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CHAPTER 1

INTRODUCTION

The biological functions of proteins are extraordinarily diverse and include
catalysis, force generation, mechanical support, signaling and sensing. The
immobilization of proteins on surfaces to take advantage of this biological
functionality has a long history in biotechnology, enabling a wide variety of
biological assays and biotechnological applications to take advantage of proteins’
diverse range of functionalities. Protein-coated surfaces are used to purify
proteins in affinity chromatography, detect biomolecules via their interaction with
immobilized antibodies or receptors, and functionalize surfaces to aid cellular
growth, to name but a few applications[1]. Proteins immobilized uniformly and/or
randomly on surfaces enable these and many other applications. Confining the
placement of proteins to designated regions while excluding them from other
regions, though, greatly extends the potential applications of protein
immobilization. This selective placement of proteins, protein patterning, allows
the segregation of protein functionalities in spatially separated regions of a
substrate. Incorporating many different functionalities in a single device or
assay, with precise control over the spatial arrangement of each protein function,

significantly enhances the usefulness of protein immobilization, enabling



development of a wide variety of micro- or nano-scale devices and applications,

including biosensors, integrated bioMEMS, and basic biological assays.

For example, patterning an array of many different antibodies on a proteomic
chip allows the simultaneous detection of a large number of different potential
biomarkers. Screening against many targets at once facilitates the discovery of
new biomarkers for diseases or other conditions[2]. It is also useful in developing
a more complete “biosignature” of a particular disease or patient[3;4]. These
functions allow for better diagnosis, characterization, and treatment of disease,
and potentially facilitate individualized treatments based on a patient’s protein

expression profile.

Patterned proteins also enable development of integrated bioMEMS, making use
of proteins to perform sensing, transport, or actuating functions in an integrated
microdevice. For instance, Lin et al demonstrated a biomolecularly powered
sorting and concentrating device in which tubelike biological polymers,
microtubules, bind a target analyte and are propelled by the motor protein kinesin
to accumulate in a concentration chamber[5], and a number of other groups have
used motor proteins such as kinesin or myosin to similarly transport molecular
cargo or generate forces in biochemically powered actuators in microdevices[6-

13].



Fine control of the placement of proteins also enables or facilitates a wide variety
of basic biological assays in which the geometric spacing or distribution is of
import. For example, the growth and activity of cells are influenced heavily by
the distribution of extracellular signaling molecules it encounters. To describe
one particular example, the formation of focal contacts, which plays a critical role
in cell cycle regulation, influencing cell migration, proliferation, and apoptosis[14],
involves the clustering of the cell adhesion receptor protein integrin. Protein
patterning techniques have allowed several groups to observe that a cell will
more readily form focal contacts when encountering integrin ligands, such as
fibronectin, arranged in clusters, as opposed to encountering an equivalent
average surface density of ligand distributed uniformly[15-17] A number of other
recent studies have used micro- or nano-scale protein patterning to probe the
importance of the spatial arrangement of extracellular signal molecules on
cellular behaviors, including cell morphology and adhesion[18], dendritic
branching[19], cell migration[20], cell cycle regulation[21;22] and

mechanotransduction[23], and immunologic response[24;25].

1.1  Protein Patterning Goals:

Most protein patterning techniques share three basic aims:

1) High specificity or contrast: It is generally desirable to achieve a high

density of target proteins in the designated regions while minimizing their
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adsorption in other regions. This improves, for instance, the signal to
noise ratio of an antibody-based biosensor, and thus its sensitivity and
speed. In practice, generating dense protein coverage in the designated
regions is relatively simple. A wide variety of surface functionalizations
are commonly used to bind proteins to substrates[26]. Proteins will
generally, in fact, bind non-specifically to most surfaces (see [27] for a
thorough discussion of the factors influencing non-specific protein
adsorption). There-in lies a primary challenge for protein patterning
methods: preventing the adsorption of target proteins in undesignated
regions. Devices exposed to biological media are inevitably fouled with
proteins, progessively corrupting their ability to perform their desired
function The most common methods used to minimize such undesirable
adsorption usually involve the use of relatively high concentrations of
blocking proteins such as BSA or casein which dominate non-specific
binding while the relatively sparse target protein binds via a specific
binding interaction[28], the use of polyethylene glycol-coated surfaces,
whose compression by protein binding is entropically unfavorable[29;30],
or restricting the dispensation of protein-containing solution to designated

areas[31;32].

High resolution: Minimizing the size of patterned features has a number
of advantages. Biosensor applications, for example, can be expected to

be more sensitive[2] and produce faster results while requiring less
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analyte and reagents with small, high-density patterns of sensing
proteins[33]. Additionally, increasing the resolution enables proteins to be
immobilized in more physiologically relevant geometries. As noted above,
the nanoscale spatial arrangement of signal proteins significantly
influences a variety of cellular activities. At the extreme, resolutions near
10nm may enable the directed placement of individual proteins, facilitating

single molecule assays.

Maintain bioactivity: It is essential that patterned proteins retain at least
some of their native biological function, whether the function is
mechanical, sensing, signaling, or catalytic. The protein must be properly
oriented on the substrate so as to maintain this activity. This generally
means that the protein must be immobilized such that the active site is
oriented away from the substrate and is available for interaction with
reactants or binding partners[34]. The denaturation, or misfolding, of the
protein must also be minimized in order to affect minimal disruption in the
proteins’ functions[26]. Though conformational change is inevitable as the
protein interacts with an interface[34;35], considerable attention has been
given to minimizing the deleterious effects of various immobilization

strategies on the activity of immobilized proteins[36-40].



1.2 Overview of existing patterning techniques

A variety of techniqgues have been developed to pattern proteins on planar
substrates. These techniques have been reviewed in detail elsewhere[41;42],

but we will introduce some of the more common methods.

Photolithography

For decades, the semiconductor industry has used and optimized
photolithographic methods to generate high resolution features in
semiconductors and metals. In photolithography, a substrate is coated with a
photoactive polymer. When portions of this polymer are selectively exposed to
light, the solubility of the exposed regions is altered, such that the exposed
regions can be selectively dissolved while leaving the unexposed regions
unaffected (or vice versa, depending on the photoactive polymer chosen). This
development step leaves portions of the underlying substrate exposed for further

modification, such as etching, doping, or metal coating.

More recently, these methods have been applied to generating protein patterns.
A number of particular implementations have been demonstrated, but in general
the substrate regions exposed after development are functionalized so as to

bind, or promote binding of, target proteins. For example, an exposed silicon



dioxide surface may be covalently modified with an aminosilane, leaving a

reactive amine group which can preferentially bind proteins[43;44].

Photolithography is a mature technology, optimized over many years by the
semiconductor industry, and this extensive development makes it an attractive
technique for microscale protein patterning. The resolution of these techniques
is fundamentally limited, though, by the diffraction limit of the light used during
exposure. Additionally, the harsh chemicals typically used limit the compatibility
of the process with biological media, though progress has been made in the

development of biocompatible photoresists[45]

Substrate with photoresist

e

Exposure to UV light

| C Al L m fe—o

Patterned photoresist

Deposition of material of interest

$838 383 83

| Development of photoresist

Figure 1-1: Protein patterning using photolithography. A photoactive polymer is
selectively exposed to light, exposing regions of the underlying substrate. The substrate
is then functionalized with a molecule such as an aminosilane which promotes protein
binding. Image from ref. [46]



Cast a silicone replica from the silicon master.

!

Cover the stamp with protein solution.

E.._

Dry the stamp.

Place the stamp onto the coverslip.
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Complete pattern.

Figure 1-2: Protein patterning by microcontact printing. A polymeric stamp is molded
from a solid master. The stamp is coated with protein-containing solution and allowed to
dry. The stamp is them brought into contact with the substrate to be patterned,
transferring the target protein to the substrate. Image from ref. [47]

Microcontact Printing

The patterning technique of microcontact printing resembles rubber-stamping of

ink. In this technique, a polymeric mold is fabricated from a template. A drop of



protein solution “ink” is deposited on the mold, and the mold is brought into
gentle contact with the substrate to be modified. The protein solution is
transferred from the protrusions in the mold to the substrate. The use of a
broadly biologically friendly polymer, PDMS, for the mold material makes this
technique highly biocompatible[48-50]. Depending primarily on the technique
used to fabricate the initial template from which the mold is generated, this
technique is capable of features from hundreds of microns down to tens of
nanometers[51]. Some disadvantages of this technique lie in the potential of the
flexible polymeric mold to generate deformed or distorted patterns, non-
uniformity of coverage over the patterned area, and potential for surface

contamination of the stamp[52]..

