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Abstract

To expand the design envelope and supplement the materials library available
to biomaterials scientists, the copper(I)-catalyzed azide-alkyne cycloaddition (Cu-
CAAC) was explored as a route to design, synthesize and characterize bio-functional
small-molecules, nanoparticles, and microfibers. In each engineered system, the use of
click chemistry provided facile, orthogonal control for materials synthesis; moreover,
the results provided a methodology and more complete, fundamental understanding
of the use of click chemistry as a tool for the synergy of biotechnology, polymer and
materials science.

Fluorophores with well-defined photophysical characteristics (ranging from UV
to NIR fluorescence) were used as building blocks for small-molecule, fluorescent
biosensors. Fluorophores were paired to exhibit fluorescence resonant energy trans-
fer (FRET) and used to probe the metabolic activity of carbazole 1,9a-dioxygenase
(CARDO). The FRET pair exhibited a significant variation in PL response with
exposure to the lysate of Pseudomonas resinovorans CA10, an organism which can
degrade variants of both the donor and acceptor fluorophores. Nanoparticle sys-
tems were modified via CuCAAC chemistry to carry affinity tags for CARDO and
were subsequently utilized for affinity based bioseparation of CARDO from crude cell
lysate. The enzymes were baited with an azide-modified carbazolyl-moiety attached
to a poly(propargyl acrylate) nanoparticle. Magnetic nanocluster systems were also
modified via CuCAAC chemistry to carry fluorescent imaging tags. The iron-oxide
nanoclusters were coated with poly(acrylic acid-co-propargyl acrylate) to provide a
clickable surface. Ultimately, alternate Cu-free click chemistries were utilized to pro-
duce biohybrid microfibers. The biohybrid microfibers were synthesized under benign
photopolymerization conditions inside a microchannel, allowing the encapsulation of
viable bacteria. By adjusting pre-polymer solutions and laminar flow rates within the
microchannel, the morphology, hydration, and thermal properties of the fibers were
easily tuned. The methodology produced hydrogel fibers that sustained viable cells
as demonstrated by the encapsulation and subsequent proliferation of Bacillus cereus
and Escherichia coli communities.
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CHAPTER 1

Introduction

Click chemistry is a paradigm of organic synthesis, in which new compounds or
combinatorial libraries are constructed from primary, chemical building blocks with
“built-in high-energy content drive a spontaneous and irreversible linkage reaction
with appropriate complementary sites in other blocks.”[1, 2] Directed by natural
synthetic routes for building macromolecules from elementary blocks, Nobel Laureate
Karl B. Sharpless et al. conceived this synthetic philosophy and described a set of
stringent criteria for a reaction to qualify as click chemistry; a click reaction must be
(1) stereospecific (not necessarily enantio-selective), (2) wide in scope, (3) modular,
and result in (4) high-yield products and (5) inoffensive by-products if any at all,
where these byproducts should be easily removable by non-chromatographic methods
like crystallization and or distillation. In addition, the synthetic process must include
simple reaction conditions, 7.e. the reaction should be insensitive to oxygen and water,
use readily available starting materials and reagents, and if necessary, use a benign,
easily removable solvent.[2] These guidelines delineate an organic reaction which is
essentially modular, and employs small molecules that can be quickly joined together

to form complex functional compounds, mimicking the natural production of nucleic



acid chains, proteins and complex carbohydrates.

Click chemistry has affected diverse applications, from drug synthesis and poly-
mer chemistry, to materials and surface science. Click chemistry gained immediate
attention in the biomedical sciences, as a route for bioconjugation.[3—6] Bioconjuga-
tion is the process of covalently linking a synthetic label, e.g. fluorophores, ligands,
chelates, or radioisotopes, to a biomolecule, e.gq. proteins and nucleic acids; fur-
thermore, bioconjugation has recently incorporated methods for the fusing of two
or more biomolecules.[4, 5, 7-9] Because biosystems contain an array of inherent
chemical functionalities, bioconjugation requires orthogonality and benign reaction
conditions (tenets of click chemistry). For biochemists, click chemistry is a route to
label and detect biomolecules in a live cell or a complex cell lysate with greater se-
lectivity and specificity.[10, 11] For diagnosticians, click chemistry allows a physician
or a radiologist to label biomarkers to track the progression of disease or the efficacy
of a treatment.[12]

The continuing success of click chemistry as a biochemical strategy has in-
creased the desire for tightly defined, engineered materials and surfaces to mimic
natural products. The controlled synthesis of materials, at the molecular scale of
natural products, introduces new synthetic challenges; materials chemists have strug-
gled to achieve the elaborate structural and functional properties of natural macro-
molecules, such as complex carbohydrates, proteins and DNA. These challenges have
become a beacon, calling materials scientists. Between 2005-2009, materials science
publications citing click chemistry have outpaced biochemical and pharmaceutical
applications, nearly 3:1.[13]

Designer materials produced via click chemistry are constantly under develop-
ment to modify and mimic natural materials; however, it is the position of this work,

that the click chemistry paradigm should be slightly altered when examining its role



and application to materials synthesis. Although efforts to recreate natural materials
have been fruitful, there may be greater success in the juxtaposition of click chemistry
and materials science to harness and directly repurpose biosystems. Recognizing the
limitations for recreating natural materials, the role of click chemistry in materials
science can be focused on the development of materials to monitor (biosensors), ex-
tract (bioseparation) and harness (cell encapsulation/immobilization) the complexity

of biosystems for engineering applications.

1.1 Cu(I)-catalyzed cycloaddition of azides and ter-
minal alkynes

Since 2001, click chemistry has highlighted a series of reactions with different
reaction mechanisms but commonly high efficiency and modular nature. Figure 1.1
presents a selection of reactions that have qualified as click chemistry. Initially, three
classes of reactions were identified as candidates for the label, “click reactions”: 1)
nucleophilic opening of highly-strained electrophiles, e.g. epoxides and aziridines, 2)
mild condensation reactions of carbonyl compounds, e.g hydrazones and oximes from
aldehydes, and 3) cycloaddition reactions.[2] The mechanisms for each of these reac-
tions can be envisioned as “spring-loaded” for single trajectory because they are driven
by a high thermodynamic driving force (> 20 kcal-mol™!), resulting in rapid comple-
tion and regio-selective synthesis of a single product. Ultimately, K.B. Sharpless et al.
championed the copper-(I) catalyzed variant of Huisgen’s 1,3-dipolar cycloaddition of
azides and terminal alkynes (CuCAAC), which has become the archetype of click
chemistry reactions (Figure 1.2).[1, 2, 14] The CuCAAC reaction is regio-selective,

forming only 1,4-substituted triazoles, insensitive to solvents, can be performed at



Cu ()-catalyzed cycloaddition***

N;N\']
R—=—= + N;—R, —3» )\/N_Rz
S
Ry 4

Strain-induced ¢ ycloaddition

2

N-R
—R; + N3—R, —3» O
1

Diels-Alder addition
z R, Rz
N ﬁ —
R4 R4

Staudinger ligation

@—P + N3—R;—>» Q_P=N/R1

Thiol-ene reaction***

Ry
HS—R; -+ ﬁ — R1/S\/\R2

Figure 1.1: Common reaction mechanisms that meet the requirements for classification as “click
reactions”. Click chemistry is not limited to a specific type of reaction, but comprises of a range
of efficient, modular reactions. ***The Cu(I)-catalyzed cycloaddition and thiol-ene reactions are
explored in this work.



