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ABSTRACT
Polydiacetylenes (PDAs) are conjugated polymers which consist of diacetylene
monomers (DAs). DAs are colorless and can be polymerized under UV light at 254nm to
form blue PDAs. Stimuli such as heat, chemicals, mechanic force and pH change will
trigger color change of PDA from blue to red/pink. This chroma property makes PDA an
ideal material for sensor development and therefore has received considerable attention in
recent years. There has been several reports of generating PDA-based sensors for cations,
chemicals, virus, microorganisms, and bacterial toxins detection. However, development
of PDA-based sensors for food microbiology applications were limited.
The objective of this study were thus to 1) investigate the sanitizers and surfactant
effect on PDA-based sensors 2) develop a PDA-based biosensor for bacteria detection and
verify the working mechanism 3) optimize and apply PDA-based biosensor for bacteria
detection. 4) build and validate the statistical model for quantitative bacteria in samples.
We started with generating liquid state PDA-based sensors and explored interaction
between sanitizers/surfactant and PDA-based sensors. Subsequently, solid state PDAbased sensors were developed and detection mechanism for this method was verified with
specifically designed experiments. Further, solid state PDA-based sensors were optimized
and applied for bacteria detection with a statistical model built for quantitative bacteria in
samples .
This study provide a novel strategy of applying PDA-based biosensors for bacteria
detection with quantitative measurement of bacteria and was supported by verified
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detection mechanism. Furthermore, this proposed method can be applied to quickly detect
and quantify bacteria and may inspire other PDA-based biosensor design in the future.
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CHAPTER ONE
LITERATURE REVIEW
1. Introduction
1.1 Diacetylene structure
Polydiacetylenes (PDAs) are conjugated polymers assembled from diacetylene
monomers (DAs). Diacetylene monomers (DAs) composed of a polar headgroup and a
hydrophobic tail of diacetylene moiety. Tails can be further broken down into three parts:
(1) the diacetylene group, (2) a spacer between the headgroup and the diacetylene, and (3)
the terminal alkyl chain (Figure 1.1). [1]

Figure 1.1 An example of diacetylene monomer structure.
1.2 Polydiacetylene geometrical arrangement
To self-assemble and form polymerized material, DAs must be arranged in certain
geometric structure, which meet several requirements as shown in Figure 1.2.[2] DAs
undergo photopolymerization via 1,4-addition reaction to form alternating double-singletriple (CCCC) bonds along the backbone upon UV irradiation at 254nm (Figure 1.2).[3]
The highly-conjugated material only occurs in highly ordered structures, and physically
stabilize after polymerization. PDAs show an intense blue appearance and can change color
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rapidly from blue to red in response to external stimuli, such as heat [4], pH [5], mechanical
stress [6] and chemical solvents [7] (Figure 1.3).

Figure 1.2 Polydiacetylene(PDA) geometrical arrangement.

Figure 1.3 PDA color response to stimuli.
1.3 Polydiacetylene chroma property
The intense blue color is consistent with the absorption peak at around 640nm and
originates from the electron delocalization within the conjugated backbone. [2] Color
change of PDA can be easily observed by naked eye with absorption peak for red phase
PDA shifted to 540nm (Figure 1.4). Another interesting property for PDA is that red phase
PDAs are fluorescent while blue phase PDAs are non-fluorescent. Fluorescence intensity
change significantly when the PDA color moves from blue to red and can be quantify using
fluorescence spectrum (Figure 1.4). [9] It is believed that the red phase PDAs and blue
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phase PDAs are at different molecular excited states. Fluorescence come from the energy
shift from even (Ag) symmetry excited state to lowest odd (Bu) symmetry excited state,
which corresponding to blue phase PDAs and red phase PDAs. [10]

Figure 1.4 Schematic diagram of PDA absorbance spectrum and fluorescence spectrum.
The mechanism of PDA color change was initially proposed to be due to a structural
change of the PDA backbone from the ene-yne form to the butatriene form.[11] This
hypothesis was soon proven to be incorrect by X-ray and NMR analyses. Later, Lifshitz
investigated structural transitions in PDA Langmuir films and explained that blue to red
phase transition is a direct result of marked decrease in spacing between adjacent polymer
chains.[12] However, Schott pointed out that “reduced conjugation length” is a
consequence rather than a cause of color transition.[13] Recent studies of bulk and thinfilm forms of PDA indicates that rotation of the C-C bond of the polymer backbone changes
the planarity of the backbone and is critical to color transition.[10] Further, theoretical
calculations imply that a rotation of a few degrees of the C-C bond can dramatically change
the !-orbital overlap of the polymer backbone, and therefore causing color change of
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PDAs.[10] For now, it has been widely accepted that the blue to red transition of PDA is
highly related to the PDA geometry, specifically, conformation change of PDA chain.[14]
1.4 Application of polydiacetylene as sensors
Due to unique chroma properties, PDAs have been widely explored as optical or
fluorescent sensors for rapid detection of chemical and biological substances. In an early
example of application, Charych et al.[15] developed a biosensor for influenza virus
detection. Since then, great progress has been made in developing PDA sensors. PDA
sensors, which can detect cations [16,17,18], volatile organic compounds [7,19,20],
sanitizer and surfactant [21], carbon dioxide [9], melamine [22], microwaves [23], nucleic
acids [24], proteins [25], lipopolysaccharides [26,27], bacteria toxins [28], bacteria,
[29,30,31] antibiotics [32], exosomes [33], enzyme [34] and virus [35,36,37] have been
reported in recent years. Various matrix of PDA sensors, such as Langmuir-Blodgett (LB)
film [38], Langmuir-Schaefer (LS) film [39], liposome/vesicle [21,27], in aqueous
solution, hydrogel [40], aerogel [7], microbeads [41], alginate microparticle [42], have
been developed to support application of PDA sensors. Advantages of applying PDA-based
sensors for detection include naked-eye visual detection of color change, high sensitivity
for fluorescent PDA-based sensors and minimize training.
2. Construction of PDA-based sensors
Sensors normally consist of receptor and transducer.[43] Receptor combines with
target specifically while transducer transfer signal for detection. Considering that PDA can
transfer stimuli signals into optical color change or fluorescence signals, PDA serves well
as transducer for sensor construction. In absence of receptor, PDA itself has been applied
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as sensor based on the color response to stimuli such as heat, pH, mechanical stress and
chemicals. Unmodified PDA-based sensors for volatile organic compounds detection [7],
sanitizer and surfactants detection [21], bacteria detection [44,45] have been reported.
However, receptors modified PDA-based sensors possess high specificity and therefore
was widely explored in PDA-based sensor development (Figure 1.5).

Spacer
Receptor

Figure 1.5 Schematic diagram of receptor conjugated PDA and color response.
2.1 Receptor
For biological application, receptor needs to be recognized, combined, or attached by
target biological substance. Logic behind receptor design includes electrostatic attraction
[46], specific binding, such as biotin and streptavidin binding [47], antibody-antigen
reaction [48], and recognition of membrane proteins or carbohydrates which are always
related to adhesion and invasion mechanism of bacteria [30,38]. Reported receptors include
carbohydrates [30,38] antibodies [31,48,49] aptamers [25,50] amino acids [26], amine
group [24,51], and phospholipids [16]. An example was presented by Charych et al.[38]
using sialic acid as the specific receptor for the influenza virus detection. This design based
on the invasion mechanism of the influenza virus. The virus binds to the C-glycoside of
the carbohydrate sialic acid of PDA via the viral lectin, hemagglutinin, and causes color
change of PDA from blue to red.
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For chemical application, receptor needs to be able to react and prefer to react only with
target chemicals. Reported receptors include aptamers [17], cyanuric acid [22], cyanoacetic
acid [52], dopamine [53], galloyl [41], and coumarin groups [54]. An example was that
Lee et al [22] modified PDA with cyanuric acid for melamine detection and reported color
change within 30s after addition of melamine. Specificity to melamine was verified with
uracil, cytosine, and thymine, which have similar chemical structures but did not trigger
color transition.
2.2 Receptor linking and impact on sensor property
Linking receptor to PDA can be achieved by surface conjugation using chemical
reactions or physically embedding receptor into self-assemble PDA vesicles. Receptor
linking not only changes the specificity of sensors but impact other properties of sensors
as well.
Surface conjugation means modification of PDA headgroups with receptor using
chemical reactions. An extensively applied chemical reaction for modification is the EDC
coupling reaction as shown in Figure 1.6 [49,55]. EDC reacts with carboxylic acid groups
from DA or PDA to form an active intermediate. This active intermediate can be easily
replaced by nucleophilic attack from primary amine groups to form an amide bond and
thus linking receptor to the PDA. Unstable in aqueous solutions, intermediate will
hydrolysis to regenerate carboxyls if fail to react with an amine. Addition of sulfo-NHS
converts the intermediate to an amine-reactive sulfo-NHS ester, stabilizing the aminereactive intermediate and can be further replaced by the primary amine groups on the
receptor to form amide bond.[56] This reaction has been widely used in bio-conjugation
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and applicable to almost all kinds of molecules, such as enzymes [56], antibodies [49],
DNA [55], and fluorophores [56].

Figure 1.6 Schematic diagram of receptor conjugation using EDC coupling reaction.
(created based on figure from Thermofisher scientific website)
Besides conjugation, embedding receptor into self-assembled PDA vesicles provide
possibility for receptor linking. Lipid molecules such as phospholipids and cholesterols
have been embedded into PDA vesicles for specific recognition (Figure 1.7).[57] Charych
et al. [38] reported PDA sensors embedded with gangliosides can specifically bind to
cholera toxin, heat-liable E. coli enterotoxin, and botulinum neurotoxins. Furthermore,
inserting natural phospholipids into the PDA matrix enables the PDA sensor to successfully
mimic cellular membranes.[58] Kolusheva et al. reported using phospholipid modified
PDA vesicles to mimic cellular membrane and applied for rapid screening of antimicrobial
peptides. [16,58]

7

Phospholipid

Figure 1.7 Schematic diagram of lipid embedded PDA liposome.
In addition to specific recognition, receptors have impact on other properties of PDAbased sensors. It has been reported that modification of head group with receptor has a
strong influence on self-assemble colloid structure. Amphiphilic monomers with achiral
receptor usually form spherical liposomes while chiral amphiphiles often form nonspherical structures, such as helices and tubules [8,59] Meanwhile, substitute headgroup
with receptor may lead to various colors of PDA sensors. Up until now, blue, purple, black,
orange, red colored polymer has been reported. [11] Typically, PDA-based sensors give
blue to red color change under stimuli. However, Kwangho reported PCDA-Bu giving a
purple color and PCDA-Oct showed red to yellow color change. [60] Additionally,
embedding lipid molecules into PDA vesicles also have impact on sensor properties. Kang
et al. proved that embedding of highly charged phospholipids into PDA vesicles resulted
in notable changes in the size of vesicle and enhanced PDA vesicle stability and sensitivity.
[57] Kim et al. reported that dimyristoyl phosphatidylcholine (DMPC) embedding
decreased the strength of hydrogen bonding among the amide and carboxylic acid groups
of the PDA vesicles, allowing for more rapid detection upon molecular recognition. [61]
2.3 PDA spacer and impact on sensor property
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Sufficient expose of receptor is critical for sensing. PDA spacers were extensively used
in conjugation to extend the PDA receptor and to enhance the structure of PDA vesicles.
Commonly used PDA spacers are alkyl spacer and ethylene glycol spacer (Figure 1.8).

