12.13 20.06 49.02 54.17 65.93 70.54 62.26 56.03
610 11.93 12.05 19.84 50.04 55.69 67.69 72.01 63.73 57.36
620 11.57 11.63 18.39 49.46 5595 68.25 72.43 64.07 57.66
630 11.44 11.48 17.19 49.03 56.37 68.74 72.79 64.45 58.01
640 11.6 11.65 17.17 50.37 57.58 68.95 72.86 64.51 58.06
650 11.92 12.16 19.97 54.47 60.04 69.32 73.06 64.8 58.32
660 15.23 15.84 26.98 60.29 62.52 68.96 72.6 64.4 57.96
670 2494 26.11 40.32 65.43 64.49 68.76 72.28 64.24 57.82
680 42.57 4432 56.5 68.74 65.81 68.81 72.25 64.28 57.85
690 59.33 60.7 63.81 699 6631 68.78 7223 64.2 57.78
700 68.86 69.77 66.84 69.98 66.23 68.34 71.81 63.8 57.42
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Table13. Spectral reflectance data of the fiber composite (# 11) prepared at 3:1 PE®; PCD
6.67 w/w % concentration, and Ol hr* injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 34.93 34.12 33.13 26.95 26.83 29.36 31.9 33.07 34.39
410 33.58 32.64 31.56 25.32 25.23 27.24 29.58 31.13 32.38
420 31.56 30.38 28.99 2297 2297 25.03 27.03 28.35 29.48
430 29.81 28.39 26.61 20.75 20.9 2283 2452 256 26.62
440 28.34 26.8 24.76 19.09 19.2 20.73 222 23.44 2438
450 26.61 25.04 22.82 17.65 17.83 1931 20.57 21.52 22.38
460 25.04 235 21.29 16.65 16.85 1824 194 20.25 21.06
470 23.58 22.13 19.92 15.84 16.1 174 1848 19.24 20.01
480 22.24 21.06 19.13 15.39 15.61 16.59 17.72 18.8 19.55
490 20.34 1942 17.7 14.73 15.07 16.29 1735 18.1 18.82
500 18.87 184 17.36 14.79 15.13 16.27 17.36 18.18 18.91
510 17.46 17.46 17.48 15.17 1547 16.53 1/7.69 18.83 19.58
520 16.28 16.57 17.55 15.56 15.84 16.81 18.09 19.71 20.50
530 15.09 15.52 16.75 15.23 1556 16.67 17.95 19.71 20.50
540 1413 14.73 16.18 14.99 15.39 16.55 17.82 19.24 20.01
550 13.36 14.18 16.7 15.68 16.07 17.2 18.39 19.58 20.36
560 12,92 139 18.46 2148 21.59 24.03 26.23 27.79 28.90
570 12.5 13.43 1859 34.03 34.13 39.54 4437 46.13 47.98
580 12.31 13.19 18.49 44.14 4425 5247 6032 61.72 64.19
590 12.3 13.21 1859 49.94 4984 5947 69.1 70.18 72.99
600 12.44 13.4 18.97 525 5225 6231 723 73.26 76.19
610 12.33 13.25 18.69 53.21 53.03 63.23 73.09 73.99 76.95
620 11.85 12.61 17.41 52.85 52.65 63.38 73.41 7431 77.28
630 11.69 12.31 16.41 52.29 522 63.53 73.65 7454 77.52
640 11.89 12.49 16.43 52.74 5251 63.89 73.67 7455 77.53
650 12.62 13.77 18.81 55.2 5435 6494 73.88 74.78 T77.77
660 16.87 18.95 25.27 59.23 57.38 65.93 73.47 743 77.27
670 28.38 31.2 3755 63.78 60.57 67.1 73.23 74.04 77.00
680 48 50.87 55.78 67.56 63.26 68.29 73.29 74.09 77.05
690 64.17 65.93 67.57 69.38 64.68 6891 73.23 73.95 76.91
700 72.74 74.15 73.25 69.94 64.98 68.91 72.73 73.48 76.42
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Table14. Spectral reflectance data of the fiber composite (# 12) prepared at 3:1 PE®; PCD