Huisgen cycloaddition

N= \’I 4N 1
100°C N—R, \
R1__ + N3—R2 — I + )\/N_RZ
5 4
R, Ri

Cu (1)-catalyzed cycloaddition

N
cu(l) N= \N1—R
R 4

Figure 1.2: The traditional Huisgen 1,3-dipolar cycloaddition and “click” Cu(T)-catalyzed cycload-
dition of azides and terminal alkynes.

room temperature, and proceeds with high yields.[14]

The CuCAAC reaction was developed from Huisgen’s cycloaddition of azides
and terminal alkynes (Figure 1.2). This 1,3-dipolar cycloaddition reaction was ex-
tensively studied in early 1960’s by Rolf Huisgen.[15] In 2002, a more reliable Cu(I)-
catalyzed stepwise variant was independently discovered by Valery V. Fokin with
K.B. Sharpless, and Morten Meldal. M. Meldal et al. first reported a method for
triazole synthesis on solid phases, closely followed by the report of V.V. Fokin and
K.B. Sharpless describing a water-based catalyzed reaction with copper (IT) sulfate
(Cu(I)SOy4) and sodium ascorbate.[14, 16] The Cu(I) catalyst accelerates the reac-
tion to minutes at room temperature, and the catalyzed process was found to have
an unprecedented level of regio-selectivity, producing an isolated 1,4-triazole product.
A mechanistic picture of the Cu(I)-catalyzed reaction (Figure 1.3) was first proposed
by M. Meldal and later verified by computational methods.[17] The proposed cat-

alytic mechanism (calculated by density functional theory (DFT) calculations) relies



on the initial formation of a Cu-acetylide between the Cu(I) species and the terminal
alkyne, which subsequently proceeds with an initial p-complex formation between
the Cu(I) and the alkyne, lowering the pK, of the terminal acetylene and enabling
the attack of the C-H bond. A variety of copper-based catalytic systems have been
used to affect the 1,3-dipolar cycloaddition process. Methods can use Cu(I) salts,
generate the copper(I) species by reduction of Cu(II) salts using a reducing agent,
or direct incorporation of metallic copper. Many functional groups are compatible
with the CuCAAC process, excluding those that are a) either self reactive, or b) able
to yield stable complexes with the Cu(I) during catalyst deactivation. Interfering
functional groups are strongly activated azides (i.e., acyl- and sulfonyl azides) as well
as cyanides, which are able to compete in purely thermal cycloaddition processes.
With the exception of the aforementioned inhibitory functional groups, this catalytic
mechanism results in a 100x rate acceleration and absolute regio-selectivity.[18, 19]
It is noted that other metals which catalyze the dipolar cycloaddition of ter-
minal alkynes and azides have been reported. K.B. Sharpless et al. found that a
variety of Ru complexes (C,RuCl(PPhs), [C,RuCly]s, CpRuCl(NBD), and CpRuCl-
(COD)) promote this click reaction.[20] The type of Ru-catalyst also determines the
preferred triazole variant, where the 1,4-adduct is favored by Ru(OAc)y(PPhg)s and
other catalysts result in the the 1,5-adducts.[21, 22] A catalytic cycle that relies on
a pathway similar to the cyclo-trimerization reaction of alkynes wvia a six-membered
Ru-cycle has been proposed.[23, 24] Krzysztof Matyjaszewski also reported the use
of Ni, Pd, and Pt salts to catalyze this reaction.[25] The considerable flexibility of
the catalyzed variant of Huisgen’s 1,3-dipolar cycloaddition of azides and terminal

alkynes has led to the broad application in materials science and biotechnology.
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1.2 Building Soft Materials with Click Chemistry

Despite some noteworthy restrictions of CuCAAC, such as the need for metal
catalysts and the limitation to terminal alkynes, a wide range of novel materials were
realized soon after the adoption of the CuCAAC click reaction by materials scientists.
Figure 1.4 illustrates the most common scenarios in which click chemistry has made an
impact in materials science. By highlighting specific examples of click chemistry being
employed in macromolecular synthesis and functionalization, the following sections
will give context to the application and particular utility of click chemistry as a

materials synthesis paradigm.

1.2.1 Polymer Synthesis

The synthesis of complex macromolecules often requires the use of efficient
and specific post-polymerization modification techniques to incorporate functional-
ity, potentially incompatible with the polymerization, characterization, or processing
conditions. Click reactions are especially suited for advanced macromolecular de-
sign. Numerous reviews have describe the application of click chemistry, specifically
the CuCAAC reaction, for the synthesis of dendrimers, brushes, branched, linear,
or cyclic polymers.[26-32] Early examples of materials synthesis via click chemistry
were demonstrated by the research groups of Craig J. Hawker, V.V. Fokin and K.B.
Sharpless.[31, 33| In their approach, triazole-based dendrons were divergently synthe-
sized using the CuCAAC as the dendrimer-growth step; these dendrons were then
anchored to a variety of poly(acetylene) cores to generate dendrimers.[30, 34] Jean
M.J. Fréchet also constructed dendrimers by side-chains cycloadditions.[35] The ap-

plication of click strategies for the preparation of dendrimers proved highly benefi-
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cial, as there is perhaps no other area of polymer synthesis that relies so heavily on
near-quantitative reaction conversions. Accordingly, the CuCAAC reaction has been
employed to synthesize or modify various polymer systems.

