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ABSTRACT

Small, diffusible moleculesvhen recognizd by their binding partnerssuch as
proteins and antibodies, trigger enzymatic adtjvitell communication, and immune
response.Progress in analytical methodsnabling detection, characterization, and
visualization of biological dynamics at the molecular level will advancesgploration
of complexbiological systems. In this dissertation, analytical platforms were fabricated
to capture membrar@ssociated receptors, which are essential proteins in cell signaling
pathways.The neurotransmitteserotoninandits biological precursowere immobilized
on gold substrates coated with satisembled monolayers (SAMs) of oligo(ethylene
glycol)alkanethiols and their reactive derivatives. The Séddted substrates present the
biologically selective affinity of immobilized molecules to targedtive membrane
associated receptorBhese substrates were also tested for biospecificity using antibodies.

In addition, smalimoleculefunctionalized platforms, expressing neurotransmitter
pharmacophore were employed to examine kinetic interactionswieen Gprotein
coupled receptors and theissociatedheurotransmitters. The binding interactions were
monitored using a quartz crystal microbalance equipped with itpud injection. The
interaction  kinetics of  &roteincoupled serotonin 1A  receptor na@
5-hydroxytyptopharfunctionalzed surfaceswere studied in a redaiime, labelfree
environment. Key binding parameters, such as equilibrium dissociation constants,
binding rate constants, and dissociative -fitdf were extracted. These parameters are
critical for understanding and comparing biomolecular interaciiomsodern biomedical

research.
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By integrating selfassembly, surface functionalizatignand nanofabrication,
smallmolecule microarrays were created for htghoughput screening. A hybrisbft-
lithography, called microcontact insertion printing, was used to pattern small molecules
at the dilute scales necessary for highly selective biorecognition. By carefully tuning the
polar surface energy of polymeric stamps, problems associated witernpag
hydrophilic tether molecules inserted into hydrophilic preforr8&d/is are surmounted.

The pattered substrates presenting neurotransmitter precursors selectively capture
membraneassociated receptors. These advances provide new avenues for ifegpricat
smallmolecule arrays.

Furthermore, a novel strategy based on a conventiomaiocontact printing
called chemical lifoff lithography, was invented to overcome the micrometaie
resolution limits of molecular ink diffusionin soft lithography Sdf-assembled
monolayers of hydroxylerminated alkanethiols, preformed on gold substrates, were
selectively removed by oxyggrlasmatreated polymeric stamspin a subtractive
stamping process with high pattern fidelity. The covalent interactions forméuk at
stampsubstrate interface are believed to be responsible for removing not only alkanethiol
molecules but alsa monolayer ofgold atoms from the substrates. A variety of high
resolution patterned features were fabricated, and stamps were cleanedsaddmany
times without feature deterioratiofhe remaining SAMs acted as resiftr etching
exposed gold features. Monolayer backfilling intoelifoff areas enabled patterned

protein capture, and 4@anometer chemical patterns were achieved.
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Chapter 1

Molecular Sel-Assembly for Biological Investigations and Nanoscale Printing

1.1 Introduction

Over the past two decades, our understanding ofaseinbly has impacted the
development of a broad spectrum of science disciplines including biology, pharmacology,
food sciences, engineering, and neuroscig¢fies. Stateof-the-art designs at the nano
and micrometer scales have enabled the creation of systems with precisely controlled
surface properties that are specific for systems of intfgeld]. These capabilities have
been driven, in large part, by advascen instrumentation and new experimental
techniques for the sedissembly chemistry and characterization of surfaces comprising
"nanoscale building blocks.[16-23]. Moreover, significance advances in chemical
synthesis offer a wide variety of these bunfgl blocks, resulting in the construction of
practical models in many applicatiof#-28].

Bioactive surfaces, which have been found to be powerful tools in biological
investigations, are one application of satcembly[29-31]. Generally, a bioactive
suface is a substrate that has a specific affinity for biological targets such as proteins,
peptides, antibodies, DNA, carbohydrates, neurotransmitterf3286]. An underlying
principle of bioactive surfaces relies on the immobilization of biomolecateghe
surfaces and the recognition of their binding partners in solution at theligalall

interface [37-40]. Due to the constrained environments and steric hindrance of the
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binding partners on the surfaces, the effects of orientation and size ofidrettolgnition
elements become importafjtl, 43. In addition, the biological environment can
complicate investigations due to background noise from-specific adsorption.
Therefore, the type of building blocks used for bioactive surfaces is a crutdiad far
surface preparation and biological studies.

When integrated with transducers, bioactive surfaces can be used as "biosensors"
for detection and differentiation of biomolecular interactio#3, 44. Materials
possessing plasmonic, piezoelectricetectrochemical properties are common types of
transducers. These property arrays offer the advantage of-flebgl reaitime
investigation, leading to the interpretation of physicochemical parameters relevant to the
binding interactiond37, 40, 4547]. When combined with soft lithography, bioactive
surfaces can be used as platforms, called "biochips" for visualizing and screening the
biomolecular targets and even within biological membrfh2s4854].

Seltassembled monolayers (SAMs) played a cruah in this dissertation due to
their roles in biological investigations and naaad microscale patterning. Kinetics and
thermodynamics of binding interactions of smralblecule neurotransmitters and their
biomacromolecule partners were studied by imifiobg their neurotransmitter analogs
on SAM-modified substrates. The functionalized substrates, integrated with- mass
sensitive devices, were used to monitor biomolecular recognition interactions in a real
time, labelfree manner. In addition to biologibarelevant studies, se#ssembled
monolayers were used as a starting material for fabricating patterned surfaces. The
interfacial interactions between an elastomeric stamp and SAMs were found to be key

factors for successful patterning.