6.67 w/w % concentration, and Or2 hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 29.91 30.84 24.52 30.86 32.03 33.07 34.18 33.53 32.89
410 28.81 29.82 23.23 29.89 30.87 31.89 3293 32.34 31.73
420 27.34 28.06 21.63 28.13 29.37 30.47 314 30.75 30.17
430 26.16 26.67 20.2 26.63 28.12 29.21 30.08 29.19 28.64
440 25 255 1885 255 269 2798 2887 28.09 27.56
450 23.77 24.14 17.79 2445 2599 27.09 2791 27.05 26.54
460 226 2293 16.91 23.72 25.33 26.44 27.23 26.39 25.89
470 21.57 21.89 16.2 23.19 2487 26 26.75 259 2541
480 20.51 21.02 1553 23 2445 2552 26.39 2574 25.25
490 19.17 1959 1499 223 24.06 25.18 2597 2531 24.83
500 18.06 18.7 14.8 22.36 24.06 25.15 25.94 2537 24.89
510 16.97 17.78 14.85 22.63 24.21 2529 26.16 25.79 25.30
520 16.05 17.01 14.94 2298 2443 2553 26.44 26.31 2581
530 15.12 16.1 14.64 2264 2421 2533 26.25 26.32 25.82
540 14.43 1543 14.4 2242 2411 25.24 26.15 26.36 25.86
550 13.85 14.89 14.78 22.65 2439 2549 26.31 26.61 26.10
560 13.45 14.61 16.42 254 2694 28.06 28.96 29.38 28.82
570 13.11 142 17.83 36.01 38.01 39.81 4148 42.06 41.26
580 12.94 13.99 18.39 45.87 48.42 5153 54.79 55.34 54.29
590 129 13.97 1856 53.07 55.89 60.33 6546 66.09 64.83
600 13.02 14.11 18.99 56.58 59.47 64.52 7053 71.26 69.91
610 13.04 14.09 19.03 57.65 60.57 65.85 7198 72.64 71.26
620 12.64 13.61 17.87 57.45 60.44 66.26 7254 73.21 71.82
630 12.46 13.34 16.88 57.06 60.17 66.61 72.94 7359 72.19
640 12.6 13.43 16.65 57.64 60.65 67.04 73.16 73.66 72.26
650 1246 1354 179 60.16 62.61 67.76 73.53 74.06 72.65
660 14.77 16.43 22.78 63.75 65.27 68.2 73.22 7356 72.16
670 22.25 2493 33.63 678 682 6886 731 7337 71.98
680 36.79 40.72 51.32 71.46 70.95 69.93 73.35 73.46 72.06
690 53.33 56.68 63.09 73.55 7255 70.71 7343 735 72.10
700 63.6 66.2 69.09 74.21 73.23 70.82 73.1 72.84 71.46
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Appendix 4: Reflectance values for fiber composites prepared at 4:1 PEO: PCDA

Tablel5. Spectral reflectance data of the fiber composite (# 13) prepared at 4:1 PES; PCD
1.25 w/w % concentration, and vl hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C
400 35.02 32.76 29.31 33.1 3229 37.36 37.37 36.94 31.09
410 33.63 31.21 27.66 31.28 30.16 35.24 3525 35.09 29.13
420 31.89 29.51 26.14 28.67 2758 3233 32.7 32.27 26.84
430 30.38 27.88 24.52 25.97 2484 29.25 29.82 295 2453
440 29.05 26.42 22.95 23.72 2249 26,5 27.13 27.13 22.26
450 27.56 24.92 2159 21.74 206 24.25 25.03 25.02 20.61
460 26.22 23.58 20.38 20.36 19.3 22.68 2348 2355 19.43
470 2496 22.31 19.21 19.17 18.19 21.33 22.08 22.3 18.44
480 23.71 21.09 18.02 18.42 17.44 20.27 20.86 2151 17.6
490 22.19 19.89 17.18 17.51 16.77 19.46 20.19 20.46 17.18
500 20.89 18.84 16.43 17.34 16.64 19.25 19.85 20.28 17.03
510 1955 17.82 1593 17.6 16.85 19.44 20 20.63 17.2