Efficient monomer conversion is a fundamental requirement for obtaining high
molecular weight polymer by routine step-growth polymerization; therefore, many
applications of click chemistry to polymer synthesis exploited the high-yield of the
CuCAAC reaction by polymerization of azide- and alkyne-containing monomers to
form high-molecular weight linear polymer.[35, 36] In these cases, the resulting struc-
tures contain multiple triazole repeating units formed by difunctional azide and alkyne
monomers (Figure 1.4a). Due to the efficient kinetics of the CuCAAC, linear poly-
merizations of aliphatic-backbone difunctional azide and alkyne monomers are driven
by high activation energy, E, ~ 45 kJ mol~!.[37] In addition to polymerization of low
molecular weight azides and alkynes, the high activation energy, rapid polymeriza-
tion, and the remarkable functional-group tolerance of click reactions enable the facile
introduction of reactive groups, such as hydroxyl and carboxyl groups, by monomer
or polymer modification. K. Matyjaszewski et al. demonstrated that linear poly-
mers with alkyne or azide end groups could be further polymerized, with the chain
extension leading to high molecular weight homopolymers, multi-block copolymers
and crosslinked gels.[38] Interestingly, the rate of azide-alkyne coupling of these poly-
mers was significantly higher than that for the corresponding monomers, an effect at-
tributed to auto-acceleration by anchimeric assistance, a beneficial by-product of the
rapid kinetics of the CuCAAC reaction. These reports demonstrated poly(triazoles)
to be excellent ligands for Cu(I); thus, triazoles formed along the polymer backbone
complex with the catalyst, leading to a higher local catalyst concentration in the
immediate vicinity of neighboring unreacted azide groups.[39, 40]

The high yield and specificity of click chemistry have not only allowed the
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quantitative introduction of various functional groups onto polymer backbones, but
also enabled both simultaneous and cascade functionalization of a variety of macro-
molecules. The relative rates of polymerization and click functionalization can be
conveniently tuned by varying the catalyst concentration, solvent and temperature.
Triblock copolymers of poly(ethylene glycol), polystyrene, and poly(methyl methacry-
late) have been synthesized in a one-pot method by a combination of Diels-Alder and
the CuCAAC reaction, where block-arrangement was controlled by the differing reac-
tion rates.[41] Click strategies are also fruitful when applied as complements of living
polymerization techniques, such as ring-opening polymerization (ROP), ring-opening
metathesis polymerization (ROMP), cationic polymerization, atom transfer radical
polymerization (ATRP), and reversible addition fragmentation chain transfer poly-
merization (RAFT).[42-44] Whether isolated as co-monomers of a linear polymer-
ization or as conjugates of sequential polymerizations, azide- and alkyne-terminated

monomers and polymers have been utilized in an array of polymer synthesis methods.

1.2.2 Surface Functionalization

Building in scale from polymer synthesis, click chemistry has been applied to
the chemical functionalization of surfaces and interfaces by preparing azide- or alkyne-
modified surfaces. Because of the high surface:volume ratio inherent in nanomaterials,
the control of appropriate surface chemistry (precise engineering of location, ordering,
and self-assembly of surface moieties) is a critical component of nanoparticle design.
Accordingly click chemistry has been applied to the engineering of the surface of
nanoparticles, including Au, CdSe, Fe,O,, SiOq, carbon nanotubes, and biopartic-
ulates (whole viruses and capsids).[45-51] A plethora of methodologies have been

used to address surface modifications of nanoparticles, often metal complexation-
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based and covalent-modification methodologies; however, none of these methods is
universal in that a preliminary surface modification step allows the attachment of
small molecules (polar and non-polar molecules), polymers (either via grafting-from
and grafting-to methods) and complex ligands, such as biological recognition ele-
ments (proteins, carbohydrates, DNA, RNA); therefore, click chemistry represents a
valuable contribution to affect universal modification of nanoparticle surfaces. The
presence of the alkyne or azide groups at the material surface enables highly specific
post-synthesis modification. Surface functionalization wvia click chemistry provides a
greater level of control over the orientation and the density of the moiety attached to
the surface, while reducing the risk of side reactions (Figure 1.4c). Stephen H. Foulger
reported the development of a standard alkyne-incorporating nanoparticle platform
and illustrated the application of the CuCAAC to modify alkyne-terminated nanopar-
ticle surfaces with photoluminescent moieties. S.H. Foulger et al. demonstrated the
attachment of azide-modified chromophores to ordered poly(propargyl acrylate) par-
ticles (crystalline colloidal arrays) afforded loading levels of nearly 105 dye molecules
per nanoparticle, resulting in improved optical gain.[52, 53]

In addition to nanoparticles, the CuCAAC reaction has proven to be an excel-
lent tool for functionalizing inert polymer, gold, silicon and quartz substrates.[54-58]
Joerg Lahann combined the efficiency of the CuCAAC reaction with high-throughput
printing techniques and reported the spatial control of click cycloadditions on flat sur-
faces using microcontact printing. Defined biotin functional surface patterns were pre-
pared using a poly(dimethylsiloxane) (PDMS) stamp that was inked with Cu(II)SOj.
The stamp was used to locally catalyze the CuCAAC of an adsorbed alkyne-modified
polymer and azide-modified biomacromolecule.[59, 60] The CuCAAC reaction has also
been used to pattern the surface of bulk materials (microbeads and thick films) by

post-processing modification.[61] Overall, a very wide variety of functional molecules
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(synthetic or biological) have been attached to surfaces using a the CuCAAC reaction
and click strategies, opening a wide range of opportunities for materials applications

such as molecular optoelectronics, catalytic systems and biosensors.

1.2.3 Bio-functional Materials

Structural and surface design capabilities afforded by click chemistry have pro-
vided materials scientists a platform to explore an array of biotechnological challenges.
The application of click chemistry in drug discovery, ranges from lead finding through
combinatorial chemistry and target-templated in situ chemistry, to proteomics and
gene therapy, using bioconjugation reactions.[12, 62] The reactions used for biosys-
tems modification must not only fulfill the criteria of an efficient click reaction, such as
high yields, selectivity and compatibility with an aqueous environment, but the reac-
tion must also be bio-orthogonal to avoid interruption or modification of the biomacro-
molecules’ native function. Bio-orthogonality refers to the necessity of exploiting reac-
tants that are non-interacting towards the functionalities present in biological systems.
These properties, inherent in the CuCAAC reaction, have been highlighted for the
development of potent inhibitor drugs of acetylcholineesterases, carbonic anhydrase,
HIV-protease and chitinase.[63-66] Benjamin F. Cravatt et al. most notably intro-
duced a method to label enzymes in vivo and in vitro with an activity-based protein
profiling probe and detect the labelled proteins in whole proteomes by the CuCAAC
reaction with an alkyne-modified fluorophore.[67, 68] The CuCAAC reaction was
also demonstrated for viable DNA coupling, and oligonucleotides have been labelled
with fluorescent dyes, sugars, peptides and other reporter groups through modified
nucleobases and phosphate backbones.[13, 69, 70] Most amazingly, researchers have

succeeded in performing site-specific, fast, reliable and irreversible bioconjugation by
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the genetic incorporation of azide and alkyne-containing non-natural amino acids into
proteins, resulting in the direct CuCAAC modification of live cells.[6, 71, 72]