Dip-pen nanolithography

Patterning via dip-pen nanolithography is similar conceptually to writing using a
quill and ink. An AFM tip is dipped in an “ink” solution containing protein or a
cross-linking molecule which will bind protein in subsequent steps. The coated
tip is then dragged across the substrate, leaving a trail of target molecule in the
vicinity of its path. This technique is capable of very small feature sizes, down to
tens of nanometers[53], and can conceivably place an arbitrary number of
different protein types by using different ink solutions[54]. However, due to its
serial nature and the limited amount of “ink” that can be loaded on each loaded

tip, this technique is slow and cannot easily generate large patterns.
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Figure 1-3: Biomolecule patterning using dip-pen nanolithography. An AFM tip is coated
with a biomolecule of interest and scanned across the substrate to be patterned,
transferring molecules to the substrate as it moves. In this image, amine-thiol groups are
being transferred to a gold substrate which can be subsequently modified with proteins or
other biomolecules. Image from ref. [53]

Ink-jet printing

So-called ink-jet printing of proteins makes use of a mechanism very similar to
what one would find in a desktop ink-jet printer. Protein-containing solution is
loaded into a channel. Pressure is applied on the fluid in the channel, for
example by expansion of a piezoelectric wall or rapid localized heating, causing a

droplet of solution to be expelled onto a substrate[55-58].

This technique is relatively inexpensive, simple, and based on existing
commercial technology. By placing the protein solution only in designated
regions, the technique avoids problems associated with non-specific binding of
target proteins outside of the desired region. Its primary disadvantage is that the

feature size is generally limited to tens of microns[55].
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Figure 1-4: Ink-jet printing of proteins. A protein-containing solution is loaded into a
chamber. Pressure is applied to the fluid, by thermally generating a bubble in this case,
causing a droplet of solution to be expelled onto the underlying substrate. Image from ref.
[32]

Self-assembled patterns

A number variety of techniques have demonstrated that under certain conditions,
molecules may self-assemble into distinct geometries. These shapes can be
functionalized, generating protein patterns which follow the self-assembled
geometries, or act as a mask for functionalization of the underlying substrate.

For example, some groups have used micro- or nano-scale spheres which self-
assemble into a close-packed pattern on a surface to create a colloidal mask.
Biomolecules can be adsorbed in the interstices between the spheres, leaving a
hexagonal pattern of the target biomolecule on the surface after the spheres are
removed. Protein feature sizes down to tens of nanometers have been

demonstrated with this technique. [59;60].

11



Other groups have used lattices of DNA tiles to create protein arrays. The sticky
ends of the DNA tiles are engineered to self-assemble into a regular array.
Periodic patterns of the protein streptavidin were demonstrated by Yan et al. by
incorporating a biotin group in the center of each tile, giving a regular spacing
between individual streptavidin molecules of approximately 19nm[61]. By
engineering multiple tiles which self-assemble into more complicated geometries,
and incorporating biotin into only a portion of them, the spacing between

streptavidin molecules can be modified[62].

Bacterial membrane support proteins, S-layers, self-assemble into periodic
lattices of various geometries, and have also been functionalized to serve as a
scaffold to generate regular periodic patterns of biomolecules such as
streptavidin, with individual proteins arrayed with approximately 10nm

spacing[63].

Broadly, these self-assembly techniques are capable of generating periodic
patterns with extremely small feature sizes over wide areas. However, variation
and control of the resultant geometries is limited. The feature size and spacing
over the entire patterned region are predetermined by the choice of templating

molecules or particles.
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1.3 Chapter Summary

We have sought to expand the protein patterning toolset available to biologists
and bioengineers by developing two broad approaches capable of producing
high resolution patterns of protein with high specificity. In Chapter 2, we describe
the use of nano-imprint lithography (NIL) with subsequent modification with a
passivating surface chemical modification to generate sub-100nm protein feature
sizes. NIL offers the advantages of high-throughput, low-cost, and high-
reproducibility; and the capability of creating nanopatterns with features as small

as 10 nm over large areas

The second high resolution patterning technique developed, described in
Chapter 3, involves the selective removal of protein from glass surfaces using
tightly focused ultrafast laser irradiation. Due to the highly non-linear damage
mechanism, ultrafast laser irradiation is well-known to be capable of ablating
material volumes much smaller than the focal volume of the laser. We first
review the mechanisms behind this phenomenon, and also discusses potential
damage mechanisms involved in material damage below the critical ablation
threshold for glass, where obvious catastrophic material damage (e.g. ablation) is
not observed. The latter discussion is particularly pertinent, as the protein
removal we demonstrate results from single pulses of intensity significantly below
the ablation threshold. This allows cleaning of the surface without damaging the

underlying substrate. AFM and epifluorescent analyses indicate near-total

13



removal of proteins from the glass surface with well-defined nanoscale features.
We describe potential mechanisms for the damage and/or removal of proteins

from the surface based on the photolytic generation of free electrons.

Chapter 4 further probes the interaction of sub-threshold laser irradiation at the
glass-biological media interface. We characterize the adsorption of several
model proteins as well as small charged fluorophores on irradiated glass
surfaces. We also observe the effect on the adsorptivity of protein-coated
surfaces exposed to ultrafast irradiation. Based on the adsorptive behaviors of
the proteins or fluorophores in these studies, we describe a sub-threshold
damage mechanism which alters the long-term chemical state, surface charge,

and adsorptivity of irradiated glass surfaces.

In addition to demonstrating a new high-resolution protein patterning technique,
the mechanisms described in Chapters 3 and 4 lead to a better understanding of
sub-threshold laser interactions with both glass and biological media.
Understanding the mechanism behind interactions with biological media is
important in interpreting the results of applications relying on damage to
biological material with ultrafast pulses. Such biological applications of ultrafast
laser-induced damage are diverse, including ocular surgery[64-66], membrane
poration[67;68], single neuron axotomy in C. elegans[69], and intracellular

dissection of individual chromosomes[70] or mitochondria[71]. Additionally, it is

14



important to consider unintended damage effects in applications such as ultrafast

multiphoton microscopy and spectroscopy[72-74].

The discussion of the adsorption of proteins on irradiated glass, and the
mechanism by which this adsorptive behavior is changed due to the irradiation,
also contributes to an understanding of the influence of surface charge on the
bioactivity of immobilized proteins. The behavior of immobilized proteins is
heavily influenced by the mechanics of adsorption, which may effect the degree
of denaturation and protein orientation, and thus their enzymatic activity and/or
ability interact with desired partners[1;37;75]. This discussion thus has relevance
to the bioactivity of immobilized proteins, a critical concern in any device or

application requiring interaction with immobilized proteins.

Finally, in Chapter 5 we describe the guidance of motile fibroblasts by selectively
removing the extracellular matrix protein fibronectin from the cells’ path through
use of the laser-based protein removal technique mentioned above. Control of
cellular behavior by presenting the cell with a surface selectively coated with
extracellular signal proteins such as fibronectin has been demonstrated by a
variety of patterning techniques[15;76;77]. However, our method provides a
general technique to modify the cellular microenvironment in situ, and thereby
presents itself as a useful tool for study of cellular response to changes in
extracellular environment imposed during observation. Though we demonstrate

this on a 2-dimensional glass substrate, the technique is plausibly extensible to

15



modification of the 3-dimensional micro-environment. This extensibility would
make it possible to study cells in a situation much closer to their native

environment.
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CHAPTER 2 *

NANOSCALE PROTEIN PATTERNING VIA NANO-IMPRINT LITHOGRAPHY

2.1 Introduction

In this chapter, we describe progress in developing a precise, high contrast, high
resolution protein patterning technique using nanoimprint lithography (NIL) and
surface chemical modification. NIL offers the advantages of high-throughput, low-
cost, and high-reproducibility; and the capability of creating nanopatterns with
features as small as 10 nm over large areas[2]. In NIL, a Si template, fabricated
by e-beam lithography or other suitable techniques, is pressed against a
polymer-coated substrate heated to above the glass transition temperature of the
polymer. After cooling, the template is removed from the substrate, leaving an
imprint of the template features in the polymer. To immobilize proteins, the
patterned substrate is then modified sequentially with an aminosilane, biotin,
streptavidin, and finally our choice of biotinylated target protein. In this paper we
show that our technique yields nanopatterned proteins that retain their biological

functionality, as demonstrated by antigen binding by patterned antibodies. This

" This chapter is reproduced, with minor modifications, from Hoff et. al.[1]
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technique is compatible with protein patterning on both oxidized Si wafers, which
may take advantage of the wealth of microfabrication techniques developed by

the semiconductor industry for integrating immobilized proteins into bioMEMS
devices, and optical quality coverglass suitable for microscopic analysis of

protein distributions and interactions.