1.2 Dissertation Ovaview

The objective of this dissertation is to develop and to utilize substrates with
immobilized small molecules to study the biomolecular interactions of membrane
associated proteins, relevant to molecular pharmacology and neuroscience. Chapter 1
focusesthe background chemistry knowledge of sedEembled monolayers and their
applications, and explains the main experimental techniques used in these studies.
Chapter 2 provides a review of the significant literature on the topics of-srakdtule
signaling in neuroscience, smatholecule neurotransmitter including serotonirHb),
and challenges of smatholecule immobilization. The development of smmathlecule
functionalized surfaces is discussed. In Chapter -Bydsoxytryptophan (B1TP)
functionalized surfaces are utilized to study the kinetic aspects of the molecular
interactions of Goroteincoupled receptors (GPCRs). These kinetic studies use
ligandbound substrates with labieke, realtime methods. Chapter 4 presents an
approach based on surfagettability to fabricate smalinolecule arrays for multiplexed
screening. Microcontaghsertion printing (LCIP) is utilized to transfer alkanethiol inks
from oxygenplasmatreated polydimethylsiloxane (PDMS) stamps to existing SAM
matrices. The relationfdreatment time from oxygen plasma and surface wettability is
studied to optimize printing conditions. Chapter 5 describes the invention of a new
printing technique, chemical lfff lithography (CLL). In CLL, a PDMS stamp,
chemically treated with oxygemlasma, is used to remove alkanethiolates at the

conformal contact area. Detail studies were performed to understand the parameters that
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lead to subtractive printing. Chapter 6 summarizes all works done in this dissertation, and

outlines possible future avk.
1.3Background

1.3.1Self-Assembly

Whitesides and Grzybowski beautifully define ssdsembly as "the autonomous
organization of components into patterns or structures without human intervgsthn”
Selfassembled patterns arglructures can be found in both living and +iemg
organisms, from the molecutatuster (16 m) to the galaxy scales (3m) [56-58]. For
instance, cells are examples of sedsembly in biological systeniS9]. Each individual
unit is encapsulatedybcell membranes, which are dynamic sedtembled bilayers of
phospholipid molecules. These molecules are held together with weak intermolecular
forces such as van der Waals, electrostatic, and hydimmming interactions. The
concept of selassembly bs been expanded into a wide range of disciplines from basic

research to engineering applicati¢66-62].

1.3.2Self-Assembled Monolayers

Seltassembled monolayers of organic surfactant molecules on substrates
represent a principal subdivision of safsembledystems. Intrinsic physical properties
of individual molecules are responsible for energetically favorable interactions, resulting
in the formation of crystalline nanostructures with singl@ecule thicknessdg, 2. The
most weltknown, highly charactezed SAM is based on the assemblynedilkanethiols

on gold (Au) substrates (
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Figurel-1) [63]. Interestingly, gold/thiolate SAM systempsototypical for other

fields because they are easy to prepare, highly reproducible, notably stable in ambient
conditions and flexible for tuning of interfacial properties including wettability,
reactivity, conductivity, and resistanfl 64-66]. Althoughgold is the standard platform
for SAM formation due to its inertness, SAMs can be formed on a variety of metal
substrates such as platinum (Pt), copper (Cu), silver (Ag), germanium (Ge), etc, making
them highly attractive for engineering applicatip6g-72].

In the most general case, aralkanethiol comprises an alkyl backbone with the
n-1 number of methylene unitsgH,-), a thiol head group-$H), and a methyl tail group
(CHs-) at the other end. Each molecular component plays a different role in SAM
formation and its surface properties. After immersion, the chemisorption of
n-alkanethiols on Au substrates is kinetically favorable occurred due to the strong
gold-sulfur (Au-S) bond formation at ~40 kcal/mol (compared to ~1.5 kcal/mol of heat
required forboiling water)[1, 7. The result of fast and strong bond formation quickly
leads to nearly full surface coverage (>90%) in approximately 10 s with-gqusied
structures. The phenomenon involves the thermodyntawarable maximization of
weak van der \&als interactions between alkyl backbones, favoring the formation of an
ordered crystalline |l attice wi tfM]. Farthari | t a
chemisorption increases both the surface coverage and crystallinity. Intensive studies by
scaming tunneling microscopy (STM) have shown that alkanethiolate SAMs have
several structural features, including domain boundaries, step edges, and vacancy islands

(Figure :2)[73, 74.
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In addition to STM techniques, a variety of surface analyses haveublkzsd to
characterize SAMs, such as atomic force microscopy (ARAMY-79], X-ray
photoelectron spectroscopy (XPR)L, 77, 8086], highresolution electron energy loss
spectroscopy (HREELYRB7], infrared reflection absorption spectroscopy (IRRASS
94], contact angle goniometry, surface plasmon resonance (8BR9%3, ellipsometry
[96, 97, cyclic voltammetry (CV)[98-10(, and others. These techniques provide
additional information, such as composition, structure, and formation energy.

Usually, alsorption of n-alkanethiol SAMs on metal substrates is done via
solution deposition. In some cases, vapor deposition is used as aalsta@dand/or
supplementary procedufé01, 102. The most practical solvent for preparing SAMs is
ethanol because: it dislves a variety of alkanethiols, it is inexpensive, it is available in
high purity, and it has low toxicity. Others such as tetrahydrofuran, dimethyformamide,
methanol, and toluene, etc, can also be used, depending on the solubility of individual
adsorbats[25]. Research has been carried out to determine the experimental factors that
govern the SAM qualities and properties, such as solvent, temperature, concentration,
deposition time, purity, chain length, chemical structures, and head and tail {86ups

103-107.

