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ABSTRACT OF THE DISSERTATION

Polydiacetylene-Based Colorimetric Sensors for Plant Diagnostics
by

Jessica Tsai Wen

Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, June 2016
Dr. Hideaki Tsutsui, Chairperson

The Food and Agriculture Organization of the United Nations (FAQO) estimates that 98%
of the world’s reported 870 million undernourished people reside in developing countries,
where nearly 15% of the population are undernourished. In these regions, smallholder
farmers are dominant factors in meeting food demands. Therefore, in order to alleviate
recurrent food shortages worldwide, low-cost and robust solutions must be provided to
protect and prevent the loss of smallholder crop yield. This research reports on the
development of in vitro and in vivo diagnostic devices for in-field crop diagnostics. In
particular, we employ chromatic polydiacetylenes in the fabrication of analyte-sensitive
strips for plant testing in vitro. Specifically, two sets of strips were developed that
exhibited blue to pink/red transitions when incubated in solutions containing plant
nutrient, Zn>", or xylem-limited bacterium, X. fastidiosa respectively. These strips
demonstrated one-step, equipment-free detection appropriate for resource-limited

settings. Additionally, a poof-of-concept in vivo detection platform was evaluated and
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subsequently, injectable poydiacetylene liposome sensors were designed for specific
colorimetric detection of apoplast-colonizing bacterium P. stewartii. An in vivo detection
system would provide continuous monitoring of plant pathogen transmission for early
detection of crop diseases. Such a platform would be ideal for disease prevention and
management on smallholder farms by eliminating the need for user-initiated testing for
disease diagnostics. Both of our in vitro and in vivo detection systems provide great

potential to improve in-field plant diagnostics in low-resource settings.
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CHAPTER 1:

INTRODUCTION



1. SIGNIFICANCE

With the world population expected to exceed 9 billion by the year 2050, the need to
increase food production by 50-70% over the next few decades has become one of the
most pressing issues of this century [2-4]. One key approach involves the development of
new technologies to improve crop protection and yields from smallholder farms, which
have played a historically significant role in meeting global food demands [1].
Particularly, one solution to increase smallholder yields is to facilitate the early detection
of crop diseases [5]. More specifically, the introduction of low-cost, in-field sensing
devices would offer rapid diagnostic information in low-resource settings and enable
effective crop management strategies, especially for smallholder farmers.

Early diagnosis of plant diseases can prevent the spread of disease to the
remaining crop. Standard methodologies in plant diagnostics range from the physical
examination of symptoms to the use of molecular diagnostics such as enzyme-linked
immunosorbent assay (ELISA) or polymerase chain reaction (PCR) [6, 7]. ELISA and
PCR offer high sensitivity and specificity; however, both of these approaches require
expensive laboratory facilities and trained operators. On the other hand, physical
examination can only offer a diagnosis well past the onset of pathogenic infection. Ideal
diagnostic tools would provide disease information early and without the need for bulky
equipment.

Plant pathogenic bacteria are a one of the major causes of crop diseases both pre-
and post-harvest [5]. In particular, these pathogens can be characterized by the type of

plant tissue they colonize [8]. Specifically, endogenous bacteria colonize the phloem or



xylem tissues of plants [9]. Such bacterial pathogens are often restricted to these tissues
due to their environmental requirements for proliferation [8, 9]. Contrastingly, exogenous
bacteria primarily colonize the apoplast of plant tissue [9, 10]. These bacteria are found in
the intercellular spaces of plant organs including the leaves [10]. In the development
diagnostic tools for plant pathogenic bacteria, it is critical to acknowledge the spatial
movement of the pathogen in the host organism to design devices suited for their
detection. This research focuses on the fabrication of detection platforms for both
endogenous and exogenous bacteria. In particular, endogenous bacterium, Xylella
fastidiosa, and exogenous bacterium, Pantoea Stewartii, were detected as model
pathogens for each type of bacterial pathogen respectively.

More specifically, these studies employ the colorimetric properties of
polydiacetylenes (PDA) for the development of in vitro and in vivo tools for plant
diagnostics. For the in vitro platform, we report ‘dipstick’ type sensor strips for naked-
eye detection of plant nutrient, Zn*', and xylem-limited bacterium, X. fastidiosa
(Chapters 3 and 4). The strip is composed of a self-assembled PDA coated on an inert
membrane. Interactions between a detection probe conjugated to the PDA and target
analyte in solution caused changes in strip color that were readily discernable by the
naked eye (Figure 1.1A).

Additionally, we report the ongoing development of an in vivo detection system
for of apoplast-colonizing bacterium, P. stewartii, the causal agent of Stewart’s wilt in
sweet corn [11] (Chapters 5 and 6). This proposed platform employs a minimally

invasive, needleless syringe infiltration procedure [12] to introduce and immobilize



pathogen-responsive PDA liposomes into the maize leaf intercellular space (Figure 1.1B).
The success of this approach will enable continuous monitoring of pathogen levels in

vivo for early disease diagnosis that is readily visible to the naked eye.



2. FIGURES

blue colorimetric 2“2 red colorimetric YW biomarker
liposome < liposome

Figure 1.1. Research overview. (A) Diagnostic strips dipped in solutions of processed
diseased plant materials results in blue (not shown) to pink/red color changes discernable
by the naked eye. The colored region is coated with detection probe-conjugated PDA. (B)
Schematic process of in vivo lateral flow pathogen detection by injected PDA liposomes
conjugated with detection probe.
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CHAPTER 2:

POLYDIACETYLENES



Abstract

The unique chromatic properties of polydiacetylenes have generated much popularity for
their use in biosensing applications over the past three decades. In particular, their
biochromic characteristics have facilitated the development of label-free biological and
chemical detection systems. These range from colloidal suspension of liposome sensors
to films, hydrogels, and printed ink. In this chapter, we review the wide range of
techniques employed in the development of polydiacetylene sensors and summarize
methods to modify, characterize and analyze polydiacetylene-based sensing systems.
Additionally, we discuss the recent direction of polydiacetylene materials, outside of

sensing applications, as versatile tools for biomedicine and tissue engineering.



1. INTRODUCTION

Polydiacetylenes (PDA) are an amphiphilic class of polymers with highly
conjugated backbones that have become increasingly attractive as biosensing materials
due to their unique optical and chromatic properties. PDA materials provide a number of
advantages attributable to their ease of formation under self-assembly systems.
Additionally, the polymerization of diacetylenes (DA) to form PDA commonly occurs
via photoreaction. This allows for high purity during synthesis by eliminating un-wanted
byproducts frequently produced by chemical initiators. The chromatic properties of PDA
arise from its highly structured alternating ene—yne backbone. Upon UV or y- irradiation,
monomers polymerize to appear optically blue and non-emitting. Exposing blue PDA to
environmental changes results in a shift in its absorption spectrum from low to high
energy resulting in the appearance of optically red PDA that also exhibits red
fluorescence. PDA materials have been reported to undergo blue to red transitions in
response to various environmental perturbations including changes in pH [1, 2],
temperature (thermochromism) [3-5], mechanical stress (mechanochromism) [6, 7], and
molecular binding events (affinochromism/biochromism) [8, 9].

The specific biochromism demonstrated by PDA is due to their chemical
adaptability. In particular, the hydrophilic heads of DA monomers are easily modified to
facilitate their interaction with target molecules. Specifically, by conjugating functional
detection probes onto these head groups, chromatic PDA signals in response to specific
detection of biomolecules can be generated. PDA systems conjugated with antibodies

[10-13], aptamers [14-17], proteins [12, 18, 19], and various functional groups [20, 21]



have been demonstrated. Due to their built-in chromatic conversion, PDA platforms
forego the need for costly secondary labels and detection instruments. This extensive
adaptability of PDA furthers its potential in label-free biosensing systems.

Since the initial development of PDA films by Wegner in 1969 [22], PDA
materials have been prepared in a variety of forms and composed as mixtures with other
lipid constituents [23]. Currently, PDA is most commonly synthesized as self-assembled
bilayer liposomes in aqueous solutions [13, 20, 24-26]. Recent developments in PDA
biosensors have given rise to the immobilization of PDA liposomes on solid substrates,
such as microbeads [27] and cellulose membranes [28, 29]. More recent applications
have incorporated PDA with host matrices, including sol-gel materials [10, 30-32],
fibrous scaffolds [33], graphene sheets [34], and polyvinylidene fluoride membranes [12,
35]. The use of fluorescent red-phase PDA has also been explored in highly sensitive
microarray assays and microfluidic chip sensors [15, 36]. The properties and applications
of PDA materials have been reviewed and discussed over the years [36-44]. However, as
PDA technology progresses, researchers continue to establish a wide array of methods to
synthesize and design PDA platforms, and there is a need to tabulate these approaches to
better facilitate advancement and prepare new researchers interested in PDA
technologies. In this strategic review of PDA materials, we discuss the fundamental
properties of PDA and organize the diverse methods of PDA synthesis. This includes
compiling the various approaches in conjugating functional materials to PDA and the role
of adding external constituents into PDA materials. Additionally, we summarize current

techniques used to characterize and quantify color change in PDA sensors. Finally, we
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review some of the most recent platforms for PDA systems. This review is targeted for
researchers of all scientific backgrounds as both an introduction to and an update on the
current state of PDA materials. Due to previous in-depth discussion of PDA sensors as

Langmuir-Blodgett (LB) films [41], these will not be discussed in detail here.

2. POLYDIACETYLENES

2.1 Brief History

The first investigation into PDA materials was carried out by Wegner in 1969
[22]. In his initial studies Wegner achieved photopolymerization of bis-(p-toluene
sulfonate) to create purple DA crystals that transitioned to red after UV polymerization
[45]. The application of PDA materials as biosensors was pioneered largely by Charych
and colleagues in the early 1990’s [9, 40, 46-50]. Most notably, Charych and colleagues
demonstrated the blue to red color transitions of sialic acid-conjguated PDA in response
to the binding of influenza virus [9]. These early investigations into PDA for biosensing
materials resulted in the synthesis of a number of chromatic DAs ranging in color from
blue to orange; however 10, 12-pentacosadiynoic acid (PCDA) and 10, 12-tricosadiynoic
acid (TCDA) were favored for their stable blue to red color transitions when polymerized
in response to molecular binding events [40] (Figure 2.1A). PCDA and TCDA are

currently most widely used in PDA applications and are commercially available.
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2.2 Properties of Polydiacetylenes

PDA is photosynthesized via 1,4 addition of the diacetylenic moiety of DA
monomers by UV irradiation (Figure 2.1B). Due to their amphiphilic structure, DA
monomers will naturally align in solution as a result of van der Waals’ interactions
between the hydrophobic alkyl chains [37, 51]. This is favorable because proper packing
and alignment of the DA moiety is required for polymerization to occur [52-54]. Upon
254 nm UV irradiation, PDA supramolecules appear deep blue (Amax ~640 nm). The
appearance of color in polymerized PDA materials is a result of optical m-t* absorption
in the alternating ene-yne conjugated polymer backbone [37, 55]. The exertion of
external stimuli to the backbone results in an irreversible shift in absorbance from low to
high energy, resulting in the appearance of red-phase PDA (Amax ~540 nm) [37].

The mechanism of transition from blue-phase to red-phase PDA remains to be
fully elucidated. It is proposed that after photopolymerization, the resulting blue-phase
PDA backbone is prevented from adopting a fully relaxed configuration due to geometric
restrictions imposed by the hydrophilic head groups. The exertion of environmental
stimuli causes fluctuations in the head group configuration thereby disrupting the
planarity of the conjugated backbone via rotational changes about the C-C bonds [37, 41]
(Figure 2.2). This shifts the m-orbital overlaps causing a blue-shift in the absorption
spectrum of the PDA backbone. Red-phase PDA is perceived to be more
thermodynamically stable than blue-phase PDA resulting in the irreversible character of
PDA transitions [37, 56-58]. This proposed mechanism of transition is supported by the

observation of engineered reversible PDA materials, in which the DA head groups are

12



modified with pendant side-chains to increase H-bonding between head groups after
polymerization [59, 60]. This modification stabilized the initial blue-phase configuration
of PDA head groups, allowing the backbone to return to blue-phase planarity upon
release of external stimuli (e.g., heat and pH treatment) [56]. While the development of
reversible PDA materials is another desirable aspect for biosensing solutions, the present
review focuses on irreversible PDA materials.

Red-phase PDA exhibits intense fluorescence properties that are not observed in
blue-phase PDA. The reason for this is suggested to be an energy shift in the lowest
excited state from the blue-phase to the red-phase. In the blue-phase, the lowest excited
state exhibits A, symmetry, a dipole-forbidden transition. In the red-phase, the lowest
excited state exhibits B, symmetry, which allows for radiative decay resulting in
fluorescence [37, 61, 62]. Red-phase PDA will emit red fluorescence with emission peaks
at approximately 560 and 640 nm [63].

The unique chromogenic and fluorogenic properties of PDA make it a desirable
material for biosensing applications. Specifically, its internal “switch” to give a visual
output via blue to red color transitions in response to external stimuli make PDA
materials especially attractive for user-friendly, in-field, diagnostic applications. This
characteristic of PDA enables the production of one-step detection devices, foregoing the
need for secondary labels to visualize analyte detection. The additional property of PDA
materials to transition from a non-fluorescent to fluorescence-emitting state further lends

potential for the development of highly sensitive sensors (e.g., microarrays [15, 64]) and

13



possibilities for signal amplification (e.g., Resonance Energy Transfer (RET) applications

[65, 66]).

3. SYNTHESIS OF POLYDIACETYLENES FOR BIODETECTION

PDA polymers are commonly synthesized from commercially available PCDA
and TCDA monomers. In the advancement of PDA technologies, researchers have
explored a vast range of methods to tailor PDA materials and enhance their properties. A
few examples include approaches to increase their detection sensitivity, biomimetic
properties (for PDA liposomes), and to incorporate PDA into various material forms. In
this section, we discuss the methods by which researchers have tailored PDA materials
for biosensing. For a detailed discussion of the synthesis of PDA films and liposomes,
readers are referred to a comprehensive review by Reppy and Pindzola (2007) [41]. The

present article instead focuses on PDA modifications to enhance biodetection.

3.1 Synthesis of Polydiacetylene Liposomes

Many recent advancements involve the manipulation of PDA liposomes that are
synthesized in colloidal suspension. Due to their amphiphilic nature, DA monomers will
form self-assembled bilayer liposomes in aqueous solution. A general procedure for the
preparation of PDA liposomes involves first dissolving the DA monomers, along with
any other lipid constituents desired, in chloroform to create an even distribution of

monomers. If no additives are desired or only one type of DA monomer is being used,

14



this step may be omitted. Chloroform is then evaporated, often in vacuum, by N,
airstream, or via rotary evaporation. The resulting mixture is resuspended in deionized
water or aqueous buffer and dispersed via sonication at above 60°C, the phase transition
temperature (Ty,) of DAs. The resulting solution is commonly filtered through a porous
membrane to remove any aggregates. In order to promote liposome stability and
alignment of the DA backbone, the colloidal suspension is stored at 4°C for at least 4 h.
The opaque solution is then irradiated under 254 nm UV light resulting in the appearance
of a blue PDA polymer solution. PDA liposome solutions commonly range from 0.5 to 2
mM total lipid concentration, as higher concentrations can cause the liposomes to

precipitate out of solution [41].

3.2 Modifications of Polydiacetylenes for Biodetection

While PDA materials are naturally responsive to environmental stimuli,
researchers have explored various modifications in order to adapt and enhance the
polymer for specific detection of biomolecules (Table 2.1). In this subsection, we review
a number of these approaches.
3.2.1 Lipid Doping

The addition of other lipids, most commonly phospholipid
dimyristoylphosphocholine (DMPC), to PDA mixtures to form phospholipid/PDA
liposomes was first demonstrated by Jelinek and colleagues in the early 2000s [24, 67-
71]. In such composite liposomes, DMPC was found to form sub-domains within the

PDA membrane and did not inhibit polymerization. While initial investigations of

15



DMPC/PDA liposomes were for their biomimetic properties in studies involving cell
membrane interactions [25], subsequent reports highlighted their use in biodetection.
Taking advantage of hydrophobic ionophores with specific ion selectivity, Jelinek and
colleagues successfully incorporated ionophores into the phospholipid domain of the of
the DMPC/PDA liposomes. Subsequent addition of ions to DMPC/PDA liposome
solutions resulted in specific interactions between ions and ionophores embedded into the
lipid membrane causing a color response visible to the naked eye [69].

Jelinek and colleagues further demonstrated the feasibility of this method through
reports of specific interactions between antibodies with epitopes embedded into
phospholipid domains of DMPC/PDA liposomes [68], and again with specific protein
interactions with embedded calixarenes (Figure 2.3) [23]. The same group also employed
unmodified DMPC/PDA composites as bacterial sensors [72, 73]. The design of these
sensors benefits from the interaction between bacterial endotoxins and the membrane
phospholipids. Although this non-specific approach cannot distinguish detection of
specific bacterial strains, color transitions in the liposome-laden agar scaffolds were
observed in the presence of both gram-negative and gram-positive bacteria [73].

Additional investigations into DMPC/PDA liposomes suggest that they enhance
the properties of PDA sensors [13, 74]. Su et al. [13] reported that DMPC/PDA
liposomes composed of 40% DPMC exhibit up to 35% higher sensitivity of antigen
detection by conjugated anti-human immunoglobulin (h-IgG) antibody-conjugtated PDA
as compared to liposomes containing 0% DMPC, as determined by percent Color

Response (CR) (Section 4.2.1). Similarly, a report by Kim et al. [74] found that

16



liposomes composed of 20-40% DMPC displayed expedited color transitions as
compared to lower DMPC percentages in the detection of E. coli. Notably, both studies
indicated that liposome morphology at 40% DMPC resembles flat sheets rather than
circular liposomes (Figure 2.4). Studies investigating the morphology changes of 4:6
DMPC/PDA materials have reported varying morphologies, including circular liposomes,
flat sheets, and fibers [13, 41, 47, 75]. A discussion of these is available elsewhere [41].

The mechanism by which DMPC doping increases sensitivity of PDA materials is
unknown and has yet to be fully investigated. A number of reports indicated an increase
in the flexibility of phospholipid/PDA composite materials due to interruptions in the
rigid PDA backbone [25, 70, 71, 76]. Particularly, it is proposed that the insertion of
DMPC along the PDA backbone disrupts hydrogen bonding between PDA head groups.
This results in a less rigid PDA structure, which enables more sensitive blue to red
transitions upon biomolecular recognition events [13, 74].