Many applications of patterned biomolecules can be enhanced by improving the
resolution of the protein features. Smaller feature sizes enable, for example, the
fabrication of high-density protein arrays for biosensors or proteomic screening;
or facilitate studies of cellular interactions with small precisely located clusters of
extracellular matrix proteins. A major advantage of the nanoimprint technique is
that the features size can be reduced to the nanoscale to create high-density
arrays, or potentially control placement of individual proteins, while still retaining
high throughput and reproducibility. Most previous work in protein patterning has
relied ultimately on conventional photolithography to form a base template for
protein adsorption, and has thus been constrained to micron-scale resolution by
the light diffraction limit[3]. Dip-pen lithography[4-6] and e-beam patterning[7;8]
are capable of nano-scale resolution, but these are relatively delicate serial
processes and thus lack scalability. NIL provides an alternative method of
patterning substrates with resolutions down to sub-10nm, on the scale of

individual protein molecules.

The most important criterion for any protein patterning technique is specific

binding of target proteins, i.e. the technique must produce a high density of

29



biomolecules in desired regions (“patterned regions”) while preventing adsorption
of these molecules in other regions (“unpatterned regions”). To satisfy this
criterion we selectively passivate a substrate with a base pattern of an inert,
nonpolar (CFy), (x = 1 or 2, n = number of monomer subunits, monomer MW =
31 or 50) polymer[9;10] coating to establish a template for the selective
attachment of target linker molecules for highly specific covalent binding of biotin,
which serves as a target for generalized protein binding through strong non-

covalent biotin-streptavidin interactions.

2.2 Methods

Figure 2-1 schematically illustrates the patterning process. A silicon mold was
fabricated by standard e-beam lithography and dry etching. To facilitate mold
separation after imprinting the mold was coated with surfactant,
perfluorochlorosilane (Lancaster Synthesis, Windham, NH) to provide a low
energy surface. The material to be imprinted, poly(methylmethacrylate) or PMMA
(Aldrich, St. Louis, MO) was spun onto a substrate of either 60nm thick silicon
oxide thermally grown on silicon, or onto optical grade glass wafers (Erie
Scientific, Portsmouth, NH). The PMMA was patterned by NIL: the mold and
substrate were brought into physical contact at 175°C, and a pressure of
50kg/cm? was applied for 5 minutes before cooling to room temperature. After
the mold and substrate were separated, O, reactive ion etching (RIE) was used
to remove residual PMMA in the patterned regions (O, gas flow = 20 sccm,

pressure = 20mTorr, power = 50W) and CHF3; RIE was used to etch the newly
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exposed oxide (CHF3 gas flow = 40 sccm, O, gas flow = 5 sccm, pressure =
20mTorr, power = 150W), transferring the patterns to the oxide layer. In addition
to etching away the exposed SiO, to the underlying Si substrate, this etching
process deposits a thin passivating layer of CFx polymer residue on the newly
exposed Si surface[9;10]. The presence of this passivating polymer residue was
verified by X-ray energy dispersive spectroscopy (XEDS). The remaining PMMA
was then removed by sonication in acetone, leaving exposed SiO, regions
separated by regions of CF, passivated Si. Note that it is not necessary to etch
down to the Si surface, as evidenced by the success of using the same

fabrication procedure on glass substrate.

) ¥ Imprint PMMA film with Si template

Remove PMMA residue with Oz plasma etch
RIE etch oxide; Passivate Si surface

Strip residual PMMA

BN Covalently bind aminosilane by vapor deposition

asss asssans  as

“ Covalently bind biotin
— Bind streptavidin

) Bind biotinylated target protein

Figure 2-1: Process flow diagram of NIL substrate patterning and protein
immobilization. Spin-coated PMMA polymer is patterned by NIL. Exposed SiO,
regions are etched and a passivating (CFx), polymer (x = 1 or 2, n = number of
monomer subunits, monomer MW = 31 or 50) is deposited during a CHF3; RIE
procedure. Residual PMMA is stripped away with acetone, exposing the
underlying SiO, in the “patterned regions.” An aminosilane monolayer is
covalently attached to the exposed “patterned regions. Biotin-succinimidyl ester
is then covalently linked to the primary amine of the aminosilane layer, and
streptavidin is bound to the biotin layer. Finally, the biotinylated target protein is
bound to the streptavidin layer.
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The exposed oxide pattern selectively reacts with an aminosilane to form a
covalently bound monolayer. We found aminopropyldimethylethoxysilane
(APDMES, SIA0603.0, Gelest, Morrisville, PA) to be particularly effective. The
single alkoxy group on the head of this silane ensures the reproducible
deposition of a well-formed monolayer by minimizing unwanted self-
polymerization[11-14]. Producing good silane monolayers on exposed silicon
oxide or glass requires careful attention to procedure, especially with regards to
temperature and humidity. NIL-patterned substrates were heated to 70°C under
dry nitrogen in a 0.4 liter glass chamber. 5uL APDMES was injected into the
chamber through an airtight septum and allowed 20 minutes to react with the
exposed SiO, surfaces before venting with fresh nitrogen for 90 seconds.
Samples were then sonicated for 10 minutes in dry iso-octane, followed by
ethanol, then ImM NaOH to remove unbound silane from the surface and de-
protonate the exposed amine. Deprotonation of the amine ensures the
monolayer’s reactivity to subsequent modifications by nucleophilic substitution
reactions. The specificity of the aminosilane deposition was initially quantitatively
verified by covalently binding tetramethylrhodamine succinimidyl ester (C-1171,
Molecular Probes, Eugene, OR) to the amine tail group of the aminosilane
monolayer via an n-hydroxysuccinimide reaction and measuring the resulting
fluorescent intensities in the aminosilane patterned regions and the passivated Si
regions. A very bright signal was observed in the aminosilane patterned regions,
corresponding to a surface density of aminosilane on the order of a monolayer;

no detectable fluorescent signal was detected on the passivated regions,
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indicating the aminosilane does not react with the passivated Si surface.
Therefore the plasma deposition of the fluoropolymer layer is responsible for the

high differentiation between the two regions.

At this point, the APDMES-functionalized substrate is enclosed in a flow cell,
2.2cm long by approximately 50um deep and 0.5cm wide, formed by fixing a
glass cover slip to the top of 50um thick aluminum foil spacers adhered to the
substrate with vacuum grease. This allows sequential introduction of various
buffers to the substrate, and also allows easy imaging using epifluorescence
microscopy. Biotin is covalently bound to the exposed primary amine tail group
of the patterned APDMES by filling the flowcell with a 68uM biotin-succinimidy!
ester solution (B-1513, Molecular Probes, Eugene, OR) in 0.1M HEPES buffer
at pH 7.65 for 20 minutes before flushing the flowcell with either deionized water
or a biological buffer such as BRB80 (80 mM PIPES, 1 mM MgCl, , 1 mM EGTA,
brought to pH 6.8 with KOH). Next a streptavidin layer is deposited and bound to
the biotin layer by flushing the flowcell with a 10pug/mL streptavidin solution in
blocking buffer (0.1M HEPES, pH 7, containing 5mg/mL BSA) and incubating for
15 minutes. The resultant streptavidin monolayer serves as a base for the

specific adsorption of any biotinylated target protein.

Biotinylated BSA served as our initial target protein. The target protein was
bound by flushing the flowcell with a 50ug/mL biotinylated BSA solution in
blocking buffer and incubating for 10 minutes. For fluorescent imaging, the

heavily biotinylated BSA was further exposed to a 10ug/mL rhodamine-labeled
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streptavidin (S-870, Molecular Probes, Eugene, OR) solution in Blocking Buffer
for 10 minutes. The flowcell was rinsed with 0.1M HEPES, pH 7 containing an
oxygen scavenging antifade cocktail (30mM glucose, 0.6 mg/mL glucose
oxidase, 0.12 mg/mL catalase in BRB80) prior to transfer to the microscope

stage.