Figure 1.8 An example of alkyl spacer and ethylene glycol spacer.
An alkyl spacer is the most commonly used spacer in PDA-based sensor construction.
Seo and Kim observed that PDA vesicles with longer alkyl spacers developed the blue
phase with shorter UV irradiation time. [62] This observation indicated that the length of
alkyl spacer influenced the configuration of the self-assembled DA, as well as the
conformation of PDA conjugated backbone. Moreover, it has been observed that a longer
alkyl spacer between the amine headgroup and the amide group of the diacetylene lipids
yields a smaller color transition [62]. Proposed explanation is that the alkyl spacer may
provide flexibility and therefore reduce the association between the outer receptor and the
conjugated backbone. [62] Similarly, Charoenthai et al. reported that modification of alkyl
chain have significant impact on color response of PDA vesicles. [63] It has been observed
that a shorter alkyl chain yields a faster color transition upon exposure to pH and
temperature. [63] Different from the alkyl spacer, an ethylene glycol spacer is hydrophilic
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and therefore compatible with the carboxylic headgroup of PDA. An ethylene glycol spacer
contributes to form a more defined bilayer structure when mixed with PDA. This theory
was supported by a publication which investigated both spacers and reported that the
ethylene glycol spacer modified PCDA emits an intense blue color upon polymerization
while alkyl spacer modified PCDA gives a weaker blue color. [22] It indicated that the
hydrophilic ethylene glycol spacer is suitable for constructing high quality PDA sensors.
3. Matrix of PDA-based sensors
In addition to receptor construction, matrix selection has impact on the possible
applications of PDA-based sensors. Generally, PDA sensors can be categorized into liquidbased and substrate-based matrix (Figure 1.9). Liquid-based matrixes are colloids
(nanoparticles in solution). A well-known example is self-assembled liposomes or vesicles.
Self-assembled, non-spherical structures have also been reported such as flat sheets [57],
tubules [8, 59], helices [64], and ribbons [65]. The substrate-based matrix refers to any
matrix supported by a substrate such as gel [66], agar [51], glass [39], fiber [67], and paper
[36]. Langmuir-Blodget films (LB films) [38], Langmuir-Schaefer films (LS films) [39],
Self-assembled monolayers (SAMs) [68], multi-layer coatings on surfaces [69], nanotubes
[70], liposome immobilized on a solid support [50] and PDA embedded in materials [19,
20] are examples of substrate-based matrix. When constructing a PDA-based sensor,
matrix selection should be considered based on application environment of PDA sensors.
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Figure 1.9 Schematic diagram of PDA matrix examples.
3.1 Liquid-based matrix
Considering the easy modifications of PDA structures for specific recognition, liquidbased PDA sensors are mostly reported for biological applications. The carboxyl group
which is hydrophilic and the alkyl end, which is hydrophobic in DAs will organize and
self-assemble in water. A liposome-like spherical bilayer structure was generated mostly
in researches and the words liposomes and vesicles have been used interchangeably for
description. Other structures such as tubules [8,59], sheets [57,71], helices [64], and
ribbons [65] have been observed when supplemented with phospholipids or modified with
receptor. Schnur et al. presented tubules structure of PDA vesicles in TEM and SEM
pictures [8]. Similarly, Su et al. reported observation of flat sheet structures of antibody
conjugated PDAs [49].
PDA sensors in liquid provide a suitable environment for chemical reaction therefore
a suitable environment for receptor conjugation. Numerous publications have reported
liquid matrix PDA sensors applied for biological applications. Jung et at.[24] modified
PDA with amine to generate positively charged PDA liposome and applied for nucleic acid
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detection. Later, Jung [25] reported aptamer conjugated PDA liposome sensors which are
capable of specific colorimetric detection of proteins. Wu et al.[27] developed PDA
liposomes with a fluorescent pentalysine peptide derivative and histidine for bacteria
lipopolysaccharide identification. Jiang et al. [72] successfully developed PDA vesicles
with anti-H5 influenza antibodies embedded on the surface for H5 influenza virus
detection.
The conventional method for liquid form PDA preparation normally includes
dissolving PDA in an organic solvent, drying, hydrating, followed by sonication and
filtration [73]. This method requires multistep preparation procedures but is effective and
economic; therefore, it has been widely used in liquid form PDA preparation. Inkjet
printing with a modified commercial printer was proposed for PDA liposome preparation
in recent years. Inkjet printing of lipids and polymers using a commercial printer was first
proposed by Hauschild in 2005 [74]. Later, Kauffman et al [73] extended inkjet printing to
preparation of pure PDA liposomes. Inkjet printing has the advantage of being relatively
simple and easy to execute, and most importantly, generates uniform PDA liposomes.
3.2 Substrate-based matrix
Based on the state of support substrate, PDA substrate-based sensors can be categorized
as in solid state or semi-solid state. So far, solid state PDA sensors are mostly reported for
chemical applications while semi-solid state PDA sensors have been reported for both
chemical and biological applications. Semi-solid state PDA sensors for biological
application seem emerging in recent years.
3.2.1 Solid state PDA sensors
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Solid state PDA sensors refer to sensors supported by solid substrates. Examples of
solid state PDAs are PDA films [20,38,39] PDA fiber [67] and PDA liposomes
immobilized on paper [32, 75], glass [55], and membrane [48]. In general, solid state PDA
sensors can be categorized into four different classes: Langmuir films [38,39] multilayer
coatings [69], self-assembled monolayers (SAMs) [68], and immobilized colloids [50].
PDA sensors in Langmuir-Blodgett(LB) film and Langmuir-Schaefer(LS) film are highquality one layer films on the surface. These two type of Langmuir film differ by dipping
either vertically or horizontally in solution. To prepare a Langmuir film, PDA was
dissolved in an organic solvent and spread at an air/water interface. Following
equilibration, a compressed film is formed, irradiated, and transferred to a variety of solid
supports to make LB or LS films.[12] Charych et al.[38] incorporated gangliosides into a
matrix of diacetylenic lipids decorated with sialic acid and generated LB film after
polyermized with UV irradiation. Meir et al. [39] also reported glass-supported LS
phospholipid PDA films for bacteria sensing.
Unlike the well-known Langmuir PDA films, multi-layer coatings require less
controlled processes and are faster and easier to prepare. The most common approach to
generate multi-layer coatings on solid supports is through evaporation of solvents from
organic solutions. Pumtang et al. [75] reported paper-based PDA sensors prepared by
dropping PDA solution onto paper and air-drying. Similarly, Eaidkong et al. [69] reported
coating PDA on filters using a drop-casting technique. In addition, Mary et al. [48]
developed methods for preparing coating on nanoporous filter membranes via filtration
deposition of diacetylene colloid solutions. Yoon et al. [76] reported inkjet printing of DA
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monomers on paper substrates and successfully coated PDA on papers after
polymerization.
Reported SAMs are mostly thiol modified diacetylenes on gold surface [68]. They are
mostly model systems for studying diacetylene ordering on surfaces and the formation of
PDA in coatings and applications of SAMs were seldom reported.
Besides SAMs, immobilized colloids on surfaces can be achieved by chemical
reactions [25,77], incorporating mussel-like dopamine moiety [78] or embedding PDA
colloids within other materials [79]. Reported chemical reactions include EDC coupling
reaction, [55,77] Amine-aldehyde coupling reaction, [25,30,50] Epoxy-amine coupling
reaction [18,80], and Epoxy-thiol coupling reaction [81]. Among all the reactions, the EDC
coupling reaction is mostly reported since it allows direct bio-conjugation without
modification of the DA monomer or prior organic solvent dissolution [56]. The PDA
colloid can be immobilized on the substrate surface by the amide bond. Park et al. [77]
reported using EDC coupling reaction to immobilize PDA liposomes on the
ethylenediamine modified substrate. Lee et al. [55] also reported using EDC coupling
reaction to prepare liposome microarray on amine modified glass. Amine-aldehyde
coupling reaction also has been widely used for immobilizing liposome on glass
substrates.[25,30,50] Diacetylene monomers modified with a terminal amine group react
with aldehyde-modified glass substrates to form imine (Schiff bases) and are therefore
immobilized on glass substrates. Irradiation with UV light after immobilization assured
polymerization of diacetylene and the formation of a blue colored liposome on the glass
substrate. Interestingly, incorporating mussel-like dopamine moiety into PDA liposome is
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a reliable approach to immobilize PDA liposome on surface. Kang et al. [78] reported
incorporating a dopamine or catechol moiety into self-signaling PDA liposomes to enable
surface immobilization. This method has the advantage of efficiently immobilizing PDA
liposomes on a wide range of substrates without any substrate modification. Embedding
PDA colloids within other materials provide substrate support for PDA colloids and have
been extensively explored. Kim et al. [79] reported mixing PDA with PVA and silica gel
to form PDA embedded PVA film. Similarly, Kamphan [82] reported a reversible
thermochromic

PDA/PVP

nanocomposite

by

mixing

PDA

with

polyvinylpyrrolidone(PVP).
An interesting phenomenon is that solid state PDA sensors are mostly reported for
chemical detections. Lee et al. [18,55] reported using liposome array on glass support for
selective potassium and mercury detection. Eaidkong et al.[69] reported using paper based
PDA array for vapor phase detection and identification of volatile organic compounds.
Similarly, Wang et al. [83] reported self-assembled PDA-graphene stacked composite film
for vapor phase volatile organic compounds.
3.2.2 Semi-solid state PDA sensors
Semi-solid state PDA sensors are sensors in a solid shape with a gel-like texture. To
make a semi-solid state PDA sensor, materials such as sodium alginate, agarose, and agar
are mixed with PDAs to generate the gel-like texture. Examples of semi-solid PDA sensors
are hydrogel [23,40], agar [51], agarose disc [84], alginate microbeads [41,42] and alginate
fiber [73]. Kauffman et al. [73] created PDA embedded alginate fibers using polymerized
PDA liposomes with sodium alginate in water prior to extrusion. Lee et al. fabricated
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monophasic, biphasic, and triphasic alginate PDA microparticles. [42] Lee et al. [40]
reported PDA incorporated into polyethylene glycol (PEG)-based hydrogel upon
photopolymerization and patterned within PDMS-based microfluidic channels. Weston et
al, reported fabrication of semi-solid PDA/ZnO/agarose disc for milk spoilage indication.
[84]
Applications of semi-solid state PDA sensors vary for chemical and biological
substances. Kang et al. [41] reported Janus-shaped PDA alginate microbeads for visual
lead detection. Lee et. al [42] also reported PDA liposomes embedded in alginate
microparticles for melamine detection. Park and co-workers modified DA monomers with
amine groups and incorporated into Luria-Bertani agar for Bacillus subtilis NCIB3610
detection [51]. Ritenberg et al. reported using sol-gel polydiacetylene films for biofilm
detection. [34]
4. Characterization of PDA-based sensors
Characterization of PDA-based sensors is very helpful for generating consistent
sensors, verifying receptor linking, understanding sensor property, and reproduce
experiment. Methods to quantify PDA color response provide a measurement of color
transition.
4.1 Morphology and size
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
have been extensively used for observing morphology of PDA sensors, such as PDA
vesicles [11,24,25,57], PDA nanofiber [67,85,86,87,88], PDA film [19], PDA nanowire
[89], PDA coated polystyrene microsphere [35], and PDA aerogel [7]. SEM focuses on a
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sample’s surface and shows only morphology of samples while TEM provides inner
structure of samples, such as crystal structure, and morphology. Based on different working
principles, SEM offers a 3D image of the surface of samples while TEM provides a 2D
projection image of samples with higher resolution and magnification (Figure 1.10). TEM
is preferred for observing PDA liposomes in most cases. Approximate size of PDA sensors
can be estimated based on the scale bar from the image.