520 18.38 16.87 15.43 1794 17.08 19.8 20.37 21.24 17.52
530 17.28 16.03 14.79 17.58 16.83 19.55 20.21 20.95 17.42
540 16.45 1553 14.34 17.36 16.74 19.29 19.84 20.48 17.24
550 15.73 15.19 14.37 18 17.24 19.79 20.17 20.73 17.53
560 15.17 14.85 14.64 2158 21.4 2586 26.03 26.21 22.04
570 14.7 14.44 1451 31.25 33.1 4225 42.08 4184 36.37
580 1441 14.18 14.36 38.23 43.05 58.15 57.49 57.67 51.64
590 1431 14.11 14.29 4185 48.75 68.08 67.02 68.19 61.89
600 14.46 14.27 14.49 43.71 51.32 72.13 70.75 7245 66.2
610 14.48 14.34 1458 4445 5215 7335 7186 7355 67.57
620 1391 13.74 139 4271 51.05 7381 72.19 74.05 67.84
630 13.57 13.37 13.46 40.19 4943 74.29 7257 7443 68.3
640 13.75 1354 13.6 38.82 48.83 74.58 72.64 74.47 68.47
650 142 14 1417 4048 50.78 75 72.88 7455 68.66
660 16.98 16.75 17.12 4593 5535 74.83 7249 73.96 68.35
670 23.98 23.72 24.46 55.26 6195 74.58 72.17 73.83 68.08
680 37.44 37.31 38.61 6453 67.82 7466 722 7435 68.14
690 54.26 54.13 53.93 68.73 70.35 74.88 7219 74.6 68.23
700 64.42 64.12 62.2 7016 71 7472 7189 74.48 67.75
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Tablel6. Spectral reflectance data of the fiber composite (# 14) prepared at 4:1 PES; PCD
1.25 w/w % concentration, and (v hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 34.34 37.38 44.45 30.89 40.43 36.17 38.77 4151 38.24
410 33.31 36.46 43.7 29.21 39.37 35.23 37.85 4049 373
420 31.64 34.74 4159 2752 36.87 33.01 3551 38.13 35.14
430 30.25 33.14 39.64 25.7 3437 30.79 33.17 3594 33.09
440 29.08 32.04 38.45 23.85 3256 29.16 31.53 34.29 31.52
450 27.67 30.45 36.46 224 30.34 274 29.67 3243 29.84
460 26.41 29.13 34.85 21.25 28.79 26.26 28.48 31.19 28.74
470 25.27 2786 33.3 20.2 2734 2526 2742 30.12 27.77
480 24.24 27.02 32.53 19.16 26.64 24.78 27 29.68 27.28
490 2261 25.1 30.05 1856 24.85 23.65 25.69 28.22 26.14
500 21.43 23.92 28.9 18.18 245 2353 2557 2798 25.95
510 20.27 22.87 28.02 18.24 24.89 23.89 26 28.42 26.35
520 19.29 21.96 27.25 18.41 2547 2445 26.68 29.29 27.08
530 18.21 20.74 25.75 18.2 2481 2411 26.31 29 26.86
540 17.37 19.79 2459 18.01 24.13 23.79 25.86 28.33 26.33
550 16.65 19.01 23.88 18.57 24.64 2438 26.31 28.34 26.46
560 16.2 18.66 24 20.77 28.11 27.85 30.25 31.96 29.79
570 15.72 18.13 234 23.86 31.88 36.7 4258 44.46 41.8
580 15.46 17.77 22.94 2547 33.79 43.03 54.04 565 53.84
590 1543 17.77 2298 26.13 34.76 46.94 63.15 66.45 64.08
600 1555 17.93 23.16 26.5 35.18 488 67.83 71.44 69.39
610 1541 17.7 22.83 26.64 35.04 4948 69.56 72.88 71.07
620 14.84 17 21.97 26.11 34.65 49.6 70.4 73.48 71.58
630 1455 16.54 21.26 256 3396 495 7119 73.93 72.06
640 14.85 16.78 21.46 25.54 33.88 49.69 718 74.07 72.32
650 15.64 17.73 22.63 26.28 3483 50.81 72.6 74.24 7259