(I

A
L 3

Figure 2-2: Epi-fluorescence image of microscale NIL patterning. Rhodamine-
labeled streptavidin is bound to sharp uniform microscale dots (A) and lines (B)
of biotinylated BSA protein on oxidized Si substrates. Fluorescent intensity
signal in the passivated regions is at or below the noise level of the imaging
system, indicating the fluorophore concentration in these areas is less than 0.1%
of that observed in the patterned regions. C) Rhodamine-labeled streptavidin
bound to patterns of immobilized biotinylated BSA on cover glass.

2.3 Protein Surface Density Estimation Using Quantitative Epi-

Fluorescence
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To quantify the surface density of target protein in the patterned regions we
calibrated the measured fluorescent intensity of immobilized fluorescently labeled
proteins to solutions of the same proteins at known concentration. Fluorescent
images of patterned target proteins were captured on a Zeiss Axioplan 2
microscope fitted with a CoolSNAPcf CCD camera (Roper Scientific, Trenton,
NJ). The fluorescent intensity per molecule in the plane of focus was derived

briefly as follows.

The total fluorescent intensity captured by the camera, /¢, imaging a flowcell of

known depth is:

le =Kocole =keeo| [aN:1, (2)A@)(z, )drdz

zZ r
where kcep IS a constant relating the intensity of light incident on the camera’s
CCD chip to the camera’s electrical signal, /¢ is the total fluorescent emission
captured, q is the quantum efficiency of the fluorophore, Nk is the concentration
of fluorophore in solution, /; is the intensity of the illuminating (excitation) light as
a function of chamber depth z, A is the area of the illuminated field of view at
depth z, and ¢ is the percentage of emitted light from each fluorophore that is
captured by the objective lens at depth z and lateral distance r from the center of

the image plane.

The illumination /,(z) can be expressed as:
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I,(z)=|0(r0+ztan9)2

where [y is the illumination in the plane of focus, ry is the illumination spot size in

the plane of focus, and 6 is half the angular aperture (NA=nsin@).

In practice, a flowcell is formed by fixing a glass cover slip to the top of 50um
thick aluminum foil spacers adhered to the substrate with vacuum grease. A
solution of blocking buffer (0.1M HEPES, pH 7, containing 5mg/mL BSA) is
added to the flowcell to saturate the flowcell surfaces to prevent fluorophore from
binding non-specifically. After about one minute, the flowcell is flushed with three
flowcell volumes of a solution containing 5mg/mL BSA and a known
concentration of the same fluorophore that was patterned on the sample of
interest. The particular concentration of fluorophore varies by sample, and is
chosen such that when imaged under conditions (illumination intensity, exposure
time, etc.) identical to those used when imaging patterned sample of interest, the
measured intensity lies within the dynamic range of the camera. Images of this
calibration flowcell are then taken near the upper surface of the chamber
immediately after imaging the patterned substrate, as the lamp intensity slowly
drifts over time. To subtract off the background autofluorescence and camera
dark current, another flowcell is fabricated and filled with blocking buffer. This
flowcell is imaged similarly to the fluorescent calibration flowcell above. The
intensity from this background sample is then subtracted from the intensity
measured from the fluorescent calibration flowcell to get the experimental value

for Ic. Because the imaging conditions and fluorophore used on the sample of
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interest and fluorescent calibration flowcell are identical, many of the terms in the
equation for Ic above can be lumped together, greatly simplifying the computation
(e.g. keep, q, lo, and O are the same in all samples). Considering potential errors
stemming from geometric estimations (i.e. depth of the flowcell), light source
instability, electrical noise, and reflectance of fluorophore emittance off of the
SiO, substrate, we estimate the maximum error in this measurement to be

approximately 30%.

This analysis shows a surface density of rhodamine-labeled streptavidin in the
patterned region of approximately 120,000 molecules/um?, which is on the same
order as the surface density expected from a close-packed streptavidin
monolayer. Applying this analysis to the passivated Si region, we find the
coverage of target protein in this region is undetectable, giving an upper limit of
approximately 50 molecules/um?, or less than 0.1 percent of a monolayer. This
demonstrates nearly complete monolayer coverage of target biomolecule in the
patterned regions, with only a negligible amount of target protein adsorbed to the

passivated regions.

2.4 Results and Discussion

One of the main advantages of using NIL technology in patterning is the ability to
push the resolution to nanometer scales. To verify our ability to generate

nanoscale protein patterns, we fabricated a mold to create 75 nm wide lines on

Si substrates (Fig. 2-3). These nano-patterned substrates were prepared
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identically to the micro-scale substrates, with biotinylated BSA as the target
protein and rhodamine-labeled streptavidin subsequently bound for fluorescent
imaging. The surface density measured by fluorescence is consistent with that
observed on the micropatterned substrates, indicating an approximate monolayer

of adsorbed target protein on the nanolines.

Figure 2-3: Proteins patterned onto sub-100nm features. (A) SEM image of
oxide nano-lines formed on a Si substrate by NIL and RIE. Insert: Close-up
SEM of oxide nano-line, showing a line width of less than 100nm. (B)
Fluorescence micrograph of nano-lines after patterning with biotinylated BSA and
binding rhodamine-labeled streptavidin. Analysis of the fluorescent intensity
along the line indicates an approximate monolayer of target protein.

Broadly useful patterning technology requires that immobilized proteins retain
their biological functionality. We have demonstrated that the functionality of
patterned antibodies is retained by patterning the target protein goat anti-
catalase (ab6572, Novus Biologicals, Littleton, CO), and illustrating its binding
of fluorescently labeled catalase from solution. Substrates were prepared as
described above up to the streptavidin layer. A 10pg/mL solution of biotinylated
anti-catalase in blocking buffer was then introduced into the flowcell for 10
minutes. The flowcell was flushed with HEPES pH 7.0, and a 50ug/mL solution

of rhodamine-labeled catalase in blocking buffer was introduced. This solution
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was incubated 10 minutes before rinsing with 0.1M HEPES pH 7.0 containing
antifade. Fluorescent images show that the labeled catalase binds to the
immobilized anti-catalase in the patterned regions (Fig. 2-4), while only a
negligible amount binds in unpatterned regions. Quantifying the fluorescent
intensity of the bound catalase as explained above yields a surface density of
approximately 31,000 catalase molecules/um?, again on the order of a
monolayer. One can easily imagine extending this technique to create ultra-high
density antibody arrays for applications such as compact sensors and diagnostic
devices, and for proteomic screening. The ability to specifically place small
numbers of proteins molecules at desired locations will also benefit biophysical
and molecular biology studies, as well as integration of protein activities into

microscale devices (e.g. bioMEMS).

Figure 2-4: Epi-fluorescence image demonstrating the retained biological activity
of patterned biomolecules. Biotinylated polyclonal anti-catalase antibody was
patterned in 2um dots, and the antibody’s fluorescent antigen, rhodamine-labeled
catalase, selectively binds to the antibody-patterned regions. The surface
density of the bound catalase is approximately 31,000 molecules/pum?.
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In summary, we have developed a technique for immobilizing biomolecules with
nanoscale resolution in a process that preserves functionality of the immobilized
proteins. The use of nanoimprinting as the patterning method for the initial
template enables high throughput ultra-high resolution patterning. Because our
method relies on well-established and high affinity biotin-streptavidin binding, it
can be applied to pattern virtually any protein, without the high degree of
variability expected when protein is immobilized by virtue of more general
chemical properties (i.e. hydrophobicity or charge). The target proteins bind
specifically to the ligand patterns and the non specific adsorption is at least 1000-
fold lower in the region of the passivation layer. We have demonstrated feature
sizes down to 75nm, and since nanoimprinting allows for features as small as 10
nm across [2], we anticipate that placement of individual biomolecules will be
possible. The compatibility of this technique with both SiO, substrates as well as
optical quality cover glass broadens the potential applications of immobilized
proteins, allowing easy integration with MEMS technologies as well as ready
access to a wide range of optical imaging, measurement, and manipulation

methods.