SEM

TEM

Figure 1.10 a. Schematic diagram of PDA liposome in SEM and TEM. b. Schematic
diagram of DLS.
For liquid-based PDA sensors, imaging with a microscope requires removal of PDA
sensors from the original solution environment and may cause shrinkage and shape
distortion of liquid-based PDA sensors. To address these problems, dynamic light
scattering (DLS) is widely used in liquid-based PDA sensor size distribution analysis
[33,35,90]. DLS measures time-dependent fluctuations of light scattered from particles
undergoing random Brownian motion to provide diffusion coefficient and particle size
information [91]. The strengths of DLS include measuring in the native environment,
minimal required sample volume, relative ease of sample preparation and the broad size
measurement range from the nanometer to micrometer levels [92]. The weakness of this
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technique is DLS does not give particle shape information and a bias result may exist when
aggregates or impurities are present in the sample. [92]
4.2 Structure verification
The typical blue color after UV irradiation indicates the successful polymerization of
DA monomers. Raman spectrum has been widely used for PDA sensors structure
verification [73,87], [19,88,93]. Generally, a strong peak corresponding to the backbone
triple bond stretch is observed in the 2050-2150 cm-1 range, and a double bond stretch
appears in the 1350-1450cm-1 range. [93] Kauffman et al.[73] observed carbon triple-bond
stretch at 2085cm-1 and the carbon double-bond stretch at 1450cm-1 in PCDA embedded
alginate. Moazeni et al. [87] confirmed the formation of PDA in PVDF matrix polymer by
observing carbon triple bond stretch at 2087cm-1 and carbon double bond stretch at
1454cm-1 using Raman spectrum. Besides Raman spectrum, H1NMR spectrum has been
applied to verify structure of modified PDAs. Lee et al.[18] reported using H1NMR to
verify the modification of PDA with receptor. Similarly, Kim et al. reported using H1NMR
to prove successful synthesis of modified PDA sensors.[52] Other methods for structure
verification include Fourier transform infrared spectroscopy (FTIR) [25,87,88], and X-ray
diffraction [25,87]. Jung et al. [25] reported using FTIR to verify the conjugation of
aptamers to DA monomers. Moazeni et al. [87] reported using FTIR to investigate
polymorphism of nanofibers and X-ray diffraction to investigate crystalline structure of
PDA nanofibers. Nakamitsu et al. characterized PCDA and PCDA-VBA hydrogel using
X-ray and FTIR spectrum which showed carboxylate stretching vibration around 1650 cm1

and amine salt around 1520 cm-1 [23].
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4.3 Stability and sensitivity
Generally, stability of PDA based sensors can be evaluated by color change or
aggregates during storage. de Olivia reported PDA-based vesicles did not change color for
up to 60 days of storage. [94] For liquid-based PDA sensors, zeta potential which is a
measurement of colloidal system provide information of PDA sensors stability. A large
negative or positive zeta potential indicated particles tend to repel each other and there is
no tendency to aggregation. Particles suspension with zeta potentials > +30mV or < -30mV
are normally considered stable. [92] Kang et al. measured zeta potential of several
phospholipid embedded PDA sensors and reported stable PDA sensors with zeta potential
around 30 mV. [57] For substrate-based form PDA sensors, absorbance spectrum can be
applied to evaluate stability. Lee et. al [18] reported evaluating stability of immobilized
liposome on glass substrate by comparing the absorbance intensity of different samples
and concluded that the epoxy liposome system has superior stability to NHS liposome
system and EDA liposome system. [18]
Sensitivity of PDA-based sensor can be evaluated by color transition in response to
stimuli. As previously stated, sensitivity of PDA based sensors are mostly impacted by
conjugated receptors. An example of this is that with cyanuric acid conjugated on PDA
liposome, PDA based liposome for melamine detection is sensitive as 1ppm [22]. In
addition, sensitivity of PDA based sensors may be altered by material embedding.
Kamphan et al. [82] reported increasing polyvinylpyrrolidone (PVP) molecular weight
reduces the color transition temperature and thermochromic reversibility of PVP embedded
PDA sensors. Moreover, sensitivity of PDA based sensors affected by PDA side chain
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length. Charoenthai et al. concluded that a shorter side chain of TCDA results in a faster
color transition upon temperature stimuli. [63] Similarly, Kamphan et al. [82] reported
shortening of PDA alkyl tail causes decrease of color transition temperature from 85 ℃ to
75 ℃.
4.4 Qualitative and quantitative measurement of color response
Qualitative measurement of PDA color response refers to naked-eye visual observation
of color change by human beings. Even though human eyes cannot quantify the color
change, human eyes are highly sensitive to a blue to pink color change and do not limited
by any instrument, environment and training. This property makes PDA-based sensors
ideal for application in daily life. Bias of human observation can be minimized by a visual
panel consist of several people. Zhang et al. reported using a visual panel to determine time
needed for color change of PDA-based sensors. [45]
Quantitative measurement of PDA color response can be evaluated by several methods
including absorbance spectrum, Raman spectrum and chromatic (RGB) responses.
Absorbance spectrum was extensively used for quantification in liquid-based PDA sensors
while other methods have been reported for substrate-based PDA sensors.
Charych et al. defined color response (CR%) of PDA sensors using absorbance
spectrum measured at 640nm for blue phase PDA and at 540nm for red phase PDA as
shown in Equation 1.[38] The CR% value reflects the relative change in the ratio of the
blue phase PDA to the red phase PDA upon addition of analytes and was widely used as a
measurement of PDA color response since then.
CR% = [(%&! − %&" )/%&! ] × 100
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Equation 1

PB = .#$%& /(.#$%& + .'&( )
(‘‘A” represent absorbance, ‘‘0” and ‘‘1” refer to before and after treatment,
respectively.)
Kauffman et al. reported using Raman spectrum to quantify PDA color response as
shown in Equation 2 [73]. RR% is defined as the intensity (I) of the red form alkyne
stretching peak divided by the sum of the intensities of the red and blue carbon triple-bond
peaks. Raman spectrum has the advantage of fitting PDA-based sensors in broad matrix
such as alginate with less interference when compared with absorbance spectrum. [73]
RR% = )

)!"#
!"# *)$%&"

× 100

Equation 2

Volinsky et al. reported using Red-Green-Blue (RGB) chroma response to evaluate the
color response of PDA-based film. [95] The relative intensity of red in a scanned image
was described as red chromaticity level (r) in Equation 3, where R(red), G(green), and
B(blue) are the three primary color components. Further, Volinsky et al. defined red
chromaticity shift (RCS) which represents the blue to red transition in a defined surface
area in Equation 4. This method has been applied by Dolai [7] for measurement of color
change in PDA-based aerosol sensors and Westen for quantify color change in
PDA/ZnO/Agarose discs [84].
1 = 3/(3 + & + 4)
%34& =

''()*%" +'+
')(, +'+

∗ 100%

Equation 3
Equation 4

5. Concluding remarks
PDA draws people’s attention in sensor development due to the advantages of obvious
visual color change and sensitive fluorescent signal in response to stimuli. Those properties
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makes PDA serve as an ideal transducer in sensor development. Modification of PDAbased sensors with receptors enhanced the sensor specificity and made PDA-based sensor
available for various chemical or biological substance detection. With the help of
characterization methods, PDA-based sensors were better understood and consistency of
PDA-based sensors was ensured. Moreover, possibility of constructing PDA-based sensors
in liquid-based or substrate-based matrix broadened applications of PDA-based sensors in
various environments. Currently, liquid-based PDA sensors are mostly reported with
limitations of applying in lab. However, it is encouraging that more and more substratebased novel matrix PDA-sensors are reported for application. Challenges of applying those
sensors in real-life detection remain since interference from environment may cause color
change and give false positive results. Future exploration of PDA-based sensors may
consider constructing sensors for a certain scenario in real life rather than simply a target
molecule.
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CHAPTER TWO
POLYDIACETYLENE SENSOR INTERACTION WITH FOOD SANITIZERS AND
SURFACTANTS
Published in Food Chemistry 221 (2017) 515-520.

Abstract
Polydiacetylene (PDA) vesicles are of interest as biosensors, particularly pathogenic
bacteria. As part of a food monitoring system, interaction with food sanitizers/surfactants
was investigated. PDA vesicles were prepared by inkjet-printing, photopolymerized and
characterized by dynamic light scattering (DLS) and UV/vis spectroscopy. The optical
response of PDA vesicles at various concentrations verses a fixed sanitizer/surfactant
concentration was determined using a two variable factorial design. Sanitizer/surfactant
response at various concentrations over time was also measured. Results indicated that only
Vigilquat and TritonX-100 interacted with PDA vesicles giving visible color change out of
8

sanitizers/surfactants

tested.

PDA

vesicle

concentration,

sanitizer/surfactant

concentration, and time all had a significant (P<0.0001) effect on color change. As they
are highly sensitive to the presence of Vigilquat and TritonX-100, PDA sensors could be
used to detect chemical residues as well as for detection of various contaminants in the
food industry.
1. Introduction
Polydiacetylenes (PDAs) are conjugated polymers which consist of an alternating
double bond – triple bond chain backbone. PDA vesicles are stable liposome- like bilayer
polymers which exhibit unique organizational and chromatic properties. To clarify what is
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meant by vesicles in this paper, the PDA vesicles may be more accurately described as
liposomes (hollow spheres with a bilayer wall). Also, it can be argued that PDA vesicles
would be more properly called an “amphiphile” rather than a lipid, since it is not of
biological origin and that liposomes are composed specifically of phospholipids rather than
fatty acid derivatives. External stimuli such as heat, pH, mechanical stress and chemical
solvents [1-3] leads to rapid color change from the initial intense blue color to red. It is
believed that stress induced twisting of the highly planar backbone lead to the color change
of PDA vesicles [4].
By attaching a ligand to the PDA vesicle, Charych et al. [5] developed a biosensor for
influenza virus detection. Since then, great progress has been made in developing PDA
vesicle based sensors. Sensors have also been developed that can rapidly detect cations [6],
proteins [7], melamine [8], bacteria toxins [9], lipopolysaccharides [10,11] and bacteria
[12-14].
Applications of PDA sensors for bacteria detection in apple juice [15] and chicken [16]
have been explored in a laboratory setting. However, the use of such sensors for bacteria
detection in food production settings is much more complex, due to interactions with
environmental agents. False positives may occur due to the presence of compounds such
as sanitizers and food components. Sanitation is routinely performed in food plants to
minimize pathogenic and spoilage bacteria contamination. Most commonly used sanitizers
(usage levels) in food plants include chlorine (200ppm), chlorine dioxide, iodophores
(25ppm), quaternary ammonium (200ppm), peracetic acid and ozone [17]. Concentrations
of tested sanitizers were determined as usage level for direct use on food product contact
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surface with no-rinse, according to the Code of Federal Regulations [18]. Additionally,
electrolyzed acid water (E.W.Acid) [19,20] and electrolyzed neutral water (N.E.W.)
[21,22] have been reported as effective food plant sanitizers. TritonX-100 is a commonly
used detergent in laboratories and is found in several types of cleaning compounds, ranging
from heavy-duty industrial products to gentle detergents. No studies have been published
reporting concerning the interaction of PDA sensors with food plant sanitizing agents. The
objective of this study was to determine to what degree PDA vesicles react with sanitizers
and surfactants commonly used in food industry.
2. Materials and Methods
2.1 Sanitizers and surfactant
The seven commonly used sanitizers and one surfactant tested in this study are as
follows: Clorox (the Clorox company), BTF Iodophor sanitizer (National Chemical inc.),
AFCO 4312 Vigilquat (Alex C. Fergusson ), FreshFx AL (Synergy Technologies), FreshFx
LP (Synergy Technoligies), TritonX-100 (Sigma-Aldrich) and Electrolyzed Water (Acid
pH=2.96, Neutral pH=7.09 which generated from Hoshizaki water electrolyzer).
2.2 PDA vesicles preparation
PDA vesicles were prepared using modified commercial inkjet printers [23]. Briefly, a
solution of 5mg 10, 12-pentacosadyinoic acid (PDA) (GFS chemicals, OH) in 3.3 ml
isopropyl alcohol was placed into a printer cartridge then the printing sequence was
initiated resulting in “printing” of the PDA/isopropyl alcohol solution into 10ml of 60
distilled water, yielding a colorless, slightly turbid solution. The majority of isopropyl
alcohol in the solution was removed under vacuum by rotary evaporator (IKA RV10, NC,
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USA) and the solution was stored at 4

overnight to allow the vesicles (liposomes) to

self-assemble. The resulting solution was filtered through a 0.45 µm mesh (Environmental
Express Inc., SC) and exposure to 254nm UV light for 1.5 min to induce polymerization
of PDA vesicles. This resulted in an intense blue transparent suspension.
2.3 Characterization of PDA vesicles
Particle size distribution was measured by diluting the PDA vesicles with distilled
water and analyzing by dynamic light scattering (DLS) (Malvern Zetasizer ZS). Scattering
angle was fixed at 173° and temperature was fixed at 25