While DMPC remains the most widely used dopant in PDA composite materials,
several  studies  further  explored  additional = phospholipids  such  as
dimyristoylphosphoethanolamine (DMPE) [14, 77-80] and dimyristoylphosphoglyercol
(DMPG) [77-80], among others [72, 81, 82]. Whereas a number of recent studies
incorporated such additional phospholipids to increase the biomimetic properties of PDA
liposome membranes for the purpose of studying cell membrane interactions [77, 79, 81],
Deming and colleagues have highlighted the preferential interaction of certain amino
acids for particular phospholipids. For example, Lysine and Leucine induced more

sensitive color transitions when exposed to DMPG/PDA and DMPE/PDA liposomes as
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compared to DMPC/PDA [80]. Similarly, Jelinek and colleagues have recently
determined lipid-dependent sensitivities in PDA fingerprinting platforms for bacterial
detection [72]. Specifically, films made with three different lipids DMPC/PDA, 1-a-
dioleoylphosphatidylethanolamine (DOPE)/PDA, and 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glyc-erol)] (POPE)/PDA each resulted in a distinct color transition when
exposed to certain strains of bacteria (Figure 2.5). Such findings suggest the significance
of the dopant lipid head groups in biodetection assays and indicate yet another approach
to tailor PDA materials for more specific and sensitive biomolecular interactions.

Lipid Doping Conclusions. The use of PDA composite materials has been
employed most commonly for their biomimetic properties in studies investigating cell
membrane interactions [41]. However, Jelinek and colleagues have demonstrated the
advantages of phospholipid/PDA liposomes for biosensing assays through the
incorporation of hydrophobic biodetection molecules (e.g., ionophores, calixarenes) into
the phospholipid region of the composite membranes. Additionally, both Deming and
colleagues and the Jelinek group have observed lipid-dependent sensitivities in PDA
sensors by certain target molecules [80, 82]. Furthermore PDA composed of 40% DMPC
have reported increased sensitivities in antibody-conjugated liposomes [13]. All of these
characteristics are advantageous for promoting higher sensitivities in target detection, and
are significant to acknowledge for the prevention of false-positive signals due to non-
specific interactions. Nevertheless, more investigation is required into the mechanisms by
which phospholipid subdomains in PDA composite materials affect PDA transitions for

biodetection.
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3.2.2 Covalent Modifications

PDA conjugates have been investigated for biomolecular detection since initial
studies by Charych and colleagues, in which the modification of DA monomers with
sialic acid via carboxylic ester synthesis was reported in the detection of the influenza
virus [9]. In this subsection, we discuss the general techniques used to conjugate
functional biomaterials to PDA and review a number of strategic approaches to increase
detection sensitivity through covalent modifications.

3.2.2.1 Polydiacetylene intermediates. The modification of PDA materials
commonly refers to the conjugation of functional compounds onto the hydrophilic head
groups of PCDA and TCDA monomers. Specifically, carboxylic ester synthesis from the
carboxylic acid moiety of the DA monomer and an amine group on the biodetection
probe (e.g., antibody, aptamer, functional group, etc.) occurs via activation of the
carboxylic acid with N-hydroxysuccinimide (NHS) and ethyl(dimethylaminopropyl)
carbodiimide (EDC) [83]. While the conjugation of biodetection probes can follow
immediately after the conversion of DA monomers to the succinimidyl ester, an
alternative is to synthesize and store the activated DA intermediate, DA-NHS, for further
use. A general procedure for the synthesis of DA-NHS involves reaction of the DA
monomers with excess NHS and EDC in dichloromethane for 2 h at room temperature.
Next, removal of the organic solvent (dichloromethane) by evaporation is followed by
extraction using ethyl acetate. The resulting DA-NHS monomer is a white solid (Figure

2.6).
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More recently, Kim and colleagues have reported studies incorporating the
addition of linker or spacer molecules to DA intermediates [15, 16, 84]. In these reports,
2,2’-(ethylenedioxy)bis(ethylamine) (EDEA) [16] and ethoxy ethanol [84] were
conjugated after the synthesis of DA-NHS and before the conjugation of biodetection
probes. Interestingly, further investigation by Kim and colleagues into the effect of alkyl
spacer moieties on color transformations of PDA materials determined that the sensitivity
between color transitions decreased with increasing alkyl spacer length (Figure 2.7) [85].
This result is supported by the current proposed mechanism of color transitions (Section
2.2), in which increasing alkyl spacer lengths is associated with an increase in van der
Waals’ interactions between monomer side-chains, thereby stabilizing the blue phase
through restricting rotations in the PDA backbone.

Kim and colleagues have further explored an alternative to DA-NHS
intermediates by investigating DA-epoxy conjugates due to the known stability of epoxy
groups under proper storage and their ability to readily react with amine groups [15, 64,
84]. Accordingly, their results suggest that DA-epoxy provides higher stability as
compared to DA-NHS intermediates. These reports from such explorations into the
effects of additional linkers between conjugated detection probes and the PDA membrane
surface as well as the use of alternative intermediates for probe conjugation are
significant for both increasing detection sensitivities and revealing properties behind
PDA color transformations.

3.2.2.2 Functional materials. The functionalization of DA monomers with

biomolecular detection probes including antibodies [10-13], aptamers [14-17], proteins
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[12, 18, 19] and others [8, 20, 21, 86-89] have been reported. Generally, these involve the
spontaneous reaction of DA-NHS esters with an amine group on the detection probe in
aqueous solution, followed by a step to remove unreacted molecules. Methods of
conjugation vary at the time point in which conjugation occurs. For example, in a study
by Jung et al. [14], thrombin aptamers were conjugated to previously prepared,
unpolymerized DA-NHS monomers in excess and unreacted monomers are removed by
centrifugal filtration. DA monomers functionalized with thrombin aptamer were then
mixed with non-functionalized lipids for PDA liposome formation. Alternatively, another
approach by the same group [10] converted unpolymerized DA to succinimidyl esters as
self-assembled liposomes and removed unreacted NHS by centrifugation. Anti-
phosphinothricin acetyltransferase (PAT) antibodies were then reacted with the DA-NHS
liposomes in solution. Unconjugated antibodies were additionally removed via
centrifugal filtration and unreacted esters were quenched with ethanolamine. Indeed, a
different method by Lee ef al. [16] described the conjugation of potassium aptamers in
excess onto unpolymerized, self-assembled DA-NHS liposomes. Unbound aptamers were
then removed by dialysis.

The relationship between the percent of probe-conjugated DAs from total matrix
lipids is significant but not well understood. In early investigations, Charych and
colleagues determined that for optimal detection of influenza virus, PDA film sensors
were fabricated with 5-10% sialic acid-conjugated PDA [24, 46]. This is additionally
reflected in Jung ef al. [14], in which the optimal percentage of thrombin aptamer-

conjugated DA was reported at 6.7%. Contrastingly, Park ef al. [12] indicated that optical
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transformations were most sensitive to streptavidin when biotin-conjugated DA
monomers were at 20-40%. Alternatively, Lee et al. [15] reported the fabrication of
mercury(Il) sensors with 80% of aptamer-conjugated DA. These varied findings indicate
that more examination is needed to elucidate the relationship between percentage of
probe-conjugated DA and sensor sensitivity.

The conjugation of functional groups to PDA head groups has also been
investigated as methods to enhance biodetection. Specifically, amine-terminated (-NH>)
PDA materials have been reported for non-specific detection of negatively charged
biomolecules [21, 86-88]. Alternatively, Chung and colleagues have investigated the use
of functional groups to prevent non-specific binding [12]. In their report, amine-
terminated, hydroxyl-terminated (-OH), and naturally occurring carboxylic acid-
terminated (i.e., polymerized TCDA) PDA were studied for non-specific interactions
with bovine serum albumin (BSA). They showed that PDA composed of TCDA-OH
exhibited the least amount of non-specific interactions with BSA proteins due to the
electrically neutral and hydrophilic properties of the hydroxyl functional group in
phosphate buffered saline (PBS, pH=7.4). This report indicates an approach to enhance
the signal to noise ratio of PDA biosensors by minimizing non-specific binding.

Covalent Modifications Conclusions. Covalent modification of PDA head groups
is a staple in the field of PDA biosensors. In particular, the direct conjugation of
biodetection probes (e.g., antibodies, aptamers, etc.) onto the carboxylic acid head groups
of PDA monomers facilities specific colorimetric detection of target biomolecules.

However, there is much more to consider in this arena, including the possible effects of
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linkers or spacers on detection sensitivity and even alternative intermediates (i.e., DA-
epoxy vs. DA-NHS) for probe conjugation. Additionally, the percent of probe-conjugated
DA and the chemical properties of matrix DA are also significant to enhance the
sensitivity and decrease non-specific interactions in PDA sensors. The adaptability of
PDA is one of its most advantageous properties for biosensing applications; nevertheless
more investigations are needed to fully understand the effects of such modifications in

order to truly optimize the PDA materials for biodetection.

4. CHARACTERIZATION OF POLYDIACETYLENES

4.1 Properties

Following the synthesis of PDA materials, it is necessary to determine the basic
properties of the synthesized polymer in order to characterize and confirm successful
modifications. In this subsection we discuss a few of the methods currently employed to
characterize PDA materials.
4.1.1 Color

In order to characterize the color properties of PDA, it is common to measure the
absorbance spectra of the material in the visible spectrum (Figure 2.8A). Specifically,
UV-Vis spectroscopy measurements are done using a spectrophotometer. Blue-phase
PDA are associated with an absorbance maximum at approximately 640 nm and a

vibronic shoulder peak at 600 nm [13, 37]. Alternatively, red-phase PDA materials are
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characterized by a shift in absorbance peak to approximately 540 nm [37]. The
intermediate purple phase, distinct from a mixture of blue- and red-phase PDA, is
associated with a peak at approximately 600 nm. It is speculated that this peak is related
to the secondary absorbance peak associated with blue-phase PDA at the same
wavelength [30, 40, 41, 90-92]. The peak absorbance values are commonly used to
quantify blue to red transitions of PDA materials through the colorimetric response (CR)
value (Section 4.2.1).

Due to the intense fluorogenic properties of red-phase PDA (Figure 2.8B),
another way to contrast the blue and red phase is through measuring the fluorescence
spectra using a fluorometer. The red phase is characterized by emission peaks at 560 and
640 nm (Figure 2.8C), while the blue phase exhibits no fluorescence properties [63].
Accordingly, measuring photoluminescence or fluorescence intensity of the material is
yet another option (Figure 2.8D) [16]. As a result, it is possible to indirectly quantify blue
to red color transitions as a measurement of fluorescence intensity of the material [36,
42].

4.1.2 Size and Morphology

It is important to understand the morphology of synthesized PDA materials in
order to confirm consistent reproducibility as well as observe physical changes associated
with molecular binding onto material surfaces and color transitions. In this subsection we
review a few of the most frequent methods used to determine PDA morphology.

Dynamic light scattering (DLS) is frequently employed to determine the size of

synthesized liposomes, which regularly vary with preparation methods. In particular, we
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have determined that liposome size is inversely correlated with sonication time in the
preparation process (Figure 2.9). Other factors that we speculate to influence liposome
size include sonication type (probe vs. bath), power (watts), and volume of sample. Such
details are often overlooked but may be necessary for consistencies in reproducing
materials.

To observe the surface and shapes of PDA materials, transmission electron
microscopy (TEM) [93] and scanning electron microscopy (SEM) [77] are prevalently
used (Figure 2.10). While both are sufficient for their purpose, higher resolution TEM is
often preferred over SEM when observing nanoscale liposomes. SEM and TEM images
are frequently viewed after the synthesis of the PDA material and compared before and
after molecular binding events. With the recent popularity of using substrates coated with
PDA liposomes, atomic force microscopy (AFM) has also been employed to confirm and
characterize the depositing of such materials. However, due to the destructive nature of
AFM, blue to red color transformations are commonly observed as a result of the
procedure [37].

4.1.3 Molecular Structure

With the constant modification and adaptation of PDA materials for specific
functions, it is important to confirm successful conjugations by examining the molecular
structure of synthesized PDA materials. 'H nuclear magnetic resonance (NMR) is widely
used to verify the synthesis of DA conjugates, in which the characteristic properties of

hydrogen atoms in response to a magnetic field can confirm the presence of specific
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compounds. Accordingly, DA conjugates can be verified by comparing peaks in their 'H
NMR spectra (Figure 2.11).

Another approach to examine the structure of PDA materials is through Fourier
transform infrared spectroscopy (FTIR), in which the presence of bonds between specific
atoms can be deduced (Figure 2.12). While FTIR is advantageous in confirming the
presence of certain compounds, it can also be used to investigate changes in the strength
of hydrogen bonds between PDA head groups [56, 59]. This is significant since
intermolecular bonding between head groups is assumed to be the key reason for
chromatic transitions in PDA materials.

Properties Conclusions

The characterization of materials is one of the most fundamental aspects in the
fabrication of devices. The above described methods to characterize PDA materials are
only a few of which are commonly used by researchers. Other methods of
characterization [23, 76, 94-99] have been employed by a number of studies investigating
PDA materials but are not discussed here. A thorough understanding of chemical
characterization techniques would be helpful for those interested in the field of PDA

biosensors.

4.2 Analysis of Optical Properties
Quantifying the sensitivity of a biosensor is a critical aspect to evaluate the
efficiency of that application. In this subsection we discuss current methods to quantify

the optical transitions in PDA materials.
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4.2.1 Colorimetric Response

The colorimetric response (CR), developed by Charych and colleagues, is the
standard method of quantifying blue to red color transitions in PDA sensors [40]. In
particular, the wavelength at which the absorbance maxima occur in the blue phase (~640
nm) and red phase (~540 nm) of the sensor are subject to focus. The exact wavelengths
used vary depending on the absorbance spectrum of the specific PDA material being
investigated. The %CR value is determined first by calculating the percent blue, PB, in

which:

blue

PB =

= X 100%
Ablue + Ared

where A, 1s the absorbance value at the wavelength at which the absorbance maximum
occurs for the blue phase and A4,., is the equivalent absorbance value for the red phase.
From here, the %CR value is determined as:

_ (PBo — PBy)

CR
PB,

X 100%

where PB, is the initial percent blue of a baseline. The reasoning for this systematic
approach is that any environmental factors affecting absorbance values will likely affect
Apie and 4,4 equally and will minimize alterations in overall detection [41].
4.2.2 Digital Colorimetric Analysis

In their analysis of a PDA film for the sensing of membrane-active compounds,
Kolusheva, Jelinek and colleagues have developed an approach that quantifies the red-
green-blue (RGB) values of scanned images [100]. This quantification approach has

gained recent popularity especially for analyzing fabricated PDA films [27-29, 100-103].
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Volinsky et al. [100] derived this digital colorimetric analysis (DCA) method from Pratt

[104], in which the red chromaticity level, r, is defined as:

B R
"TR+GC+B

For PDA materials, Volinsky et al. further extrapolated the equation to quantify the blue

to red transitions as a red chromatic shift (RCS) value:

sample —

T, 0
% RCS = X 100%

Tmax — To

where 7ampie 1s defined as the average chromaticity level from all pixels in the sample
PDA image, ry is defined as the average red chromaticity level of a PDA image prior to
treatment, and 7,4, 1s defined as the average red chromaticity level of a PDA image with
maximum blue to red transition (i.e., positive control). Volinsky et al. further compared
the results of their DCA study with a parallel CR analysis, and indicated a close
correlation between the two data sets (Figure 2.13). Currently, CR remains the most
widely used approach to quantify blue to red color transitions of PDA materials,
especially liposomes. Nevertheless, the DCA approach is advantageous in that high
quality images of samples are sufficient for analysis and is an easier option for the
analysis of PDA films or strips.
4.2.3 Fluorescence Emission

Alternative PDA-sensing technologies take advantage of the environmentally
induced “turn-on” of fluorescence properties in PDA materials, in which the detection
sensitivity of the sensor is simply measured by fluorescence intensity before and after

molecular binding events [36]. The major advantage for this approach is the high
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sensitivity in fluorescence measurement systems that allow for the detection of small
changes in emission as compared to changes in absorbance or RGB values. However, the
drawback to this methodology is that the need for such fluorescence instruments for
analysis may limit the application of these types of sensors in low-resource settings.
Analysis Conclusions

Currently there are two methods to analyze blue to red color transitions of PDA
sensors. CR developed by Charych and colleagues during their initial investigations of
PDA sensors, remains the predominant approach. However, the recent development of
DCA by Kolusheva, Jelinek and colleagues provides a simpler approach of analysis
without the need for spectrophotometric instruments. Alternatively, the exploration of
fluorescent-based PDA sensors offers a highly sensitive method for biodetection

quantified by the intensity of fluorescence emission.

5. RECENT ADVANCES IN POLYDIACETYLENE APPLICATIONS

The incorporation of PDA in a vast array of material forms has been previously
reviewed, from PDA films and self-assembled monolayers [41], colloidal solutions [24],
and fluorescence microarrays [36]. While the bulk of this article has focused on PDA as
biosensors, in this section, we discuss a few of the most recent and unconventional
material forms currently investigated that are not limited to the field of biosensing

applications.
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5.1 Paper-Based Polydiacetylene Sensors

One of the greatest advantages of PDA materials is for the fabrication of label-
free, chromatic sensors. This is desirable because PDA platforms enable one-step,
colorimetric detection of analyte without the need for costly secondary labels. To further
the advancement of low-cost PDA sensors, researchers have incorporated PDA materials
as paper-based sensors. These sensors are advantageous for in-field or point-of-care
settings due to their stability, ease of transport, inexpensive fabrication, and user-friendly
platform without the need for external reagents or laboratory instruments. In this
subsection, we review reports of paper-based PDA sensors.

Notably, Wacharasindhu and colleagues have reported the specific colorimetric
detection of volatile organic compounds (VOCs) using PDA-coated filter paper [28].
Specifically, eight types of PDA were tested for their sensitivity against VOC vapors,
including commercially available PCDA and TCDA. Dots from unpolymerized DA
solutions of uniform size were created on filter paper using an automatic pipette and were
tested by attachment of the coated filter paper on the inner lid of a chamber containing
various VOCs. DCA analysis indicated that DA monomer 6,8-nonadecadiynioic acid
exhibited the greatest sensitivity, exhibiting distinct chromatic transitions when exposed
to 18 different VOCs. This is an improvement from their previous work, reporting non-
specific VOC detection [29]. Significantly, the VOC-sensing devices were reported to be
stable in a refrigerator over the span of several months.