This versatile, highly specific, and biologically friendly technique for generating
ultra-high resolution protein patterns will allow the diverse activities of proteins to
be integrated into microfabricated devices and sensors. For example, protein
chips, arrayed with a myriad of proteins, are becoming a useful tool in
proteomics, enabling quick parallel screening of potential protein-protein

interactions in large protein populations; as well as in more focused diagnostic
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biosensors, concentrated on analysis of enzymatic interactions within a smaller
set of proteins. When expanded to allow patterning of multiple proteins on a
single substrate, the high contrast and resolution this technique provides will
allow fabrication of chips with protein feature densities more than an order of
magnitude greater than those currently available, potentially improving sensitivity,
reducing required analyte volumes, and increasing the number of proteins that

can be screened against on a single chip.
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CHAPTER 3

REMOVAL OF PROTEINS FROM GLASS SURFACES USING
FEMTOSECOND LASER IRRADIANCE

3.1 Introduction

In this chapter, we will describe the use of tightly focused ultrafast pulsed laser
irradiance to remove adsorbed proteins from glass surfaces. This technique is
capable of removing proteinaceous material with nanoscale feature size and
placement with minimal collateral damage outside of the removal region, and
without ablation of the underlying substrate. The procedure is simple, fast, and
may be performed during experimental observation on standard microscope
platforms. Ablation patterns are defined by the computer-controlled movement
of a piezo-electric microscope stage. This allows arbitrary patterns to be ablated
with rapid on-the-fly pattern generation. This in turn allows modification of a
surface during the course of an experiment. For example, this protein removal
allows in situ modification of a living cell’s microenvironment during observation,
as we demonstrate in Chapter 5 by guiding cell motility by selectively removing

fibronectin from the surface near motile fibroblasts.
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The use of tightly focused ultrafast laser irradiation to ablate extremely small
features has been demonstrated in a range of materials, including dielectrics
and, more recently, in biological materials. Irradiation using tightly focused
ultrafast lasers has been shown to be capable of ablating dielectric materials with
feature sizes well below the diffraction-limited spot size of the laser beam[1;2] via
laser-induced optical breakdown (LIB). The technique has also been used to
ablate biological materials, with diverse applications including ocular surgery[3-
5], membrane poration[6;7], single neuron axotomy in C. elegans[8], and
intracellular dissection of individual chromosomes[9] or mitochondria[10]. Many
of these studies achieve ablation of biological materials at fluences significantly
below the breakdown threshold for glass. This leads us to the proposition that
we may remove biological materials from glass surfaces without damaging the
underlying substrate. This could allow for the possibility of serial protein
patterning of a large variety of proteins on a single substrate. Each newly
cleaned surface may serve as an attachment site for a different type of protein,
allowing the generation of surfaces with many spatially segregated surfaces

coated with different proteins.

Additionally, the lack of ablation of the underlying substrate avoids potential
complications one might otherwise encounter when performing experiments on
irradiated surfaces. For example, surface ablation may worsen image quality if
the sample is to be viewed by an optical microscopy modality, and changes in

surface roughness due to ablation may directly affect cell behavior independent
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of the effect of removing the protein from the surface. This chapter will
demonstrate our success in achieving our objective of protein removal without
ablation of the underlying glass substrate, and briefly discusses the potential
mechanisms leading to this result. The mechanism is considered in further detail
in Chapter 4. We will begin with a brief discussion of the mechanisms and

effects associated with laser-induced optical breakdown.

3.2 Mechanism of Laser-Induced Optical Breakdown

Though our interest will lie primarily with the interaction of ultrafast laser pulses
with biological materials and glass when the intensity is below the optical
breakdown threshold for glass or water, we will briefly consider the mechanism of
laser-induced optical breakdown (LIB) in dielectrics slightly above the breakdown
threshold, as this is comparatively more well understood and easier to describe,
and is instructive in the development of a description of the damage mechanisms
in water or biological materials, which may be approximated to behave similarly
to amorphous dielectrics with a similar effective bandgap, at intensities below
the breakdown threshold[11;12]. Throughout this work, we will consider the
breakdown threshold to refer to the minimum intensity or fluence at which

material ablation is observed.

LIB occurs when incident laser irradiation excites large numbers of electrons into

a free or quasi-free state, forming plasma in the focal region of the focused
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beam. The free electrons now occupying the conduction band may then gain
further energy through additional photon absorption, collisions with other excited
electrons, and inverse Bremsstrahlung absorption, and ultimately the excited
electrons’ energy is transferred to heavy particles, heating the irradiated
substance. At or above critical electron density, material ablation occurs. When
using picosecond (ps) or longer pulse widths, electrons are predominantly
excited by linear absorption of laser energy, limiting reproducible damage effects
to the diffraction limited spot size of the laser and leading to relatively large
amounts of energy being deposited in the vicinity of the damaged region[13].
This significant deposition of energy can cause a number of collateral damage
effects outside the central damage region[14]. However, for sub-ps pulse widths,
electron excitation is dominated by processes with a non-linear dependence on
incident intensity, allowing critical free electron densities to be attained while the
total energy absorbed is still relatively small, leading to damage due to plasma
formation but only a relatively minor increase in temperature of the bulk
substrate[13;15]. Because the total energy absorbed is relatively small,
significantly less extensive collateral damage effects are observed near the

ablated region.

During femtosecond laser damage, the electrons are excited initially by multi-
photon ionization (MPI) and/or Zener tunneling, and these electrons serve as
seeds for subsequent avalanche ionization. MPI occurs when a bound electron

absorbs multiple photons before it can relax back to its ground state, such that
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the total energy absorbed is sufficient to excite the electron into the conduction
band[16]. In Zener tunneling, the electric field of the laser distorts the energy
band structure to reduce the potential barrier, increasing the probability that an
electron will escape from its potential well and become a free electron without
directly absorbing a photon. MPI and tunneling are both highly non-linear
processes, and thus extremely sensitive to incident intensity. This nonlinear
relationship between intensity and electron excitation contributes to the
deterministic character of generation of critical free electron densities

characteristic of ultrafast ablation.
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Figure 3-1: Nonlinear laser-induced electron excitation mechanisms. A) In multiphoton
ionization, an electron in a ground state quickly absorbs photons whose total energy
exceeds the band gap, before the electron can relax back to its ground state. B) In Zener
tunneling, the intense electric field at the laser focus distorts the potential field felt by the
electron, allowing it to move into the conduction band without directly absorbing a
photon.
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This determinism is further supported by the insensitivity of free electron
densities to native carriers in the irradiated substrate. When using longer pulses
with lower intensity, avalanche ionization is largely seeded by these carriers
already present in the material. Because these native carriers may be sparsely
or irregularly distributed, this leads to less deterministic breakdown. In contrast,
sub-picosecond pulses generate orders of magnitude more seed electrons
through MPI and tunneling. Because the seed electrons are generated by the
laser pulse, critical densities of free electrons are attained largely independent of

the distribution of native carriers in the substrate[13].

The deterministic generation of critical free electron densities using ultrafast
pulses allows the ablation of features significantly below the diffraction-limited
spot size of a tightly focused beam[1;2]. Figure 3-2A depicts a cross-section of a
Gaussian intensity profile expected across from such a beam. Although the
detailed mechanisms of the ablation process are still being investigated, there is
broad agreement on the general features of the mechanism. Electrons are
excited to critical density only in the region of the profile which exceeds the
breakdown threshold of the irradiated material. Outside this region, only
relatively small numbers of free electrons are generated, whose total energy
content is small enough to dissipate non-destructively. This gives rise to well-
confined ejection of material within the breakdown region while incurring

negligible collateral damage outside of the breakdown region. As demonstrated
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in Figure 3-2B, a volume of material far smaller than the focal volume has been

removed, with minimal collateral damage in the surrounding region.
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3-2: LIB of an area much smaller than the laser’s spot size. A) Schematic of a tightly
focused ultrafast beam with a gaussian intensity profile. The intensity only exceeds the
critical intensity in the center of the intensity profile, allowing the ablation of features
smaller than the diffraction limited spot size. B) An example of nanoscale ablation of
glass. The red circle indicates the 1/e? spot size of the laser beam waist. Figure adapted
from Joglekar et al.[2]

3.2.1 Sub-threshold Ultrafast Laser Irradiation Effects

As compared to investigations of ablation at and above critical intensity, relatively
little research has addressed the effects and mechanisms of irradiation with
ultrafast pulses at sub-threshold intensities, in which critical free electron

densities are not achieved. While irradiance at or above critical intensity results
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in obvious material removal within the damaged region, sub-threshold effects are
more subtle. The lack of attention given to sub-threshold effects can be
attributed largely to the minimal changes they incur and the difficulty in

characterizing those effects.