. Zeta potential test was also

performed with DLS to measure the stability of the PDA vesicle solution.
2.4 Experimental design
2.4.1 Experiment 1. Effect of PDA vesicle concentration on PDA colorimetric
response.
The PDA vesicle concentration was measured using the optical density (O.D.). The
PDA vesicle O.D. (concentrations) were set at 0.1, 0.3, 0.6, 0.8, and 1.0 in wells at 640nm
wavelength. Sanitizer/surfactant concentration in wells were fixed at 200ppm (0.02%)
(Clorox), 25ppm (0.0025%) (BTF Iodophor sanitizer), 10000ppm (1%) (FreshFx LP),
40000ppm (4%) (FreshFx AL), 200ppm (0.02%) and 25ppm (0.0025%) (AFCO 4312
Vigilquat), 0.5% (5000ppm) and 0.1% (1000ppm) (TritonX-100). Data was collected at
6.5h for TritonX-100 and 4.5h for all other sanitizers/surfactant.
2.4.2 Experiment 2. Effect of sanitizer/surfactant concentration and time on PDA
colorimetric response.
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Wavelength scans were taken at 0.5h, 1.5h, 2.5h, 4.5h for Vigilquat, and TritonX-100
with an additional reading scan at 6.5h for TritonX-100. The 6.5h reading for TritonX-100
was conducted since CR% did not equilibrate within 4.5h. Sanitizer/surfactant
concentrations in wells were set at 200ppm (0.02%), 100ppm (0.01%), 50ppm (0.005%),
25ppm (0.0025%), 10ppm (0.001%), and 1ppm (0.0001%)or 0.5% (5000ppm), 0.4%
(4000ppm), 0.3% (3000ppm), 0.2% (2000ppm), 0.1% (1000ppm) and 0.05% (500ppm).
PDA vesicle O.D. in wells was adjusted to 0.6 and 1.0.
2.4.3 Measurement of PDA colorimetric response
A 96-well plate and scanning wavelength spectrophotometer (Epoch Plate reader, Bio
Tek Instruments Inc, VT) was used for analysis. It has been reported that PDA vesicle
biosensors decorated with phospholipids and lysine/ glycine and cholesterol, which were
developed for bacteria or toxin detection, were evaluated by the optical color change and
absorbance spectrum [9, 14]. Therefore, results were evaluated by both observation of color
change with the naked eye (also digital photograph) and absorbance spectrum. Quantitative
measurement of color change was also evaluated by percentage colorimetric response
(CR%) [1]. Observation of color change is helpful for rapid detection while CR% is much
more sensitive.
73% = 8

[.#$%& ⁄(.#$%& + .'&( )]# − [.#$%& ⁄(.#$%& + .'&( )]: × 100
.#$%& ⁄(.#$%& + .'&( )#

In this equation, “A” represent absorbance of blue (640nm) color or red (520-540nm)
color sample obtained by spectrophotometer. The subscripts “blue” and “red” represent the
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absorbance at the 640 nm (blue) and 520-540 nm (red) wavelengths of the sample. The
indices “b” and “a” refer to the absorbance before and after addition of sanitizer/surfactant.
2.5 Statistical analysis
JMP Pro 12.0.1 software was used to perform all the statistical analysis, with the
significance level assigned at P

0.05. For experiment 1, a completely randomized block

design (CRBD) was used to evaluate the effect of PDA vesicle concentration and
sanitizer/surfactant concentration on PDA colorimetric response. A two-way analysis of
variance was used with the main factors of PDA vesicle O.D. and sanitizer/surfactant
concentration. Means were separated by the least significant difference (LSD) test and
regression analyses were applied to compare the effect of sanitizer/surfactant
concentrations on color change. The CRBD model for experiment 1 follows,
; = < + = + > + = ∗ > + ?@A + = ∗ ?@A + > ∗ ?@A + = ∗ > ∗ ?@A + B
For experiment 2, a completely randomized block design was used for both AFCO
4312 Vigilquat and TritonX-100 with factors being time, sanitizer/surfactant
concentration, and PDA vesicle concentration. Analysis of variance was performed with
main factors of sanitizer/surfactant concentration, time and PDA vesicle O.D.. Means were
separated using the LSD test, and regression analyses were applied to compare the effect
of sanitizer/surfactant concentrations on color change. The CRBD model for experiment 2
follows,
; = < + C + > + = + ?@A + C ∗ > + C ∗ = + = ∗ > + C ∗ = ∗ > + B
< = Overall mean, T= Time, S = Sanitizer/surfactant concentration, P = PDA O.D., BLK=
Replication, B = Error.
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3. Results and Discussion
3.1 Characterization of PDA vesicles
After polymerization, PDA vesicles showed a clear blue color with a maximum
absorbance wavelength at 640nm. Dynamic light scattering revealed that the Z average
particle size was 133 ± 16 nm in diameter and particle dispersion index (PDI) was 0.20 ±
0.03 with a Zeta potential of -33.3 ± 2.3 mV. Hauschild et al. [23] used different lipids to
form lipid vesicles with the ink-jet printing method and reported 100 nm and 130 nm in
diameter. Kauffman et al. [24] reported a bimodal particle distribution with largest particle
size of 144 ± 22 nm in diameter using a more traditional sonication method. Sonication is
a much cruder process compared to the inkjet method. The DLS analysis indicated that the
printed PDA vesicles were in a stable dispersion solution and comparable to PDA vesicles
reported in previous studies.
3.2 Effect of PDA vesicle concentration on PDA colorimetric response
Among all the sanitizers and surfactant, only Vigilquat and TritonX-100 triggered a
colorimetric response with the PDA vesicles, giving a visual color change. The absorbance
spectrum of Vigilquat showed intense absorption peaks in green region (520nm) and slight
absorption in orange region (640nm) which are visibly reflecting red and blue light,
respectively (Figure 2.1 (a)). Similarly, peaks in reflected red (540nm) and blue (640nm)
were observed in absorbance spectrum of TritonX-100 (Figure 2.1 (a)). All other sanitizers
showed same absorbance spectrum as control which means PDA vesicle do not response
to those sanitizers. As shown in Figure 2.1 (b, c, d), different PDA vesicle concentrations
resulted in similar absorbance spectrum but differed in absorbance intensities.
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Figure 2.1 Absorbance spectrum of (a) PDA vesicle (O.D. 0.6) and sanitizer (TritonX-100:
0.5%,

Vigilquat:

200ppm,

Clorox:

200ppm/Iodophores:

25ppm/FreshFx

LP:

10000ppm/FreshFx AL: 40000ppm/ Electrolyzed acid water/Electrolyzed neutral
water/Control: distilled water) at 4.5h. (b) PDA vesicle (O.D. 0.1, 0.3, 0.6, 0.8, 1.0) and
Vigilquat(200ppm) at 4.5h. (c) PDA vesicle (O.D. 0.1, 0.3, 0.6, 0.8, 1.0) and TritonX-100
(0.5%)

at

6.5h.

(d)

PDA

vesicle

(O.D.

0.1,

0.3,

0.6,

0.8,

1.0)

and

Clorox(200ppm)/Iodophores(25ppm)/ FreshFx LP (10000ppm)/ FreshFx AL(40000ppm)/
Electrolyzed acid water/Electrolyzed neutral water/distilled water at 4.5h.
Both PDA vesicle concentration (O.D.) and sanitizer concentration had a significant
(P<0.001) effect on color change. Regression analysis revealed a linear relationship for
higher concentration of sanitizer (200 ppm)/surfactant (0.5%/5000ppm) but a polynomial
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relationship for lower concentration of sanitizer (25 ppm)/surfactant (0.1%/1000ppm)
(Figure 2.2 (a), (b)). CR% decreased with increasing the O.D. of PDA vesicles for both
Vigilquat and TritonX-100. (Figure 2.2 (a), (b)). CR% is a reflection of percentage color
change using both 520nm and 640nm wavelengths. In general, higher CR% indicated more
color change which is desirable for detection. At low O.D. levels (such as O.D. 0.1,
O.D.0.3), the PDA response to the sanitizer and surfactant could not be detected by the
naked eye but required more sensitive instrumentation (CR% via wavelength absorbance).
O.D. of 0.6 is the minimum O. D. which yielded a visible color change. Statistical analysis
revealed that colorimetric response of PDA vesicles to both Vigilquat and TritonX-100 at
O.D. 0.6 and O.D. 0.8 are not significantly different from each other. Since one goal was
for rapid visual detection, O.D. 0.6 and O.D. 1.0 were used for further study (Table 2.1).
Vigilquat

CR%

80%
40%
0%

(a)

200ppm

y = 0.5222x2 - 0.7951x +
0.7253
R² = 0.8741

20%
0

0.2 0.4 0.6 0.8
PDA vesicle O.D.

y = -0.7468x + 1.1843
R² = 0.9854

80%

y = -0.0882x + 1.0057
R² = 0.897

60%

TritonX-100

100%

CR%

100%

25ppm

60%
20%
0%

1

(b)

0.50%

y = 1.4827x2 - 2.3422x +
1.0203
R² = 0.9698

40%

0

0.2 0.4 0.6 0.8
PDA vesicle O.D.

0.10%
1

Figure 2.2 Effect of PDA vesicle O.D. on CR% of (a) Vigilquat at 4.5h. (b) TritonX-100
at 6.5h.

45

Table 2.1 Effect of PDA vesicle O.D. on PDA colorimetric response of Vigilquat (4.5h)
and TritonX-100 (6.5h).
Sanitizer/Surfactant

PDA vesicle
O.D.