The introduction of bioactive moieties, which can both be tracked and de-
tected in vivo as well as in vitro conditions are also a popular technique for modifica-
tion of synthetic materials, such as tailor-made biopolymers and bio-functional sur-
faces. Polymer-block-oligopeptide bioconjugates have been prepared by click-ligation
of azido-modified poly(ethylene glycol) (PEG) and alkyne-modified oligopeptides.|[73]
A number of mannose- and galactose-containing polymers with protein-binding stud-
ies have also been prepared by reacting different azide-modified sugars onto into the
biopolymer backbone; “clickable” sugars were later exploited in the design of pro-
tein biohybrid materials by adding azide-modified mannopyranoside and galactopy-
ranoside to poly-alkyne peptide scaffolds.[74] The CuCAAC reaction also offers mild
reaction conditions that circumvent the biodegradation of aliphatic polyesters by hy-
drolysis or trans-esterification, when attempting to modify with biomacromolecules.
These polyester can be generated by the use of azide- or alkyne-modified cyclic
monomers that can be polymerized by ROP, e.g. azido-caprolactone and propyn-
1-yl-valerolactone, and many bioactive moieties, such as maltose and glucose, could
be attached onto these functionalized polyesters by the CuCAAC reaction. The ap-
plication of CuCAAC click chemistry has also been used for the synthesis of several
rotaxanes, catenanes and molecular shuttles using passive as well as active template
strategies with biological applications in mind.[45, 75] The practical ligation under
neutral reaction conditions and the fact that several compounds containing 1,2,3-
triazole displayed a broad spectrum of biological activities, such as antibacterial, her-
bicidal and fungicidal, anti-allergenic and anti-HIV, have been emphasized in recent
reviews.[76-78§]

As more “clickable” bio-functional moieties are developed, novel nanomate-
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rials are also being explored as scaffolds to carry bio-functional moieties through
biosystems. Self-assembled protein capsids are a promising class of nanoparticles for
biomedical applications due to their uniform (monodisperse) nature and versatile ge-
netic and chemical design.[79] The tobacco mosaic virus (TMV) surface was employed
as a scaffold when an alkyne was introduced by chemo-selective modification of the
tyrosine residue on the surface of the viral capsid. The CuCAAC reaction was then
used to couple azide-functionalized compounds including small molecules, peptides
and polymers onto the TMV surface with a variety of groups that promote or inhibit
cell binding. Synthetic nanoparticles have also be utilized as carriers for bio-functional
moieties.[80] When nanoparticles are surface-functionalized with contrast agents or
ligands, they can become imaging platforms for the tissue of interest or highly spe-
cific targeted therapies to a disease site. S.H. Foulger has reported on the prepara-
tion of CuCAAC-modified nanoparticles which were used as biocompatible carriers
both imaging and therapeutic delivery. Nanoparticles were prepared with surface-
attached indocyanine green (ICG) and PEG by the CuCAAC reaction. Proteins
complexed with the surface-attached moieties, resulting in fluorescence enhancement.
The surface-attached ICG also provide a photodynamic therapeutic, resulting in a sta-
tistically significant reduction in tumor cell growth.[81] Click-nanoparticles have also
been developed as targeted delivery vehicles, for both synthetic and gene therapeutics.
Molly S. Shoichet et al. reported the attachment of nearly 400 targeting-peptides per
poly(lactide) nanoparticle by the CuCAAC reaction, and Theresa M. Reineke uti-
lized a similar approach to attach DNA-harboring (-cyclodextrins to nanoclusters
for targeted-delivery.[75, 82-84]

From these few selected examples, it is apparent why click reactions have
been so popular and successful for the synthesis and modification of macromolecules

and nanomaterials. The need to effectively decorate biomaterials and biointerfaces,
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the ability to drive covalent reactions inside living organisms and the promise of
constructing large macromolecules through complimentary junctions present in their
constituents will be important materials science and biotechnology drivers for decades

to come.

1.3 Overview

Although click chemistry was introduced as a synthetic route to expand drug
libraries, its application to materials synthesis and biotechnology have been a re-
sounding success. After a decade of developing basic polymeric materials by click
chemistry and in light of the increasing synergy between the physical and life sciences,
it is necessary to rethink the use of click chemistry in materials sciences as the ideal
methodology for engineering “bio-hybrid tools” Bio-hybrid tools are materials
that are designed and engineered to be utilized as specific sensors within
biosystems or traps to harness and convert biosystems complexity into
commercial technologies; thus, the work presented in the following chap-
ters explores the basic science required to develop a series of bio-hybrid
tools, by joining click chemistry and materials science in a paradigm
which materials are developed to extract and harness the inherent com-
plexity and efficiently of biosystems.

The chapters of this dissertation can be summarized as follows:

e Chapter 1 offered an introduction to the concept of click chemistry and its cur-
rent uses as a materials synthesis strategy; moreover, examples were provided
in which click chemistry has been employed to either recreate or modify biosys-
tems. The proceeding chapters present work conducted to examine the extent

of click materials as a strategy for developing biotechnologies at various scales,
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in which the engineered material is designed to exploit a specific component of

a complex biosystem.

Chapter 2 explores a direct correlate to the early uses of click chemistry as
a combinatorial drug development strategy. Small-molecule chromophores are
modified and combined to form a library of energy transfer dyads with spectral
characteristics ranging from the ultraviolet to near infrared. Energy trans-
fer systems were modeled by ab initio and semi-empirical calculations to esti-
mate optimal geometries, synthesized, characterized, and ultimately used as an

biosensor of a bioremediation enzyme.

Chapter 3 and 4 explore click chemistry as a surface ligation tool by modifying
both polymer and organic/inorganic composite nanoparticles. The function-
alized polymer and magnetic nanoparticles were utilized as bioseparation and

bioimaging devices, respectively.

Chapter 5 culminates in the synthesis of materials via click chemistry to en-
capsulate and repurpose an entire biosystem (bacteria). The rapidly emerging
field of copper-free click chemistry is explored, and an old reaction is rebranded
as a member of the click family. This reaction is employed for the design and
production of a biohybrid, hydrogel fiber with a microfluidic shaping system.
The click hydrogel chemistry and microfluidic production process allowed for

the encapsulation of viable bacteria in situ.
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CHAPTER 2

Single-molecule FRET: Bridging chromophores via click

chemastry

2.1 Introduction

Photobiological sensing is often affected by either a native photoreceptor pro-
tein or an exogenous molecule introduced by bioconjugation, which then undergoes a
photochemical reaction, e.g. photoisomerization or excitation transfer, signaling the
biological event. Bioconjugation techniques are often applied to selectively modify
cellular components with signaling probes for in vivo imaging, proteomics, cell biol-
ogy and functional genomics. A multistep procedure is usually required: 1) the in
vivo target is tagged with a detectable chromophore, 2) purification of the ligated
target and 3) the detection of the chromophore-target pair. Commercially available
fluorogenic probes are able to tag biomacromolecules containing an array of func-
tional groups, e.¢g. primary amines, thiols or carbonyls; however, since amine, thiol
and carbonyl groups are the most abundant functional units in biosystems, these
reagents can hardly provide selective modification of a targeted species under the

complicated intracellular conditions. Genetically encoded tags such as green fluores-
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cent protein (GFP) and its variants are routinely applied as fluorescent probes, but
GFP is perturbative because its size (238 amino acids) is often larger than the target
of interest. Small-molecule fluorogenic devices are required for more accurate probing
of biosystems, specifically the analysis of the array of small-molecule ligating proteins.