The fabrication of paper-based, VOC-detecting PDA sensors has been further

adapted by Yoon ef al. [105] onto conventional printer paper via inkjet printing. In this

30



investigation, VOCs both in the vapor phase and the liquid phase were detected by UV-
irradiated polymers of 5,7-dodecdiyne-1,12-diol bis[((butoxycarbonyl)methyl)urethane]
(4BCMU). Varied results between VOC detection from liquid and vapor exposure were
observed only in tetrahydrofuran (THF), DCM (a.k.a. methylene chloride), and
chloroform. Interestingly, liquid-phase detection of THF, DCM, and chloroform, along
with vapor-phase detection of chloroform, resulted in blue to red to yellow chromatic
transitions that reverted to red phase upon removal from VOC. Notably when in the
yellow-phase, poly-4BCMU exhibits green fluorescence (instead of red fluorescence),
excitable at 488 nm (Figure 2.14).

Alternatively, Wang et al. [34] demonstrated the use of stacked, PDA-coated
graphene films or “paper” for the detection of VOC vapors. Notably, unmodified PCDA
was used for this study. The thickness of the fabricated graphene films was reported to be
~1-40 pum, and the structure was observed by scanning tunneling microscopy. The
exposure of PDA/graphene films to four VOCs gave distinct color transitions.

While the paper-based PDA sensors have generally been limited to either
temperature [60, 106] (previously reviewed by Jelinek et al. [39]) or volatile compound
detection [28, 29, 34, 105, 107], Yu and colleagues have recently reported the specific
detection of Pb*" ions in a paper-based assay fabricated from a nanofibrous membrane
[108, 109]. In their most recent study, Yu and colleagues functionalized PCDA
monomers with glycine (Gly) for specific interactions with Pb*". A polyacrylonitrile
(PAN) nanofibrous membrane (NFM) was then fabricated with embedded PCDA-Gly

and SiO, nanoparticles (NPs), in which SiO, NPs increased the surface area of the
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material for higher exposure of PCDA-Gly to sample solutions. The structures of
membranes with 0 to 1 wt% of SiO, NPs were observed with field emission SEM.
Exposure of the different membranes to varying concentrations of Pb>" demonstrated that
PCDA-Gly PAN NFMs composed of 0.5 wt% SiO, NPs exhibited the highest sensitivity
to low concentrations of Pb>", with a limit of detection at 0.24 uM.

Paper-based PDA materials have great potential applications for low-resource or
in-field settings due to their long-term stability and ease of use without the need for
external reagents or laboratory instruments. While there are currently very few reports of
paper-based PDA sensors, and even less for targets in aqueous solution, their continued

development is promising for applications in the developing world.

5.2 Polydiacetylenes for Drug Delivery

The advancement of drug delivery systems for anticancer therapies and their
ability to selectively target tumor cells has gained popular attention over traditional non-
selective treatments such as chemotherapy and radiation [110]. Due to their
biocompatible properties, self-assembled liposomes composed of phospholipids have
long been investigated as encapsulating agents for such drug delivery systems [111-113].
Challenges in liposome-mediated drug delivery include long-term sustainability of the
liposome and controlled-release of the therapeutic agent. In particular, liposomes are
easily disassembled in acid/base environments or in the presence of surfactants;

additionally, liposome-cell fusion is also an area of concern [112]. Previous
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investigations have determined that one solution is to use polymerized liposomes, which
have much more stable morphologies in a range of molecular environments [114-116].

PDA liposomes have been recently recognized in the field of drug delivery
systems for their nontoxicity [117] and photo-induced polymerization without the use of
toxic initiators [44]. Furthermore, the ease of chemical modification to PDA head groups
along with the control over their degree of polymerization via mixed phospholipid/PDA
liposomes have made PDA attractive for drug delivery systems in the past decade. In this
subsection, we discuss some of recent advances in PDA for anti-cancer drug delivery.

Qin et al. [118] has fabricated PDA liposomes for “remote controlled” drug
delivery that instantaneously release encapsulated reagents upon trigger by a laser (Figure
2.15). Specifically, partially polymerized liposomes (PPLs) composed of two DAs and a
phospholipid were functionalized with gold nanoparticles (GNPs). Notably, the report of
laser-induced liposome release of embedded drug via GNPs was previously studied by
Wu et al [119], in which the use of near infrared (NIR) pulse lasers caused release of
liposomes due to raised temperatures in the GNPs. First PPL-GNPs were loaded with
fluorescence dye, calcein, to observe the retention ability of the PDA liposomes. After 3
days at 40 °C, it was reported that negligible leakage occurred. Next, to evaluate the
laser-induced release of liposome-encapsulated reagent, PPL-GNPs were loaded with
radioactive Tc-99m mebrofenin. Upon irradiation of 10 x 6 ns pulses of laser, PPL-GNPs
were measured to release approximately 70% of their content. Finally, PPL-GNPs were
loaded with anti-cancer drug, doxorubicin and exposed to breast cancer cells in vitro.

After laser irradiation, it was shown that only ~20% of cancer cells were viable.
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Significantly, control studies with treatment of cancer cells with unloaded PPL-GNPs
determined that laser treatment did not affect the viability of the cancer cells, indicating
that the significant drop in cell viability was indeed a result of doxorubicin release from
PPL-GNPs.

While other in vitro studies of PDA drug delivery liposomes have been reported
[112, 120, 121], Mackiewicz et al. [122] described an in vivo study with the use of PDA
micelles for both imaging and drug delivery. In particular, micelles composed of PCDA
monomers functionalized with poly(ethylene glycol) (PEG, 2000 Da (PEG2000)) were
selected and evaluated. Characterization by DLS indicated that the average diameter of
micelles were approximately 10 nm overall. To investigate the viability of PDA micelles
for the delivery of hydrophobic imaging agents, PDA-PEG2000 micelles were loaded
with NIR lipophilic carbocyanine dye (DiR) and injected into mice with subcutaneous
breast cancer tumors. NIR imaging confirmed that PDA-PEG2000-encapsulated DiR
accumulated at the tumor site, whereas non-encapsulated DiR accumulated in the liver.
Finally, the anti-cancer agent, paclitaxel (PTX) was loaded into PDA-PEG2000 micelles
and studied for their drug delivery capabilities in vivo. After 2 months, tumors treated
with PTX-loaded PDA micelles showed reductions in volume by a factor of 4.5. As a
comparison, tumors treated with commercially available Taxol exhibited reductions in
tumor volumes by a factor of 3.3. Significantly, it was also reported that PTX-loaded
PDA micelles were stable at 4 °C after storage for two months and PTX retained its

cytotoxicity within micelles.
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While the current use of PDA materials in drug delivery systems does not take
advantage of its putative chromatic properties, it is important to observe materials beyond
their most apparent properties in order to fully take advantage of their capabilities. For
example, traditional PDA sensors have all been designed for in vitro applications.
However, such investigations into PDA materials for drug delivery systems have
highlighted their non-toxic, biocompatible properties which give rise to another potential

for the design of in vivo PDA sensors similar to one we have proposed [123].

5.3 Polydiacetylenes for Tissue Engineering

Over the last decade, there has been an increasing interest in the use of peptide
amphiphiles in the field of regenerative medicine as building blocks for the fabrication of
tissue scaffolds [124-126]. While synthetic polymeric hydrogels have long been the focus
of tissue engineering applications, their limits in the control of pore size, fiber diameter,
and shape have posed significant challenges in the field [127]. Alternative approaches,
such as electrospinning and phase separation are similarly restricted by lack of
morphological controls at the molecular level [33]. Peptide amphiphiles offer significant
advantages in their potential to self-assemble into supramolecular structures, including
one-dimensional monolayers [128], two-dimensional [(-sheets [129], and three-
dimensional nanotube fibers [130, 131]. This is done via high controls at the molecular
level through mixed peptide amphiphiles and modifications to the hydrophilic head
groups and alky chains. However, one of the major challenges in this approach is the

poor mechanistic stability of unpolymerized peptide amphiphiles [128]. Additionally,
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chemically cross-linked polymers often involve the use of toxic agents and unwanted by-
products [125].

Accordingly, investigations into photopolymerized peptide-diacetylenes have
advanced the potential for peptide amphiphiles in tissue engineering applications. While
the potential for PDA materials for biosensing applications has been extensively
discussed, their recent applications in tissue scaffolds remain largely obscure. In this
subsection, we review a number of recent reports exploring the use of PDA-peptides in
tissue scaffolds for tissue engineering.

The first report of PDA in tissue engineering was published in 2006 by Tirrell and
colleagues, in which a TCDA-fatty acid monolayer exhibiting varying concentrations of
conjugated cell-adhesion peptides fabricated on an LB film was investigated [128]. The
cell-adhesion peptide used in this study was glycine-arginine-glycine-aspartic acid-
serine-proline (GRGDSP), a peptide sequence well-known for its mouse fibroblast
adhesion properties. AFM analyses of the composite TCDA-fatty acid and TCDA-
GRGDSP at varying mole concentrations of the latter confirmed the adjustability of
monomer packing.

Further investigation of the TCDA-fatty acid/GRGDSP film studied the adhesion
potential of mouse fibroblasts. Specifically, mixed films with TCDA-GRGDSP at mole
percentages from 0% to 75% were compared. Cell adhesion assays were performed by
treating PDA surfaces with a defined number of cells for 60 m and counting the number
of cells attached per surface area. The resulting analysis of these assays indicated that

films composed of 10% TCDA-GRGDSP exhibited the highest percentage of adherent
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cells. Significantly, optical micrographs of PDA films from initial cell seeding,
mechanical removal of cells, and re-seeding of cells confirmed that PDA films were
viable for reuse.

This initial two-dimensional study by Tirrell and colleagues was a significant
demonstration of the viability of PDA materials for cell adhesion that was further
investigated by Frauenrath and colleagues in the formation of three-dimensional scaffolds
composed of oligopeptide-functionalized PDA that formed [-sheets in solution [129]. In
this communication, TEM and SEM micrographs of their functional PDA confirmed its
self-assembly into controlled helical fibrils composed of [3-sheet aggregates. Importantly,
the formation of -sheets instead of liposomes enabled fibrous morphologies appropriate
for the composition of tissue scaffolds.

The realization of PDA scaffolds for tissue engineering has been pioneered by
Stupp and colleagues [132]. In their report, top-down lithography protocols were
employed using peptide-conjugated PDA to fabricate an array of tissue scaffolds with
highly controlled micropatterning for the study of human mesenchymal stem cells
(hMSCs). Specifically, the study takes advantage of the photopolymerizable properties of
PDA materials to create rigid scaffolds with high mechanical integrity. Stupp and
colleagues demonstrated the ability to fabricate nanostructures with controlled
microtextures including channels, pores, posts, and double-layer topographies to a
resolution of 5 um (Figure 2.16). They similarly adopted mixed PDA composed of matrix
and peptide-conjugated PDA for cell adhesion. The adhesion peptide used in this study

was arginine-glycine-aspartic acid-serine (RGDS) and it was determined that scaffolds
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consisting of 80% PDA-RGDS were optimal for adhesion of hMSCs. From their
investigations, Stupp and colleagues were able to distinguish morphologies to which
hMSCs aggregated and differentiated. This significant study has demonstrated the great
potential for the fabrication of tissue scaffolds with highly controlled micropatterned
textures using PDA materials.

Voelcker and colleagues have most recently fabricated lysine-conjugated PDA
tissue scaffolds for hMSCs [33]. In this report, the researchers demonstrated the ability to
change the hydrophobic and hydrophilic properties of the lysine-PDA monomers by
masking and un-masking lysine side chains using Fmoc and Boc protecting groups. This
aspect of tissue scaffold production is significant in controlling its wettability, which is an
important factor for cell adhesion. Specifically, five polymers with increasing
hydrophilicity were investigated. Notably, cell adhesion was most efficient on the highly
hydrophilic polymers, but cell proliferation was more favorable on the more hydrophobic
polymers.

The developing field of PDA materials for tissue engineering is one in which
much more exploration is needed. The most recent advances by Stupp and Voelcker
demonstrate great potential for PDA tissue scaffolds; however, further investigations
might take advantage of the chromatic properties of PDA materials in determining cell
properties. Some examples include the detection of cell signals to indicate specific stem
cell differentiation or cell stress/apoptosis. Additionally, future investigations in the

fabrication of biodegradable PDA scaffolds, through mixed amphiphile/PDA composites
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or side chain modifications, would also be advantageous in the field of implantable

biomaterials.

6. FUTURE DIRECTIONS FOR POLYDIACETYLENE MATERIALS

Since their first preparation nearly a half-century ago, PDA materials have
attracted much attention from researchers for their remarkable optical properties. In this
review, we discussed the basic properties of PDA materials and the currently accepted
theories behind their exceptional environmentally induced color transitions and
fluorogenic “turn-on” characteristic. For the benefit of researchers from all fields, we
reviewed some general procedures then highlighted more recent explorations into
methods for PDA synthesis and modification. The latter include PDA-epoxy
intermediates and the use of modified functional groups (e.g., -OH, -NH,, -COOH) on
matrix constituents to promote non-specific binding of biomolecules. We also discussed
the most common characterization methods for PDA and compared CR, the traditional
approach to quantify color transitions, with DCA, an alternative approach developed by
Kolusheva, Jelinek, and colleagues. Finally, we reviewed advancing platforms for PDA
materials, including paper-based PDA sensors for low-resource settings, PDA systems for
drug delivery, and PDA nanostructures for tissue engineering.

As PDA technology advances and continues to branch into diverse applications, it
is critical to investigate and understand the underlying mechanisms behind its chromatic

properties. While the development of new sensor types and novel applications are
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exciting aspects to the field, the full potential of PDA materials cannot be realized
without a fundamental understanding of its properties.

Future explorations of PDA applications may combine its conventional appeal as
sensors with the advantages of its biocompatible properties. Even more, with the recent
developments of reversible PDAs (not discussed here), advancements in the above
suggested field of in vivo sensors has great potential for applications in medicine,
horticulture and agriculture to monitor, diagnose and even treat diseases in humans,
animals, and plants alike. Alternatively, the advancement of low-cost and stable paper-
based PDA sensors are ideal for low-resource applications and may be coupled with
smartphone-based systems for in-field quantitative analyses.

As the field of PDA materials garners more attention in the scientific world, PDA
applications will continue to expand and increase in quality and sensitivity. Already,
many reports demonstrate the design of PDA-based systems comparable to, or even
better than, currently accepted standards. Eventually, with the current rate of
developments, practical application of PDA systems will be available and accessible to

both research and commercial sectors across the globe.
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7. FIGURES
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Figure 2.1. Molecular structure of diacetylenes. (A) Structure of commercially available
diacetylenes PCDA and TCDA. (B) polymerization of diacetylenes via 1,4 addition.
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Figure 2.2. Slight rotations in the PDA backbone result in the conversion from blue
phase to red phase.
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Figure 2.3. Phospholipid doping of PDA results in a mixed liposome membrane
composed of phospholipid (black) and PDA (blue) subdomains. The embedding of
membrane proteins into the phospholipid domains can act as receptors for target analytes.
Reproduced with permission from ref. 23, Copyright (2006), American Chemical Society.
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Figure 2.4. TEM images of DMPC/PDA with 0% DMPC (left) and 40% DMPC (right).
Adapted with permission from ref. 13, Copyright 2004, Elsevier B.V.
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Figure 2.5. PDA fingerprinting of bacteria. Four types of PDA films created with varying
lipid dopants exhibit unique chromatic transitions when exposed to different strains of
bacteria. Adapted from ref. 72, Copyright 2007, American Chemical Society.
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Figure 2.6. Protocol for conversion of diacetylenes (DA) to their succinimide ester. (i)
Stir a mixture of DA, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC-HC]) and N-hydroxysuccinimide (NHS) in dichloromethane (DCM) for 2 h. (ii)
Evaporate the solvent (dichloromethane) and (iii) purify the DA-NHS by resuspending in
ethyl acetate (EtOAc). (iv) Evaporate the solvent (ethyl acetate) and collect the product.
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Figure 2.7. PCDA monomers modified with varying linker lengths from 2 to 6 carbons.
Reproduced with permission from ref. 85, Copyright 2010, John Wiley & Sons, Inc.
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Figure 2.8. Color properties of PDA. (A) UV-Vis spectra of PDA strips exhibiting
various colors from blue to red. Adapted from ref. 108, Copyright 2014, Royal Society of
Chemistry. (B) Color and fluorescence images of blue phase and red phase PDA.
Adapted from ref. 31, Copyright 2006, John Wiley & Sons, Inc. (C) Absorbance spectra
of blue phase (blue) and red phase (red) PDA; and emission spectra of blue phase (light
blue) and red phase (green) PDA. Adapted from ref. 41, Copyright 2007, Royal Society of
Chemistry. (D) Fluorescence images (left), spectra (top right), and intensity (bottom
right) of red to blue phase PDA (color not shown) exhibiting varying degrees of
fluorescence. Adapted from ref. 16, Copyright 2008, American Chemical Society.
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Figure 2.9. Size of PDA liposomes as a result of varying sonication times. Lipsomes
were sonicated by a probe sonicator (Qsonica Q500) at 20% amplitude. Size of liposomes
was determined by DLS. Data are represented as mean + SD (n = 3).
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Figure 2.10. SEM images of giant biomimetic PDA liposomes (A), and TEM images of
PB*"-sensing liposomes before (i) and after (ii) the addition of 1 uM PB*" (B). (A)
Adapted from ref. 77, Copyright 2008, John Wiley & Sons, Inc. (B) Adapted from ref. 93,
Copyright 2011, Royal Society of Chemistry.
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Figure 2.11. '"HNMR spectra of TCDA-NHS (A) and PCDA-NHS (B), * indicates peak

from N-hydroxysuccinimide.
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Figure 2.12. FTIR spectra of TCDA-NHS, aminated thrombin aptamer, and TCDA
conjugated with thrombin aptamer. Reproduced with permission from ref. 14, Copyright
2010, John Wiley & Sons, Inc.
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Figure 2.13. Blue to red transition of PDA films analyzed by digital colorimetric
colorimetric analysis (%RCS curve, solid line) and UV-Vis spectrophotometry (%CR
curve, dashed line). Reproduced with permission from ref. 100, Copyright 2002,
American Chemical Society.
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Figure 2.14. Chromatic and fluorescence transitions of inkjet printed PDA (poly-
4BCMU) on paper strips. (A) Color of poly-4BCMU powder (top) and printed strips after
reaction in various volatile organic compounds (middle) or to their vaporized form
(bottom). (B) red (excitation 546 nm, top) and green (excitation 488 nm, bottom)
fluorescence images of poly-4BCMU strips after exposure to volatile organic
compounds. Adapted from ref. 105, Copyright 2013, John Wiley & Sons, Inc.
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Figure 2.15. PDA liposomes for drug delivery. PDA bilayer liposomes carrying a
“payload” (e.g., therapeutic drug) are conjugated with gold nanoparticles. When a laser
excites the gold nanoparticles, the liposome is releases its payload to the surrounding
environment (i). Electron cryo-microscopy images of the gold nanoparticle-tethered
liposome before (ii) and after (iii) laser irradiation. Adapted from ref. 118, Copyright
2011, IOP Publishing.
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Figure 2.16. Micropatterned scaffolds for tissue engineering using peptide-conjugated
PDA. Various techniques for scaffold fabrication (i-iii) create uniform or randomly
oriented nanofibers (iv, v), removable layers (vi), microtextures (vii), pores (Vviii),
channels (ix, xiii), holes (x), posts (xi), and two-level topographies (xii). This method
produces PDA scaffold features down to 5 um in size. Adapted from ref. 132, Copyright
2009, Royal Society of Chemistry.
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METHODOLOGY
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Abstract