Vigilquat

0.1

-

75.38%*

A

0.0075

Vigilquat

0.3

+ 70.58%*

B

0.0067

Vigilquat

0.6

+ 69.83%*

BC

0.0067

Vigilquat

0.8

+ 69.08%*

BC

0.0067

Vigilquat

1.0

+ 68.17%*

C

0.0067

TritonX-100

0.1

-

81.88%*

A

0.0075

TritonX-100

0.3

+ 59.75%*

B

0.0075

TritonX-100

0.6

+ 44.75%*

C

0.0075

TritonX-100

0.8

+ 36.00%*

CD

0.0075

TritonX-100

1.0

+ 28.25%*

D

0.0075

Color Change

Standard
Error

CR%

*Data represent the least square mean of two replications.
A-D

Means of same sanitizer/surfactant with different letters are significantly (P≤0.05)

different.
3.3 Effect of sanitizer/surfactant concentration and time on PDA colorimetric
response
With a stepwise decrease in sanitizer/ surfactant concentration, there is a concurrent
reduction of the PDA colorimetric response (Table 2.2). At 200 ppm, Vigilquat
transformed the PDA vesicle solution to a bright orange appearance, while at 10ppm, PDA
vesicles remained blue. TritonX-100 at 0.5%/5000ppm level turned PDA vesicle from blue
to a pink color while TritonX-100 at 0.05%/500ppm level gave a blue to purple color tint.
Changes in concentration were reflected similarly in both visual observations and
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absorbance spectrums. The 10ppm Vigilquat/PDA solution showed peaks at 640 nm
(Figure 2.3 (a)), which is consistent with the blue color. The absorbance spectrum of 0.05%
(500 ppm) TritonX-100/PDA displayed peaks at both 540nm and 640nm which reflects
the visual purple color (Figure 2.3 (b)). Since the undecorated PDA vesicles are highly
sensitive to Vigilquat and TritonX-100, PDAs may have industrial application for the
detection of residues of these sanitizers/surfactants.
Table 2.2 Effect of sanitizer/surfactant concentration on PDA colorimetric response of
Vigilquat (4.5h) and TritonX-100 (6.5h).
Sanitizer/Surfactant Concentration

Color Change

CR%

Standard
Error
0.0086

Vigilquat

200ppm

+ 91.07%*

A

Vigilquat

100ppm

+ 74.90%*

B

0.0078

+ 44.52%*

C

0.0078

+ 20.81%*

D

0.0078

-

8.21%*

E

0.0094

0.59%*

F

0.0078

+ 33.68%*

A

0.0141

+ 26.53%*

B

0.0141

+ 20.14%*

C

0.0141

+ 14.61%*

D

0.0141

+

9.14%*

E

0.0141

6.98%*

E

0.0166

Vigilquat
Vigilquat
Vigilquat
Vigilquat
TritonX-100
TritonX-100
TritonX-100
TritonX-100
TritonX-100
TritonX-100

50ppm
25ppm
10ppm
1ppm

-

0.50%
0.40%
0.30%
0.20%
0.10%
0.05%

+

1** 2 3 4
*Data represent the least square mean of two replications.
A-D

Means of same sanitizer/surfactant with different letters are significantly (P≤0.05)

different.
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**Cells 1 and 2 are duplicate sanitizer/surfactant with PDA vesicles, cell 3 is empty and
cell 4 contains only PDA vesicles as a control.
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Figure 2.3 (a) Absorbance spectrum of PDA vesicles (O.D. 1.0) and different concentration
of Vigilquat at 4.5h. (b) Absorbance spectrum of PDA vesicles (O.D. 1.0) and different
concentration of TritonX-100 at 6.5h. (c) Effect of Vigilquat concentration on CR% at 4.5h
(d) Effect of TritonX-100 concentration on CR% at 6.5h.
Statistical analysis revealed that sanitizer/surfactant concentration has significant
(P<0.0001) effect on color change. Regression analysis revealed a linear relationship of
PDA response with TritonX-100 but a polynomial relationship with Vigilquat (Figure 2.3
(c), (d)). Vigilquat also had a linear relationship with PDA vesicles between concentrations

48

of 0 and 100ppm. Within these concentration ranges, PDA vesicles can be used to
determine concentrations of Vigilquat and TritonX-100.
Time effect on color change was evaluated by comparing CR% at 0h, 0.5h, 1.5h, 2.5h,
4.5h, (6.5h, for TritonX-100 only). Color change was observed immediately once Vigilquat
contacted PDA vesicles however, holding time had a significant (P<0.0001) effect on PDA
CR% change. As displayed in Table 2.3, CR% for Vigilquat increased dramatically within
0.5h and then the rate of increase slowed with continued holding time. Color change of
TritonX-100 was more gradual and CR% increased slowly during the holding period
(Table 2.3).
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Table 2.3. Time effect on CR% of Vigilquat and TritonX-100 (PDA vesicle O.D. 1.0).
Sanitizer/

Concentr

Surfactant

ation

TritonX-100

0.50%

0.0%*

D

11.9%*

CD

23.7%*

BC

28.3%*

AB

33.5%*

AB

38.6%*

A

0.0356

TritonX-100

0.40%

0.0%*

D

10.3%*

C

19.1%*

BC

22.8%*

AB

27.2%*

AB

30.0%*

A

0.0243

TritonX-100

0.30%

0.0%*

D

8.8%*

C

14.8%*

BC

17.3%*

AB

20.2%*

AB

22.5%*

A

0.0170

TritonX-100

0.20%

0.0%*

D

7.9%*

C

12.0%*

B

13.2%*

AB

14.9%*

AB

15.9%*

A

0.0108

TritonX-100

0.10%

0.0%*

C

6.4%*

B

8.4%*

A

8.6%*

A

9.1%*

A

9.1%*

A

0.0027

Vigilquat

200ppm

0.0%*

B

84.7%*

A

87.3%*

A

90.0%*

A

90.3%*

A

0.0204

Vigilquat

100ppm

0.0%*

C

53.7%*

B

61.0%*

AB

63.3%*

AB

65.0%*

A

0.0308

Vigilquat

50ppm

0.0%*

D

32.3%*

C

39.3%*

B

41.0%*

AB

44.3%*

A

0.0134

Vigilquat

25ppm

0.0%*

C

15.0%*

B

15.3%*

B

17.7%*

AB

19.3%*

A

0.0086

Vigilquat

10ppm

0.0%*

B

7.0%*

A

7.0%*

A

7.0%*

A

7.5%*

A

0.0052

Vigilquat

1ppm

0.0%*

B

0.7%*

A

0.7%*

A

0.7%*

A

0.7%*

A

0.0011

0h

0.5h

1.5h

2.5h

4.5h

*Data represent the least square mean of two replications.
A-D

Means of CR% within same row with different letters are significantly (P≤0.05) different.
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Standard

6.5h

Error

4. Conclusions
Among eight commonly used sanitizer and surfactant in food industry, PDA vesicles
only response to Vigilquat and TritonX-100 which indicated a selectivity of PDA vesicles.
Possible reasons of this phenomenon maybe the active component in Clorox, Electrolyzed
acid water and Electrolyzed neutral water is ClO- which may repel negative charged PDA
vesicles and therefore will not interact with PDA vesicles. Iodine and hydriodic acid in
Iodophor are neither positively charged nor hydrophobic and therefore cannot trigger a
color transition. Organic acid such as citric acid, phosphoric acid, sulfuric acid and lactic
acid constitute FreshFx LP and FreshFx AL. They are all hydrophilic and can lower the pH
of solution but cannot twist the configuration of PDA vesicles and therefore no color
change was observed.
Sensitivity of PDA vesicles was explored in Experment2 with different concentration
of sanitizer/surfactant. Take Vigilquat (200ppm) for example, PDA vesicle response to
Vigilquat immediately and CR% reached 80% within 0.5h. However, for TritonX-100
(0.5%), PDA vesicle response gradually and CR% increased slowly with time. The
mechanism of interaction between the PDA vesicles and Vigilquat may be due to the
positively charged Vigilquat molecule attracted by negatively charged PDA vesicles
interacting quickly to turn the vesicle to a bright orange color. Additionally, the slow
penetration through the hydrophilic surface and into the hydrophobic bilayer of the PDA
vesicles by long hydrophobic tails of Vigilquat may also play a part in color transition,
explaining the continued slower change in color and absorbance during the holding period.
TritonX-100 is a non-ionic surfactant with a long hydrophilic polyethylene glycol tail and
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a short hydrophobic head group substituent. The mechanism of the TritonX-100 interaction
with PDA vesicles may due to the penetration of hydrophobic head group into vesicles
after a loose, non-colorimetric association of the hydrophilic tail. This is slower than with
Vigilquat and mimics the slower due to the weaker forces driving the initial association.
This study addressed the influence of PDA vesicle concentration, sanitizer
concentration and time on PDA colorimetric response. PDA vesicles are sensitive to
Vigilquat and TritonX-100 thus these cleaning agents may interfere with the application of
PDA vesicle based biosensors in food production setting. On the other hand, PDA vesicles
may have application for detecting some chemical residues of food cleaning agents.
Knowledge of PDA vesicle concentration, sanitizer concentration and time effect on PDA
colorimetric response will be important for applying PDA vesicles in the food industry.
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CHAPTER THREE
A PROPOSED MECHANISM TO INDUCE MULTI-LAYER POLYDIACETYLENECOATED FILTER COLOR RESPONSE TO BACTERIA
Published in Results in Chemistry

Abstract
The purpose of this study was to develop a multi-layer diacetylene (PDA)-coated filter
and to verify the proposed color response mechanism of PDA-coated filters to bacteria.
Unlike other reports which immobilize PDA liposomes on solid support or create
monolayer Langmuir films, multi-layer PDA-coated filters were generated by directly
evaporating organic solvents. Different from incorporating functional headgroups or
inserting phospholipids into PDA, we reported that bacterial growth can trigger the color
change of PDA sensors without any modification or phospholipid insertion. The
mechanism that pH change from bacteria metabolites lead to color change of PDA filter
was proposed and verified by carefully designed dextrose-free medium with phenol red.
Further, culturing Salmonella Typhimurium, E. coli, L. innocua and M. luteus with PDAcoated filters on phenol red agar in absence of dextrose verified the potential of applying
PDA-coated filter for bacterial detection, specifically amine-producing bacteria. Thus,
PDA-coated filters may be a useful tool for food safety and shelf life applications.
1. Introduction
Polydiacetylenes (PDAs) are highly conjugated polymers assembled from monomers
containing two conjugated diacetylenes (DAs). DAs undergo photopolymerization via a
1,4-addition to form a repeating double-single-triple bond pattern along the carbon
backbone. The highly-conjugated material takes on an intense blue appearance and has
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rather strict geometrical arrangement [1]. Stimuli such as heat [2], pH change [3],
mechanical stress [4] and chemical solvents [5] have been reported to lead to an obvious
color change of PDAs from blue to a red/pink color. This color change can be observed
easily by the naked eye. It has been widely accepted that the color change of PDA is highly
related to PDA geometry and comes from the conformational change of the PDA backbone
[6]. Considering the chromatic properties of PDAs, it serves well in applications for visual
detection of biological or chemical substances.
Liquid-based and substrate-based forms are typical forms of PDA-based sensors. A
well-known example of liquid-based PDA is self-assembled liposomes or so-called
vesicles. Self-assembled, non-spherical structures such as flat sheets [7], tubules [8,9],
helices [10], and ribbons [11,12] have also been observed when supplemented with
phospholipids or modified with headgroups. Examples of substrate-based forms are selfassembled monolayers [13], multi-layer coatings on surfaces [14], fibers [15], nanotubes
[16], and liposome-immobilized on a solid support [17]. Currently, most reported PDAbased sensors for biological application were in liquid-based form especially liposomes
[18,19] due to the relative ease of PDA modification. Reported substrate-based PDA
sensors for biological application have focused on immobilizing liposome on glass [20] or
embedded in semi-solid substrates such as agar [[20], [21], [22]] or sodium alginate [23].
Substrate-based sensors such as paper-based PDA sensors are mostly reported for chemical
detection [14,24] but seldom reported for biological applications. In this study, we
generated a substrate-based PDA sensor, multi-layer PDA on filter by directly evaporating
an organic solvent containing PDA followed by photopolymerization.
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Development of PDA-based biosensors focus on incorporating functional headgroups
to enhance sensor specificity and sensitivity. Target biomolecules or chemical species
interact with the incorporated functional headgroups that change the conformation of the
PDA backbone and therefore trigger color change of the biosensor. Nagy et al. [25]
reported incorporating Gal-α1,4-Gal functional headgroups into PDA nanoparticles for
detection of Shiga-like toxin-producing E. coli O157:H7. Similarly, Wu et al. [18] reported
peptide-functionalized PDA liposomes for bacterial lipopolysaccharide detection.
Antibodies [26] and aptamers [27] also have been reportedly conjugated to PDA for E.
coli detection. Besides headgroup modification, other proposed strategy to apply PDAbased biosensors is inserting phospholipid molecules into PDA structure to mimic the cell
membrane. Inserted phospholipid molecules serve as a recognition element for biological
material detection. This recognition will change the conformation of PDA backbone and
therefore trigger color change of PDA-based biosensors. Silbert et al. [16] reported
bacteria-secreted membrane-active compounds triggered color changes in phospholipid
containing PDA nanoparticles. Instead of incorporating functional headgroups or inserting
phospholipid into PDA, we report that culturing bacteria can trigger the color change of
PDA sensors without any modification or phospholipid insertion. Mechanism of PDA color
response to culturing bacteria was proposed and verified by varying pH of bacteria
metabolite-supernatant and incubated PDA-coated filters in pH adjusted supernatant with
analysis and discussion. The potential of utilizing this PDA-coated filter for bacteria
detection was further explored.
2. Material and methods
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2.1. Materials
Mixed Whatman™ cellulose ester membrane filters (GE Healthcare Life Science,
Buckinghamshire, UK) (white with grid) with pore size of 0.45um and a diameter of 47 mm
were coated with 10,12-pentacosadiynoic (PCDA) (GFS Chemicals, Columbus, OH).
Isopropyl alcohol (BDH, Radnor, PA) was used to dissolve PCDA and coat the filters.
Mineralight® lamp Model UVGL-58 (Upland, CA) was used as UV light to polymerize
PCDA. Salmonella Typhimurium 14,028, Escherichia coli HB101, Listeria innocua and
Micrococcus luteus were the test bacteria in this study. Tryptic soy broth (TSB), BBL
phenol red broth (composition: pancreatic digest of casein, sodium chloride and phenol
red), dextrose, and agar were purchased from Becton Dickinson (Sparks, MD). A pH meter
(Orion™ model 420A, Thermo Scientific, Beverly, MA) was used to measure supernatant
pH and a Samtian 43.x 43.4 × 43.4 cm photo box with LED light source was used for
photography and a 6.3 cm wide rubber paint roller was used to coat the filters with PDCA.
2.2. Coating PCDA on filters
PCDA was dissolved in isopropyl alcohol at a concentration of 3 mg/ml, by stirring for
1 h followed by filtering through a 0.45 um filter to eliminate aggregates then stored at 4 °C
until use. The PCDA stock solution was further diluted to 1.5 mg/ml with isopropyl alcohol
and was “painted” on the surface of the mixed cellulose ester membrane filter with a small
rubber paint roller. The membrane filter was air-dried for 2 min followed by exposure to
UV at 254 nm for 1 min to obtain the multi-layer blue color poly-PCDA coated membrane
filter (PDA-coated filter). PDA-coated filter discs for use on agar were generated using a
hole punch. Scheme of coating PCDA on filters was shown in Figure 3.1. A HunterLab
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UltraScan® Pro dual-beam spectrophotometer was used to characterize the PDA-coated
filters. Five spots (area view diameter 4.826 mm) on each PDA-coated filter were randomly
selected and scanned using a D65 light source to obtain reflectance to transmittance (%)
data for PDA-coated filters.
paint roller