To date, a wide variety of fluorescent sensors and switches have been synthe-
sized to probe environmental and biological events. For example, selective ligands and
ionophores for cations and anions are well established, commercial products for in vivo
sensing. More recently, excimer, exciplex, and FRET fluorescent probes have offered
a number of advantages over common single-emitter designs.[85-89] As an alternative
to genetically-incorporated fluorophores, i.e. in leiu of GFP, RFP, and Sanger nu-
cleobases, small-molecule energy transfer probes can be introduced to biosystems by
click chemistry. Alkyne and azide groups are very small in size, highly energetic, and
have a particularly narrow distribution of reactivity; furthermore, they can be conve-
niently introduced to organic compounds and are quite insensitive to solvent and pH.
A pertinent example is the development of fluorogenic “clickable” coumarins, where
upon formation of a triazole between azide-modified coumarins and alkyne-modified
reagents, the fluorescence increased because the quenching effect of the electron-rich
azides is reduced.[90, 91]

Similarly, the organic chromophores explored in Chapter 2 are combinato-
rially paired by azide and alkyne-modification to display the appropriate spectral
characteristics to act as a permanent donor:acceptor pair in an energy transfer mech-
anism when the triazole-linkage is formed. Energy transfer can take place through
a Coulombic interaction (Forster) or electron exchange (Dexter) mechanism and oc-
curs when an excited donor (a higher energy fluorophore) transfers energy over to
a ground state acceptor (a lower energy fluorophore). In order to be an effective

means of energy transfer, both the Forster and Dexter mechanisms are dependent on
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spatial separation between the donor and acceptor and the spectral characteristics
of the donor’s emission and the acceptor’s absorption. A Forster-type transfer can
be potentially effective up to ~ 10 nm, while a Dexter-type transfer, though highly
dependent on the electronic configuration of the donor-acceptor, is roughly limited
to distances ~ 2 nm. The distance dependance of both energy transfer mechanisms
make Forster and Dexter energy transfer very precise “molecular rulers.” Any pertur-
bation at the molecular scale would cause decay in the energy transfer mechanism,
signaling a molecular event. In addition, both modes of energy transfer require a high
level of spectral overlap of the donor’s emission and the acceptor’s absorption. Being
able to modify, enhance or suppress the molecular mechanisms that modulate the re-
sponse of the energy transfer would provide a route to produce orthogonal, exogenous

bioprobes.

2.1.1 Energy transfer: Forster resonance mechanism

The simplified process of photon emission by excited state relaxation involves
exciting an electron in an atom from the valance band to the conduction band by in-
troducing enough energy into the ground-state electron. The excited electron and its
corresponding hole are electrostatically bound, forming an exciton. Entropic forces
dictate the excited electron’s return the ground state, recombination with its corre-
sponding hole, and release of excess energy, as a photon, phonon or other non-radiative
decay.

For organic small-molecule or polymeric systems, excitation and emission oc-
curs in the electron orbitals of the molecules. Electrons found in the highest occupied
molecular orbitals (HOMO), can be excited to the lowest unoccupied molecular orbital

(LUMO), corresponding to the valence and conduction band of single-crystal mate-
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rials, respectively. Figure 2.1 is the Jablonski diagram illustrating the excitation,
fluorescence and Forster resonance energy transfer (FRET) processes. Sg, S1, and Sy
correspond to the ground, first, and second electronic singlet states, respectively. T,
is the first excited triplet state. The corresponding 0-5 bands are the vibronic states
at each energy level. In the case of fluorescence, absorption of a photon induces an
electronic transition from the Sy to a high-energy vibronic band in either, S; or Ss.
In organic molecules, an electron is promoted from the HOMO to the LUMO. The
fastest relaxation mechanism is vibrational relaxation, a non-radiative process that
allows the relaxation of an excited electron from a higher vibrational level within the
same excited state. Internal conversion is a similar non-radiative transition, which
occurs when an excited electron relaxes between two excited states of the same mul-
tiplicity. Intersystem crossing is a slower non-radiative transition, which occurs when
an electron relaxes from an a singlet to triplet state. Ultimately, a radiative transition
(fluorescence) can be achieved, i.e. relaxation to Sy causing the emission of a photon.

FRET is an alternate, intersystem relaxation mechanism; it is a virtual Coulom-
bic interaction between an emissive excited-state donor molecule and an absorptive
ground-state acceptor molecule resulting from long range dipole-dipole or quadripole-
quadripole interaction. The transfer arises from the resonance between donor and
acceptor and is largely dependent on the alignment of the dipole moments of the two
molecules. This form of non-radiative energy transfer is relatively slow, suggesting
there is a weak coupling between the transition dipole moments of both molecules.
From Theodor Forster’s kinetic expressions, the FRET rate (kp) can be described
as a function of inter-molecule donor/acceptor distances (2.1), where R is the inter-
molecular distance, R is the idealized FRET distance when the rate of the energy
transfer becomes the same rate as the decay of the excited state donor, and 7 is the

fluorescence decay time of the excited-state of the donor. Equation 2.1 illustrates
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Figure 2.1: Jablonski diagram illustrating electronic excitation (black arrow) when a ground-state
electron absorbs energy and is excited to a higher singlet state, internal conversion (blue arrow) when
the excited electron relaxes to a vibronic state within the S; or Ss levels, intersystem conversion
(cyan arrow) when the excited electron relaxes to a triplet state, and fluorescence (magenta arrow)
when the excited electron relaxes to a ground state. FRET relaxation is also pictured, when the
excited electron transitions to the excited state of the acceptor molecule and consequently relaxes
to the ground state.
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FRET’s extreme sensitivity to any distance changes between 1 - 10 nm. Equations
2.2 and 2.3 define the critical donor/acceptance distance based on the absorbance
and emission spectral overlaps of the interacting molecules, where & is the orientation
factor of the dipole moments, N is Avagadro’s number, q is the quantum efficiency
of the donor, n is the refractive index of the matrix, and X is the wavelength in nm,
and ¢, is the molar extinction coefficient of the acceptor. Since FRET is a resonant
transfer and does not rely on charge propagation, the critical Forster radius is prac-
tically taken as when the transfer efficiency is ~ 50% and is typically in the range
of 2-10 nm. Additionally, the transition dipole moments of the interacting molecules
play a significant role in the transfer efficiency, though an average orientation factor

(0.66) is often used for calculations.