This chapter provides a detailed description of the general protocols followed in the
studies from this research. These include the preparation and analysis of polydiacetylene
liposomes and coated strips. Procedures for the bacterial cultures used in this work and
the method for corn growth is additionally delineated. For details regarding the materials
used for individual studies, readers are referred to Materials and Methods section of the

corresponding chapter for that study.
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1. PREPARATION OF DIACETYLENE-N-HYDROXYSUCCINIMIDE (DA-NHS)
Conversion of diacetylene (DA) to its succinimide ester (DA-NHS) was carried out as
previously described in literature [1, 2]. Briefly, 0.72 mmol DA, 1.35 mmol of N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI) and 1.07 mmol
of N-hydroxysuccinimide (NHS) were dissolved in 4 mL of dichloromethane. The
solution was stirred with a magnetic stirrer for 2 h at room temperature. The solvent was
evaporated by a stream of nitrogen and the residue was purified by extraction with ethyl
acetate to yield DA-NHS monomers as a white solid. 'H NMR (400 MHz,
CHLOROFORM-d) d ppm: TCDA-NHS - 0.89 (t, 3 H) 1.26 - 1.79 (m, 28 H) 2.25 (t, 4
H) 2.61 (t, 2 H) 2.85 (br. s., 4 H); PCDA-NHS - 0.89 (t, 3 H) 1.21 - 1.79 (m, 36 H) 2.25

(t, 4 H) 2.61 (t, 2 H) 2.84 (br. s., 4 H) (Figure 2.11).

2. LIPOSOME SYNTHESIS' (Chapters 4 and 7)

DA-NHS, DA and phospholipid were mixed in chloroform, and the solvent was
evaporated by a stream of nitrogen air. The mixture was resuspended in deionized water
and sonicated (Qsonica Q500, 20% amplitude) at 80 °C for 15 m. The aptamer (Chapter
4) or antibody (Chapter 7) was then added to the solution and gently agitated for 4 h to
allow for conjugation (Figure 3.1). Unreacted NHS was quenched by the addition of
ethanolamine (Chapter 4) or bovine serum albumin (BSA) (Chapter 7). The solution was

stored at 4 °C overnight. Photopolymerization of the solution under 254 nm UV light
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yielded a blue PDA liposome solution. Liposome size was determined by dynamic light

scattering (DLS, Malvern Zetasizer Nano ZS90)

3. STRIP FABRICATION (Chapters 4 and 5)

3.1 Aptamer Conjugation (Chapter 4)
850 nmol of TCDA-NHS was incubated with 200 nmol of aptamer 1 in 300 pL
dichloromethane for 4 h at room temperature in the dark. Unreacted compounds were

removed by dialysis.

3.2 Strip Preparation’

A DA solution containing DA-aptamer (Chapter 4) or DA-NHS (Chapter 5), DA, and
phospholipid was prepared in 500 pL chloroform. Polyvinylidene fluoride (PVDF) strips
were prepared using a guillotine paper cutter and scissors. The strips were dipped into
and immediately removed from the DA solution and allowed to dry under ambient

conditions in a fume hood (< 10 s).

3.3 Antibody Conjugation (Chapter 5)
Prepared strips were incubated in a solution containing 0.04 mg/mL of anti-Xylella

fastidiosa antibody for 4 h in room temperature or overnight at 4 °C. Following

"Exact amounts of compounds and reagents used are not given in this subsection due to variation
among the studies. Readers are referred to individual chapters for this information.
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conjugation, the strips were incubated in 18.3 nM BSA for 1 h to inactivate remaining
NHS sites and remove any unconjugated antibody, rinsed in deionized water, and allowed

to dry in the dark.

3.4 Polymerization
Photopolymerization of the strips under a mask with 254 nm UV light (Spectroline E-

series, 6 W) for 60 s yielded blue-colored polydiacetylene (PDA) tips.

4. ANALYSIS

4.1 Color Response of Liposomes (Chapters 4 and 7)

Absorption measurements of liposomes were recorded by a spectrophotometer (Thermo
Scientific NanoDrop 2000c). All experiments were performed in triplicates and three
measurements were recorded for each sample. Color Response (CR) was calculated as
previously described [3] (Chapter 2, Section 4.2.1). Briefly, the percent blue, PB, was first
defined as:

blue

PB =

= X 100%
Ablue + Ared

where Ap;e 1s the absorbance peak at 647 nm (PDA blue form) and A,.4 is the

absorbance peak at 521 nm (PDA red form). Then, the CR was defined as:

_ (PBo — PBy)

CR
PB,

X 100%
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where PBj is the initial precent blue of untested liposomes and PBy is the final percent

blue of liposomes incubated with test samples.

4.2 Red Chromatic Shift of Strips (Chapters 4 and 5)

Color images of PDA strips were recorded using a Nikon D5100 digital camera. Data
from collected images were extracted using Imagel] software as 8-bit red-green-blue
(RGB) values. Red chromatic shift (RCS) was calculated using digital colorimetric
analysis as previously described [4] (Chapter 2, Section 4.2.2). In short, the red

chromaticity level (r), calculated as

B R
"TR+G+B

depicts the relative intensity of the red component of the image. The RCS, which then
defines the extent of the blue-to-red transition, was determined by:

Tsample —

To
X 100%

Tmax — 7o

% RCS =

where  Tsgmpie 18 the average red chromaticity level of the sample image, 1, is the
average red chromaticity level of strips dipped in deionized water (Chapter 4) or media
(Chapter 7) (negative control), and 1;,,, is the average red chromaticity level of strips in
1 M NaOH (positive control). PDA materials in 1 M NaOH are commonly used as a
positive control because its high pH (=14) readily induces clear red transitions [4]. All

experiments were performed in triplicates.
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4.3 Principle Component Analysis of Strips (Chapters 4 and 5)

To extract further information from RGB data sets, principal component analysis (PCA)
of three variables (red, green, blue) was employed using the Microsoft Excel add-in
Multibase package (Numerical Dynamic, Japan). PCA is a mathematical transformation
of multivariate data that is often used to statistically visualize RGB data sets due to their
high dimensionality, where each image is represented by three RGB values [5-7]. The
transformation reduces dimensionality of the RGB data, converting the data set to a new
PCA score plot, on which the axes are determined by orthogonal factors drawn from the

data that maximize the variance of the data set [8, 9].

5. BACTERIAL CULTURES (Chapters 5 and 7)
Xylella fastidiosa subsp. fastidiosa (Temecula-1) was streaked from a stock stored at -80
°C onto six PD3 agar plates and incubated at 28 °C for six days. Subsequently, 1 mL of
PD3 media was added to each plate and the cells were harvested by scraping them into
the liquid. The liquid cell culture was then transferred from each plate into a conical tube
and vortexed gently to resuspend cell clumps. The final volume of the culture was
adjusted to 10 mL by addition of PD3 media with an ODgg of 0.68. The concentration of
the culture was determined by cell counting using a hemocytometer to be 4.1 x 10°
cells/mL. The culture was stored at 4 °C until use to prevent additional growing of cells.
Pantoea stewartii subsp. stewartii (DC283) was grown on solid Luria Agar at 28

°C and was used to inoculate an overnight culture of Luria Broth shaken at the same
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temperature at 180 rpm. ODgop was measured at 3.37. The concentration of the culture
was determined by cell counting using a hemocytometer to be 4.7 x 10° cells/mL. The
culture was stored at 4 °C until use to prevent additional growing of cells.

Escherichia coli BL21 (DE3) was grown on solid Luria Agar at 37 °C and was
used to inoculate an overnight culture of LB media shaken at the same temperature at 200
rpm. ODgop was measured at 1.70. The concentration of the culture was determined by
cell counting using a hemocytometer to be 1.36 x 10° cells/mL. The culture was stored at

4 °C until use to prevent additional growing of cells.

6. MAIZE GROWTH (Chapters 6 and 7)
Maize seeds were germinated in coarse vermiculite in a greenhouse maintained within a
temperature range of 16-27 °C (61-81 °F). Seeds and plants were immersed once a day in

fertilizer solution (125 ppm N).
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7. FIGURES
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Figure 3.1. Conjugation of detection probe (green) to diacetylenes through activation
with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and N-
hydroxysuccinimide (NHS).
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PREFACE: CHAPTERS 4 & 5

Chapters 4 and 5 of this dissertation describe the development of polydiacetylene-based
strip sensors. These devices are aimed for in vitro in-field diagnostics of processed plant
materials. The studies reported in Chapter 4 have been previously published all or in part

by Elsevier B.V. (Copyright, 2016, doi: 10.1016/j.snb.2016.03.118).

80



CHAPTER 4:

STRIP APTASENSOR FOR CHROMATIC DETECTION

OF ZINC(II)
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Abstract

This chapter reports a polydiacetylene sensor strip for simple visual detection of zinc ions
in aqueous solution. The specificity of this sensor comes from Zn>" DNA aptamer probes
conjugated onto the polydiacetylene layer. Effects of aptamer length and structure on the
sensitivity of polydiacetylene color transitions were first investigated. Diacetylenes
conjugated with the optimal aptamer sequence were then coated onto a strip of
polyvinylidene fluoride membrane and photopolymerized by UV exposure. The newly
developed sensor exhibited a blue to red chromatic change in a semi-quantitative manner
in response to zinc ions. No discernable change was observed in solutions containing
other common ions. Advantages of this sensor include its ease of fabrication, high
specificity, and equipment-free detection, all of which are desirable for in-field

applications and use in resource-limited settings.
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1. INTRODUCTION

Polydiacetylene (PDA) materials have become popular in biosensing applications due to
their unique optical property that is readily discernable by the naked eye. PDA undergoes
chromatic changes from blue to red in response to temperature [1-3], pH [4, 5], and
molecular binding events [6, 7]. Furthermore, the chromatic changes can be made
specific to the binding of a target analyte by conjugating detection probes onto PDA head
groups. In such systems, the detection probes can be antibodies [8-11], proteins [10, 12,
13], or DNA aptamers [14-16]. Among them, DNA aptamers have several advantages,
including but not limited to, ease of design, economical production, and chemical
stability, all without compromising high specificity and affinity [17].

To date, analyte-specific PDA sensors are mostly developed in the form of
liposomes in colloidal suspension [11, 18, 19] or a deposited layer on rigid substrate
surfaces [20-23]. However, due to complex sample handling requirements (e.g., multiple
pipetting) and high costs of fabrication, these forms are not always ideal for biosensing
applications in remote areas or resource-limited settings, which would most benefit from
PDA’s instrument-free and naked-eye detection. Therefore, the development of PDA
sensors in the form of a membrane strip, which are light, low cost, and easy to use, will
be of significant benefit. Nevertheless, only a few PDA sensor strips have been reported
and most are limited to the detection of volatile organic compounds and solvents [24-28].

In this study, we present a new PDA sensor strip that is conjugated with DNA
aptamers for the detection of Zn*" in aqueous solution. Other optical cationic sensors,

such as traditional optodes, rely on spectrophotometric measurements of indicator dyes
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after their reaction with the target cation for detection analysis [29, 30]. The PDA sensor
platform used in this study foregoes the need for bulky external analytical instruments
and utilizes DNA aptamers for highly specific detection of Zn®". First, using PDA
liposomes, four candidate Zn®>" aptamers were compared to investigate effects of the
aptamers’ hairpin structure, base length, and linker length. The aptamer design that
induced chromatic changes most rapidly was then selected for the fabrication of a PDA
sensor strip on polyvinylidene fluoride (PVDF) membrane. The sensor strip successfully
undergoes a chromatic change discernable to the naked eye when dipped into Zn**

solution, but not in solutions containing other non-zinc ions.

2. MATERIALS AND METHODS

2.1 Materials

The diacetylene (DA) monomer, 10,12-tricosadiynoic acid (TCDA) was purchased from
GFS  Chemicals  (Powell, OH, USA) and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) was obtained from VWR International (Radnor, PA,
USA). Organic solvents, PVDF transfer membranes (EMD Millipore, 0.45 pm), and
Slide-A-Lyzer MINI Dialysis Devices with molecular weight cut off of 3.5 kDa were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Amine-modified Zn>" aptamers

were purchased from Integrated DNA Technologies (Coralville, IA, USA). All other
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compounds used are research grade and were obtained from Sigma Aldrich (St. Louis,

MO, USA).

2.2 Preparation of PDA liposomes for Aptamer Study

PDA liposome solution (25.5 nmol TCDA-N-hydroxysuccinimide (NHS), 237 nmol
TCDA and 487.5 nmol DMPE) was prepared and incubated with 7.5 nmol of one of four
amine-modified Zn>" aptamers (Table 4.1: 1-4) before photopolymerization (Chapter 3,
Section 2). Dynamic light scattering (DLS, Malvern Zetasizer Nano ZS90) analysis

indicated the mean diameter of the liposomes was approximately 120 nm (Figure 4.S1).

2.3 Analysis of PDA liposomes
PDA liposomes were incubated with 5 mM Zn*" for 30 m and absorpance measurements
were recorded by a spectrophotometer (Figure 4.S2). Color Response (CR) was

calculated as previously described [31] (Chapter 3, Section 4.1).

2.4 Preparation of PDA Strips for Zinc Detection

Prepared strips were dipped in a 500 uL chloroform solution containing TCDA-1 (200
nmol), TCDA (700 nmol), and DMPE (600 nmol) before photopolymerization (Chapter
3, Section 3). The total lipid concentration of the resulting solution was 3 mM with

13.3% TCDA-1.
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2.5 Colorimetric Zinc Detection and Analysis of PDA Strip Sensor

Strips were dipped into solutions containing various concentrations of Zn>* (as ZnCl,)
from 0 to 1 mM in deionized water at room temperature. Color images of PDA strips
were recorded at incubation times from 30 m to 4 h. Red chromatic shift (RCS) was
calculated using digital colorimetric analysis as previously described [32] (Chapter 3,
Section 4.2).

Principal component analysis (PCA) was additionally employed (Table 4.S1,
Figure 4.S5) (Chapter 3, Section 4.3). The first principal component (PC1) is expressed
as PC1 =0.71 x R +0.00 x G — 0.71 x B, and the second principal component (PC2) as
PC2 =-0.19 x R -0.96 x G — 0.19 x B. The 2D PCA score plot indicates that PC1

accounts for 63.8% of the total data variance and PC2 accounts for 35.9%.

3. RESULTS AND DISCUSSION

2.1 Effect of Aptamer Length, Linker Length and Structure on PDA Liposome Color
Transitions

Four variations, 1-4 (Table 4.1, Figure 4.S3), of a previously screened Zn**
aptamer [33], were investigated for the effects of aptamer length and structure on the
sensitivity of PDA color transitions. Aptamers 1 and 2 are hairpin aptamers composed of

65 nucleobases and differ by 6 carbons in the 5’ carbon linker (between the first base and
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the liposome membrane surface). Aptamers 3 and 4 are non-hairpin aptamers composed
of 65 and 54 bases respectively. PDA liposomes composed of 1% (by total moles of
lipids) of each Zn>" aptamer were prepared and incubated in 500 uM Zn*" solution for 30
m.

Color Response (CR) analysis [31] of liposomes conjugated with 1-4, after 30 m
in Zn®" solutions indicates that liposomes conjugated with 1 demonstrated the most
significant color change (39.6% CR), followed by 2 (37.8% CR), 3 (31.4% CR) and 4
(24.2% CR) (Figure 4.1). This suggests that an increasing aptamer length increases the
sensitivity of color transitions. In particular, the difference in length by 11 bases between
3 (65 bases, non-hairpin) and 4 (54 bases, non-hairpin) resulted in an average 7.2% CR
difference. Contrastingly, 1 and 2 differ only by a length of 6 carbons in the carbon linker
from the 5’ base to the original PDA side chain. This small change in the linker length
had an insignificant effect on color transitions (Figure 4.1B).

While the mechanism behind PDA transitions remains to be fully understood, it is
suggested that perturbations in the alternating —ene —yne backbone cause slight rotational
changes that shift the optical absorption of the backbone from low (blue phase) to high
energy (red phase) [34-36]. Accordingly, the folding of aptamers conjugated to the
surface of PDA liposomes around target biomolecules results in the formation of bulky
aptamer-target groups at the liposome surface, which repulse one another. This steric
repulsion at the liposome surface disrupts the stabilizing hydrogen bonds between the
PDA head groups and translates into perturbations at the PDA backbone, which cause the

liposome to change from blue to red [15, 16, 34]. Consequently, an increasing aptamer
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length results in even bulkier aptamer-target complexes and increased steric repulsion.
This likely results in more sensitive color transitions (Figure 4.2A).

Additionally, liposomes conjugated with 1 and 2 (hairpin aptamers), demonstrated
a higher CR as compared to liposomes conjugated with 3 and 4 (non-hairpin aptamers).
As hairpin aptamers, the structural conformation of 1 and 2 changes from a closed loop to
an open loop upon binding with Zn*" [33, 37]. As the aptamer unfolds to form the
aptamer-target complex, the large conformational switch results in additional repulsion at

the liposome surface (Figure 4.2B).