1.3.3Mixed Self-Assembled Monolayers

Much of the work in this dissertation involves SAMs containing two or more
absorbates, called mixed SAMs (Figure)L Mixed SAMs used in many applications
requires nofphase segregatiofiO, 11, 4]. Mixed SAMs can be prepared by several

methods including codeposition from solution mixtures, adsorption of asymmetric
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disulfides, asymetric diakylsulfides, and insertdirected seHassembly[1, 23, 108,
109. Two main methods that will be employed én@nvolve codeposition and insertion
directed seHassembly. Codeposition allows SAM formation with a wide range of
compositions. The surface mole fraction of each component can be adjusted for an
individual application by varying the solution mole fraatimf each component.
However, the solution mole fraction does not proportionally reflect the surface mole
fraction, and depends on several factors such as solubility, chain length, and functional
group[42]. Moreover, these parameters play roles in thedgemeity of the local surface
composition of SAMSs.

In insertiondirected selHassembly, secondary adsorbate molecules are inserted
into existing SAM matrices formed from primary thiol molecules, creating adlensity
and norphase separated mixed SAMs.eTduality of mixed SAMs can be controlled by
manipulating the defect sizes and density, which are governed by many factors such as
formation time, concentrations, temperature, and -pps¢paration treatment. This
method provides a convenient platform téudy singlemolecule properties and

fabrication of biologicallyactive surfaces.

1.3.4Sel-Assembled Monolayers for Biological Studies

The biological system consists of countless macromolecules ranging from small
oligosaccharides to large proteins. The inteoast of an individual component influence
many processes in living organisms, such as growth, division, communication, and
reproduction, leading to the diversity of biochemical and biomedical investigations. A

challenge in biological studies is the rgpecific interference from the compositional
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complexity, making certain fundamental aspects difficult to study.-&Sskémbled
monolayers have become a powerful tool for biological studies. The principle of SAM
formation enables the structure and propertieswfaces to be precisely controlled
sufficient in order to prevent nespecific protein adsorptioi80, 107, 11a114).

Surfaces coat efdnctenalizéed pa,foMiigo(@thylene glycol)
[-(CH.CH,O),-, (PEG, OEG)] alkanethiols on Au substetare the most common
systems that exhibit artiofouling properties from other biomolecules (FigurdA)
[113, 1151227]. Generally, alkanethiols are modified with-trietra, or hexa(ethylene
glycol) groups. Structurally, the alkyl backbones of PE@ninated alkanethiols form
densely packed, ordered monolayers with nominaliyrails conformation tilted at 30° to
surface normal, similar to that ofalkanethiols. The peculiar van der Waals interactions
of the (ethylene glycol) tail group influendeet SAM structures, forming either in helical
or amorphous conformations. The helical structures give -qugstialline surfaces, while
the amorphous structures produce ligikeé phases[29, 94, 11B Comprehensive
studies suggest that both helical andgrhous PEG structures exhibit protein resistance,
but not all-trans conformations[113. This result supports the hypothesis that the
incorporation of interfacial water with PEG moieties may contribute to their ability to
resist protein adsorption, howeyehis is still an open area of investigatiofi23.
Moreover, experimental observations show that PEG SAMs formed on different metal
substrates, such as silver (Ag), exhibit distinct PEG structures, thus alterragistance
[113.

Besides protein sistance, mixed SAMs containing two or more PEGninated

alkanethiols provide a practical experimental platform to tailor the ligands or
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biomolecules of interest for investigations of liggmtein, proteirprotein, protein
carbohydrates, and DNproten interactions[10-13, 114, 124127]. One widely used
system comprises shorter chain tri(ethylene glytatninated alkanethiols (TEG) and
longer, reactive, hexa(ethylene glyct#yminated alkanethiols, smlled tethers (Figure
1-4B). While the shortechain resists protein adsorption, the tether, containing reactive
terminal groups such as amine (NHcarboxyl (COOH), azide @), or hydrazide

(CONH,), is responsible for coupling reactions.

1.3.5SelfAssembled Monolayers for Naneand Microscale Patterning

Self-assembled monolayers enable the production of deliberate nanostructures
with well-defined surface properties. By combining these characteristics with lithography
technologies, SAMs can be patterned into sophisticated -égadlire architectures,
extendng their capabilities to a wide range of applications such as-thighghput
screening, microfluidic networks, and mienell arrays[49, 51, 128 Soft lithography,
introduced by Whitesides and coworkers in the early 1990's, has been a means for
patternng SAMs. The key strategy involves the use of flexible, elastomeric polymer
stamp made of PDM§2, 21, 129. In general (Figure-b), a PDMS stamp is molded
onto a silicon master containing physical features, resulting in-eebaespattern on the
PDMS stamp. The SAM features are fabricated by transferring alkanethiols, as molecular
inks, from the featured PDMS stamp onto Au substrates only in the conformally contact
areas. There are many subfamilies of soft lithography such as microcontact printing
(LCP), microcontact displacement printing, and microconriasertion printing (LCIP)

[2, 21:23, 108, 130, 131 Although exhibiting great success for sredble patterning,
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these techniques are also limited by many factors such as chemical compatihilky, of i
stamps, and substrates. Furthermore, pattern fidelity is reduced by lateral diffusion and
gasphase deposition of ink molecules, resulting in a practical resolution limit of <100
nm for alkanethiols on Au when conventional uCP is used.