Airdry 2min
UV 1min

PCDA solution

Figure 3.1 Scheme of coating PCDA on filters.
2.3. Effect of dextrose supplement on bacteria metabolite and color response of PDAcoated filters
Phenol red broth with and without dextrose was used as a direct indicator to monitor
pH change due to bacterial growth. Dextrose at a 5% concentration was used to supply
phenol red broth with dextrose. S. Typhimurium, E. coli, L. innocua and M. luteus were
cultured in phenol red broth without and with dextrose at 37 °C with mixing at 60 rpm for
16 h then centrifuged at 3000g for 5 min to harvest the suspension. The pH of suspension
was measured and recorded. PDA-coated filter discs were added to suspensions and kept
at 37 °C with mixing at 60 rpm for 2 h. PDA-coated discs were then taken from metabolitesupernatant and photos were taken using iPhone 6 s in Samtian photo box (LED light
source at maximum) to record the color change of PDA-coated filter discs.
2.4. Effect of metabolites on pH and color response of PDA-coated filters
Furthermore, the pH of another set metabolite-supernatant was adjusted to 7 with HCl
(0.1 N) for phenol red broth without dextrose and adjusted to pH = 8 with NaOH (0.1 N)
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for phenol red broth with dextrose to investigate pH effect on PDA-coated filter discs.
PDA-coated filter discs were then added to metabolite-supernatants and kept at 37 °C with
mixing at 60 rpm for 2 h. PDA-coated discs were then taken from metabolite-supernatant
and photos were taken using iPhone 6 s in Samtian photo box to record the color changes
of PDA-coated filter discs.
2.5. Application of PDA-coated filters for bacteria detection
Phenol red in the absence of dextrose was used to culture S. Typhimurium, E. coli, L.
innocua and M. luteus. The pH of phenol red agar without dextrose was adjusted to pH 7.2
before autoclaving. Salmonella Typhimurium and E. coli were cultured in TSB overnight
for 16 h then centrifuged at 3000 g for 5 min and washed twice with phosphate buffered
saline (PBS) and then adjusted to ~108 cells/ml by diluting with phosphate buffer. Cell
concentration was estimated by light transmission at 600 nm adjusting O.D. = 0.5 and
verified by the plate count method. One ml of 108 cells/ml was added to 99 ml of PBS
followed by filtering through PDA-coated filters. After filtration, PDA-coated filters were
transferred to phenol red agar and incubated at 37 °C for 22 h after which plates were
photographed.
3. Results and discussion
3.1. Characterization of PDA-coated filters
PDA-coated filters displayed blue color with a relatively uniform coating based on
visual inspection. Reflectance to transmittance spectrum of PDA-coated filters quantified
color of PDA-coated filters as shown in Figure 3.2 and can be used as a measurement of
reproducibility of PDA-coated filters. Average CIE L*a*b* values for all filters used in the
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experiment were L* = 51.53 ± 3.95, a* = 1.36 ± 1.48, b* = 30.83 ± 1.34 with Chroma
calculated as 30.8 ± 2.0. The amount of PDA coated on the filters was difficult to quantify
because of the coating method; however, the reflectance to transmittance spectrum and
average CIEL*a*b* values of PDA-coated filters provided a measurement for estimating
the consistency of PDA-coatings.

(b)

Figure 3.2 (a) Reflectance to transmittance spectrum of PDA-coated filters; (b) PDAcoated filter; (c) PDA-coated filter discs.
3.2. Effect of dextrose supplement on bacteria metabolites and color response of PDAcoated filters
Phenol red indicates the pH change of the growth medium due to bacteria metabolites,
changing color from orange to magenta (alkaline) or yellow (acid) as shown in Figure 3.3
Metabolite-supernatant. Culturing bacteria in broth overnight and then utilizing metabolitesupernatant without cells for testing ensured harvesting all metabolites from bacteria
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growth as well as eliminated the possibility of PDA-coated filter interacted directly with
bacterial cells. Control group of non-inoculated phenol red broth and phenol red broth with
dextrose did not trigger color transition of PDA-coated filter discs (Figure 3.3 Control).
This result indicated that the medium itself did not trigger the color transition of PDAcoated filter discs. Moreover, the color change of PDA-coated filter discs from blue to pink
was observed after being treated with metabolite-supernatant of phenol red without
dextrose but not metabolite-supernatant of phenol red with dextrose (Figure 3.3 PDAcoated filter discs). L.innocua cultured in phenol red broth without dextrose is an exception
and can be explained by L.innocua cannot grow without dextrose supplement in phenol red
broth and therefore no metabolites were produced in supernatant. These observations
revealed that bacteria metabolites from growing on phenol red broth without dextrose
triggered the color change of PDA-coated filter discs while metabolites which come from
growing on phenol red broth with dextrose supplement cannot trigger color change of
PDA-coated filter discs.. Comparing PDA-coated filter discs incubated in phenol red broth
with and without dextrose supplement, we observed that bacteria produce different
metabolites during growth when in supply or in absent of dextrose. Those metabolites vary
pH of supernatant and this pH change may play an important part in color transition of
PDA-coated filter discs.
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Figure 3.3 Effect of dextrose on bacteria metabolite and color response of PDA-coated
filter disc. (n=2) Rows with the same label originated from the same sample. (P = Phenol
red broth without dextrose, PD = Phenol red broth with dextrose; + indicated color change,
- indicated no color change.)
3.3. Effect of pH on color response of PDA-coated filters
Metabolites due to bacterial growth increased the pH of phenol red broth without
dextrose and decreased the pH of phenol red broth with dextrose. To investigate pH effect
on color response of PDA-coated filter discs, metabolite-suspension pH was adjusted from
acid to alkaline and from alkaline to neutral. Color change of PDA-coated filter disc was
observed when adjust the metabolite-solution pH in phenol red broth with dextrose from
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acidic to pH 8 (Figure 3.4, PD.A column). This phenomenon indicated that pH can trigger
color change of PDA-coated filter discs. Adjustment of the metabolite-solution pH in
phenol red broth from alkaline pH to pH 7 did not trigger a color change in PDA-coated
filter discs (Figure 3.4, P.A column). This observation eliminated the possibility of other
metabolites which cannot change pH of supernatant trigger color response of PDA-coated
filters since these metabolites were maintained in supernatant when adjusting pH to neutral
but color change of PDA-coated filter was not observed. In summary, these observations
supported the theory that bacteria metabolites which can increase the pH of supernatant
induce color change of PDA-coated filter and implied that PDA-coated filter may be
applied for amine producing bacteria detection.
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Figure 3.4. Effect of metabolite-supernatant pH adjustment on color response of PDAcoated filter discs. (n=2) (a) pH adjustment for phenol red supernatant with dextrose from
acid to pH = 8 (b) pH adjustment for phenol red supernatant without dextrose from alkaline
to pH = 7. Rows with the same label originated from the same sample. (PD = Phenol red
supernatant with dextrose, PD.A = Phenol red supernatant with dextrose adjusted, P =
Phenol red supernatant, P.A = Phenol red supernatant adjusted; + indicated color change,
- indicated no color change.)
3.4. Mechanism for color change of PDA-coated filters
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Microorganisms frequently change the pH of their habitat by producing acidic or basic
metabolic waste products [28]. With dextrose supplementation, microorganisms can
catabolize carbohydrates into pyruvate and similar intermediates and then enter the
tricarboxylic acid (TCA) cycle pathway to produce energy [28]. Metabolites from
carbohydrate are acidic which decrease the microbial habitat pH. In absence of dextrose
supplement, microorganisms utilize proteins, peptides or amino acids as an energy source.
Decarboxylation of amino acid will produce CO2 and amine products which increases the
microbial habitat pH. It has been reported that Salmonella and Escherichia spp. are capable
of amine production [29,30]. This pH change caused by bacteria growth was verified in
this experiment by culturing Salmonella Typhimurium, E. coli, L.innocua and M.luteus in
phenol red broth with or without dextrose supplement. The mechanism of bacteria
metabolites increase environment pH and therefore lead to color change of PDA-coated
filter was proposed based on pH adjustment observations and analysis. The proposed
mechanism was further supported by the fact that it has been well known that alkaline pH
triggers the color change of PDA liposome and PDA monolayers. Possible explanation is
that alkaline pH results in the ionization of the carboxyl group of PDA in PDA coated
filters and the consequences of ionization are breakdown of hydrogen-bonding network in
PDA and electrostatic repulsion between adjacent carboxylate groups [12,31]. Stress
created from electrostatic repulsion accumulates in the PDA backbone and eventually
twists the PDA backbone. This twist of the PDA backbone causes the color change of
multi-layer PDA coated filters from blue to pink.
3.5. Application of PDA-coated filters for bacteria detection
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To investigate the possibility of applying PDA-coated filters for bacteria
detection, S. Typhimurium, E. coli, L. innocua and M. luteus were filtered through PDAcoated filters and cultured on phenol red agar without dextrose. Figure 3.5 shows the top
of the plate which is the PDA-coated filter and the bottom of the plate which is the phenol
red agar. Consistent with growing bacteria in broth, bacteria changed the color of PDA
coated filters to pink, while the phenol red indicator was turned from orange to magenta
(Figure 3.5 P column) which indicated an increase of medium pH. Time difference for
obvious color change was observed for Salmonella Typhimurium in 7 h and E.
coli, M.luteus in 10 h. Colonies of M.luteus formed are yellow and therefore color change
of PDA-coated filter for M.luteus is not as obvious as S. Typhimurium and E.coli. Colonies
of L. innocua was not observed on PDA-coated filter while phenol red did not change
color. This observation means that L.innocua cannot grow on phenol red without dextrose
medium and therefore did not change color of PDA-coated filters. The color of PDA-coated
filter and phenol red indicator of control group remained unchanged during 22 h culturing,
which eliminated other possible reasons for color change of PDA-coated filters such as
temperature, PBS buffer, and environment (Figure 3.5 P·C and PD.C column). These
observations verified that combining with dextrose absence medium, PDA-coated
multilayer filter can be applied for Salmonella Typhimurium and E. coli detection.
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Figure 3.5 Color response of PDA-coated filters and phenol red indicator to bacteria
growth.(n=3) Columns with the same label originated from the same agar plate (Top = top
view of plates showing the PDCA filter. Bottom = bottom view of plates showing the
phenol red agar without dextrose. P.C = Control group of phenol red without dextrose, P =
Phenol red without dextrose).
4. Conclusions
In this study, coating of PDA on the surface of membrane filters was achieved by
evaporation of organic solvent. Degree of coating was quantified by measuring color of
PDA-coated filter using a spectrophotometer which at the same time ensured only PDAcoated filters with good reproducibility utilized in this experiment. Color change of PDAcoated filters from blue to pink was observed concurrent with the alkaline pH induced from