2.2 Testing of Zn’" Sensor Strips
For the fabrication of our PDA sensor strip, 1 was selected as the detection probe due to
the greatest CR reported by liposomes conjugated with it. To fabricate the sensor, PVDF
strips were immersed in a chloroform solution containing 13.3% 1-conjugated DA
monomers, 46.7% unmodified DA monomers and 40% DMPE phospholipid. PVDF has
been previously employed in a fluorescence PDA sensor [38] and was selected as our
sensor substrate due to its robust and inert properties that allow it to withstand harsh
chemical environments and intense UV exposure [38, 39]. Photopolymerization of the
PDA layer with 254 nm UV light yielded a blue-colored area on the strip (Figure 4.3).
The PDA-coated PVDF strips (PDA strips) were dipped into solutions containing
0, 62.5, 125, 250, 500, and 1000 pM Zn*"ions. The strips were imaged after incubation
for 30 m, 1 h, 2 h and 4 h in the solutions. After 4 h in solution, they yielded a range of

colors from blue to pink/red with increasing Zn>" concentration (Figure 4.4A). For
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quantification of the chromatic transitions, color images were analyzed using ImageJ, an
image processing software, to extract image-averaged red-green-blue (RGB) values. The
RGB data was analyzed using digital colorimetric analysis [32], to generate a red
chromatic shift (RCS) curve for each of the incubation periods indicated above (Figure
4.4B). Previous studies have shown that a color shift of approximately 10-15% or greater
is readily detectable by the naked eye [11, 40]. Accordingly, the limits of detection were
determined to be 1000 uM (19% RCS) at 30 m, 500 uM (23% RCS) at 1 h, 250 uM
(25% RCS) at 2 h, and 125 pM (29% RCS) at 4 h.

The RCS analysis of the PDA strips at 4 h indicates that two color transitions
occurred. The first was at the detection limit of the sensor, 125 uM (8.16 ppm) Zn*', at
which a blue to purple color transition occurred. The second was at 500 uM (32.65 ppm)
Zn*" and above, at which the sensor exhibited a purple to pink/red color transition. This
second transition corresponds to a 45% RCS, which is 16% higher than that of the purple
transition at 125 pM (29% RCS), and is therefore readily discernable by the naked eye.

The strips were further evaluated by PCA (Figure 4.5). Distinctly, the PCA plot
can be divided into three clusters. The first cluster contains RGB values from 0 and 62.5
uM Zn**, the second cluster contains values from 125 and 250 uM Zn*", and the third
cluster contains values from 500 uM and 1000 uM Zn**. This further confirms three
colors exhibited by the sensor, blue, purple, and pink/red, which were also indicated by
the RCS analysis (Figure 4.4).

Zn®" is an important nutrient found in staple food crops such as maize, rice,

C. .. 24 . .
soybean, peanut, and cassava. Significantly, critical Zn“ concentrations in these crops
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are in the range of 122-489 uM (8-30 ppm) (Table 4.S2) [41], which align well with this
sensor’s transitions. From an application standpoint, having more than one color
transition is advantageous because each color can indicate a certain level of detection.
Specifically, for the sensor described in this study, blue may serve to indicate Zn*"
deficiency (Zn*" administration is needed), purple indicates Zn>" levels in the critical
range (no corrective action required), and pink/red indicates Zn*" levels above the critical
range (no more Zn>" administration needed).

To test the sensor’s specificity, PDA strips were incubated in solutions containing
1000 uM of one of six nutrients Cu2+, Mn*" and Fez+, Na’, Mg2+ or K (as their chloride
salts). RCS analysis of the strips after 4 h indicate that significant color transitions did not
occur in any solutions containing ions other than Zn** (Figure 4.6). Specifically, the RCS
of the strips dipped in solutions containing Zn®"is 13 times higher than that of strips
dipped in solutions containing Mn>", which displayed the highest chromatic shift from all
of the control conditions. Notably, aptamer sequence 1 was previously reported to bind
non-specifically to Cd*" [33]. However, another biosensor employing 1 reported
insignificant non-specific interactions with Cd*" in control studies [42]. Because Cd is
both highly toxic and carcinogenic, and is not one of the nutrients in food crops, this
specific control was not included in the present study.

Finally, the stability of the PDA strips was evaluated over a 28-day period, during
which strips were stored under four different conditions and tested every 7 days (Figure
4.7). The storage conditions included (1) under normal air, at room temperature, in the

dark, (2) under normal air, at 4 °C, in the dark, (3) under N, gas, at room temperature, in
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the dark, and (4) under normal air, at room temperature, under constant light. RCS
analysis shows that all strips stored in the dark demonstrated successful Zn®>" detection
after 28 days (Figures 4.7B, 4.7C). Strips stored under constant light exhibited non-
specific color transition that progressed over time and were not sensitive to Zn>" solutions
at the end of the 28-day period. A successful strip was determined as one that
demonstrated a blue to pink/red transition that is readily discernable by the naked eye

after 4 h incubation in 1000 pM Zn*" solution.

4. CONCLUSIONS

We observed that aptamer lengths and structural switches (such as those displayed by
hairpin aptamers) significantly increase the sensitivity of color transitions in PDA
liposomes. This provides insight into methods by which the color transitions of aptamer-
conjugated PDA sensors can be optimized through changing the characteristics of
conjugated aptamers. Subsequently, we demonstrated a PDA sensor strip for the
discrimination of Zn*" levels. Our sensor has a detection limit of 125 pM (8.16 ppm),
which aligns well with the lower limit of critical concentrations in many food crops.
Additionally, two distinct color transitions of the sensor enable three-stage, semi-
quantitative detection. This technology can be easily adapted, by changing the detection
probe (i.e., aptamer), to target a wide range of analytes from ions to pathogen biomarkers.
Consequently, this sensor platform has a great potential for applications in many areas,

including agriculture, environmental management and biomedicine.
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5. FIGURES
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Figure 4.1 Color transitions of liposomes conjugated with four different aptamers (1-4 in
Table 1). (A) Images of liposome solutions after 30 m incubation in 500 uM Zn**
solution. (B) Color response of liposomes after 30 m incubation in 500 uM Zn*>" solution.
Color response data are represented as mean + SD (n = 9). *p < 0.05. Reprinted with
permission from Elsevier B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.2 Schematic representation of Zn®" detection by aptamers. (A) Aptamers of
increasing length cause greater steric repulsion and lead to more sensitive color changes.
(B) The un-folding of hairpin aptamers causes additional steric repulsion. Reprinted with
permission from Elsevier B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.3 Preparation of PDA-coated PVDF strips. (A) PVDF strips are dipped into
chloroform solution containing DA monomers conjugated with Zn*" aptamer, unmodified
DA monomers and DMPE (left), and subsequently photopolymerized by 254 nm UV
irradiation under a mask to yield a blue-colored device (middle). Dipping the device in
Zn”" solution causes a blue to pink/red color transition as a result of direct interaction
between Zn®" ions in solution and Zn*" aptamers (right). (B) Prepared devices before
(left) and after (right) color transition. Scale bar = 2.5 mm. Reprinted with permission
from Elsevier B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.4 Zn”" detection by PDA strips. (A) Images of the strips after 4 h incubation in
Zn”" solutions. The negative and positive control images are from strips dipped in
deionized water and 1 M NaOH, respectively. (B) Red chromatic shift of the strips after
30 m, 1 h, 2 h and 4 h incubation in Zn*" solutions. Red chromatic shift data are
represented as mean = SD (n = 3). Reprinted with permission from Elsevier B.V.,
Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.5. PCA transformation of RGB values (Table 4.S1). Reprinted with permission
from Elsevier B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.6 Red chromatic shift of the strips after 4 h incubation in solutions containing
1000 uM of various nutrients. All data are represented as mean = SD (n = 3). Reprinted
with permission from Elsevier B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.7 Stability test of PDA strips over 28 days. (A) Images of tested strips
immediately after production (t = 0) and after storage under various conditions for 28
days. Strips were imaged after 4 h incubation in deionized water or 1000 uM solutions
containing Zn>", K" or Cu®". (B) Red chromatic shift of tested strips after 28 days of
storage under various conditions. Data are represented as mean + SD (n = 10 for strips

tested in Zn>"

solutions, n = 3 for strips tested in control solutions). (C) Success rate of

strips under various conditions over a 28-day period. Success rates were calculated as a

percentage of successful strips out of 10 for each storage condition. RT =

room

temperature. Reprinted with permission from Elsevier B.V., Copyright 2016, doi:

10.1016/j.snb.2016.03.118.
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Table 4.1. Aptamer variations used in the study'

Aptamer Sequence 5’ Carbon Linker Length Number of Bases Hairpin

5-GCATCAGTTAGTCATTACGCT
1 TACGGCGGCTCTATCCTAACTGA 12 65 Yes
TATATTGTGAAGTCGTGTCCC-3' *

5-GCATCAGTTAGTCATTACGCT
2 TACGGCGGCTCTATCCTAACTGA 6 65 Yes
TATATTGTGAAGTCGTGTCCC-3'

5-ATGCTGACCGATCATTACGCT

3 TACGGCGGCTCTATCCTAACTGA 12 65 No
TATATTGTGAAGTCGTGTCCC-3'
5-TCATTACGCTTACGGCGGCTC

4 TATCCTAACTGATATATTGTGAAG 12 54 No
TCGTGTCCC-3

* sequence from [31]

! Reprinted with permission from Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.

99



References

[1] H. Beckham, M. Rubner, On the origin of thermochromism in cross-polymerized
diacetylene-functionalized polyamides, Macromolecules, 26 (1993) 5198-201.

[2] R.R. Chance, R.H. Baughman, H. Muller, C.J. Eckhardt, Thermochromism in a
polydiacetylene crystal, J Chem Phys, 67(1977) 3616-8.

[3] R.R. Chance, G.N. Patel, J.D. Witt, Thermal effects on the optical properties of single
crystals and solution-cast films of urethane substituted polydiacetylenes, J Chem Phys,
71(1979) 206-11.

[4] Q. Cheng, R.C. Stevens, Charge-induced chromatic transition of amino acid-
derivatized polydiacetylene liposomes, Langmuir, 14(1998) 1974-6.

[5] J. Song, Q. Cheng, S. Kopta, R.C. Stevens, Modulating artificial membrane
morphology: pH-induced chromatic transition and nanostructural transformation of a
bolaamphiphilic conjugated polymer from blue helical ribbons to red nanofibers, J Am
Chem Soc, 123(2001) 3205-13.

[6] D.H. Charych, J.O. Nagy, W. Spevak, M.D. Bednarski, Direct colorimetric detection
of a receptor-ligand interaction by a polymerized bilayer assembly, Science, 261(1993)
585-8.

[7] D.H. Charych, W. Spevak, J.O. Nagy, M.D. Bednarski, Specific interaction of
influenza-virus with organized assemblies of polydiacetylenes, Mater Res Soc Symp P,
292(1993) 153-61.

[8] S.-H. Jung, H. Jang, M.-C. Lim, J.-H. Kim, K.-S. Shin, S.M. Kim, et al., Chromatic
biosensor for detection of phosphinothricin acetyltransferase (PAT) using
polydiacetylene vesicles encapsulated within automatically generated immuno-hydrogel
beads, Anal Chem, 87(2015) 2072-8.

[9] S.W. Lee, C.D. Kang, D.H. Yang, J.S. Lee, J.M. Kim, D.J. Ahn, et al, The
development of a generic bioanalytical matrix using polydiacetylenes, Adv Funct Mater,
17(2007) 2038-44.

[10] HK. Park, S.J. Chung, H.G. Park, J.-H. Cho, M. Kim, B.H. Chung, Mixed self-
assembly of polydiacetylenes for highly specific and sensitive strip biosensors, Biosens
and Bioelectron, 24(2008) 480-4.

[11] Y.-l. Su, J.-r. Li, L. Jiang, Chromatic immunoassay based on polydiacetylene
vesicles, Colloid Surface B, 38(2004) 29-33.

100



[12] Y.K. Jung, T.W. Kim, C. Jung, D.Y. Cho, H.G. Park, A polydiacetylene microchip
based on a biotin—streptavidin interaction for the diagnosis of pathogen infections, Small,
4(2008) 1778-84.

[13] J. Wu, A. Zawistowski, M. Ehrmann, T. Yi, C. Schmuck, Peptide functionalized
polydiacetylene liposomes act as a fluorescent turn-on sensor for bacterial
lipopolysaccharide, J Am Chem Soc, 133(2011) 9720-3.

[14] Y.K. Jung, T.W. Kim, H.G. Park, H.T. Soh, Specific colorimetric detection of
proteins using bidentate aptamer(]conjugated polydiacetylene (PDA) liposomes, Adv
Funct Mater, 20(2010) 3092-7.

[15] J. Lee, H. Jun, J. Kim, Polydiacetylene-liposome microarrays for selective and
sensitive mercury (II) detection, Adv Mater, 21(2009) 3674-7.

[16] J. Lee, H.-J. Kim, J. Kim, Polydiacetylene liposome arrays for selective potassium
detection, ] Am Chem Soc, 130 (2008) 5010-1.

[17] S.D. Jayasena, Aptamers: an emerging class of molecules that rival antibodies in
diagnostics, Clin Chem, 45(1999) 1628-50.

[18] A. Reichert, J.O. Nagy, W. Spevak, D. Charych, Polydiacetylene liposomes
functionalized with sialic acid bind and colorimetrically detect influenza virus, J Am
Chem Soc, 117(1995) 829-30.

[19] S. Rozner, S. Kolusheva, Z. Cohen, W. Dowhan, J. Eichler, R. Jelinek, Detection
and analysis of membrane interactions by a biomimetic colorimetric lipid/polydiacetylene
assay, Anal Biochem, 319(2003) 96-104.

[20] E. Geiger, P. Hug, B.A. Keller, Chromatic transitions in polydiacetylene langmuir-
blodgett films due to molecular recognition at the film surface studied by spectroscopic
methods and surface analysis, Macromol Chem Phys, 203(2002) 2422-31.

[21] B. Ma, Y. Fan, L. Zhang, X. Kong, Y. Li, J. Li, Direct colorimetric study on the
interaction of Escherichia coli with mannose in polydiacetylene Langmuir-Blodgett films,
Colloid Surface B, 27 (2003) 209-13.

[22] M.-C. Lim, Y.-J. Shin, T.-J. Jeon, H.-Y. Kim, Y.-R. Kim, Microbead-assisted PDA
sensor for the detection of genetically modified organisms, Anal Bioanal Chem,
400(2011) 777-85.

[23] J. Olmsted III, M. Strand, Fluorescence of polymerized diacetylene bilayer films, J
Phys Chem-Us, 87(1983) 4790-2.

101



[24] T. Eaidkong, R. Mungkarndee, C. Phollookin, G. Tumcharern, M. Sukwattanasinitt,
S. Wacharasindhu, Polydiacetylene paper-based colorimetric sensor array for vapor phase

detection and identification of volatile organic compounds, J Mater Chem, 22(2012)
5970-7.

[25] S. Pumtang, W. Siripornnoppakhun, M. Sukwattanasinitt, A. Ajavakom, Solvent
colorimetric paper-based polydiacetylene sensors from diacetylene lipids, J Colloid Interf
Sci, 364(2011) 366-72.

[26] T. Soga, Y. Jimbo, K. Suzuki, D. Citterio, Inkjet-printed paper-based colorimetric
sensor array for the discrimination of volatile primary amines, Anal Chem, 85(2013)
8973-8.

[27] X. Wang, X. Sun, P.A. Hu, J. Zhang, L. Wang, W. Feng, ef al., Colorimetric sensor
based on selfl Jassembled polydiacetylene/graphene-stacked composite film for vapor-
phase volatile organic compounds, Adv Funct Mater, 23(2013) 6044-50.

[28] B. Yoon, L.S. Park, H. Shin, H.J. Park, C.W. Lee, JM. Kim, A litmus-type
colorimetric and fluorometric volatile organic compound sensor based on inkjet-printed
polydiacetylenes on paper substrates, Macromol Rapid Comm, 34(2013) 731-5.

[29] B.R. Eggins, Chemical sensors and biosensors: John Wiley & Sons; 2008.

[30] P. Biihlmann, E. Pretsch, E. Bakker, Carrier-based ion-selective electrodes and bulk
optodes. 2. Ionophores for potentiometric and optical sensors, Chem Rev, 98(1998) 1593-
688.

[31] S. Okada, S. Peng, W. Spevak, D. Charych, Color and chromism of polydiacetylene
vesicles, Accounts Chem Res, 31 (1998) 229-39.

[32] R. Volinsky, M. Kliger, T. Sheynis, S. Kolusheva, R. Jelinek, Glass-supported
lipid/polydiacetylene films for colour sensing of membrane-active compounds, Biosens
Bioelectron, 22(2007) 3247-51.

[33] M. Rajendran, A.D. Ellington, Selection of fluorescent aptamer beacons that light up
in the presence of zinc, Anal Bioanal Chem, 390(2008) 1067-75.

[34] R.W. Carpick, D.Y. Sasaki, M.S. Marcus, M.A. Eriksson, A.R. Burns,
Polydiacetylene films: a review of recent investigations into chromogenic transitions and
nanomechanical properties, J Phys-Condens Mat, 16(2004) R679-R97.

[35] R. Jelinek, M. Ritenberg, Polydiacetylenes-recent molecular advances and
applications, RSC Adv, 3(2013) 21192-201.

102



[36] M.A. Reppy, B.A. Pindzola, Biosensing with polydiacetylene materials: structures,
optical properties and applications, Chem Commun, (2007) 4317-38.

[37] E.J. Cho, J.-W. Lee, A.D. Ellington, Applications of aptamers as sensors, Annu Rev
Anal Chem, 2(2009) 241-64.

[38] H.K. Park, S.J. Chung, H.G. Park, J.-H. Cho, M. Kim, B.H. Chung, Mixed self-
assembly of polydiacetylenes for highly specific and sensitive strip biosensors, Biosens
Bioelectron, 2 (2008) 480-4.

[39] G.J. Ross, J.F. Watts, M.P. Hill, P. Morrissey, Surface modification of poly
(vinylidene fluoride) by alkaline treatment 1. The degradation mechanism, Polymer,
41(2000) 1685-96.

[40] S. Kolusheva, L. Boyer, R. Jelinek, A colorimetric assay for rapid screening of
antimicrobial peptides, Nat Biotechnol, 18(2000) 225-7.

[41] B.J. Alloway, Zinc in soils and crop nutrition, Brussels, Belgium: International Zinc
Association 2004.