660 18.44 20.76 26.06 28.07 36.79 53 72.8 73.73 72.2
670 24.22 26.84 32.89 32.03 4097 57.01 73.14 73.64 71.96
680 33.66 36.83 44.04 40.23 48.81 63.29 73.51 73.97 71.97
690 47.13 48.87 55.63 52.64 58.89 68.38 73.56 74.04 71.89
700 57.39 57.68 63.48 61.49 65.66 70.76 73.32 73.82 71.51
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Tablel7. Spectral reflectance data of the fiber composite (# 15) prepared at 4:1 PE®; PCD
3.13 w/w % concentration, and Ol hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 35.39 36.38 33.48 27.76 28.67 27.33 28.42 30.97 35.29
410 34.1 35.04 31.77 26.19 27.14 26.03 26.6 28.83 32.97
420 32.35 33.08 29.8 24.06 249 2445 245 26.62 31.02
430 30.86 31.2 27.66 21.83 22.64 22.87 2229 24.44 28.98
440 29.43 29.73 25.83 20.07 20.85 21.12 20.28 22.24 26.53
450 27.89 28 241 185 1924 199 18.85 20.78 25.13
460 26.5 26.54 22.68 17.39 18.13 18.96 17.85 19.7 24.02
470 25.2 25.13 21.27 164 17.16 18.17 171 18.88 23.14
480 23.79 24.02 20.13 15.78 16.57 17.32 16.49 18.12 21.9
490 22.09 22.28 19 15.09 15.84 17.08 16.28 17.92 22.01
500 20.62 21.04 18.37 14.98 15.77 16.96 16.41 17.94 21.89
510 19.17 19.92 18.24 1534 16.14 17.16 16.76 18.28 22.07
520 17.93 18.88 18.04 15.75 16.56 17.49 17.1 18.7 22.41
530 16.75 17.7 17.33 1547 16.27 1745 17.06 18.74 22.64
540 15.77 16.75 16.75 15.24 16.03 17.34 17.14 18.69 22.59
550 1491 16.01 17.01 16.14 16.88 17.98 17.84 19.22 23.14
560 14.3 15.54 18.02 19.98 20.75 22.11 23.14 2458 28.44
570 13.85 15.03 18.07 27.2 29.22 33.78 38.44 40.26 44.34
580 13.61 14.72 17.94 31.51 3453 44.26 54.43 56.38 59.32
590 136 14.74 1796 33.53 37.13 50.69 65.16 66.85 68.33
600 13.82 15.01 18.33 34.46 38.27 53.38 69.58 71.11 71.97
610 13.79 14.92 18.32 34.73 38.54 54.41 70.78 7222 73.02
620 13.14 14.07 17.18 33.81 37.74 54.44 71.12 7264 733
630 12.84 13.58 16.28 32.31 36.39 54.75 7149 7296 73.64
640 13.11 13.85 16.3 31.48 35.69 54.84 71.57 7295 73.78
650 14.01 15.12 17.59 3243 36.78 5499 718 7297 73.93
660 17.62 19.28 21.72 36.23 40.48 54.75 71.33 7242 735
670 25.71 27.85 29.94 43.54 47.12 5447 7098 7236 73.2
680 39.29 41.69 43.34 55.14 56.76 54.46 70.93 72.77 73.22
690 57.31 58.66 59.95 65.65 64.53 54.57 70.83 73.02 73.14
700 69.24 69.3 70.31 70.68 68.15 54.15 70.38 72.74 727
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Table18. Spectral reflectance data of the fiber composite (# 16) prepared at 4:1 PE®; PCD
3.13 w/w % concentration, and Or2 hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 37.32 40.13 46.66 37.48 36.26 35.25 39.88 36 39.33
410 36.05 39.09 46.19 36.34 34.64 33.67 39.22 34.64 38.03
420 34.35 37.14 43.65 33.8 32.08 31.22 3691 3232 3524
430 3293 35.37 41.46 313 2951 28.79 348 30.24 32.7
440 31.55 34.14 40.25 29.54 27.45 26.64 33.32 28.44 30.72