Ry
k = 2.1
rror = = (22) 2.)
1/6
9000(In10)k3q
Bo = { 12875niN /f } (22)

The expression, [ f(v)e,(v)%, is defined as the integrand J (M~'cm™'nm*):

J = [Fp(X) - ea(A) - AdA (2.3)

The integral J is the spectral overlap of the donor and acceptor, where Fp(\) is the

normalized spectrum and €4 is the maximum molar extinction coefficient.

2.2 Results and Discussion

The chromophores presented in Figure 2.2 were synthesized and combined to

produce permanent FRET dyads. Absorbance and photoluminescence spectra were
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experimentally analyzed to predict possible energy transfer pairs; moreover, to better
design click chromophores quantum chemistry calculations were performed to model

intra-chromophore spacing and placement of the chromophore band gap.

2.2.1 Calculated geometries and molecular orbitals of single-

molecule FRET systems

FRET dyads were modeled and characterized by quantum chemical calcu-
lations. The first principle for calculations of the molecular states is the general
time-dependent Schrodinger Equation (2.4, where W(R,r,t) is the wavefunction of
nuclei positions (R = (Ry,. . .,R,,)) and electron positions (r = (ry, . . ., r,). The
Hamiltonian operator, H , accounts for the kinetic and potential energy operators for
all nuclei and electron interactions. Ultimately, the complete set of solutions for the
Schrodinger wave equation would provide the ground state geometry and expected

electron distributions for both absorbance and fluorescence of the FRET dyads.
ih2 (R, r,t) = HU(R,T,1) (2.4)

In the reported calculations, the following assumptions are made:

e The Born-Oppenheimer approximation is inherently assumed. The approxima-
tion posits that the motion of electrons or infinitely faster that the motions of
the nuclei do to their mass difference and the electrons instantaneously follow

the nuclei, thus the nucleus position becomes a parameterized value.

e Relativistic effects are neglected. The momentum operator is assumed to be

classical.
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Figure 2.2: Spectral range of organic chromophores spanning from the Ultraviolet, through the
visible, to the NIR. By pairing chromophores with conjugate click functionality, single-molecule
FRET dyads can be synthesized by the CuCAAC reaction.
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e The basis set is composed of a finite number of orthogonal functions. (In reality,

the wave function is a linear combination of functions from an infinite basis set.

e The energy eigenfunctions are assumed to be products of one-electron wave

functions.

e The effects of electron correlation are neglected.

The simplest type of ab initio calculation is the Hartree-Fock (HF) method,

in which the instantaneous Coulombic electron-electron repulsion is not specifically

taken into account and the Schrodinger Equation is treated as a simple eigenvalue

equation of the Hamiltonian operator, with a discrete set of solutions. This is a vari-

ational procedure; therefore, the obtained approximate energies, expressed in terms

of the system’s wave function, are always equal to or greater than the exact energy,

and tend to a limiting value called the HF-limit as the size of the basis is increased.

The simplest approach for the description of a system of N interacting electrons is

the the Hartree-Fock (HF) method, where the ground-state many-body wavefunction

is approximated as the optimal non-interacting solution, i.e. a Slater determinant of

single-particle spin-orbitals {®;}:

@1(1'1)
Py(1)

1
‘IJHF(Z'l, ...,Q?N) = \/ﬁ

@1(5172)
q)g ([L’Q)

‘I)N(ld) (I)N<372)

‘I)l(l“N)
Py(zy)

‘I)N(HUN)

(2.5)

The optimal molecular orbitals are determined by minimizing the interacting Hamil-

tonian operator on the wavefunction, ¥y, and if the spin-orbitals are written as the

product of a spatial and a spin components (Eq. 2.6), the spatial orbitals must satisfy
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the solutions of Wyp.

®i(x) = ¢i (v) Xsi (0) (2:6)

Each orbital experiences the external potential, the Hartree electrostatic component,
and the non-local HF exchange potential. The HF potential cancels the interaction
of the electron with itself, that is the self-interaction contribution coming from the
the Hartree potential, and keeps the electrons of the same spin apart so that each
electron has a hole around it, known as the exchange hole, containing unit positive
charge. For molecular systems, the orbitals are expanded as a linear combination of
atomic orbitals (LCAO) centered on the nuclear positions:
nuclei

6ir) = > D sl — v, 2.7

where r, denotes the position of a nucleus. The LCAO coefficients, aé‘j and 7;,, are
optimized to yield the lowest variational energy. In general, the HF operators will be

input with a Gaussian atomic basis set:
n(r) = ™y 2t eer (2.8)

as this set allows all integrals to be computed analytically. Since relativistic effects
are neglected and the Born-Oppenheimer approximation is applied, it is assumed that

a non-relativistic system of N interacting electrons is described by the Hamiltonian:

1 N N N 1
H=—— 2 ot (T B — 2.9
Q;VHLEV t(r)+z‘ri_rj‘ (2.9)

1<j

where the atomic units apply (A = m = e = 1). The external potential ve.(r) is

given either by the bare electron-ion Coulomb potential Z/r where Z is the charge of
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the ion, or by a pseudopotential describing the ion plus the core electrons which have
been eliminated from the calculation, r is the 3N particle coordinates with x = (r, o)
(the 3 spatial and 1 spin coordinates of one electron where o = +1).

Initially, the performance of the theoretical basis and available computational
power was tested on simplified molecular models. The quantum chemical investi-
gation of the FRET systems was initialized with the computation of the electronic
excitations of discrete chromophores in vacuo since the lower level of complexity of
these systems allow us to push the limits of the available computational tools and
better understand their limitations. Moreover, calculations using highly-correlated
techniques are available for discrete chromophore models; whereas, the FRET dyads
will require un-correlated, small-basis set calculations. Calculations began with a HF
model and subsequently were corrected for electron-electron repulsion. Moller-Plesset
perturbation theory was the utilized post-HF methods. Second order Moller-Plesset
(MP2) calculations are standard levels used in calculating small systems and were
implemented in these simulations. The density matrix for the first-order and higher
MP2 wavefunction is of the type known as response density, which differs from the
more usual expectation value density. The eigenvalues of the response density matrix
(which are the occupation numbers of the MP2 natural orbitals) can therefore be
greater than 2 or negative, but unphysical numbers are a sign of a divergent pertur-
bation expansion.