[42] Z. Li, M. Liu, L. Fan, H. Ke, C. Luo, G. Zhao, A highly sensitive and wide-ranged
electrochemical zinc(Il) aptasensor fabricated on core—shell SiO 2-Pt@ meso-SiO 2,
Biosens Bioelectron, 52(2014) 293-7.

103



6. SUPPLEMENTARY DATA
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Figure 4.S1. DLS graph of PDA liposome size. All lines represent data recorded from a
single sample. Reprinted with permission from Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.
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Figure 4.S2. Absorbance spectra of PDA liposomes conjugated with aptamers 1-4 before
(A) and after (B) incubation with 5 mM Zn*". Reprinted with permission from Elsevier
B.V., Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Figure 4.S3. Schematic depiction of aptamers 1-4 conjugated to the surface of liposomes.
Image is not drawn to scale to exaggerate the differences between the aptamers.
Reprinted with  permission from  Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.
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Figure 4.S4. Color transitions of liposomes with 1% of aptamer 1 after 1 h incubation in
solutions containing 0 to 25 mM Zn*". Color response data are represented as mean + SD
(n = 9). Reprinted with permission from Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.
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Table 4.S1. RGB values extracted from strips after 4 h in Zn*" solution'

Sample Red Green Blue
0 uM -1 143.8 182.2 240.4
OuM -2 104.3 154.0 243.1
0uM -3 113.5 161.1 244.3

62.5 uM - 1 143.2 180.6 238.8
62.5 uM - 2 150.4 186.3 240.4
62.5 uM - 3 135.9 164.9 233.7
125 uM - 1 173.3 179.6 223.7
125 uM - 2 169.4 172.6 220.1
125 yM -3 163.1 185.4 229.6

250 uyM -1 1771 169.9 216.2
250 uM - 2 187.2 184.2 2229
250 uM - 3 179.2 175.9 214.4
500 uM -1 179.5 164.8 206.2

500 uM - 2 187.8 172.6 210.8
500 uM - 3 184.4 170.9 208.7

1000 pM -1 197.5 176.1 209.4
1000 pM - 2 204.0 162.4 198.4
1000 uM - 3 205.6 164.7 195.6

'Reprinted  with  permission from Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.

108



(Zn] (M)

e 0
62.5

e 125
250

® 500
® 1000

156

Figure 4.S5. 3D plot of RGB values. Reprinted with permission from Elsevier B.V.,

Copyright 2016, doi: 10.1016/j.snb.2016.03.118.
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Table 4.S2. Critical Zn>" concentrations*"

Crop Tissue Critical [Zn] (ppm)
maize upper third leaves 15-16
rice whole shoot 10-20

upper recently matured leaves,

soybean early bloom 20
youngest fully emerged leaf early
peanut pegging 8-10
wheat shoot 32
canola shoot 23
sorghum youngest fully emerged leaf 8-10
cassava youngest mature blade 30

* as reported by [1]

'Reprinted with permission from Elsevier B.V., Copyright 2016, doi:
10.1016/j.snb.2016.03.118.
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Figure 4.S6 SEM images of strips before (left, blue) and after (right, pink/red) incubation
in Zn** solution. Scale bar = 10 pum.
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CHAPTER 5:

STRIP SENSOR FOR IMMUNOCHROMATIC

DETECTION OF X. FASTIDIOSA
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Abstract

This study presents a sensor strip for user-friendly, naked-eye detection of Xylella
fasitdiosa, the causal agent of Pierce’s disease in grapevine. This sensor utilizes anti-X.
fastidiosa antibodies conjugated to a polydiacetylene layer on a polyvinylidene fluoride
strip to generate specific color transitions and discriminate levels of the pathogen. The
detection limit of the sensor is 0.8 x 10° cells/mL, which is similar to bacterial load in
grapevine 18 days following bacterial inoculation. The advantages of this sensor include
equipment-free detection and high specificity, characteristics desirable for in-field

diagnostic tools in resource-limited settings.
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1. INTRODUCTION

Xylella fastidiosa is a gram-negative, xylem-limited bacterium that was listed as a top 10
scientifically and economically important plant pathogenic bacterium in 2012 [1]. It is the
causal agent of Pierce’s disease in grapevine and is additionally responsible for a number
of other economically devastating agricultural diseases including phony peach disease,
plum leaf scald, almond leaf scorch, and citrus variegated chlorosis [2, 3]. Particularly,
widespread Pierce’s disease epidemics have resulted in severe vineyard losses across the
United States and parts of Mexico and Central America [4]. In California, where the
primary vector for transmission is the glassy-winged sharpshooter, Homalodisca
coagulata, up to 50% of the vines in some vineyards have been reported with PDirece’s
disease-related symptoms in a given year [3, 5, 6]. Symptoms of Pierce’s disease include
marginal leaf necrosis, leaf scorching, and wilted, shriveled fruit [4, 7].

Current methods to diagnose Pierce’s disease include detection of X. fastidiosa in
plant tissue samples through optical or fluorescence microscopy, bacterial culture, or
enzyme-linked immunosorbent assay (ELISA) [8-10]. However, bacterial culture and
microscopy are time-consuming and inefficient [10]. ELISA is currently the favored
method for high through-put and rapid X. fastidiosa detection, nevertheless this procedure
still requires a laboratory environment and trained operators to complete [8, 11, 12].
More recently, polymerase chain reaction (PCR) has been suggested as a highly sensitive
detection method as compared to ELISA, but has not been widely adopted due to costly
and complicated protocols for DNA extraction and amplification [11, 13]. With the high

incidence of the Pierce’s disease in the United States and particularly California, a user-
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friendly, in-field device for X. fastidiosa detection would be an advantageous tool to
prevent grapevine loss from the pathogen.

This study reports the development of a polydiacetylene (PDA)-coated “dipstick”
sensor strip for quick and easy detection of X. fastidiosa. PDA 1is a class of amphiphilic
lipid polymers known for their unique blue to red color transitions in response to stimuli
such as high pH [14, 15], high temperature [16-18] and molecular binding events [19,
20]. These chromatic properties have resulted in the popular use of PDA in a range of
colorimetric biosensing applications in the form of liposomes [21-23], Langmuir-
Blodgett films [24, 25], strips [26-28] and others [29, 30]. The additional fluorescence
“turn-on” characteristic of red-phase PDA is attributable to its use in the development of
fluorescence-based sensors [31-33]. Even more, recent investigations have taken
advantage of the biocompatibility of PDA liposomes and employed them in biomedical
drug delivery systems [34, 35]. Its application as an injectable in planta sensor to monitor
pathogenic infection of plants has also been recently suggested [36]. In this study, highly
specific anti-X. fastidiosa antibodies were conjugated to surface of PDA-coated strips of
polyvinylidene fluoride (PVDF). When incubated in liquid cultures containing X.
fastidiosa, the strips exhibited blue to pink transitions that were readily discernable by the
naked eye. Recently, we reported a PDA strip sensor conjugated with DNA aptamer
probes to selectively detect zinc ions in test samples [26]. The current study extends the
capacity of this platform by using antibodies to demonstrate the detection of live

bacterium, which is particularly relevant to agricultural disease diagnostics.
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2. MATERIALS AND METHODS

2.1 Materials

Diacetylene monomer, 10,12-pentacosadiynoic acid (PCDA) was purchased from
Spectrum Chemicals (Gardena, CA, USA), and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). Organic solvents and PVDF transfer membranes (EMD Millipore, 0.45 um) were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Anti-X. fastidiosa antibody was
purchased from Agdia, Inc. (Elkhart, IN, USA). PD3 media, Luria-Bertani (LB) media
and LB agar were obtained from Difco Laboratories (Detroit, MI, USA). All other
compounds are research grade and were purchased from Sigma Aldrich (St. Louis, MO,

USA).

2.2 Preparation of Sensor Strips for X. fastidiosa Detection

A solution 6 mM DA solution (300 nmol PCDA-N-hydroxysuccinimide (NHS), 3300
nmol PCDA, and 2400 nmol DMPC) was prepared in chloroform. The strips were then
incubated in a solution containing 0.04 mg/mL of anti-X. fastidiosa antibody for 4 h in

room temperature or overnight at 4 °C before photopolymerization (Chapter 3, Section 3).

2.3 Bacterial Cultures
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X fastidiosa subsp. fastidiosa (Temecula-1), Pantoea stewartii subsp. stewartii (DC283),

and Escherichia coli BL21(DE3) were used in this study (Chapter 3, Section 5).

2.4 X fastidiosa Detection and Sensor Analysis
Prepared strips were dipped into solutions containing various concentrations of X.
fastidiosa from 0 to 4.1 x 10° cells/mL in LB media at room temperature. Color images of
strips were recorded at incubation times from 1 h to 4 h. Red chromatic shift (RCS) was
calculated using digital colorimetric analysis as previously described [37] (Chapter 3,
Section 4.2).

Principal component analysis (PCA) was additionally employed (Table 5.S1,
Figure 5.S1) (Chapter 3, Section 4.3). The first principal component (PC1) is expressed
as PC1 =0.76 x R + 0.44 x G — 0.47 x B, and the second principal component (PC2) as
PC2 = -0.01 x R - 0.72 x G — 0.69 x B. The 2D PCA score plot indicates that PC1

accounts for 53.8% of the total data variance and PC2 accounts for 41.3%.

3. RESULTS AND DISCUSSION

The prepared strips (Figure 5.1) were incubated in liquid cultures of X. fastidiosa of
varying concentrations from 0 to 4.1 x 10® cells/mL. The strips were imaged after each
hour over a 4-hour period. After 4 h, they displayed a range of colors from blue to pink
corresponding to increasing concentrations of X. fastidiosa culture (Figure 5.2). The

detection limit of the sensor was determined as the lowest concentration of bacterial cells

118



that resulted in a color transition discernable by the naked eye. Accordingly, the detection
limits at each hour were 1.2 x 10® cells/mL after both 1 h (12.3% RCS) and 2 h (17.6%
RCS), and 0.8 x 10® cells/mL after 3 h (16.0% RCS) and 4 h (17.1% RCS). This indicates
that an RCS of approximately 10-15% or greater is readily discernable by the naked eye,
which has also been reflected in previous studies [23, 42].

After 4 h incubation in X. fastidiosa solution, the strips displayed four distinct
colors and three color transitions. The first transition was at 0.8 x 10° cells/mL, the
detection limit of the sensor, at which a blue to indigo transition occurred. This is
reflected by a 17.1% RCS between strips incubated in 0 cells/mL (LB media) and 0.8 x
10% cells/mL. The second transition occurred at 1.8 x 10® cells/mL, at which an indigo to
purple transition is denoted by a 9.6% RCS between strips in 0.8 x 10° cells/mL and
strips in 1.8 x 10% cells/mL. The final purple to pink transition was at 2.7 x 10° cells/mL
at which a 12.1% RCS is observed between strips in 1.8 x 10® cells/mL and those in 2.7 x
10® cells/mL. The multi-colored spectrum displayed by the strips allows for semi-
quantitative naked-eye detection of X. fastidiosa, in which each color may indicate a
certain degree of bacterial load within the plant.

The detection limit of the strips at 0.8 x 10® cells/mL after 4 h is comparable to
the bacterial load found in X. fastiodiosa-infected grapevine tissue approximately 18 days
after inoculation [6, 43]. While the detection limit of the current ELISA methods is in the
range of 10° cells/mL (bacterial load approximately 6 days after inoculation) [6, 8], this
threshold remains significant since symptoms of the disease appear in a broad range from

30 days up to 1 year after transmission [3]. Moreover, approximately 24 days after
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inoculation, the rate of disease transmission of infected grapevine increases considerably
[6]. Notably, this 24-day transmission threshold aligns well with the second color
transition (indigo to purple) of our sensor. Accordingly, this sensor’s color transitions are
advantageous for disease management in that indigo may indicate that transmission rates
are low (surrounding vines are likely healthy), purple may indicate that an increase in
transmission rate is imminent (surrounding vines are at risk), and pink may indicate that
disease transmission is high (surrounding vines are likely infected). As a result, both the
detection limit of the sensor and the sensor’s color transitions are relevant for early
disease detection and disease management.

PCA was additionally employed to distinguish the color transitions between
successive X. fastidiosa concentrations (Figure 5.3). For this analysis, the first principal
component (PC1) is expressed as PC1 =0.76 x R + 0.44 x G — 0.47 x B, and the second
principal component (PC2) as PC2 =—-0.01 x R—0.72 x G — 0.69 x B. The 2D PCA score
plot indicates that PC1 accounts for 53.8% of the total data variance and PC2 accounts
for 41.3%. Notably, the PCA plot displays six distinct groups. This suggests that six
distinct colors can be distinguished after 4 h by PCA quantification. In particular, the
PCA plot confirms an additional distinction between strips incubated in 0.8 x 10°
cells/mL and 1.2 x 10° cells/mL and strips in 2.7 x 10° cells/mL and 4.1 x 10° cells/mL,
which are not discernable by the naked eye. PCA can be applied in future investigations
of this sensing platform to provide further discrimination of X. fastidiosa levels by the

strips that is indistinguishable with the unaided eye. Specifically, a smartphone
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application to provide user-friendly PCA of smartphone image inputs of the strips would
facilitate aided in-field analysis.

Finally, to test the specificity of the sensor, strips were incubated in bacterial
cultures containing 4.1 x 10® cells/mL of P. stewartii (causal agent for Stewart’s Wilt in
maize [44]) and E. coli. RCS analysis of the strips after 4 h incubation indicates that
significant color transitions did not occur in cultures containing bacterium other than X.
fastidiosa (Figure 5.4). Specifically, RCS of strips incubated 4.1 x 10° cells/mL X.
fastidiosa are 7 times higher than those incubated in 4.1 x 10® cells/mL P. stewartii and

42 times higher than those in 4.1 x 10° cells/mL E. coli.

4. CONCLUSIONS

We report a new sensor strip for naked-eye detection of X. fastidiosa. The detection limit
of our sensor after 4 h incubation is 0.8 x 10% cells/mL, which is comparable to bacterial
load 18 days after vector transmission of the disease [6]. Even more, the color transitions
exhibited by the strip is expected to provide critical information regarding disease
transmission of infected grapevine. Additionally, PCA suggests the potential to further
discriminate X. fastidiosa levels through quantification of an image input. By foregoing
the need for expensive detection instruments and reagents outside of leaf sample

processing, this sensor platform has great potential for in-field use.
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5. FIGURES
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Figure 5.1. Preparation of X. fastidiosa-sensing strips. (A) PVDF strips are dipped into
chloroform solution containing PCDA-NHS, PCDA, and DMPC and (B) subsequently

incubated in a solution containing 1 mg/mL anti-X. fastidiosa antibody. (C) The PDA

coat is then photopolymerized by 254 nm UV irradiation under a mask to yield a blue-
colored device. (D) Dipping the device in solution containing X. fastidiosa causes a blue

to pink color transition as a result of direct interaction between X. fastidiosa in solution

and anti-X. fastidiosa antibody.
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Figure 5.2. X fastidiosa detection by strips. (A) Images of the strips after 4 h incubation
in X. fastidiosa solutions. The negative and positive control images are from strips dipped
in LB media and 1 M NaOH, respectively. (B) Red chromatic shift of the strips after 1 h,
2 h, 3 h and 4 h incubation in X fastidiosa solutions. Red chromatic shift data are

represented as mean + SD (n = 3).

123



1.80

1.8x108 — @

;5 cells/mL 2.7x 108
) cells/mL
T Y q/
= 12x108 — &
2 cells/mL ¢
o
S 249 o— 173
o] 4.1x108
o cells/mL
S f#  Ocells/mL
e 0.8 x 108 1
o ° cells/mL

9 \Q’

—9
-1.57

Principal Component 1 (53.8%)

Figure 5.3. PCA transformation of RGB values (Table 5.S1). PCA facilitates additional

discrimination of the sensor’s colors that is not discernable by the naked eye.
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Figure 5.4. Specificity of the strips. Images (A) and red chromatic shift (B) of the strips
after 4 h incubation in solutions containing 4.1 x 10° cells'mL of X. fastidiosa, P.

stewartii, and E. coli. All data are represented as mean + SD (n = 3).
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6. SUPPLEMENTARY DATA

Table 5.S1. RGB values extracted from strips after 4 h in X. fastidiosa culture.

Sample
(x10%cells/mL) Red  Green Blue
0-1 96.3 143.1 224.6
0-2 87.5 134.4 219.3
0-3 80.4 128.8 218.4
0.8-1 1449  162.0 185.5
0.8-2 142.8  161.7 187.1
0.8-3 1315 158.6 190.3
1.2-1 1204 1376 173.7
12-2 109.6  131.0 171.3
1.2-3 106.1  130.5 172.0
1.8-1 1275  126.1 158.0
1.8-2 1248  123.6 157.0
1.8-3 1225 122.0 156.3
2.7 -1 1710  136.1 165.3
27-2 167.1  140.8 168.2
27-3 1704  140.0 163.8
41-1 186.4  158.1 176.6
41-2 180.6  146.8  169.9
41-3 195.1 152.1 178.7
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PREFACE: CHAPTERS 6 & 7

Chapters 6 and 7 of this dissertation report the ongoing development of a proposed in
vivo detection system for the in-field diagnostics of exogenous plant pathogenic bacteria.
Specifically, a proof-of-concept study of the proposed platform is described in Chapter 6,
and the fabrication of injectable polydiacetylene liposome sensors for detection of
exogenous bacterium, P. stewartii is subsequently reported in Chapter 7. The studies
described in Chapter 6 have been previously published all or in part by Society for
Laboratory Automation and Screening (Copyright 2015, doi:

10.1177/2211068214551826).
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CHAPTER 6:

IN VIVO MICROSPHERE-BASED LATERAL FLOW

BIOSENSOR IN MAIZE LEAVES
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Abstract

Low-cost and quick detection of biotic stresses is critically important for protection of
staple food crops, such as maize, in smallholder farms. This is particularly critical in
developing countries, where access to improved seed varieties, fertilizers, and pesticides
is restricted due to financial and geographical limitations. This chapter reports the
development of an in vivo lateral flow detection technology. Specifically, this platform is
directly integrated in a maize leaf, where microspheres conjugated with analyte-specific
capture antibodies are non-invasively injected. In this study, we optimized microsphere
size for effective infiltration and immobilization in the leaf, and further demonstrated the
detection of a fluorescent mock biomarker, fluorescein, in a live maize plant. Results of
the study indicate that antibody-conjugated microspheres captured and detected analyte in
a concentration-specific manner. This in vivo lateral flow biosensor is the first of its kind
and is expected to provide a low-cost and user-friendly detection method for biotic

stresses in the field.