Later in this @ssertation, smalnolecule arrays were fabricated using pCIP. By
using an oxygeiplasma treatment, hydrophilic alkanethiol molecules were be able to be
inked on hydrophobic stamps. This technique allows different types of molecular inks on
the PDMS stampo be inserted into existing SAM matrices at contact areas. The new
printing technique, CLL, was developed based on conventional soft lithodrsgi#ly By
treating a PDMS stamp with oxygen plasma, specific alkanethiols can be withdrawn from
Au substratescreating nano and microscale featuse This technique significantly

improves the resolution limit at 100 nm of conventional printing techniques.
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1.4 Experimental Techniques

1.4.1Atomic Force Microscopy

Atomic force microscopy, a scanning probe technique, measures surface profiles
with nanometescale resolution by measuring intermolecular forces between a probe (tip,
<10 nm radius) and surfaces at proximal distancesl(®.2m)[133, 134. An advantage
of AFM is the sample compatibility with both conductive and+gonductive materials.
Therefore, AFM is a versatile tool in a broad range of applications, such as electronics,
semiconductors, materials, and biolo¢®7, 135139. Information given by AFM
measurements tremendously advances our understanding of the surface chemistry of
materials.

The key concept of AFM relies on the detection of the differential van der Waals
interactions between the tip and the surface, which manifests itself as attractive an
repulsive forces. The force depends on the spring constant of the cantilever and the
distance between the probe and the sample surface. The force can be approximated to be

linearly proportional to the cantilever displacement, as described by Hooke's law;

0 Qb (I-1)

whereF is the forcek is the spring constant, amds the cantilever deflection. The spring
constant of the cantilever typically ranges from 0.1 to 200 N/m, resulting in forces from
10°to 10™*N.

In general, an atomic force microscope consists of five components, including a

piezoelectronic actuator (PZT), a laser source, a posgaositive photodiode detector, a
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feedback controller, and a miensachined sharp tip (Figure@). Theprinciple of AFM
operation is to move the tip laterally over (rasterizing) the surface with feedback
mechanisms that enable the PZT scanner to maintain Hsartiple system at constant
force, or constant separation. As a result of feedback compenghgoRZT scanner
moves vertically causing the deviation of laser intensity on the photodiode detector,
which is used to construct the differential surface profiles.

Typically, AFM is operated in one of three modes; Hsontact mode, contact
mode, and tappghmode[133. In noncontact mode (Figure-@A), the tip is maintained
at about 0.1 to 10 nm away from the surface and is oscillated at near its natural resonance
frequency. By maintain its resonance frequency due to varied saippDW
interactions, sdace information can be extracted. However, the oscillating tip in native
or simulated, biological environment, such as aqueous solutions, causes tremendous
signal interference, making the surface information difficult to interpret. Alternatively, in
contact mode (<0.5 nm) (Figure-@B), the forces between the tip and the surface remain
constant by maintaining a constant cantilever deflection. Contact mode measurement
offers the advantages of fast scanning and high resolution, provides surface friction
analsis, and is suitable for rough samples. Yet, the strong repulsive force exerted by the
tip can damage or deform soft samples. Another popular mode of AFM operation is an
intermittently contact mode (G50 nm), tapping mode, which is the combination of
those two techniques (Figure6C). While scanning, the oscillating tip periodically
touches, "taps”, on the sample surface at constasatiple interactions by maintaining
its oscillation amplitudes. This mode allows for high resolution measuremergsnade

on sample surfaces, in particular soft biological specimens. In this work, extensive AFM
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measurements are used to acquire surface topography, analyze protein binding, and

examine chemical lifoff lithography.

1.4.2Quartz Crystal Microbalance

In this wok, the quartz crystal microbalance (QCM) is utilized as a {abel
biosensor for qualitative and quantitative detection of protein binding on-smokdtule
functionalized substrates. The quartz crystal microbalance is a mechanical sensor that has
been ged in many research fields and industrial instrumg8its 14Q. Its operating
principle relies on the piezoelectric property of a quartz crystal. Applying an alternating
potential to metal electrodes on the crystal faces causes a mechanical strairean a s
direction, and thus a crystal oscillation. A number of physical parameters of the quartz
crystal including cut plane, density, shear modulus, and thickness govern the oscillating
frequency of the quartz crystal. This frequency is called the resorigtpesncy,fo,

which is described by

- c‘J) B (1-2)

wherepy is the shear modulusg is the density, and, is the crystal thickness. Another
crucial factor to determine its applications is the crystal cut plane. TheuAThe most
common cut of a quartz crystal, has a cut
this angle, a quartz crystal has low fmrature coefficient at room temperature, resulting
in applications over a wide temperature rajg)@.

For our system, an Au electrode deposited on the quartz crystal is used as a

substrate for surface modification with thiol SAMs (Figur&)1The bindig of proteins
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on the SAMmodified quartz crystals cause decreases in frequency, which can be directly
correlated to the increase in mass, as described by the Sauerbrey's equation:

o c QYa sﬁ (1-3)
O [ ”

whereg mis the change in mass, ands the harmonic number (n = 1, for this systef),
is the active measurement area. In this sysfgm,10 MHz, A = 0.2 cnf, Hg = 2.648
glent, andjq = 2.947 x 16" g/cm.€. Becausehese values are constant throughout the

experiment, the eq.3 can be simplified as:
yQ 6 Y (1-4)
whereC; is the calibration constant, equal to 1.1 X H2/g. From this equation,
the reduction intte oscillating frequency is directly proportional to the mass bound on
the crystal substrate. With the constant calibration number, this translates to 0.88 ng of
mass uptake for every 1 Hz change in frequency. The frequency change is measured

through an aodllator circuit that consists of a surfangounted oscillator and an external

frequency counter.

1.4.3Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy and polarizatiodulation reflection
absorption spectroscopy (PMRAS) are used throughout this dissertation to
characterize the surface functional groups and molecular conformation of- SAM
functionalized subsates. These techniques are forms of infrared (IR) spectroscopy,
differing only instrument configurations. In conventional IR spectroscopy, a molecule

absorbs IR light only when its molecular vibration changes internal dipole moments (a
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standard selectiorule). The absorption causes the depletion of IR intensity at a specific
wavelength that depends on molecular vibrations of each functional group. However,
conventional IR measurements are limited to systems containing very thin films (< 200
nm) or monolagrs, in which the number of molecules on the surface are far less than
those in the bulk sampl®0]. Moreover, diluting the molecule of interest in thin films
(mixed SAMs) also decreased the measured adsorption pe@ksAs a result, it is
extremely dificult to draw definitive conclusions from IR data due to low signatoise

ratios due in part to atmospheric background absorption.