450 30.1 32.41 38.07 27.56 25.58 24.87 31.48 26.81 28.71
460 28.7 30.93 36.42 26.25 24.31 23.65 30.3 25.68 274
470 27.41 29.53 34.95 25.12 23.27 22.66 29.36 2483 26.34
480 26.04 28.66 34.75 24.84 22.74 21.95 29.44 2443 26.05
490 2447 26.56 31.84 23.33 21.8 21.23 27.76 2347 24.71
500 23.07 25.36 31.34 23.32 21.79 21.25 27.93 23.48 24.83
510 21.6 2429 3125 23.84 2218 21.61 2856 23.91 2544
520 20.34 23.33 31.26 24.46 22.64 2211 29.42 2456 26.3
530 19.15 21.98 29.72 23.86 22.25 21.88 28.92 2429 25.92
540 18.25 20.97 28.63 23.42 22.03 21.74 284 23.94 2542
550 17.43 20.16 28.24 23.93 2252 223 28.49 2412 25.63
560 16.83 19.93 29.33 27.43 26.93 27.18 31.81 27.88 30.46
570 16.39 19.36 28.72 34.46 40.13 42.11 44.19 41.18 45.38
580 16.1 18.96 28.22 38.87 52.11 56.9 55.27 54.21 59.62
590 16.01 18.98 28.37 41.28 60.09 66.8 62.67 63 68.96
600 16.21 19.18 28.6 42.63 63.78 71.07 65.76 66.73 72.81
610 16.23 19.02 28.13 42.82 65.02 72.38 66.78 67.87 73.89
620 1556 18.34 27.38 41.24 65.52 72.84 66.94 68.14 74.24
630 15.17 17.84 2651 39.1 66.01 73.3 67.23 6849 74.58
640 1524 17.88 26.43 38.44 66.93 73.47 67.24 685 74.71
650 15.38 18.17 26.99 40.88 68.65 73.81 67.42 68.48 74.88
660 18.48 21.55 30.74 47.4 69.98 7352 67.06 68.06 74.48
670 27.51 30.91 40.16 57.45 7119 73.34 66.74 6796 74.19
680 4457 48.18 56.84 66.63 72.36 73.46 66.77 68.24 74.21
690 61.57 63.78 69.61 70.65 72.87 73.47 66.68 68.52 74.04
700 70.9 7213 76.02 7233 72.79 73.36 66.43 68.23 73.76
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Table19. Spectral reflectance data of the fiber composite (# 17) prepared at 4:1 PES; PCD
6.25 w/w % concentration, and Ol hr' injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 27.34 26.56 24.18 23.11 23.49 2221 23.07 25.79 26.5
410 26.19 25.2 2278 21.76 22.18 21.1 2197 2443 25.32
420 24.65 23.67 21.22 20.2 20.42 19.71 20.41 2259 23.48
430 23.35 222 19.67 1857 18.72 184 1894 2097 21.84
440 22.19 21.02 1846 17.31 17.41 17.21 17.67 19.56 20.58
450 2097 19.76 17.27 16.2 16.24 16.37 16.75 18.46 19.47
460 19.83 18.69 16.3 1544 1544 15.78 16.1 17.71 18.77
470 18.8 17.68 15.37 14.76 148 1533 1565 17.17 18.28
480 17.72 16.81 14.64 1434 1443 1483 15.2 16.82 18.13
490 16.54 15.84 13.93 1391 1394 14.77 1511 16.46 17.7
500 1552 15.03 13.47 13.85 13.96 14.81 15.24 16.61 17.92
510 1452 14.26 13.17 1412 1423 1494 1548 16.96 18.29
520 13.7 13.57 12.86 14.39 1453 15.11 15.73 17.37 18.69
530 12.95 12,92 12.39 14.21 1432 15.07 15.67 17.23 18.47
540 12.41 12.48 12.11 14.14 1423 15.18 15.78 17.18 18.42
550 11.97 12.15 12.17 1485 14.89 15.88 16.53 17.77 19.03
560 11.67 11.93 1236 175 17.61 19.03 20.21 21.6 22.74
570 1143 11.64 12.17 2282 24.63 29.2 32.67 34.46 35.72
580 11.36 11.54 12.09 26.02 29.35 39.56 47.93 496 511