134



1. INTRODUCTION

Maize is one of the most widely grown staple crops globally, and is especially critical in
developing regions of sub-Saharan Africa and Mesoamerica, where maize alone
comprises over 20% of food calories and up to 73% of total production is used as a food
source [1]. Despite high demand, maize growth suffers from significant losses at both
pre- and post-harvest stages due to biotic stresses such as viruses, fungi, bacteria, and
other pests and pathogens. Numerous methods to improve maize growth and yield,
including adoption of improved seed varieties, use of fertilizers, and application of
pesticides, have been suggested to alleviate recurrent food shortages; however, these have
not been widely employed by smallholder farmers due to their high cost and lack of
accessibility [2, 3].

Quick and efficient detection of plant pathogens is desirable for the timely
intervention of plant diseases. Standard methodologies in plant diagnostics range from
physical examination of symptoms to the use of molecular diagnostics such as enzyme-
linked immunosorbent assay (ELISA) or polymerase chain reaction (PCR) [4-6].
Although ELISA and PCR offer high sensitivity and specificity, both of these approaches
require expensive laboratory facilities and trained operators. On the other hand, physical
examination can only offer a diagnosis well past the onset of pathogenic infection.

Recently, lateral flow devices have gained much attention as inexpensive, user-
friendly, in-field diagnostic tools [7]. Lateral flow devices typically incorporate the use of
a nitrocellulose test strip and capture antibodies to detect the presence of analyte in a two-

step sandwich assay. Wicking of analyte-containing sample solution onto the
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nitrocellulose substrate results in capture of analyte by the first antibody, conjugated to a
colored particle. The analyte-antibody pair then flow downstream to a second analyte-
specific antibody that is immobilized on the surface of the test strip (the detection zone).
The accumulation of the initial analyte-antibody pair at the detection zone results in a
positive test indicated by the aggregation of colored particles visible to the naked eye [7].
While lateral flow devices have recently been developed to detect plant pathogens [5],
these external devices require the user to initiate testing and are likely used for rapid
confirmation of pathogenic infection already suspected from physical examination. An
ideal detection platform would provide notification at the first onset of pathogenic
infection. Such a platform would require a biodetection strategy that is integrated directly
within the host plant itself.

Syringe agroinfiltration is a method of gene introduction into plant hosts via
delivery of genes through Agrobacterium [8, 9]. First, a needleless syringe is filled with
Agrobacterium-containing media. The tip of the needless syringe is then placed against
the abaxial (back) side of an intact plant leaf, and the media is manually injected into the
leaf interstitium. A temporary color change from light to dark green indicates successful
infiltration of Agrobacterium into the leaf [10, 11]. Syringe agroinfiltration has been
demonstrated successfully in several plant species [11, 12]. While there are other
methods of transient gene expression in live plant hosts, including biolistics
(microprojectile bombardment) [13] and microneedle injection [14], the need for minimal
equipment and simplicity of procedure has made syringe agroinfiltration a popular choice

in recent years.
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This study reports the first development of a lateral flow biosensor that utilizes
the maize leaf itself as the substrate for the lateral flow “test strip”. By modifying the
established agroinfiltration procedure, we introduced and immobilized antibody-
conjugated microspheres in the leaf interstitium. Our one-step lateral flow detection
platform aims to target fluorescent biomarkers (e.g., aflatoxins) or to incorporate the use
of detection-sensitive, colorimetric polydiacetylene (PDA) vesicles [15, 16] to simplify
the procedure and eliminate the need for two-step sandwich assays. In this study, we
successfully detect a mock pathogen, fluorescein, using infiltrated microspheres

conjugated with anti-fluorescein antibody (Figure 6.1A).

2. MATERIALS AND METHODS

2.1 Materials

Maize seeds were obtained from Carolina Biological Supply Company (Burlington, NC,
USA). 1 mL needleless syringes were from Fisher Scientific (Waltham, MA, USA).
Fluorescent microspheres were obtained from Spherotech (Lake Forest, IL, USA), and
biotinylated anti-fluorescein antibody was from eBiosciences (San Diego, CA, USA). All
other chemicals used are research grade and were obtained from Sigma Aldrich (St.

Louis, MO, USA).
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2.2 Maize Growth

Readers are referred to Chapter 3 (Section 6) for a detailed protocol for maize growth.

2.3 Infiltration of Microspheres

Fluorescent microspheres were washed in 1X phosphate buffered saline (PBS) solution and
resuspended in infiltration buffer (10 mM MgCl,, 10 mM MES-potassium, pH 5.6).
Microsphere solutions (0.5% v/v solids) were infiltrated into the abaxial side of intact maize
leaves. Immediately after infiltration, the abaxial epidermis of leaves were gently wiped with
deionized water to remove residual uninfiltrated microspheres. Infiltrated leaves were
examined from the adaxial (front) surface under a Leica DM2000 fluorescence microscope
following infiltration and every 24 h for 72 h. Fluorescence intensities were determined as a
ratio of the signal intensity of the target region to the leaf background. Retention rate was
calculated as a ratio of fluorescence intensity at 72 h after infiltration and immediately

following infiltration.

2.4 Lateral Flow Detection

Anti-fluorescein antibody-coated red fluorescent microspheres (AF microspheres) were
first prepared. 0.5 pm streptavidin-coated red fluorescent microspheres were mixed with
biotinylated anti-fluorescein antibodies, washed, and resuspended in infiltration buffer.
AF microsphere solutions (0.5% v/v solids) were injected into the second leaf from the
bottom of 15- to 20-day-old maize plants, examined for initial microsphere content and

transferred to fluorescein solutions containing 0, 3.2, 8, 20 or 50 uM fluorescein in PBS
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(pH adjusted to 6.8). The plants were grown in fluorescein solution for 72 h to allow for
sufficient fluorescein uptake by the plants, and the solution was changed every 12 h. The
plants were examined again at the end of the 72 h experiment. For the duration of the
experiment, plant roots were fully immersed in fluorescein solution and the solution was
protected from light. Fluorescence intensities were determined as a ratio of the mean
signal intensity in a region of interest (ROI) to the leaf background. The ROI is defined
per plant as a fixed rectangular space that encompasses the region where red fluorescent
microspheres have been infiltrated. The leaf background is defined as a corresponding
region on the same leaf lateral to the ROI. Normalized fluorescence intensities for test
plants were calculated as the ratio of fluorescence intensity to the mean intensity of

control plants grown in 0 pM fluorescein solution.

3. RESULTS AND DISCUSSION

3.1 Infiltration of Microspheres in Leaf Tissue

A pressure-driven infiltration technique, inspired by agroinfiltration, was developed to non-
invasively introduce microspheres into the leaf. Specifically, a pressure gradient, introduced
by the syringe on the leaf surface, propelled bioreagents through pores in the leaf abaxial
epidermis and into the leaf apoplast (intercellular space) (Figure 6.1B). Infiltration in maize
leaves was successfully demonstrated without damaging the leaf epidermis (Figure 6.1C). In

this platform, microspheres were used to provide stationary surfaces through which
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antibodies were immobilized within the leaf tissue. Without such surfaces, antibodies cannot
be retained at a fixed spot inside the leaf.

Microsphere sizes were characterized for both high infiltration efficiency and
retention rate post-infiltration. Spheres too large cannot pass through the leaf epidermis,
whereas spheres too small are easily removed from the infiltrated spot. Fluorescent
microspheres, ranging from 0.1 to 1 pm in diameter, were infiltrated into intact maize leaves.
Fluorescence microscopy analysis of the microspheres injected and retained at the injection
site over the 72 h period indicated that the 0.5 um diameter microspheres produced initial
signal intensities 2.5, 3, and 4 times higher than 0.3, 0.1, and 1.0 um infiltrated microspheres,
respectively (Figure 6.2A, 6.2B). Additionally, 0.5 um infiltrated microspheres yielded a
nearly 100% retention rate over 72 h (Figure 6.2C). These results suggest that a 0.5 pm
diameter particle size is desirable for high infiltration and retention efficiency, and is
appropriate for the immobilization of foreign biomolecules (e.g., antibodies) in the maize leaf

tissue.

3.2 Lateral Flow Detection of Fluorescein by AF Microspheres In Vivo

Detection of fluorescein by AF microspheres was performed as a proof-of-concept
demonstration of the proposed in vivo biosensing technology. AF microspheres were
prepared (Figure 6.3A) and injected into leaves of live maize plants. Infiltrated plants
were grown in fluorescein solution for 72 h before optical analysis. It was demonstrated
that AF microspheres themselves did not emit green fluorescence (Figure 6.3B, 0 uM

fluorescein concentration), but effectively captured trace amounts of fluorescein
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molecules taken up by the maize plant. This was exhibited by the localized accumulation
of green fluorescence signals (Figure 6.3B, 3.2-50 uM). Specifically, quantitative
analysis of fluorescein detection by AF microspheres indicate a 22%, 34%, 51%, and
71% increase in normalized fluorescence intensity by plants infiltrated with AF
microspheres grown in 3.2 puM, 8 uM, 20 uM, and 50 puM fluorescein solution
respectively, as compared to control plants grown in 0 pM fluorescein solution (Figure
6.3C). In addition, plants infiltrated with control (non-conjugated) microspheres did not
show increased fluorescence intensity with increasing fluorescein concentration, further
confirming specific detection by test plants infiltrated with AF microspheres. The limit of
detection (LoD) [17], defined as two standard deviations above the arithmetic mean of
normalized fluorescence intensity of control plants grown in 0 uM fluorescein, was 19
uM. Collectively, these data indicate the feasibility of in vivo detection of biomolecules
in maize based on the proposed technology.

The anticipated use of this technology is for the early detection of disease onset
over a plant’s lifetime. The microsphere sensors would therefore be injected into plant
leaves at a young and healthy age. While capture antibodies are likely to degrade and
become inactive over time in plant leaves, especially in the field (e.g., in high
temperatures and sun light), more stable and economical capture probes such as DNA
aptamers are a desirable alternative for long-term applications [18]. In addition, DNA
aptamers are more economical to produce than monoclonal antibodies, thereby allowing

for further cost reduction of the proposed low-cost diagnostic method.
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4. CONCLUSIONS

We have developed a minimally invasive in vivo biomolecular detection platform for maize.
The design of our detection system incorporates the immobilization of antibody-conjugated
microspheres in the leaf to capture analyte and produce a detection signal. Unlike
conventional lateral flow assays, which require sample processing (e.g., grinding of plant and
extraction of analyte solution) and are single-use, the proposed, directly integrated
technology does not require processing of plants post-infiltration and is intended for
continuous monitoring of biomarker levels over time, potentially enabling early notification
of disease onset. This not only eliminates the need for multiple tests per plant but also an
external substrate for the lateral flow test strip, thereby reducing the costs and resources
needed for disease detection. This simple method is minimally invasive, cost-effective, and
is, to our best knowledge, the first report of a lateral flow biodetection technology that is
integrated directly within living plant hosts. Because syringe infiltration is easily translatable
[10, 11], this proposed technology is expected to be applicable to a variety of plants,
monocots and dicots alike. Although this initial report focuses on the demonstration of in vivo
detection of a fluorescent mock pathogen (i.e., fluorescein) only, with further development,
particularly with the incorporation of colorimetric, stimuli-responsive PDA vesicles (Figure
6.4) [15, 16], this technology is likely to yield an equipment-free and colorimetric in vivo
diagnosis. We anticipate that such an innovative tool will make a significant impact on
improving the yield of healthy food crops by smallholder farmers across developing

countries worldwide.
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5. FIGURES

Figure 6.1. Method of one-step lateral flow detection of pathogen markers in live maize
leaves. This study focuses on the detection of a fluorescent biomarker using antibody-
conjugated microspheres (A), which serves as the basis for future developments to detect
non-fluorescent biomarkers by incorporating stimuli-sensitive colorimetric liposomes
(Figure 6.4). (B) Schematic of infiltration of microspheres into leaf tissue before
infiltration (left) and after infiltration (right). (C) Infiltration in a maize leaf: (i)
infiltration with a needleless syringe, (ii) immediately after injection, where injected
buffer solution is visible, and (iii) 10 min after injection, where injected buffer evaporates
without leaving visible marks. Reprinted with permission from Society for Laboratory
Automation and Screening, Copyright 2015, doi: 10.1177/2211068214551826.
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Figure 6.2. Infiltration of microspheres in leaf. (A) Fluorescence images of infiltrated
microspheres. (B) Fluorescence intensity of infiltrated microspheres by diameter. (C)
Microsphere retention rate after 72 h. Data are represented as mean + SD (n=3). Scale
bars: 1.2 mm. Reprinted with permission from Society for Laboratory Automation and
Screening, Copyright 2015, doi: 10.1177/2211068214551826.
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Figure 6.3. Lateral flow detection of fluorescein in live maize plants after 72 h growth in
fluorescein solutions. (A) Immobilization of anti-fluorescein antibody onto red
fluorescent microspheres. (B) Infiltration of anti-fluorescein coated red fluorescent
microspheres in leaves followed by antibody capture of fluorescein from plants grown in
fluorescein solutions of varying concentrations. (C) Relative fluorescence intensity of
fluorescein captured by anti-fluorescein conjugated microspheres and control (non-
coated) microspheres. Data are represented mean + SD (n=3). Scale bars: 500 pm.
Reprinted with permission from Society for Laboratory Automation and Screening,
Copyright 2015, doi: 10.1177/2211068214551826.
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Figure 6.4. Proposed method of colorimetric, one-step lateral flow detection of
pathogens in maize leaves for future development. Infiltrated stimuli-sensitive,
colorimetric liposomes respond to analyte binding to aptamers or antibodies conjugated
on the vesicle surface via a blue to red color shift visible to the naked eye. Reprinted with
permission from Society for Laboratory Automation and Screening, Copyright 2015, doi:
10.1177/2211068214551826.

146



References

[1] E.T. Nuss, S.A. Tanumihardjo, Maize: a paramount staple crop in the context of
global nutrition, Compr Rev Food Sci Food Saf, 9(2010) 417-46.

[2] G. Farre, RM. Twyman, C. Zhu, et al., Nutritionally enhanced crops and food
security: scientific achievements versus political expediency, Curr Opin Biotechnol
2(2011) 245-51.

[3] M. Smale, D. Byerlee, T. Jayne, Maize revolutions in sub-Saharan Africa, World
Bank, 2011.

[4] R. Mumford, N. Boonham, J. Tomlinson, et al., Advances in molecular
phytodiagnostics—new solutions for old problems, Eur J Plant Pathol, 116(20060) 1-19.

[5] J.A. Tomlinson, M.J. Dickinson, N. Boonham, Rapid detection of Phytophthora
ramorum and P. kernoviae by two-minute DNA extraction followed by isothermal

amplification and amplicon detection by generic lateral flow device, Phytopathology,
100(2010) 143-9.

[6] K.K. Mondal, V. Shanmugam, Advancements in the diagnosis of bacterial plant
pathogens: an overview, Biotechnol Mol Biol Rev 8(2013), 1-11.

[7] B. Ngom, Y. Guo, X. Wang, et al., Development and application of lateral flow test
strip technology for detection of infectious agents and chemical contaminants: a review,
Anal Bioanal Chem 397(2010) 1113-35.

[8] Q. Chen, H. Lai, J. Hurtado, et al., Agroinfiltration as an effective and scalable
strategy of gene delivery for production of pharmaceutical proteins, Adv Tech Biol Med
1(2013) 1000103.

[9] H. Schob, C. Kunz, F. Meins Jr., Silencing of transgenes introduced into leaves by
agroinfiltration: a simple, rapid method for investigating sequence requirements for gene
silencing, Mol Gen Genet, 256(1997) 581-5.

[10] P. Annamalai, A.L.N. Rao, Delivery and expression of functional viral RNA
genomes in planta by agroinfiltration, Curr Protoc Microbiol, (2006) 16B2.1-5.

[I1]T. Wroblewski, A. Tomczak, R. Michelmore, Optimization of agrobacterium-
mediated transient assays of gene expression in lettuce, tomato and Arabidopsis, Plant
Biotechnol J, 3(2005) 259-73.

[12] M. Santos-Rosa, A. Poutaraud, D. Merdinoglu, et al., Development of a transient
expression system in grapevine via agro-infiltration, Plant Cell Rep, 27(2008) 1053-63.

147



[13] J.R. Kikkert, J.R. Vidal, B.I. Reisch, Stable transformation of plant cells by particle
bombardment/biolistics, Methods Mol Biol, 286(2004) 61-78.

[14] S. Wolf, W.J. Lucas, C.M. Deom, et al., Movement protein of tobacco mosaic virus
modifies plasmodesmatal size exclusion limit, Science, 246(1989) 377-9.

[15] R. Jelinek, M. Ritenberg, Polydiacetylenes—recent molecular advances and
applications, RSC Adv, 3(2013) 21192-201.

[16] Y.K. Jung, T.W. Kim, H.G. Park, et al., Specific colorimetric detection of proteins
using bidentate aptamer-conjugated polydiacetylene (PDA) liposomes, Adv Funct Mater,
20(2010) 3092-7.

[17] D.A. Armbruster, T. Pry, Limit of blank, limit of detection and limit of quantitation,
Clin Biochem Rev, 20(2009) S49-52.

[18] S.D. Jayasena, Aptamers: an emerging class of molecules that rival antibodies in
diagnostics, Clin Chem, 45(1999) 1628-50.

148



CHAPTER 7:

POLYDIACETYLENE LIPOSOMES FOR

IMMUNOCHROMATIC DETECTION OF P. STEWARTII
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Abstract

This chapter reports the development of polydiacetylene liposomes that transition from
blue to red in the presence of P. stewartii, the causal agent of Stewart’s wilt in sweet
corn. The liposomes are conjugated with anti-P. stewartii antibodies for specific
detection of the pathogen. Our sensor exhibited three color transitions and four distinct
colors, blue, purple, pink, and red, that were distinguishable by the naked eye.
Additionally, we report successful visibility of red PDA liposomes in vivo when injected
into an intact corn leaf. This study suggests that this sensor is appropriate for the ongoing
development of an in vivo platform for continuous monitoring and early detection plant

pathogens.
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1. INTRODUCTION
Pantoea stewartii subsp. stewartii is a gram-negative bacterium and causal agent of
Stewart’s wilt in sweet corn [1, 2]. Stewart’s wilt is indigenous to the United States and
has been responsible for severe economic losses in the 1930’s, which prompted intensive
research into the causal bacterium and development of resistant corn hybrids [1, 3-5].
Transmission of the disease occurs primarily through the corn flea beetle, Chaetocnema
pulicaria, although a low frequency of seed-borne transmission has also been reported
[6]. Symptoms of the disease include water-soaked lesions, leaf blight and stunted growth
in mature plants. Systemic spread of the pathogen in young seedlings also leads to wilting
and premature death [3]. Movement of the pathogen in the plant begins with colonization
of the apoplast (intercellular spaces) of the leaf and xylem tissues. Proliferation and
expansion of the bacteria in the xylem block water flow and eventually rupture the pit
membrane resulting in systemic virulence of the pathogen via movement into the pith and
intercellular spaces of other plant organs [1]. In this report, P. stewartii is selected for
sensor development as a well-studied, model plant pathogenic bacterium.