By taking advantages of the surface polarization selectivity, some of the
difficulties in the IR measurement can be circumvented. At grazing angle of incidence
(~80° from the surface normal), the absorptiorp-@olarized light by a thin film on a
metal suface is enhanced, while that sfpolarized light is negligible[90]. This
polarization selectivity results in the IR absorption only when vibrational modes having
transition dipole moments perpendicular to the surface. This rule only applies to good
conductors such as Au. As a consequence, this particular instrument setup, called IRRAS,
is sensitive to the surface functional groups and molecular orientation on metal surfaces.
A practical concern of this technique is that the measurement of backgrourehcete
on the separate sample can produce baseline artifacts.

This can be overcome by integrating the IRRAS setup with a photoelastic
modulator (PM). The PM device produces bstandp-polarized light that are alternated
at a high frequency (~50 kHz). log the same sample, tipepolarized light is used to

measure the total IR intensity, whi¢epolarized light is effectively used as a baseline
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collection of atmospheric background. Subtraction of these light outputs results in the IR

spectra that are fréeom the baseline artifacts.
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1.5Figures
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Figure 1-1. A crosssectional view of al-dodecanethiolate selassembled monolayer
(SAM) on a Au{111} substrate. The thiolatehead groups (dark yellow) rapidly adsorb

on the gold surface with high affinity, leading to nearly complete coverage. Weaker
intermolecular forces between the hydrocarbon backbones (blue) drive the ordered SAM
lattice. This chemical interaction occurs staneously when a gold substrate is exposed

to alkanethiol molecules, resulting in em®leculethick crystalline nanostructures.
Moreover, the surface properties of SAibdified substrates can be engineered with a

wide range of terminal functional groups.
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Figure 1-2. A STM image of a ldodecanthiolate seHassembled monolayer on
Au{111} to illustrate characteristic defects.Defects within the monolayer are inherent

to assembly and include substrate stelges (red arrows), domain boundaries (green
arrows), and substrate vacancy sites (blue arrows). Substrate step edges occur at the
boundary between gold terraces that differ by a single atomic layer. Domain boundaries
result from two domains (a domainaslattice structure with the same tilt direction) of
alkanethiolates at the interface. Substrate vacancy islands are believed to be formed as a

result of reorganization of gold atoms removed during deposition.
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Figure 1-3. Schematic illustration of mixed seHassembled monolayers consisting of
two types of alkanethiols with different chain lengths.The surface mole fraction of
two molecules on the substrates depends nonlinearly on the solution molenfiatctio

these molecules. Mixed SAMs can be prepared by several methods such as solution

codeposition and solution insertion.
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Figure 1-4. Schematic illustration of selfassembled monolayers for biological
studies.(A) Selfassembled monolayers functionalized with oligo(ethylene glycol) units
(OEG-SAMSs) can resist neapecific protein adsorption. Similar to alkanethiols, the thiol
head groups and the hydrocarbon backbones are responsible for SAM formmafion o
substrates. van der Waals interactions in the OEG backbones cause amorphous-and quasi
crystalline helical structures that exhibit protein resista(i@eMixed SAMs of different

types of OEG molecules present the reactive functional groups, callesistetn a
controllable manner. In general, the tethers contain spacer units (longer OEG) and are
spaced away from each other to facilitate the biomolecular recognition of large
biomolecules. Various reactive terminal groups may be used as tethers fotdgiolm
captures, including hydrazide (COMHEs shown in the figure B), carboxyl (COOH), and

amine (NH).
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Figure 1-5. Overview of soft lithography for SAM patterning. An elastomeric stamp

is made by usig polydimethylsiloxane (PDMS) molded from a silicon master containing
features, resulting in a baslief pattern in the PDMS stampA) Before stamping,
alkanethiols are coated on the PDMS staampmolecular inks(B) After stamping, the
molecular inks B transferred onto Au substrates in conformally contacted areas,
resulting in a patterned SAM that replicates the stamp feature. This figure is adapted with

permission from reference 225.
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Figure 1-6. Schematic illustrations of AFM in three operating modes(A) In non

contact mode, the tipurface distance is maintained while the tip is oscillated at near its

resonant frequency. The variations in intermolecular forces between the tip and the

surface a@ monitored to produce surface profilB) In contact mode, the tip is in

contact with the substrate. While scanning, the forces between the tip and surface are kept

constant by feedback mechanisms, resulting in-heglolution topographic information.

(C) A tapping mode AFM, a combination of two previous modes, is operated by bringing

the oscillating tip into intermittent contact with the substrate. As a result of oscillation,

the tip is periodically tapped on the surface at its resonance frequencysufibee

information is acquired by maintaining the oscillation amplitude.
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Figure 1-7. Schematic illustration of a QCM instrument. A quartz crystal is coated

with Au electrodes on both sides and is attached electrically. Generally, in a biomolecule
binding experiment, the quartz crystal is integrated in a liquid flow cell and sealed with
rubber QGring. The crystal is oscillated bylaver oscillator. While an analyte is flowing

over the oscillating crystal, any mass adsorbed on the surface causes reduction in the
oscillating frequency. The frequency change is monitored by a frequency counter and

recorded for further binding analysis.
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Chapter 2