590 11.38 11.58 12.11 27.41 31.7 4732 6124 61.67 63.76
600 11.49 11.72 12.28 28.09 32.74 51.26 67.98 67.16 69.69
610 11.49 11.73 12.31 28.39 33.05 52.8 70.04 6854 71.27
620 11.25 11.41 119 27.33 3198 5284 7055 6899 71.68
630 11.31 114 11.78 25.67 30.29 52.57 71.09 69.32 72.07
640 11.69 11.76 12.09 2458 29.2 5249 713 69.15 72.19
650 12.01 12.13 1254 2498 29.71 53.52 71.53 68.76 72.39
660 13.77 14.13 1454 27.66 32.62 56.25 70.99 67.86 71.83
670 19.13 19.76 19.99 34.09 39.21 60.65 70.62 67.84 71.52
680 30.14 31.02 30.79 45.52 50.95 66.08 70.56 68.91 71.43
690 46.85 48.07 47.36 59.21 63.06 69.74 70.55 69.89 71.34
700 60.55 61.52 61.21 66.86 69.37 70.98 70.31 70.06 70.8
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Table20. Spectral reflectance data of the fiber composite (# 18) prepared at 4:1 PES; PCD
6.25 w/w % concentration, and Or2 hr injection speed.

Wavelength Treatment Temperature
(nm) 25°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C

400 32.93 35.12 28.49 29.21 27.62 46.12 27.74 34.12 29.22
410 31.2 35.13 27.96 28.71 26.17 46.98 26.74 34.14 28.17
420 30.67 32.88 25.94 26.65 25.2 44.33 25.82 32.39 27.48
430 30.28 31.29 24.29 2497 2427 4258 2498 3137 26.86
440 289 30.76 23.34 241 2292 4237 2392 30.97 25.93
450 28.53 29.08 21.82 22.79 22.33 40.61 23.38 29.98 25.56
460 27.8 27.89 20.77 22.01 21.82 39.76 2299 29.43 25.28
470 27.21 26.95 19.86 21.48 215 3932 22.75 29.25 25.15
480 2533 27.28 19.75 21.81 20.66 40.88 22.22 29.88 24.61
490 25.68 24.59 18.11 20.49 21.01 37.84 2247 28.39 25

500 2458 242 1792 20.73 20.91 3856 2251 28.78 25.01
510 23.15 23.97 18 21.2 20.77 39.58 2249 2931 24.96
520 21.85 23.99 18.2 21.78 20.66 409 2247 30.02 24.88
530 2146 22.73 17.47 21.27 20.72 398 225 2942 2494
540 21.36 21.83 16.95 21.02 20.99 39.15 228 29.07 25.19
550 21.15 21.18 16.89 21.26 21.48 39 23.25 29.04 2561
560 2006 21.8 17.76 23.03 22.1 41.11 23.86 30 25.69
570 201 21.19 17.63 28.16 28.28 48.18 33.21 36.27 34.47
580 20.07 20.85 17.5 3251 3354 56.26 45.99 44.02 46.03
590 19.86 21.04 17.61 35.87 37.18 64.87 605 52.73 59.17
600 20 21.07 17.72 37.64 39.23 69.89 70.1 58.15 67.83
610 20.32 20.63 17.55 38.14 40.14 7166 73.69 60.15 71.03
620 19.73 20.61 17.21 37.63 39.33 7246 7459 60.48 71.65
630 19.62 20.39 16.85 36.49 38.3 73.04 7547 6087 72.32
640 19.75 20.57 16.92 36.03 37.97 73.43 75.87 60.79 72.62
650 19.78 2094 173 373 39.16 7412 76.17 605 7281
660 20.38 21.28 18.23 40.94 43.11 74.11 75.68 59.88 72.38
670 24.7 25.67 23.06 48.21 50.29 74.29 7524 5991 7211
680 34.12 35.28 33.64 59.49 60.95 74.87 7523 60.86 721
690 48.67 50.06 49.97 69.44 69.78 7533 754 61.78 72.05
700 59.97 61.89 6298 74.41 74.29 75.11 75.13 6175 71.57
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