70

bacteria metabolism. Adjustment of supernatant pH verified that alkaline pH from bacteria
metabolites leads to color change of PDA-coated filters. The mechanism of color change
of PDA-coated filter to cultured bacteria was proposed and the potential of applying PDAcoated

filter

for

bacteria

detection

was

supported

by

testing

on Salmonella Typhimurium, E. coli, L.innocua and M.luteus on phenol red without
dextrose agar. Advantages of using this strategy include concentrating bacteria in sampling,
visual detection and the potential to quantify bacteria on the filter.
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CHAPTER FOUR
DETECTING AND CORRELATING BACTERIAL POPULATIONS TO VISUAL
COLOR CHANGE OF POLYDIACETYLENE-COATED FILTERS
Published in Talanta

Abstract
Membrane filters were coated with 10,12-pentacosadiynoic acid (PCDA) then
polymerized on the filter for rapid bacterial detection and quantification. The polymerized
PCDA (pPDCA)-coated filter changed color in response to Salmonella Typhimurium and
Escherichia coli but not to Listeria innocua. The time required for color change of pPCDAcoated filters was determined by a visual panel. A simple linear regression model was
generated to fit the observed data and was validated with goodness of fit analysis and
residual analysis. The pPCDA-filter method estimated Salmonella Typhimurium
populations of 8 to 3 log CFU ml-1 within 1.5 to 7.5 hours, respectively.
1. Introduction
Conventional bacterial detection methods rely on culturing bacteria in media to
enumerate viable bacterial cells [1]. This method is sensitive and reliable but requires
dilutions for sampling and incubation to permit cell colony growth. The reported incubation
time for most bacteria is 18-24h but may take up to 72h [2]. Rapid bacterial detection
methods generally can be classified into immunological-based, biosensor-based, and
nucleic acid sequence-based methods. A well-known immunological-based method is
enzyme-linked immunosorbent assay (ELISA) [3,4]. Biosensor-based methods include
optical [5], electrochemical [6], mass-based [7], and biochemical biosensors [8]. These
methods often require physicochemical instruments such as infrared and fluorescence
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spectroscopy, flow cytometry, or chromatography [9]. Examples of nucleic acid sequencebased methods include various types of polymerase chain reaction (PCR) [10] and DNA
microarrays [11]. Among all of the rapid detection methods, PCR is the most widely
applied method for detection of bacteria. This rapid detection method is sensitive and less
time consuming than conventional culture dependent method but is limited to determining
presence and not enumeration. PCR requires a pure sample, specific primers, substantial
work to enumerate, access to specific equipment, and expertise in molecular biology. There
is no single method without limitations that fits all applications. In this study, the proposed
method combines conventional culturing and biosensor methodology for rapid unaided
visual detection of bacteria by using polydiacetylene as a color indicator.
Polydiacetylenes are highly conjugated polymers which consist of diacetylenecontaining monomers possessing the unique chromatic property of changing color from
blue to pink in response to triggering stimuli. Color change of the polydiacetylene from
blue to pink arises from conformational changes in the polydiacetylene backbone. Because
of this chromatic property, polydiacetylene have been widely explored as chemosensors
[12] and biosensors [13]. Published reports of polydiacetylene-based biosensors are mostly
applied in liquid phase [14]. There have been some reports of solid phase [15,16,17] and
novel semi-solid phase [18,19] polydiacetylene-based biosensors with the solid phase
biosensors mainly focusing on surface immobilization of polydiacetylene liposomes on
substrates such as glass [17] and paper [13,15] using chemical reactions [17,20]. The
current study reports a solid phase polydiacetylene sensor created by physically coating
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pPCDA directly on a filter surface. The objective of this study was to develop a method
using a pPCDA coated filter for visual bacterial detection and quantification.
2. Material and methods
2.1 Materials
Mixed Whatman™ cellulose ester membrane filters (GE Healthcare Life Science,
Buckinghamshire, UK) (white with grid) with pore size of 0.45um and a diameter of 47
mm were coated with 10,12-pentacosadiynoic acid (PCDA) (GFS Chemicals, Columbus,
OH). Isopropyl alcohol (BDH, Radnor, PA) was used to dissolve PCDA and coat the
filters. Salmonella Typhimurium 14028, Escherichia coli HB101, Listeria innocua (ATCC
33090) of various concentrations were used in this experiment. Tryptic soy agar (TSA)
without dextrose was purchased from Becton Dickinson (Sparks, MD). Scotch® magic
tape was used to create a square pattern on membrane filters. Ultrascan Pro
spectrophotometer (Hunter Associates Laboratory Inc., Reston, VA) and a chromameter
CR-400 (Konica Minolta Sensing Americas Inc., Ramsey, NJ) was used to characterize
pPCDA-coated filters.
2.2 Coating PCDA on filters
PCDA was dissolved in isopropyl alcohol at a concentration of 3 mg ml-1, by stirring
for 1 h followed by filtering through a 0.45 um filter to eliminate the small amount of
pPCDA that is a minor impurity in the stock monomer. Removal of pPCDA would slightly
reduce the concentration to less than 3 mg ml-1. Thus, subsequent dilutions from this
filtered solution will be slightly lower in PCDA concentration. The solution was stored at
4℃ until use and was further diluted with isopropyl alcohol before coating on filters. A
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pPCDA-coated filter was created using a rubber paint-roller as previously reported to cover
the whole filter and UV irradiated for 1min [21]. A blue color square area of a pPCDAcoated filter was also formed using the following procedure: A 9.3 mm by 9.3 mm square
area was created using tape and this area of the filter was coated by placing 15 μl of a
PCDA solution on the filter in the square followed by air-drying for 2 mins then exposed
to UV at 254 nm for 1 min to polymerize PCDA. To characterize and standardize the
pPCDA-coated filters, filters were scanned (area view 0.190 in) using a HunterLab
UltraScan® Pro dual-beam spectrophotometer.
2.3 Comparison of whole filter coating to square area coating
The whole filter and square area pPCDA-coating approaches were compared as to the
time needed to respond to bacterial growth with a visual change in color. S. Typhimurium,
approximately 108 cells ml-1 in phosphate buffered saline (PBS), was filtered through both
the whole filter or the square area of pPCDA-coated filters and incubated on TSA (without
dextrose) at 37℃ for 1.5 h. The purpose of using a smaller square area rather than the whole
filter was to increase the concentration of bacterial cells interacting with pPCDA with the
goal of shortening the time for visual color change.
2.4 Optimizing the coating concentration
PCDA at concentrations of 0.5, 1, 2, and 3 mg ml-1 were coated on a 9.3 mm by 9.3
mm square area of the filters. The density of coated PCDA on the square area was estimated
by multiplying the concentration of each PCDA coating solution by the volume of solution
placed on the filter, then dividing this product by the surface area. A chromameter was
used to characterize various concentrations of pPCDA-coated filters with CIE L*a*b*
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values. A S. Typhimurium culture of approximately 108 cells ml-1 in PBS was filtered
through pPCDA-coated filters and incubated on TSA (without dextrose) at 37℃ for 1.5 h.
Color change of pPCDA coated filters at 1.5 h was recorded and evaluated to optimize the
coating PCDA concentration on filters for bacteria detection.
2.5 Applying pPCDA-coated filter for bacteria quantification
Overnight cultures of S. Typhimurium and E. coli were centrifuged and washed twice
with PBS and diluted to various concentrations in PBS, specifically 108, 107, 106, 105, and
104 cells ml-1. Samples of 1 ml or 5 ml (Table 4.1) were filtered through 1 mg ml-1 pPCDAcoated square area filters drop by drop (to ensure that only the square area with pPCDA
was covered) using vacuum filtration system (Figure 4.3 b) and incubated at 37℃ on TSA
(without dextrose). The 1 ml samples were used to create the 108, 107, 106, 105, and 104
cell populations; and the 5 ml samples were used to create the 5*105, 5*104, 5*103, 5*102
cell populations. PBS without bacteria was also filtered through 1 mg ml-1 pPCDA-coated
square patterned filters as a control group. Photos were taken every half hour with Nikon
D3400 digital camera (1/40000, F 5.6, ISO-A 18000) on black background to record color
of pPCDA-coated filters.
2.6 Visual sensory panel and statistical analysis
A threshold visual panel of 20 participants was randomly selected to determine the time
needed for color change of pPCDA-coated filters. Photos of square sections of pPCDAcoated filters at different incubation times were evaluated by the sensory panel for
identification of the presence of pink color. An example of visual sensory survey can be
found in supplementary material. Statistical analysis was performed with JMP pro 14. A
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linear regression model was generated to fit data with ANOVA, using R2, residual standard
error, lack of fit test and residual plot to validate the fitted model. The time for color change
was also correlated to the log cell density on the filter using the proc corr command
generating Pearson’s Correlation Coefficients.
3. Results and discussion
3.1 Comparison of whole filter coating to square area coating
The size of the small square area coated on pPCDA-coated filters was As= 3.1 mm *
3.1 mm * 9 = 86.49 mm2 while the filtration area of the whole filter was Aw = 3.1 mm *
3.1 mm * 100 = 961 mm2. Thus, the small square area on the pPCDA-coated filters
occupied 9% of filtration area of whole filter. As stated earlier, the rationale for using a
small area for coating was to increase the number of bacteria in proximity to the pPCDA
molecules to shorten the time required for a visual color change. This was accomplished
since the bacterial cell density on square area of the filter was Ds ~108/86.49 =
1.156203*106 cells mm-2 while the bacterial cell density on whole pPCDA-coated filter
was Dw = 108/961 = 1.04058 *105 cells mm-2. Ds/Dw ~11.11 and therefore, the smaller
square was approximately a little over 11 times more concentrated with bacterial cells than
the whole filter. As expected, the time for color change of the smaller square area of
pPCDA-coated filters was shorter than the pPCDA-coated whole filter, specifically 1.5 h
for smaller square area and 3 h for pPCDA-coated whole filter (Fig. 1). Moreover, PCDA
on the small square area can be estimated to be 15 μl * 1 mg ml-1 = 15 μg while
quantification of the pPCDA-coated whole filter is difficult because of the different coating
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methods used. Estimating the amount of PCDA is helpful for consistency of pPCDAcoated filter and reproducibility of results.
Non-coated filters did not change color (Figure 4.1) while the color changed for the
pPCDA-coated filter from blue to pink after incubation at 37℃ occurred after 1.5 h.