As noted in the previous section, due to the highly non-linear dependence of
electron excitation on irradiation intensity, only a relatively small number of free
electrons are excited below the critical threshold intensity and little energy is
deposited in the irradiated substrate during the short pulse length. Although it
has been inferred that high-density plasmas are not generated and material
ablation is not observed under these conditions[1;17], the low-density plasmas
generated can still cause significant chemical, thermal, and mechanical effects

on the irradiated region.

For example, in solid dielectrics, it has been observed that sub-threshold
irradiation can result in material densification, change in refractive index[18],
generation of color centers, and so-called dry laser cleaning of surfaces[19-21].
These changes can largely be attributed to the observation that the threshold for
melting is lower than the material removal threshold[22;23]. In biological
materials, sub-threshold pulses have been shown to damage DNA[24], sever
biological filaments such as microtubules or actin[25;26], or disrupt cell
membrane continuity[6;27]. In the following sections, we will consider the origin

of the damaging chemical affects, heating, and/or acoustic stresses generated by
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low-density plasmas, with particular attention to their effects on biomolecules in

aqueous media.

3.2.2 Chemical Effects

Free electrons in biological media can generate damage by several broad
mechanisms. First, they can interact with water molecules to generate reactive
oxygen species (ROS), including OH* and H,O,[16]. Such ROS are highly
reactive and well-known to cause damage in biological materials. Second, the
free electrons may interact directly with biomolecules, resulting in bond cleavage
or rearrangement. Third, an electron within a bond itself may be excited, leading
to cleavage of the associated bond. The exact nature of the interaction of low-
energy electrons in bond breakage in biological media is not well understood, but
it has been observed that electrons with energies as low as a few eV can
generate breaks in DNA strands[28;29] and damage the peptide backbone of

proteins[30] [31].

It should be noted that although proteins have negligible linear absorption at
visible wavelengths, in particular at the wavelength of the laser light used in the
experiments described in chapters 3 and 4, 527nm, most proteins do exhibit
significant absorption at ultraviolet wavelengths, centered at 280nm, due
primarily to aromatic rings in the amino acid tryptophan. It is thus possible for

electrons within the protein to be excited directly by 2-photon absorption. This
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provides a mechanism to affect protein damage independent of the generation of

free electrons from the bulk aqueous media.

3.2.3 Thermal Effects

As the excited electrons collide with heavy particles or non-radiatively recombine,
heat is generated in the irradiated volume. The time constant for electron cooling
through collisions with heavy particles is on the scale of a few ps[32], while for
low-density plasmas such as those generated by sub-threshold pulses the time
constant for recombinative processes is expected to be tens of ps[33]. This
implies that the maximum temperature resulting from a pulse will be reached

somewhere between a few and tens of ps for a sub-threshold pulse.

An upper bound for the temperature rise in the irradiated region can be estimated
based on the total energy absorbed in the focal volume. As noted above,
negligible energy is transferred from electrons to heavy particles during a
femtosecond pulse. Because the electron cooling times are much longer than
the pulse length, the energy deposited into the irradiated region can be evaluated
simply as the number of free electrons generated during the pulse multiplied by
the mean energy gain of each electron. If we assume that each electron
exceeding AE produces another free electron through collisions[33;34] then the
average energy gain per electron will be AE /2. Thus, the plasma energy density

is
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&= g Pumax AE [35]

And the change in temperature is simply AT = £ where C, is the heat

C,’

capacity of the medium.

Of particular importance for biological media is the achievement of temperatures
over 100C. At these temperatures, proteins are likely to thermally denature,
resulting in a loss of physiological function due to misfolding. As the increase in
temperature is transient, though, and dissipates quickly, it is possible that in this
case the achievement of 100C temperatures will not directly result in protein

denaturation.

When using high repetition rates, it is possible that the thermal energy does not
have time to dissipate completely between pulses. In most studies of sub-
threshold damage in biological media, damage was observed after hundreds or
thousands of sub-threshold pulses at repetition rates near 80MHz[6;24-27]. In
this case, thermal energy can be incubated, leading to temperature increases
from a series of pulses much greater than the temperature achieved as the result
of a single pulse[35]. In our experiments, the repetition rate is kept low, 2kHz,

allowing us to neglect incubation of thermal energy between pulses.
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3.2.4 Acousto-Mechanical Effects

The acoustic transit time across the focal volume of the laser pulse (1.3NA,
527nm) is hundreds of picoseconds, at least an order of magnitude longer than
the thermalization time. The increase in temperature will then generate an
increase in pressure in the focal volume which cannot be mediated by acoustic
relaxation. The initial pressure after thermalization can be expressed as

po(r) =T(r)

This high-pressure region in the beam focus then relaxes into the surrounding
area, generating a compressive shock wave followed by a tensile stress in its
wake. If this tensile stress exceeds the tensile strength of water,approximately
300bar, a bubble will be formed[35]. Bubble formation has been used as an
experimental criterion for optical breakdown in aqueous media[36;37]. However,
it is possible that material damage may result from the mechanical stress effects

below this critical bubble formation threshold.

3.2.5 Summary

LIB is capable of material removal with resolutions far smaller than the diffraction
limited spot size due to its highly non-linear mechanism of free electron
generation. Damage may also be induced in condensed matter at laser fluences
considerably below the critical threshold, however, by a variety of mechanisms,

notably through chemical, thermal, and acoustic effects.
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The exact nature of sub-threshold damage mechanisms in biological media are
not well-understood. In the remainder of this chapter and through chapter 4, we
will explore the effects of this sub-threshold damage by irradiating the interface
between glass and biological media. These studies lend some insight into the
mechanism of sub-threshold damage and point towards some potential

applications of irradiated glass surfaces.

3.3 Irradiation of Protein-Coated Surfaces Decorated with Microtubules

We begin this inquiry with a simple experiment, adsorbing biotinylated BSA and
streptavidin to a glass coverslip followed by biotinylated microtubules (MTs),
irradiating regions of the coverslip, and examining both the resulting distribution
of BSA in the irradiated regions and the damage done to MTs which lie in the
region of irradiation. MTs are rigid hollow cylindrical biological structures,
approximately 25nm in diameter[38] and with a persistence length of hundreds of
microns[39]. We chose to examine damage incurred by MTs, as their rigid and
regular structure provides a convenient scaffold from which to examine collateral
damage to biological structures in the vicinity of the laser focus. We are
especially interested in the effects of relatively low intensity pulses, below the
glass ablation threshold. Atomic force microscopy (AFM) was used to examine
the irradiated surface, as this technique is sufficiently sensitive to resolve the

distribution of proteins on a surface[40].
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3.3.1 Methods

3.3.1.1 Optical setup

All experiments described in chapter 4 and 5 were performed using a chirped-
pulse amplified (CPA) Nd:glass ultrafast laser with a pulse duration of
approximately 500fs. The laser pulse is frequency doubled with a KTP crystal to
527nm wavelength. The laser beam is then input into a Zeiss Axiovert 200
inverted microscope collinear with the epifluorescence beam path, entering the
back aperture of the objective. The collimated beam overfills the back aperture
of the objective such that 1/e? diameter of the beam is approximately the back
aperture diameter. A MadCity MCL 01075 piezo-driven nanostage is attached to
the microscope stage, allowing for nanoscale precision stage movement. See
Figure 3-3 for a schematic of the optical setup.

Nd:glass Laser
600fs

1054nm
2kHz

Zeiss Inverted Microscope

Frequence- Coverglass
— Piezoelectric

doubling | T |
Crystal | Stage
Objective

IR Filter (1.3NA, 100x)

Attenuator

Shutter
—— Spatial Filter

N
U

|

Telescope

Fig. 3-3: Optical setup used in these experiments. A CPA Nd:glass laser is frequency
doubled through a KTP crystal, focused into a spatial filter to clean up the beam shape,
and attenuated before entering a Zeiss inverted microscope.