Figure 2.3 shows the calculations of the HOMO and LUMO for the isolated
chromophores paired to produce the FRET dyads, within an all-electron HF, 6-
311+G(d,p) basis set and the MP2 correlation. As discrete chromophores, many of
these pairs have been exploited for FRET.[92] The resultant HOMO and LUMO ac-
curately predicted the maximum absorbance energy for each chromophore; however,

it is apparent in the calculation is lacking for the fluorescein moiety, The HOMO
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and LUMO should mirror each other, as represented in Figure 2.3 carbazole and an-
thracene, but for the fluorescein calculation the HOMO is shifted toward the higher
electron density of the double-bonded oxygen which is a common error produced by
small basis set ab initio calculations.[93] The clicked models were analyzed for both
geometry optimization, excited states and molecular orbitals by ab initio, where pos-
sible, and semi-empirical calculations (MOPAC) for charged chromophores (to reduce
calculations costs). Theoretical calculations of the optical properties of the FRET
dyads complement spectroscopic characterization by providing an atomistic descrip-
tion of the molecules’ ground and excited states. Quantum chemical calculations
should provide an accurate quantum-mechanical description of the ground state and
electronic excitations; furthermore, the relative positions of the donor and acceptor
frontier molecular orbitals is a predictor of the preferred energy transfer mechanism.
When the HOMO and LUMO of the acceptor are located within the energy level of the
donor’s band gap, FRET dominates; whereas, if the acceptor’s HOMO or LUMO lies
outside the donor’s band gap a Dexter or nonradiative mechanism is observed.[93, 94]
Table 2.1 summarized the HOMO/LUMO and molecular bandgap calculations for
the discrete chromophores. Accordingly the carbazole HOMO/LUMO levels bracket
the HOMO/LUMO levels of anthracene, suggesting they can be donor and acceptor,
respectively. The same is true for C6 and Cy3; however, the LUMO of Cy3 falls above
the LUMO of F1 suggesting their FRET efficiency may be diminished.

For ab initio simulations of the larger FRET dyads, electron-electron correla-
tion needed to be scaled for computational efficiency. Ground state properties of large
systems can be reliably and efficiently computed from first principles by density func-
tional theory (DFT). In the FRET dyad calculations, high-dimensionality problems
are circumvented by employing one-electron Kohn-Sham DFT, which replaces the

electron-electron interactions by an effective potential. In the KohnSham system, elec-
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Figure 2.3: The HF/6-311+G(d,p)/MP2 calculations of HOMO and LUMO for the discrete chro-
mophores utilized to build the FRET dyads. Shown are the HOMO (red*/blue™) and LUMO
(green™ /yellow™) orbitals which are responsible for molecular fluorescence.
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chromophore HOMO LUMO bandgap (AE) Agps (nm)

carbazole -0.284  -0.105 0.179 255
antrhacene -0.218  -0.087 0.131 348
coumarin 6 -0.277  -0.151 0.125 364
fluorescein -0.206  -0.106 0.100 456

cyanine-3 -0.198  -0.113 0.085 537

*** energy reported in Hartree

Table 2.1: Highest occupied molecule orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) calculations for individual components of the FRET dyads. The molecular bandgap is
reported as the energy differential from the ground state to first excited state.

trons are non-interacting fermions, so the KohnSham wavefunction is a single Slater
determinant, unlike the series required for HF-models. Geometry optimization and
molecular orbital models for the FRET dyads were calculated with the BSLYP corre-
lation The B3LYP hybrid functionals are approximations to the exchange-correlation
energy functional that only incorporate a portion of exact exchange from HF methods.
Figures 2.4, 2.5, and 2.6 show the calculated HOMO/LUMO for the ATBC, C6Cy3
and FICy3 FRET dyads, respectively. The HOMO/LUMO positions of C6Cy3 and
F1Cy3 are expected for the donor and acceptor interactions of a FRET pair; the
HOMO is located on the donor, C6 and Fl, while the LUMO is located on the ac-
ceptor, Cy3. In the ATBC model, both the HOMO and LUMO are located at the
anthracene component, suggesting direct stimulation of the anthracene molecule may
be the dominant energy transfer mechanism, as opposed to FRET.

In summary, the HF calculations of discrete chromophores suggested the pair-
ing carbazole/anthracene, C6/Cy3, and F1/Cy3, and corresponding DFT calculations
of the FRET dyads showed differing HOMO/LUMO locations that will need to be
defined experimentally. While the FRET features will also be largely dependent on
structural features of the dyads in solution, the molecular orbital calculations suggest

the resultant photoluminescent response will come from the acceptor chromophore.
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Figure 2.4: The B3LYP(DFT)/6-31G(d) orbitals for the ATBC chromophore. Shown are the
HOMO (red* /blue”) and LUMO (green™ /yellow™) orbitals which are responsible for molecular
fluorescence.
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Figure 2.5: The B3LYP(DFT)/6-31G(d) orbitals for the C6Cy3 chromophore in vacuo. Shown are
the HOMO (red™ /blue™) and LUMO (green™ /yellow ™) orbitals which are responsible for molecular
fluorescence.
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Figure 2.6: The B3LYP(DFT)/6-31G(d) orbitals for the FICy3 chromophore in vacuo. Shown are
the HOMO (red™ /blue™) and LUMO (green™ /yellow ™) orbitals which are responsible for molecular
fluorescence.
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donor acceptor quantum yield, ¢p molar extinction, €4 J Ry

(M~! cm™1) (AS mol™1)  (A)
AC ABC 0.41 9.7 x 10* 1.08 x 10  4.34
C6 Cy3 0.78 1.5 x 10° 5.6 x 10 6.36
Fl Cy3 0.79 1.5 x 10° 5.93 x 10° 6.44

Table 2.2: Spectral constants for donor and acceptor, quantum yield (¢p) and molar extinction
(ea), respectively. Calculated spectral overlap (J) and critical Forster radii for FRET dyads utilizing
dipole orientation factor, k=0.66, and refractive index, n = 1.4.

As will be reported in the following sections, the calculated geometry and molec-
ular orbitals are promising harbingers for the critical FRET distance and spectral

characteristics, the J-integral.

2.2.1.1 Spectral properties of single-molecule FRET systems

As an initial approach to experimentally examine the FRET efficiency in the
small-molecule dyads, FRET is assumed to be the dominant transfer mechanism and
the spectral overlap integrals are used to calculate the FRET parameters. The FRET
efficiencies dependent on the spectral characteristics of the donor and acceptor can
be calculated from Eq. 2.1 and Eq. 2.2. The dipole orientation factor, x, can adopt
any value between 0 and 4, and its value is often chosen as 0.666666. This limiting
situation is valid when the molecular dipoles are rapidly rotating at a speed much
faster than the FRET rate.[95] The refractive index, n, of the medium is taken at
n = 1.4, which can be idealized as buffer salts dissolved in water. The quantum
yield of the donor, ¢p, and molar extinction coefficient of the acceptor, €4, are values
taken from the literature.The output of Eq. Table 2.1 and Eq. 2.2, i.e. the FRET

efficiencies of the synthesized FRET dyads are summarized in 2.2.
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Figure 2.8: Calculated spectral overlap of C6Cy3 dyad.
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Figure 2.9: Calculated spectral overlap of FICy3 dyad.