Small-Molecule-Functionalized Substrates For Biomacromolecule Capture

2.1 Introduction

2.1.1Significance of Small Molecules in Cell Signaling

In biological systems, small molecules (<7800 Da) play regulatory radein
both enzymatic activities and signal transmisgibie]. Specifically, in the brain, signal
transmission by small, diffusible molecules, called neurotransmitters, enables
interneuronal communication, which regulates a wide range of physiological responses,
such as cell growth, gene expressiand activation of membrane pential [7-10].
Typically, neurotransmitters can be classified as amino acids, monoamines, peptides, and
others[11, 13. The signaling process occurs when neurotransmitters are released from
presynaptic neurons to an intercellular space between neurons, called a synaptic cleft.
The released neurotransmitters, carrying chemical information, are mediated by specific
cell suface receptors in postsynaptic neurons, commonly known as menrdssoaated
receptors, leading to signal transduction into the inside of s Different types of
signal transduction are transmitted through various classes of receptors, including
erzymelinked receptors, ligandated ion channels (LGICs), and-pBoteincoupled
receptord14, 13. Changing the thredimensional conformation of these receptors upon
neurotransmitter association is the major key for ion channel openifgotén

activaton cycle, and enzyme subunit dimerizat[a3)].
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2.1.2G-Protein-Coupled Receptors as Targets for SmalMolecule Drugs

Among three classes of receptors, GPCRs are the largest family of membrane
associated receptorgl6]. Commonly, their structure consists of axtracellular
N-terminal domain, an intracellular -€rminal domain, and seven transmembrane
spanning domaingl3, 17, 18. Because GPCRs recognize a number of small molecules,
they are implicated in diverse physiological functions, such as vision, sast#, and
behavior and mood regulati¢hQ]. Alterations of GPCR function are thus believed to be
relevant in major neuropsychiatric disorders, including anxiety, depression, and
Al zhei mer 6s and [P®21. k haseenrdimated that regdaatf ef all
available drug®en the market target at this class of recepi®gs 23.

The pharmacological development of therapeutic agents for these receptors has
been driven toward small active compounds (ligands) that modulate GPCR bigactivit
[16, 22]. This is because they are easystdubillize, and they diffuseand permeate in
biological environmerst[24]. Their advantageareal s o supported by the
which describe the upper limits of molecular weight and/or lipophilicity thaease the
risk of both toxicity and crosseactivity [25]. Synthetic ligands are principally designed
to yield high selectivity to the #Aorthost
GPCRs[16, 23. These ligands can act agonists, inverse agonis@nd antagonists,
which regulate different cellular activities that exhibit specific responses. The binding of
an agonist activates GPCR functions, while an inverse agonist reduces receptor activities
[25]. An antagonist produces a neutral effect to GPCRs by preventing the agonist

binding, thus inhibiting GPCR activitieR25]. This is the basic understanding for
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extensive pharmaceutical development, which can be adopted for many types of
receptorsHowever,due to the highlyspecific interaction at the orthosteric site, only a
small fraction of drugs is available in the marKi).

In addition to the specific binding at the orthosteric site, some GPCRs can also
interact with ligands at different sites, eallallosteric sitefl6]. The binding of ligands
at the allosteric binding site himg been known for LGICs, in which their functions can
be controlled by two ligands simultaneouf®6, 27. A typical mechanism céction of
these ligands potenteg or inhibits receptor activation by its natural ligand. Due to the
action at a less conserved binding site, allosteric ligands have been attractiwefdarget
drug design. Many GPCRs that have been found to interact with these ligands include
adenosine, musgaic, dopamine, and glutamate recept#8-30]. Benzodiazepines are
an example of potentiated allosteric ligands of aminobutyric acid recdBtjrsThey
treat anxiety and sleep disorders without inducing the potentially lethal effects of direct
actingGABA receptor agonists.

An alternative approach for modulating GPCR function is to use ligands
containing both orthosteric and allosteric pharmacophl@8s Two active compounds
are connected by a chemical linker, yielding bitopic hybrid ligandesé&types of

moleculesaredesigned to act @vo differentbinding sites on the same recedt®8].
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2.2 Small-Molecule-Immobilized Substrates as Tools for Biological Investigations

2.2.1General Considerations of SmatMolecule Immobilization

Besides their significaeg mentioned above, small molecules can be used &s tool
for chemical genetistudyand the discovery of orphan receptors in both peripheral and
central nervous systend, 34, 3%. Progress towardglucidating theroles of orphan
receptors and functional regulation compounds is suppbytadvanang in bioanalytical
models, allowing studies of these particular aspects. Among analytical models, the
immobilization of biologicallyactive compounds on surfaces (bodigdnds) to capture
their binding partnexin solution has been widely recogniZ&s-39].

Smallmolecule immobilization on surfasehas several key requirements to
achievesuitable platform for biorecognition studiesThe bound ligands must retain
bioactvity comparable to thaof free molecules in solutiofd0, 4]. This brings a
challenge such that somepitopes limited in numberon small molecules, are not
available after ligand attachment, resulting in possible bioaffinity altergdi®dn43. In
chemical biology, a highlyconserved binding site on an individual biomolecule requires
all functional groups for sitgpecific interactions. This difficulty has been seen in
pharmacological development when rational drug design relies on few protein models,
yielding high failure rate in the clinic [25, 44. In contrast, this challenge igsss
important for large biomoleculedor which many function groups are available for
tethering without changing the physicochemical properties of binding/4ke4q.