59



3.3.1.2 Flowcell preparation and protein adsorption

Flowcells were constructed from a standard microscope slide and coverslip,
separated by double-sided sticky tape (of approximately 100um thickness). This
flowcell was loaded by capillary action, with a solution containing 100ug/mL
biotin-labeled BSA in PBS. This solution was allowed 5 minutes to interact with
the flowcell surfaces before being rinsed by flowing 100uL (approximately three
flowcell volumes) PBS through the flowcell. 50ug/mL streptavidin in PBS was
loaded and again allowed to interact for 5 minutes before a solution containing
stabilized microtubules (MT), as described below, was introduced for five

minutes. The flowcell was then flushed with PBS and sealed with VALAP.

-« Coverglass
( Flow cham&
< Sticky tape""'/’y

AN . .
TOp View ~ Microscope inde/ Side View

Figure 3-4: Schematic of a flowcell. A coverglass is affixed to a standard microscope
slide using two strips of double-sided sticky tape. Fluid is loaded into the central channel
by capillary action.

3.3.1.3 Biotinylated Microtubule Preparation

3mg/mL tubulin in Brinkley Buffer (BRB80) buffer was brought to 1TmM MgCl, and
1mM GTP. This solution was incubated 15 minutes at 37C. The resulting MT-

containing solution was then stabilized by adding taxol to 10uM. The solution
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was pelleted in a Beckman airfuge for 5 minutes and resuspended in BRB80 with
10uM taxol and 20uM biotin-XX-SE. This solution was incubated 10 minutes at
37C before quenching the reaction with 4mM glycine. This solution was kept 10
minutes at room temperature before pelleting again in the airfuge for 5 minutes.
The MT pellet was resuspended in BRB80 and 10mM ethylene glycol disuccinate
bis(sulfo-N-succinimidyl) ester (EGS) was added to cross-link the microtubules.
This solution was incubated at 37C for 10 minutes before quenching the reaction
with 4mM glycine. The MTs were again pelleted in the airfuge and resuspended
in BRB80. This solution was diluted 10-fold in BRB80 before introducing into the

flowcell.

3.3.1.4 Ablation

The sample was then mounted on a Zeiss Axiovert 200 microscope and imaged
with a 100x 1.3NA oil immersion NeoFluor objective. The laser was scanned in
single lines across the surface, with the axial height of the focus varied so as to
ensure the beam intercepts the coverslip surface for some portion of the travel
(See Figure 3-5). The stage velocity was controlled such that the spacing
between pulses was roughly 125nm, approximately half the radius of the beam
waist. The pulse energy was varied from 2.2nJ to 7.4nJ, such that the fluences

tested ranged between approximately 1.2 J/cm?and 4 J/cm?.
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Coverslip

Figure 3-5: Depiction of laser scanning through the surface as performed in experiments
described in sections 5.2 and 5.3. The laser is simultaneously scanned laterally across the
surface and axially through the surface to ensure that the beam intersects the surface for
some portion of its travel. The surface is shown decorated with microtubules.

3.3.1.5 Excision and dehydration:

After laser ablation, the coverslip outer surface (which had been directed towards
the microscope objective during irradiation) was cleaned alternately with
acetone- and ethanol-soaked KimWipes, until no residue of immersion oil visible
to the naked eye remained. The bulk of the VALAP sealing the ends of the
flowcell was removed with a razor blade. The flowcell was then submerged in a
dish containing phosphate buffered saline (PBS) to ensure that the surface
remained hydrated during excision. Using a diamond-tipped scribe and non-

abrasive tweezers, a portion of the coverslip containing the ablated region was
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removed. Care was taken to ensure that the excised portion did not come into
contact with ethanol-soluble contaminants, namely VALAP, tape adhesive, and
immersion oil. The excised coverslip portion was transferred to a dish containing
25% EtOH, and gently agitated for 3 minutes. The fluid was aspirated and
replaced subsequently with 50%, 75%, 85%, 95% EtOH, and thrice with 100%
EtOH (maintained with Type 3A molecular sieves, Fisher Scientific #
MMX1583A1), gently agitating for 3 minutes at each concentration. During each
aspiration, enough fluid was left in the dish to ensure that the coverslip did not
dry prematurely. The final rinse of EtOH was aspirated and the dish was loosely
covered with lint-free paper to minimize contamination, and the coverslip to air-

dry overnight. The coverslip portion was then mounted on a standard AFM stub.

3.3.1.6 Imaging:

The sample was imaged via tapping mode atomic force microscopy (AFM) using

a Digital Instruments Nanoscope llla Scanning Probe Microscope, using a

MULTI75AL AFM probe, with tip radius specified to be less than 10nm.
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Figure 3-6: Damage of irradiated immobilized proteins. A) Height map of an irradiated
region imaged via AFM. Three damage tracks are shown. Note the lowering and
smoothing in the two irradiation tracks on the left. The right-most damage track was
irradiated above the glass breakdown threshold. The white box indicates the region
corresponding to the averaged profile in panel C. B) AFM phase image of the same region
shown in A. The lowering and smoothing of the phase response in the irradiated regions
indicates a harder, less sticky surface. C) Averaged height profile for the region in the
white rectangle in A. D. Measured width of protein removal from the surface as a function
of fluence. The datais fit to an inverse Gaussian, giving a threshold fluence of 1+0.033
Jlem?. E) AFM image of irradiated damage tracks intersecting microtubules. Inset
magnifies two microtubule damage points. F) Measured width of damage done to
microtubules. A fit to an inverse Gaussian gives a threshold estimate of 1.3+0.33 Jlem?.

64



3.3.2 Results

Examination of AFM images the revealed significant differences in the height and
smoothness of the irradiated lines as compared to un-irradiated regions. For
laser fluences above 3.1J/cm?, it is apparent that the irradiated lines are
significantly smoother than un-irradiated regions (see Figure 3-5A-C). This effect

was quantified using the rms surface roughness, Ry:

1 N M 5
Rq=\/wZZZ (x:y;)

]
where M and N are the dimensions of the area to be analyzed, and z(x,y) is the
measured height of each pixel. Such analysis reveals that unablated regions
have a mean height of approximately 25nm and a roughness of approximately
10nm, while ablated regions have a mean height of approximately 5nm with
roughness of less than 5nm, similar to that of an unmodified bare coverslip
surface. Note that there appears to be a sharp boundary between the smooth
ablated regions and the relatively rough un-irradiated regions, and that the
ablated lines have a consistent width. Such sharp boundaries and consistent
widths imply a deterministic non-linear mechanism for protein damage or

removal.

To quantify the distribution of widths of the smoothed regions where proteins
have presumably been removed, AFM images of the irradiated lines were

sectioned into approximately 200nm long segments. The average width of the
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line in each segment was recorded. Figure 3-6D shows the relationship between
measured width and incident laser fluence. Note that for fluences below
1.6J/cm?, removal of proteins (i.e. smoothing of the surface in the region which
was illuminated by the laser focus) was not apparent, and that for fluences above
2.8J/cm?, the underlying glass was damaged, obscuring the smoothing

phenomenon characteristic of protein ablation.

To extrapolate the damage threshold F, we fit the above data to an inverse
Gaussian, which is the expected dependence for highly non-linear damage

resulting from a beam with a Gaussian profile,

D=o_In P

[41]

th
where D is the width of the line, F; is the incident energy, and o and the the

threshold fluence Fy, are fitting parameters. The fitting parameter o describes the
beam shape and diameter. For a Gaussian point spread function, it will be equal

DZ
to 7" , where Dy is the standard deviation. Such a fit gives a threshold fluence

of 1.0+0.033 J/cm? and 0=76+2.37nm. Though the small experimental space
available for sampling (e.g. fluences roughly between 1.6 and 3 J/cm?) limits the
predictive power of this fit, the extrapolated threshold broadly agrees with other

published work [26].

We also measured the width of MTs severed by irradiation. MTs have a rigid,

regular structure, and thus provide a useful scaffold with which to evaluate the
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extent of collateral damage, as well as the minimum ablation feature size. MTs
were clearly severed where the irradiation lines intersected MTs immobilized on
the surface, as shown in Figure 3-6E. The width of the removed section of a MT
was recorded along with the pulse energy. Note that the variance of these
features is considerably greater than that obtained when measuring the width of
the smoothed surface in the previous section. This variation can be explained
largely by the geometry of the setup. The MTs lie on top of the surface, but are
not in-plane with the surface. They may stand off from the surface a small and
variable distance, such that each severed MT may lie in a slightly different focal
plane. Additionally, after severing, even a small acoustic shock wave generated
in the laser focus may move the MT tips somewhat, before possibly re-binding to
a different set of streptavidin molecules. The shape of some severed MT tips
indicate that this likely occurred, as it appears that near the irradiated region, the

MTs flex or curl.