2.2.2 Engineering and application of a single-molecule FRET

system as an enzymatic biosensor

The most widely utilized technique for the detection and targeting of endoge-
nous proteins through fluorescence relies on the labeling of the protein with a primary
antibody and subsequent attachment of a complementary, emitting dye, protein, or
particle.[96] For decades, employing a chromophore pair that can participate in fluo-
rescence resonance energy transfer (FRET) has been the operational basis for studying
protein dynamics. For example protein conformational changes, protein-protein in-
teractions, and protein synthesis are measurable due to the dependence of the FRET
efficiency on the separation distance and orientation of the donor and acceptor.[97]
Recently, techniques employing FRET have been employed in metabolomics, which
focuses on the collection of metabolites (metabolome) in a biological cell, tissue, or-

gan or organism, which are the end products of cellular processes.[98] Establishing
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Figure 2.10: Absorbance and photoluminescence spectra of (a) azide-modified carbazole (ABC)

(Aez = 295 nm), (b) alkyne-modified anthracene (EA) (Ac; = 360 nm), and (c) carbazole/anthracene
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Enzymatic Cleavage

Figure 2.13: Schematic of the biotransformation of 9-4-[4-(9-anthryl)-1H-1,2,3-triazol-1-yl|butyl-
9H-carbazole (ATBC), a coupled donor and acceptor pair, with exposure to the lysate of P. resinovo-
rans CA10. FRET between moieties of ATBC is interrupted by enzymatic breakdown of ATBC by
carbazole 1,9a-dioxygenase.

the processes that generate the metabolome provides insights into the biochemical di-
versity of cell populations. To achieve this level of understanding requires a method
for single-cell metabolomic studies.[99] To this end, a donor/acceptor pair were cova-
lently linked and their FRET characteristics employed in the detection of a metabolic
transformation. Enzymes are traditionally considered remarkably specific catalysts;
nonetheless, promiscuity is the inherent ability of an enzyme to catalyze multiple
reactions. Recent experimental evidence suggests that promiscuity, in the actual
protein function, is not as rare or detrimental as was previously thought [100-102].
Promiscuous activity, substrate ambiguity and cross reactivity, in an existing protein
can cause a selective advantage, resulting in survival and further evolution; thus, gene
duplication would drive the divergent evolution of a new protein.[103-107] Studies on
enzyme evolvability have given convincing evidence that the mechanism of functional
evolution is due to the fact that many proteins have promiscuous functions in addition
to their native functions. In the proposed mechanism, a weak promiscuous function
arises due to neutral evolution, the ability of proteins to tolerate mutations without
compromising fitness and plasticity. Under the right selection pressure, natural selec-

tion can improve the new function once it has arisen until, at some point, the protein
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may become specialized for the new function.[105, 106, 108-111] In many cases, the
pairing of native and promiscuous function is smaller than expected. This allows for
several generations of “generalist” proteins that are able to perform both functions
and suggests that gene duplication acts after the new function has appeared.[103, 112]
These “generalist” proteins lead to the promiscuous enzymes capable of degrading
multiple primary metabolites through different pathways.

Specifically, Pseudomonas spp. are the most predominant group of soil mi-
croorganisms that degrade carbazole[113] and were utilized in this effort. Differing
species of carbazole degraders all appear to follow a similar carbazole degradation
pathway that begins with the oxidative cleavage of the heterocyclic nitrogen ring
of carbazole, catalyzed by carbazole 1,9a-dioxygenase (CARDO); subsequent break-
down of carbazole requires the degradation of one of the aromatic rings, meaning
Pseudomonas spp. also produces a meta-cleavage enzyme, 2-aminobiphenyl-2,3-diol-
1,2-dioxygenase.[113] Previous studies indicate that CARDO can catalyze diverse
oxygenation reactions and has a broad substrate range including polyaromatic com-
pounds, such as dibenzothiophene, biphenyl, and polycyclic aromatic hydrocarbons
and is attributed to flexibility in binding of the substrates to the active site of
CARDO.

The focus of this study was to modulate the Forster energy transfer of coupled
fluorophores through their biotransformation (Figure 3.1).

Specifically, an alkyne-functionalized anthracene and azide-functionalized car-
bazole derivative were employed as the donor/acceptor pair and linked through a
copper-catalyzed azide/alkyne cycloaddition (“click” transformation) performed in
a water:isopropanol (5:4) mixture.[2] CARDO catalyzes the angular dioxygenation
of carbazole to yield an unstable dihydroxylated intermediate which is considered

to be instantly converted to 2’-aminobiphenyl-2,3-diol, while CARDO transforms
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anthracene into cis-1,2-dihydroxy-1,2-dihydroanthracene[113]. Figure 2.14 presents
the photoluminescence (PL) spectra and structures employed in this effort. Specifi-
cally, Figure 2.14a presents the emission characteristics of both 9-(4-azidobutyl)-9H-
carbazole (ABC) and 9-ethynylanthracene (EA) in a water:DMSO (90:10) mixture.
The carbazole containing moiety (ABC) exhibits an emission that is characteristic of
9 H-carbazole containing compounds with two major peaks at 351 nm and 363 nm
and a shoulder at ~380 nm.[114] Similarly, the anthracene containing moiety (EA)
indicates vibronic bands in the region 410 - 500 nm typically seen with this chro-
mophore when excited at 360 nm.[115] In contrast to these isolated chromophores,
Figure 2.14b presents the emission characteristics under various excitation energies
of the resulting molecule when ABC and EA have undergone a click transformation
to form 9-4-[4-(9-anthryl)-1H-1,2,3-triazol-1-yl|butyl-9 H-carbazole (ATBC). With an
excitation energy at a wavelength of 295 nm, there is only a small emission contri-
bution attributed to the carbazole moiety, while with an excitation at 360 nm, all
contributions of the carbazole are absent. Nonetheless, at both excitation energies,
the emission of the linked carbazole/anthracene molecule is similar and reminiscent
of an aggregated anthracene.[115] The lack of a significant carbazole signature in the
linked moiety with an excitation of 295 nm is indicative of energy transfer from the
carbazole to anthracene.

For the current system, the Forster radius was calculated to be ~ 19 A, while
a similar system composed of 9-phenyl carbazole and 9-cyano anthracene fabricated
into Langmuir-Blodgett films with interlayers of stearic acid indicated a Forster radius
of 12.5 A[116].The calculated Férster radius is comparable to the ~13 A maximum
separation distance of the linked chromophores in ATBC. A molecular dynamics sim-
ulation of ATBC was performed in vacuo utilizing the MM2 force field and indicated

that the most probable conformations for ATBC at room temperature result in a
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Figure 2.14:  Photoluminescence of (a) 9-(4-azidobutyl)-9H-carbazole (ABC) (—) (Aex = 295
nm) and 9-ethynylanthracene (EA) (O) (Aez = 360 nm); (b) 9-4-[4-(9-anthryl)-1H-1,2,3-triazol-1-
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