An additional criterion relates to the accessibility of suHamend ligands to their

large biomolecules. In general, the sipébiomolecules, such as proteins and antibodies,
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are approximately2 to 10 nmin diametey which is relatively large compared smalt
molecule ligandg47]. Besides, due to constrathenvironmens, the size mismatch
between large binding partners in solution and smalecule ligands on surfaces can
significantly hinder biomolecular recognition (Figurelp This difficulty can be
obviated by controlling the surface density of samadllecule ligands in a mannsuch

that they are not in proximity, providing a sufficient space for interactigi.
Moreover, denselypacked ligandswvith moieties such as carboxyland amins, on
surfaca can enhance attractive van der Waals and strong hydrogen bonding interactions,
leading to norspecific adsorption from biomolecules and other complex components in
heterogeneousiological samples. Hence, strategies to achieve dilute surface coverage of
bound ligands are necessary to ensure the optimal accessibility and specificity of
biomolecular interactions.

Spacingsmall moleculesapproximately 5 nm apadue to the sizeof large
biomoleculepartners requires an advance surface chemistry. Previously, snuddicule
printing was developed usirgghigh-precision robot printer, creating a dense mispot
array (~206250um) that contains different smatholecule libraries in &h spot[37,

49]. However, this technique canndéterminethe spacingsbetween small molecules
within a spot. Recent developmsmdf SAMs on noble metals ave applied to insert
single molecules by controlling defect sites in a SAM matrix, enablingestatisingle
molecule properties such as photoinduced isomerization, mechanical conductivity, and
photoinduced conductivity50-54]. Moreover, insertiofbased SAMs can be integrated

with soft lithography to fabricate patterned SAMs for electronic applicafsb-58].
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In addition to the insertichased strategy, small molecules can be spatially
addressed by using codepositiomsed SAMY59, 6Q. By using two or more different
thiol molecules, the spaciagf tether molecules can be stoichiometrically cdietb
This method is widely applicable in many experimental studies, such assiolgleule
wires, protein biosensors, and cell physiold@l, 64. To overcome the challenges
mentioned earlier, our group has performed systematic studies to fabricale smal
moleculefunctionalized surfaces for biomacromolecule capture. By adjusting self
assembly conditions, such as incubation time and concentration, and more importantly by
using ligand analogs, functionalized surfaces can express the endogenous bi@activity
optimal accessibility of small molecules. To begin, the fabrication of surfaces mimicking

serotonin bioaffinitywasinitial goal, as discussed below

2.2.2Serotonin as a Prototypical System for SmalMolecule Immobilization

In our study, serotonin has beemosen to direct our initial efforts at designing
bioselective surfaces. Structurally, serotonin is a monoamine neurotransmitters,
consising of a primary amine separated from an aromatic indole ring by a two carbon
aliphatic chain (Figure-2) [63]. Serotmin is synthesizetiologically intwo enzymatic
steps. The first step includes the aromatic ring hydroxylation of the amino acid
L-tryptophan by tryptophan hydroxylase, yieldingsdhydroxytryptophan (E5-HTP). In
the second step, the carboxyl moiety 6B-HTP is enzymatically removed by aromatic
amino acid decarboxylase, giving serotonin dry@roxytrptamine (84T) (Figure 22).
Serotonin is one of the most ancient signaling molecules, found in both central and

peripheral nervous systejras well as irthe gut, cardiovascular system, and bl§o4].
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Brain serotonin has been implicated in physiological functions, including endocrine
regulation, cognitive functions, anxiety, sensory functions, appetite, pain, and&dep
Alteration in 5HT signaling isbelieved to cause neuropsychiatric disorders, disorders,
such as depression, pani c, s/&6-68hThe Wald 06 s
Health Organization reported that these diseasp¥riseabout 7% of the global burden

of disease$22]. Therefore discovering better treatmesrfor these diseases is one of the
most important targetsfor biochemical, clinical, and pharmaceutical research and
development.

Investigating serotonin neurotransmission has been particularly challenging,
however, becausserotonin is present in the brain extracellular space at exceptionally
low (subnanomolar taonanomolar) concentrations that are equal to or significantly less
than those of structurally similaprecursors, analogs, metaboliteand other
electrochemicallyactive neurotransmittef§9]. Thus, thedetection of serotonin requires
ultra-sensitive and selective detection strategies. Insofar asfibienation content of
neurotransmitter signaling is encoded temporally and spatisielopment of methods
to meaure rapid changes in neurotransmitter levels in spdwifim regions, subregions
and ultimately, in individual synapses is essential dmderstanding the radeof
neurotransmitters in modulating complex behayydy.

A comprehensive understanding oératonergic function is necessary for
advancs in the treatment of thabovenentioned psychiatric and neurological disorders.
The development ofn vitro analytical tools to discover unknown serotcrétated
proteins and to investigate tlemolecularinteractions of known serotonin receptors

will advanceour understandingf cell signaling and thus brain function.
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2.2.3Solution Insertion for Dilut e Surface Coverage of Tether Molecules

As mentioned above surfacederivatized system require proper distanse
between smalinolecule ligands for optimal accessibility of lafig@molecule capture.
Initially, we introduced a strategy using a combination of insedioected SAMs and
chemical functionalizatiof42, 773. With this method, oligo(ethylenglycol)alkanethiols
containing reactive terminal groups, called tethers, are inserted into a preformed
hydroxykterminated oligo(ethylene glycol)alkanethiolate SAM, known as a protein
resistam layer. This creates thequisitedilute surface coverage téther molecules. The
reactive terminal group dhetethers is then covalently modified with the selected small
neurotransmitter BT, resulting in SHT-immobilized surfacesat dilute coverage in
biomoleculeresistant matrice@igure 23).

5-HT-functiondized surfaces exhibit specific recognition to antibodies directed
against 8HT molecules, buhotto those raised against other neurotransmitters, including
dopamine and the enzyme tyrosine hydroxylase. Moreover, these derivatized surfaces
resist nonspefic protein adsorption from bovine serum albumin (B$4Y].