Figure 4.1 Time needed for color change of pPCDA-coated filters (square area coated
filters and whole filter coated filters) and non-coated filters to Salmonella Typhimurium.
3.2. Optimizing the coating concentration
Different concentrations of PCDA on filters from 0.5 to 3.0 mg ml-1 were tested
resulting in different intensities of blue color after UV polymerization (Figure 4.2).
Estimation of PCDA density on the square sections of the filters is shown in Fig. 2. Each
concentration had some blue color ranging from very light for the 0.5 mg ml-1 PCDA to
very dark for the 3 mg ml-1 concentration (Figure 4.2 at 0 h). After bacteria were incubated
on the pPCDA-coated filters for 1.5 h, all filters showed color change to some degree.
However, the pPCDA concentration of 1 mg ml-1 showed a more intense color change from
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blue to pink compared to the other concentrations and therefore was selected for further
testing (Figure 4.2). Furthermore, reflectance to transmission spectrum of 1 mg ml-1
pPCDA-coated filter was measured using HunterLab UltraScan® Pro dual-beam
spectrophotometer and showed in Figure 4.3.
0.5 mg ml-1

1.0 mg ml-1

2.0 mg ml-1

3.0 mg ml-1

0h

1.5h

PCDA amount (μg)

7.5

15

30

45

0.087

0.173

0.347

0.520

L*

81.88

72. 91

62.54

56.84

a*

2.08

3.50

5.59

7.15

b*

-11.52

-19.21

-21.65

-22.57

PCDA density (ug
mm-2)

Figure 4.2 Color of various concentration pPCDA-coated filters for Salmonella
Typhimurium detection at 0 h and 1.5 h of incubation at 37°C. L*, a* and b* values are
for 0 h samples.
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Figure 4.3 a. Reflectance to transmittance spectrum of 1mg/ml square patterned pPCDAcoated filter. b. Scheme of vacuum filtration system.
3.3. Applying pPCDA-coated filter for bacteria detection
Based on results of different pPCDA concentrations tested, 1 mg ml-1 pPCDA coated
filter to quantify various concentrations of S. Typhimurium, E. coli, and L. innocua was
investigated in this study. The TSA medium provides nutrients for many types of bacteria
to grow but in the absence of dextrose supplement, bacteria that can utilize amino acid will
decarboxylase amino acid to produce amines that in turn increase the pH of the surrounding
environment. This pH increase will change the conformation of pPCDA resulting in a color
change of pPCDA-coated filters from blue to pink [21]. For bacteria that cannot
decarboxylate amino acids, growth will occur with no color change. As expected, S.
Typhimurium and E. coli changed the color of pPCDA-coated filters from blue to pink
while L. innocua did not produce a color change in pPCDA-coated filters despite visible
colonies of L. innocua (Figure 4.4). This observation revealed that pPCDA-coated filters
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can detect bacteria that decarboxylate amino acids sufficiently to increase the surrounding
environmental pH.

a. Salmonella
Typhimurium
0h

1h

3h

6h

22h

0h

2.5h

5h

8.5h

22h

0h

22h

b. Escherichia
coli

c. Listeria
innocua

Figure 4.4 pPCDA-coated filter gradually changes color from blue to pink in response to
incubation with 108 cells ml-1 a. Salmonella Typhimurium and b. 108 cells ml-1 Escherichia
coli. c. pPCDA-coated filter did not change color in response to incubation with 108 cells
ml-1 Listeria innocua.
3.4. Visual panel and data analysis
A visual panel of 20 participants evaluated the time needed to detect a color change of
pPCDA-coated filters in response to various concentrations of bacteria. The minimum level
of agreement to determine the time for color change was defined as ≥ 90% of the
participants identifying the same incubation time for demonstrating sufficient color
change. Color change of pPCDA-coated filter for the 108 cells ml-1 S. Typhimurium was
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clearly observed within 1.5 h which demonstrated a quick detection for high populations
of S. Typhimurium. Color change of relatively low concentrations of bacteria such as 5*102
cells ml-1 was observed after 8.5 h and prior to the appearance of colonies which implied
that this PCDA-coated filter gave a fast response to low concentrations of S. Typhimurium
(Table 4.1). For E. coli, color change of pPCDA-coated filter to 108 cells ml-1 bacteria was
observed clearly within 2.5-3 h and 8.5 h for 105 cells ml-1 which indicated that pPCDAcoated filters fit for rapid detection of high concentration E. coli (Table 4.1). Control group
of PBS was shown at the right corner of Figure 4.5, which remained blue indicating no
false positives from other factors that may cause color change of pPCDA-coated filters.
To determine the relationship between the time for color change with bacterial
population a simple linear regression line with 95% confident interval was generated to fit
data model using JMP Pro14 (Figure 4.5). For both bacteria, this relationship, the ANOVA
test had a p-value << 0.01 indicating the time for pPCDA-coated filter color changed was
significantly related to log cell density.
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Table 4.1 Bacteria population on pPCDA-coated filter and time needed for color change.
Bacteria type

Bacteria concentration
-1

Bacteria population

Bacteria density

Log bacteria density

-2

-2

Time for color

(Cells ml )

on filter (Cells)

(Cells mm )

log (Cells mm )

change (h)

108

108 * 1 = 108

108/86.49 = 1.156*106

6.06

1.5

107

107 * 1 =107

107/86.49 = 1.156*105

5.06

2.5

106

106 * 1 = 106

106/86.49 = 1.156*104

4.06

4-4.5

5

5

5

5

10

10 * 1 = 10

10 /86.49 = 1156

3.06

5.5

Salmonella

104

104 * 5 = 5*104

5*104/86.49 = 578.1

2.76

5.5

Typhimurium

104

104 * 1 = 104

104/86.49 = 115.6

2.06

6-6.5

103

103 * 5 = 5*103

5*103/86.49 = 57.81

1.76

6.5-7

3

3

3

10

10 * 1 = 10

10 /86.49 = 11.56

1.06

7.5

102

102 * 5 = 5*102

5*102/86.49 = 5.781

0.76

7.5-8.5

PBS

0

0

NA

NA

108

108 * 1 = 108

108/86.49 = 1.156*106

7

Escherichia coli

3

7

7

7

6.06

2.5-3

5

5.06

3.5-4.5

10

10 * 1 =10

10 /86.49 = 1.156*10

106

106 * 1 = 106

106/86.49 = 1.156*104

4.06

6-7

105

105 * 5 = 5*105

5*105/86.49 = 5780

3.76

6.5-7

5

5

5

5

10

10 * 1 = 10

10 /86.49 = 1156

3.06

8.5

PBS

0

0

NA

NA
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(a)

(b)

Figure 4.5 Time needed for color change of pPCDA-coated filters and simple linear regression model for a. Salmonella
Typhimurium (n=2) b. Escherichia coli (n=4).
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3.5. Validation of statistical model
The correlation between log cell density and time for color change was highly
significant (P<0.0001). Furthermore, goodness of fit was indicated by a coefficient of
determination (R2) ≥ 0.98 (S. Typhimurium) and 0.96 (E. coli), along with similar adjusted
R2 and a small mean residual standard error (RMSE) as shown in Figure 4.5. Residual
diagnostics were first analyzed by residual plot as shown in Figure 4.6. Residual plot
appears to be random and generally fit a normal distribution. Quantitative analysis of
residuals was assessed using lack of fit test which revealed that both models have no lack
of fit issue. These statistical tests validated the fitted simple linear regression model and
revealed that this statistical model can be applied for estimation of bacteria concentration
based on time observed for color change of pPCDA-coated filters.
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(a)

(b)

Figure 4.6 Residual plot of simple linear regression model for a. Salmonella Typhimurium b. Escherichia coli.
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4. Conclusion
A modified multi-layer pPCDA-coating method was proposed in this study to shorten
the time for detection and improve consistency of pPCDA-coated filters. The pPCDAcoated filters changed color non-reversibly in response to S. Typhimurium and E. coli but
exhibited no color change with L. innocua. A simple linear regression model was generated
to estimate bacterial population based on time for color change of pPCDA-coated filters.
Applying pPCDA-coated filter for bacterial enumeration has the following advantages: (1)
less time for detection since color change is obvious and faster than the appearance of
colonies; (2) direct sampling with no need to make sample dilutions since estimation of
bacteria concentration was determined by time needed for color change rather than
countable colonies; (3) low-cost due to visual detection since color change is obvious and
relies on phase change of pPCDA rather than more expensive instruments; (4) minimized
training is required with no specialized background in molecular biology. Limitations
include a poor selectivity since it is based on monitoring microbial metabolism and fitted
linear regression model can only be applied for prediction of well-defined samples.
However, with the ability to modify PCDA molecules with specific moieties, this method
may be applied to quickly detect and enumerate bacteria and inspire other pPCDA-based
biosensor design in the future.
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CHAPTER FIVE
CONCLUSIONS
1. Research Summary
The aim of my dissertation work was to develop PDA-based biosensors for food
microbiology application. In Chapter 1, strategies for construction of PDA-based sensors
were investigated, matrix of PDA-based sensors were explored and methods for
characterizing PDA-based sensors were summarized. In Chapter 2, liquid state PDA
liposome was generated and tested on sanitizers and surfactant. Among all the tested
sanitizers and surfactant, only Vigilquat and TritonX-100 interact with PDA and trigger
color change from blue to pink. Pre-test on bacteria using PDA liposome did not trigger a
visible color change. Therefore, solid state PDA-based sensors were considered for further
sensor development. In Chapter 3, PDA-coated filter was generated and combing with
medium culturing for bacteria detection. Comparing bacteria growing on dextrose absence
or dextrose supplement medium with phenol red as pH indicator, the mechanism that pH
change from bacteria metabolites lead to color change of PDA-coated filter was proposed.
Furthermore, this PDA-coated filter was optimized in Chapter 4 and applied for bacteria
detection. Correlation of time for color change of PDA filters and bacteria population in
samples was revealed and therefore statistical models were built for Salmonella
Typhimurium and E.coli to quantify bacteria in samples. This study revealed that PDAcoated filter may be a useful tool for food safety and shelf life applications in the future.
2. Future considerations
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We successfully developed a PDA-based sensor and proposed a strategy to apply this
PDA-based sensor for Salmonella Typhimurium and E.coli detection. As mentioned in
Chapter 4, this strategy have the advantages of rapid visual detection and direct sampling
without dilutions. Limitations of this strategy include a poor selectivity and fitted linear
regression model can only be applied for prediction of well-defined samples. Future work
may focus on the possibility of enhancing selectivity to target specific bacteria by
modifying PDA with specific receptors or dealing with complex food matrix in real
world. In summary, this study proposed a novel strategy for applying PDA-based
biosensors and may inspire other PDA-based biosensor design in the future.
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Appendix A
Color sensory survey for Salmonella Typhimurium
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Appendix B
Color sensory survey for E.coli HB101
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