Current methods for P. stewartii detection and diagnosis include field inspection,
seed grow-out testing, and enzyme-linked immunosorbant assay (ELISA) [4, 7].
However, field inspection and seed grow-out tests are inefficient and unreliable and
ELISA testing requires a laboratory setting with trained operators. Recently, protocols for
the detection of P. stewartii through polymerase chain reaction (PCR) have been reported
for improved detection sensitivities of the pathogen [8-10], nonetheless PCR procedures

are even more complicated and time-consuming than ELISA tests. Alternatively, the
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recent development of immunochromatic strips for lateral flow detection for P. stewartii
detection has provided an equipment-free and rapid testing method for the pathogen [11].
Indeed, an in vivo lateral flow test for naked-eye detection of P. stewartii would be a
further improvement to the strip detection method in foregoing the need for plant
processing and user-initiated action for testing. In particular, an in vivo system would
enable continuous monitoring of the disease for early detection and prevention of
additional transmission.

In this study, we report the development of P. stewartii-sensing polydiacetylene
(PDA) liposomes for future implementation into an in vivo lateral flow detection system
for the pathogen in sweet corn [12]. PDA materials undergo unique optical transitions
from blue to red in response to environmental stimuli such as pH [13, 14], temperature
[15-17] and molecular binding events [18, 19]. These chromatic properties have resulted
in the recent popularity of PDA for use in a range of biosensor applications [20-24].
Additionally, the ease of chemical modification and photopolymerization of PDA has
made the material advantageous in the development of biocompatible liposomes for in
vivo drug delivery systems [25-29]. The PDA liposomes reported in this study are
conjugated with anti-P. stewartii antibodies for specific detection of the bacterium in
liquid cultures. The liposomes displayed colorimetric transitions from blue to red in
solutions of increasing concentration with the pathogen. Finally, injection of

unconjugated PDA liposomes into live maize plants was demonstrated.
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2. MATERIALS AND METHODS

2.1 Materials

Diacetylene (DA) monomer, 10,12-pentacosadiynoic acid (PCDA) was purchased from
Spectrum Chemicals (Gardena, CA, USA) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). Organic solvents were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Anti-P. stewartii antibody was from Agdia, Inc. (Elkhart, IN, USA). Luria Agar and
Luria Broth were from Difco Laboratories (Detroit, MI, USA). Peters Excel 21-5-20
Mutli Purpose fertilizer solution was purchased from Everris (Dublin, OH, USA). All
other compounds are research grade and were from Sigma Aldrich (St. Louis, MO,

USA). Sweet corn (Zea mays var. Jubilee) seeds were obtained from Syngenta (Hemet,

CA, USA).

2.2 Preparation of PDA Liposomes for P. stewartii Detection

A PDA liposome solution (188 nmol PCDA-N-hydroxysuccinimide (NHS), nmol PCDA
8813, and 6000 nmol DMPC) was prepared and incubated with 1 mg/mL anti-P. stewartii
antibody before photopolymerization (Chapter 3, Section 2). Dynamic light scattering
(DLS, Malvern Zetasizer Nano ZS90) analysis indicated the mean diameter of the

liposomes was approximately 125 nm (Figure 7.S1).
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2.3 Preparation of PDA Liposomes for In Vivo Injection
A 4.5 mM PDA liposome solution (13.5 mmol PCDA and 9 mmol DMPC) was used for
in vivo injection into sweet corn. A solution of red PDA liposomes was produced by heat

treatment above 60 °C.

2.4 Bacterial Cultures
P. stewartii subsp. stewartii (DC283), Xylella fastidiosa subsp. fastidiosa (Temecula-1),

and Escherichia coli BL21(DE3) were used in this study (Chapter 3, Section 5).

2.5 P. stewartii Detection and Sensor Analysis

PDA liposomes were incubated in solutions containing various concentrations of P.
stewartii from 0 to 9.5 x 10’ cells/mL in LB media at room temperature. Absorbance
measurements were recorded by a spectrophotometer after 2 and 24 h incubation in
bacterial cultures. Color Response (CR) was calculated as previously described [30]

(Chapter 3, Section 4.1).

2.6 Sweet Corn Growth

Readers are referred to Chapter 3 (Section 6) for a detailed protocol for sweet corn

growth.
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2.7 Injection of PDA Liposomes into Sweet Corn

A laser-cut, light-impenetrable mask (Epilogue Zing 16 Laser) was placed on the adaxial
(front) side of intact sweet corn leaves. The abaxial (back) side was additionally shielded
from light with a square piece of aluminum foil. This induced artificial chlorosis on the
leaf to increase the contrast between the leaf background and injected liposomes. 7 days
following mask placement, blue and red PDA liposomes (4.5 mM) were injected into the
abaxial side of an intact corn leaf via previously reported needleless syringe method [12].
The liposome-injected leaf was imaged using a Nikon D5100 digital camera every 24 h
for 72 h. The mask was replaced each time after imaging to maintain color contrast and

protect liposomes from non-specific transitioning due to sunlight exposure.

3. RESULTS AND DISCUSSION

Anti-P. stewartii antibody-conjugated PDA liposomes were incubated in solutions of
varying concentrations from 0 to 9.5 x 107 cells/mL of P. stewartii at room temperature.
After 2 h, the liposomes exhibited a range of colors from blue to red respective to
increasing concentrations of P. stewartii (Figure 7.1A). The color shifts of the liposomes
are reflected in their absorbance spectra as the absorption peak at 647 nm (PDA blue
phase) decreases and the peak at 537 nm (PDA red phase) increases with increasing
concentrations of P. stewartii (Figure 7.1B). CR analysis was performed to quantify the
chromatic shifts of the liposomes in response to P. stewartii detection (Figure 7.1C).

Previous reports have indicated that a CR of approximately 10-15% or greater is readily
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discernable by the naked eye [21, 31]. Accordingly, three transitions and four colors were
exhibited by the liposomes, blue, purple, pink, and red (Figure 7.1A, 7.1C). The first
transition was at 4.2 x 10’ cells/mL (15.9% CR, detection limit of the sensor), at which a
blue to purple transition occurred. The second transition occurred at 6.3 x 107 cells/mL
(49.1% CR), at which a purple to pink transition is denoted by a 33.2% CR difference
between liposomes incubated in 4.2 and 6.3 x 107 cells/mL P. stewartii. The third pink to
red transition was observed at 9.5 x 107 cells/mL (74.6% CR), at which a 25.5% CR
increase occurred between liposomes in 6.3 and 9.5 x 107 cells/mL P. stewartii. The
liposomes continued to transition over a 24-hour period (Figure 7.S2).

The detection limit of the strips at 4.2 x 107 cells/mL after 2 h is comparable to
the bacterial load found in P. stewartii-infected corn leaf tissue at early stages of disease
infection. Specifically, the bacterial load of infected leaf tissue approximately 6 days after
transmission is ~1 x 10'° cfu/g plant tissue [32]. While the detection limit of current
ELISA tests for the pathogen is in the range of 10° cells/mL [4, 33], the limit of detection
for this sensor remains significant because it is well within the range of in vivo bacterial
load one week after transmission. Additionally, the user-friendly advantage of the
proposed in vivo sensor platform provides greater potential for the adoption of this sensor
despite higher detection limits. This is reflected in the current preference of ELISA
testing over PCR (detection limit ~10%) for plant pathogen diagnostics due to the
complicated protocols involved in PCR assays [7, 34, 35]. Consequently, the detection
limit demonstrated by the current sensor suggests its relevance for early detection of P.

stewartii in vivo, which is critical for disease management and prevention.

156



To evaluate the specificity of the sensor, the liposomes were incubated in
solutions containing 9.5 x 10" cells/mL X. fastidiosa (causal agent of Pierce’s disease in
grapevine [36]) and E. coli. CR analysis of the liposomes after 2 h indicate that
significant liposome transitions did not occur in solutions containing bacteria other than
P. stewartii (Figure 7.2). Specifically, CR of liposomes incubated in 9.5 x 10 cells/mL P.
stewartii are 25 times higher than those incubated in 9.5 x 107 cells/mL E. coli and 14
times higher than those in 9.5 x 107 cells/mL X. fastidiosa respectively.

Finally, unconjugated PDA liposomes were injected into an intact corn leaf to
observe the visibility of the liposomes in vivo. First, we placed a light-impenetrable mask
onto the leaf surface to induce artificial chlorosis and enhance the contrast between the
color of injected PDA liposomes and the green leaf background (Figure 7.3). Liposomes
were imaged immediately after injection and every 24 h over a 72 h period (Figure 7.4A).
From visual observation, injected red liposomes in masked leaves were more
distinguishable from the leaf background as compared to those injected in unmasked
leaves (Figure 7.4B). Even more, the color of injected red liposomes remained visible
after 72 h in the leaf. While the color of blue injected liposomes was not readily
discernable from the green leaf background, a distinction between the red and blue
injected liposomes can be distinguished. These observations demonstrate the visibility of

a “positive” pathogen test by the unaided eye.
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4. CONCLUSIONS

We have demonstrated a PDA liposome sensor for immunochromatic detection of P.
stewartii. The detection limit of our sensor after 2 h is 4.2 x 10" cells/mL, which is in the
range of the bacterial load inside infected leaf tissue within 6 days of disease transmission
[32]. Additionally, we report the in vivo visibility of red PDA liposomes injected in an
intact corn leaf over a 72 h period. These results indicate that this sensor is appropriate

for the future development of an in vivo lateral flow detection platform for the disease.
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5. FIGURES
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Figure 7.1. Color transitions (A), UV-Vis absorabance spectra (B) and color response
(C) of PDA liposomes conjugated with anti-P. stewartii antibodies after 2 h incubation in
P. stewartii solution. Color response data are represented as mean = SD (n = 9).
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Figure 7.2. Color response of PDA liposomes after 2 h incubation in solutions containing
9.5 x 107 cells/mL P. stewartii, E. coli, and X. fastidiosa. All data are represented as
mean £ SD (n = 3).
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Figure 7.3. Injection of PDA liposomes in sweet corn leaf. (A) Process of patterned
artificial chlorosis using a mask to enhance the contrast of injected colored liposomes.
(B) Image of mask on leaf (left) and patterned chlorosis 7 days after mask placement
(right).
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Figure 7.4. Images of injected liposomes. (A) Images of injected red (left side of leaf)
and blue (right side of leaf) liposomes in a patterned (masked) leaf over 72 h. (B) Images
of injected red (left side of leaf) and blue (right side of leaf) liposomes in a non-patterned
(un-masked) leaf over 24 h.
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6. SUPPLEMENTARY DATA
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Figure 7.S1. DLS graph of PDA liposome size. All lines represent data recorded from a
single sample.
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6.1. Analysis of PDA liposomes after 24 h in X. fastidiosa Culture
PDA liposomes were incubated with varying concentrations of X. fastidiosa from 0 to 9.5
x 107 cellsmL for 24 h and absorption measurements were recorded by a
spectrophotometer. CR analysis of the liposomes after 24 h indicate that the liposomes
exhibited four colors and three color transitions discernable by the naked eye (Figure
7.82). The limit of detection after 24 h was 2.8 x 10" cells/mL (20.6% CR), at which a
blue to purple transition occurred. This detection limit is 1.5 times lower than that of
liposomes after 2 h incubation in P. stewartii cultures (Figure 7.1). After 24 h, the second
purple to pink transition was observed at 4.2 x 10" cells/mL (40.6% CR) and the third
pink to red transition at 6.3 x 10’ cells/mL (76.9% CR).

From an application perspective, this continual transition of the liposomes over 24
h is significant. Because the liposomes are expected to become implemented as injectable
in vivo sensors, they will be embedded inside the leaf epidermis for periods of 24 h or
more. This suggests that the detection limit and color transitions exhibited by the
liposomes after 24 h are relevant for the purpose of developing an in vivo platform for

plant pathogen detection.
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Figure 7.S2. Color transitions of PDA liposomes after 24 h incubation in P. stewartii
cultures. Color response data are represented as mean + SD (n =9).
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CHAPTER 8:

CONCLUSION
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1. RESEARCH CONCLUSIONS

This research focused on the development of both in vitro and in vivo polydiacetylene
(PDA)-based sensors for plant diagnostic applications. In particular, the in vitro devices
reported in this work included PDA-coated polyvinylidene fluoride (PVDF) strips for
equipment-free, naked-eye detection of plant nutrient, Zn**, and xylem-limited plant
bacterium, Xylella fastidiosa. Furthermore, an in vivo pathogen detection platform was
presented that utilizes the plant leaf itself as the substrate for a lateral flow detection
system in maize. Lastly, injectable PDA liposome sensors were developed for the
detection of apoplast-colonizing bacterium, Pantoea stewartii.

The Zn*'-sensing strips were conjugated with Zn**-specific DNA hairpin
aptamers. These strips exhibited two color transitions and three colors, blue, purple and
pink/red, after 4 h in Zn*" solutions. The first blue to purple transition occurred at 125
uM Zn*" (detection limit), which aligns with the lower limit of critical Zn*" levels for
many healthy food crops [1]. In addition, the second transition occurred at 500 uM Zn*',
which aligns with the upper limit of critical Zn>" levels in many food crops.

PDA-coated PVDF strips were additionally conjugated with anti-X. fastidiosa
antibodies for immunochromatic detection of X. fastidiosa. These strips exhibited three
color transitions and four colors, blue, indigo, purple, and pink. After 4 h in solutions
containing the bacterium, the detection limit of the sensor was at 0.8 x 10° cells/mL. This
threshold is comparable to bacterial load found in grapevine leaf tissue approximately 18
days following X. fastidiosa transmission [2]. Consequently, the detection limit of these

strips is appropriate for early detection of X. fastidiosa infection of grapevine.
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Next, a proof-of-concept study was demonstrated prior to the development of an
in vivo detection system for apoplast-colonizing plant bacterial pathogens. Specifically,
0.5 pm anti-fluorescein antibody-conjugated fluorescent microspheres were injected into
the abaxial leaf apoplast of maize plants. Then, plants were grown in solutions containing
fluorescein (mock pathogen) for 72 h and the injected microspheres were analyzed for
fluorescein capture. A positive correlation was observed between the levels of fluorescein
captured and plants grown in increasing concentrations of fluorescein solution.

Finally, PDA liposome sensors were fabricated for the colorimetric detection of
model apoplast-colonizing bacterium, P. stewartii. The liposomes were conjugated with
anti-P. stewartii antibodies for specific detection of the bacterium in solution. After 2 h,
the detection limit of this sensor was at 4.2 x 10’ cells/mL, which is under the threshold
of bacterial loads found in infected sweet corn leaf tissues approximately 6 days after
disease transmission [3]. Subsequently, unconjugated liposomes were injected into sweet
corn plants. Patterned artificial chlorosis of corn leaves was induced with a light-
imprenetrable mask to enhance contrast between the color of injected liposomes and the
leaf background. The visibility of injected red liposomes in chlorosis-patterned leaves

was observed and distinguished from injected blue liposomes.

2. FUTURE DIRECTIONS
Future improvements for the pathogen-sensing strips and liposomes include an expansion

of the detection range of the sensor. The current strips and liposomes detect pathogen
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levels within the range of ~10° and ~107 cells/mL respectively. However, since bacterial
loads can vary widely from 0 to 10" cells/mL in the first 30 days after disease
transmission [2, 4], it would be advantageous for the sensors to exhibit a wider detection
range for more precise discriminations of disease progression. Accordingly, a decrease in
the detection limit of both sensors is additionally desirable. In particular, a detection limit
comparable or lower than that of current ELISA assays for plant pathogens (~10°
cells/mL [5, 6]) is needed.

Future advancements for the in vivo detection platform include the injection and
analysis of P. stewartii-sensing liposomes in sweet corn plants inoculated with the
pathogen. A long-term research plan includes the fabrication of a user-friendly device for
quick and easy injection of the sensor accompanied by the development of a simple and
efficient disease diagnostics protocol for the detection system (Figure 8.1). The success
of the proposed future endeavors for both the diagnostic strips and the in vivo pathogen
detection system has great potential to provide a lasting impact and improve plant disease
diagnostics not only in developing countries, but also across the agricultural industry

worldwide.
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3. FIGURES

Figure 8.1. Future directions for the in vivo pathogen detection system. (A) A user-
friendly device facilitates the injection of PDA liposome sensors into the plant leaf
apoplast. (B) A healthy plant (left) is indicated by a blue spot in the detection zone (black
arrows), whereas a pathogen-infected plant (right) is indicated by a red spot in the
detection zone.

173



References

[1] B.J. Alloway, Zinc in soils and crop nutrition, Brussels, Belgium: International Zinc
Association 2004.

[2] B. Hill, A. Purcell, Multiplication and movement of Xylella fastidiosa within
grapevine and four other plants, Phytopathology, 85(1995) 1368-72.

[3] M.C. Roper, L.P. Burbank, K. Williams, P. Viravathana, H.-Y. Tien, S. von Bodman,
A Large Repetitive RTX-Like Protein Mediates Water-Soaked Lesion Development,
Leakage of Plant Cell Content and Host Colonization in the Pantoea stewartii subsp.
stewartii Pathosystem, Mol Plant Microbe Interact, 28(2015) 1374-82.

[4] B. Hill, A. Purcell, Populations of Xylella fastidiosa in plants required for
transmission by an efficient vector, Phytopathology, 87(1997) 1197-201.

[5] D. Carbajal, K.A. Morano, L.D. Morano, Indirect immunofluorescence microscopy
for direct detection of Xylella fastidiosa in xylem sap, Curr Micrbiol, 49(2004) 372-5.

[6] G.L. Lamka, J. Hill, D. McGee, E. Braun, Development of an immunosorbent assay
for seedborne Erwinia stewartii in corn seeds, Phytopathology, 81(1991) 839-46.

174