The assembly and smatiolecule immobilization strategy produces surfaces
capable of biospecific recognition. This approach can be extended to most
neurotransmitters, as well as to many otherlismalecules of biological importance. In
addition to specific interactions, the-Ho-functionalized surfaces can be used in
combination with mass spectrometry to derive biomolecular structures of captured
proteins [72]. However, immobilizing neurotransrtets with this strategy exploits a

primary amine to bind reactive terminal grougms/alentlyon surface tethers. Using an
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essential functional group on a neurotransmitter can considerably influence the biological
functionality of immobilized ligands. Thei@e, we have introduced a novel method for

preservingall necessary functional groups.

2.2.4Chemical Functionalization of Small Molecules via Their Biological Analog

The initial 5HT-functionalized surfaces ave created by utilizing the primary
amine group on the-BT molecule to coupléo surface tethers. Disabling or modifying
one functional group on a small molecule may significantly change their binding affinity
with endogenous biological targets. To avoid fhnctionality alteration of immobilized
molecules, we have invented the next generation of capture surfaces designed to mimic
free small molecules in solutio@3, 73. Here we exploited Sydroxytryptophan
(5-HTP), the biological precursor of BT neupotransmitter. By tethering via its extra
carboxyl moiety, the immobilized-BTP leavs all essential groups associated withid
pharmacophore for biorecognition of endogenous receptors (Figlte 2

The binding measuremensuggested that-BTP-functionalzed surfaces show
bioselectivity to both 8HTP antibodies and-BT membraneassociated receptors, but
5-HT-functionalized surfacedo not(Figure 25). The result from AFM measurements
also show that-81T; receptors bind onto-BITP-functionalized surface@igure 26). In
addition, because thel TP molecule containa chiral center athe U-carboxyl position,
immobilizing L-5-HTP molecules,the biologically active stereoisomers, allewthe
selective capture of-BIT receptorgFigure 27) to a greater exte than enantiomerically

mixed surfaces
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2.3 Conclusions and Prospects

Chemical signaling by smatholecule neurotransmitters is an important
biological process enabling intercellular communication. These neurotransmitters carry
chemical information andransmit signa through different types of membrane
associated receptors. Thus, the biological activities of small molecules and membrane
associated receptors influence many physiological functions, such as mood, pain, and
appetite. Alterations of theséobpgical activities can cause many neurological disorders,
including Al zhei mer 6 s Understandifga ofk deigeating 6 s di
mechanisms and receptor function is critical for better treatment afbitnanentioned
psychiatric and neurologicalisorders. Hence, the developmentiofvitro analytical
tools to discover unknown serotonin proteins and to investigate the molecular interactions
of known serotonin receptors enables our comprehension of cell signaling and thus brain
function.

Serotonegic neurotransmission is an initial target system for directing the
development of smalholeculefunctionalized substrates. The critical challenges of
immobilizing small molecules on surfaces, including selectivity, accessibility, and
bioactivity, were adressed based on insertidmected seHassembled chemistry of
oligo(ethylene glycol)alkanethiols and surface chemical functionalization. Initially, we
invented surfack®ound 5HT as proteircaptue platforms for studying and detecting
5-HT endogenous mdmaneassociated receptor@onsumingone functional group on a
small molecule raised concerns that the bioaffinity of surbeeend 5HT may alter and

thus reducdiorecognition
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Ultimately, utilizing the SHTP molecule, containing a carboxyl auxiliaryogp,
enabls the surfaces containing bound ligands that mimidHT5 functionality.
Accordingly, 5HTP-functionalized surfaces recognize nativeHBP membrane
associated receptors. In Chapter 3, tHéT®-functionalized surfaces will be utilized to
investigae biomolecular interactions of GPCRs. Key binding parameters, such as
equilibrium dissociation constants, rate constants, and dissociativdifdyalivill be
extracted. This fundamental information is critical in biomedical researchttand

development ohewpharmaceuticadtrategies to target these important biomolecules

Some parts of this chapter was adapted with permission from Vaish, A., Shuster, M. J.,
Cheunkar, S., Singh, Y.S., Weiss, P. S., and Andrews, A. M. Native Serotonin Membrane
Receptors Rebgnize 5HydroxytryptopharFunctionalized Substrates: Enabling Small

Molecule RecognitionACS Chem. Neuros@01Q 1, 495504.
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2.4Figures

Large
Biomolecules

Small molecules

Substrate

Figure 2-1. Schematic representation of large biomolecules intecsing with a small-
moleculeimmobilized substrate Due to the size mismatch between large biomolecules
and immobilized molecules, densgdgcked molecules othe substrateresult in steric

hindrancepreventing bioaccessbilityf large biomolecules améducing bioactivity.
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L-5-hydroxytryptophan
Aromatic Amino
Acid Decarboxylase NH;
-nllllH
HO H
N
H

5-hydroxytryptamine
Figure 2-2. Biosynthesis of serotonin neurotransmitter (Shydroxytr yptamine).
Serotonin is synthesized in a tgtep enzymatic process. First, an enzyme tryptophan
hydroxylase coverts the amino acid Ltryptophan to E5-hydroxytryptophan. Second,
L-5-hydroxytryptophan is decarboxylated by aromatic amino acid decarboxylase,

yielding 5hydroxytryptamine.
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Figure 2-3. Strategy to fabricate 5-HT -functionalized surfaces (A) A Au substrate is
coated with selassembled monolayers of oligo(ethylene glycol)alkanethiols, a protein
resistam layer. (B) Carboxyterminated oligo(ethylene glycol)alkanethiols are inserted
into defect siteof the preformed SAMs, creating a dilute surface coveragengfer
tether molecules. (C) The carboxyl tethers are modified witT Sheurotransmitters to

produce BHT-functionaized surfaces.









































































































































































































































































































































































