The relationship between feature size, in this case, the width of the removed MT
section, was again fit to an inverse Gaussian as in the previous section. Due to
the increase in variance noted above, the fit is less compelling than the fit of
protein removal from the surface (see Figure 3-6F). However, the solution gives
an estimated threshold fluence Fy,=1.3+0.33J/cm? and o = 88+28.3nm, which
agree well with the threshold energy and spot size calculated based on removal

widths of protein from the surface described above.
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3.4 Estimation of Removal Width by Fluorescence Microscopy

We also estimated the area of the protein removal region as a function of pulse
energy by rastering the laser across an antibody-coated surface, with varying
spacing between the rasters. After introducing the fluorescent antigen, the
relationship between fluorescent intensity in the irradiated region and the inter-

raster spacing reveals information about the extent of protein removal.

3.4.1 Method

3.4.1.1 Flowcell preparation and protein adsorption

Two holes were drilled in standard microscope slides using Tmm diameter
diamond-tipped drill bits. The slides were cleaned with Alconox detergent.

100uL pipet tips were inserted into the holes and the interface sealed with RTV
silicone sealant. These tips serve as an inlet and outlet for buffer exchange
during observation on the microscope. Flowcells were then constructed from this
modified microscope slide and a coverslip, separated by double-sided sticky tape

(of approximately 100um thickness).

We introduce 50ug/mL biotin-labeled BSA into the flowcell for 5 min, then rinse

with 500ug/ml un-labeled BSA.
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3.4.1.2 Ablation

We rastered a tightly focused ultrafast pulsed laser across the coverslip surface,
illuminating a series rectangular patches. The fluence and/or inter-raster spacing
was varied between patches (see Figure 3-7). Pulses were placed such that the

interpulse spacing is approximately half the expected focus spot diameter.

’ v
Laser Raster

Inter-ra sterT

spacing

Inter-raster spacing

100nm
150nm
1 200nm

Figure 3-7: Schematic of laser raster spacing. In the experiments described in section 4.3,
regions of a protein-coated surface are irradiated by rastering the laser across the region.
The inter-raster spacing is varied as shown.
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3.4.1.3 Imaging

After ablation, 20ug/mL FITC-labeled streptavidin in PBS with 500ug/mL BSA
was introduced as a reporter molecule for 10 minutes before flushing with

antifade. The irradiated regions were imaged using epifluorescence microscopy.

3.4.2 Results

In analyzing the results of this assay, we assume that once the inter-raster
spacing is equal or less than the protein removal width, the fluorescent intensity
in that region will not decrease significantly with further decrease of inter-raster
spacing. From this rationale, we can place an upper bound on the removal width
for a particular fluence as the lowest inter-raster spacing for which the fluorescent
intensity is statistically different from the intensities from patches irradiated with

smaller inter-raster spacings (see Figure 3-7).

Figure 3-8 illustrates the results of this analysis. Figure 3-8C shows the upper
bound for the damage width, determined as described above. The upper bounds
for the line widths determined in this assay are significantly smaller than the
removal widths observed by AFM in section 4.2. It is possible that this
discrepancy arises as a consequence of undamaged molecules immobilized in
the interstices between damage regions. Though the distance between pulses

within a raster is not systematically varied in our studies, the area of the damage
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spot will be smaller at lower fluences, leading to less overlap in the damage
regions. With insufficient overlap of damage between pulses, the damage region
for each raster is no longer appropriately approximated as a rectangular damage
area, as was depicted in Figure 3-7A. Figure 3-8A illustrates the consequences
of this observation. The spacing between rasters necessary to totally remove
protein from the surface is significantly less then the apparent damage width
measured using AFM. It would be interesting to image a sample prepared in
precisely this manner, with line spacing between rasters decreasing to

approximately 30nm, under AFM for comparison.

Additionally, the shapes of the curves in Figure 3-7B deviate significantly from
what one expects from a deterministic removal process. If the damage is
deterministic, we expect a linear dependence of fluorescent intensity on
irradiation line spacing, e.g. if the number of laser rasters is doubled by halving
the line spacing, then the amount of protein removed should also double..
Instead, at low fluences we see an asymmetric sigmoidal relationship, e.g.

F =F, . exp(-b*exp(-kd)), where F is the observed fluorescent intensity, Fmnax is

the maximum fluorescent intensity observed, d is the line spacing, and b and k
are fitting parameters. The fluorescent intensity F is presumably proportionate to
the surface density of protein remaining after irradiation. This asymmetric
sigmoidal dependence on line spacing may imply a non-linear probabilistic

damage mechanism.
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Figure 3-8: Estimate of ablation width by varying raster line spacing. A) Fluorescent
micrograph showing the binding of a fluorescent antibody after the surface has been
irradiated with varying raster spacing and fluence, damaging the primary antibody
previously adsorbed on the surface. B) The fluorescent intensities captured from A. An
upper bound for damage width per raster is observed as the closest line spacing for which
further spacing does not further decrease fluorescent intensity. C) Plot of upper bound of
damage widths derived from panel B.




The AFM data presented in section 4.2, however, seems to imply a deterministic
mechanism. The sharp boundaries between the regions where proteins were
apparently removed and the regions where the proteins appear unaffected

indicate that any damage mechanism remains significantly non-linear.

Once again, a simple geometric explanation may reconcile these two apparently
contradictory observations, i.e. very sharp damage boundaries observed via AFM
versus a sigmoidal dependence of protein removal/damage on linespacing. At
lower fluences there will be less overlap between adjacent laser pulses. At
higher fluences, the pulses overlap well, resulting in a linear dependence of
fluorescent intensity on linespacing (see Figure 3-7B, fluences of 4J/cm? and 3.2
Jicm?). The damage regions for lower fluences do not overlap as thoroughly.
Thus, even if the protein damage or removal is deterministic, resulting in a
consistent damage area for each pulse, the sigmoidal relationship observed
between fluorescent intensity and line spacing may be expected if the radius of

the damage region is small compared to the distance between pulses.

We simulated this hypothesis, considering the portion of a region damaged by
rasters composed of an array of damage regions similar to that shown in Figure
3-8B (except we approximated the damage regions from each spot as squares
rather than circles for simplicity). We varied the inter-raster spacing, and

observed the portion of the total substrate area covered by the damage rasters.
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Figure 3-9: Geometric explanation for nonlinear dependence of protein removal on linespacing. A)
As the radius of the damage spot becomes small relative to the distance between pulses, the damage
raster is no longer approximated well as a rectangular damage swath. Additionally, note that in o.
B)The inter-raster spacing necessary to remove all proteins from the surface, notably in the
interstices between damage spots, is smaller than the damage width measured using AFM. C)
Results of simulations observing the fraction of the substrate damaged as a function of inter-raster
spacing. Damage regions resulting from a single pulse is approximated as a square with side length
L. These results qualitatively agree well with the observed protein surface densities observed in 3-
7B. The dependence is quite non-linear for small damage regions, and becomes approximately linear

for larger damage regions.
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As shown in Figure 3-9C, the curves of our simulation results are similar to those
observed in Figure 3-8B, indicating that this geometric explanation is consistent

with our experimental results.

3.5 Demonstration of Nanoscale Residual Feature Width

The preceding sections characterize the width of a protein removal feature. This
can be considered “negative” or subtractive patterning, as it is defined primarily
by the width of the proteinaceous material removed. However, if the protein
removal is sufficiently deterministic and we have sufficient control of the laser
position on the substrate, it should be possible to instead leave a narrow feature
by irradiating the surrounding region on either side, but leaving a narrow un-
irradiated region. We will refer to this small undamaged region as a residual

feature.

3.5.1 Methods

3.5.1.1 Flowcell construction and protein adsorption

Flowcells with inlet and outlet were fabricated as described in section 4.3.1. A

50ug/mL solution of biotin-labeled BSA was introduced for 10 minutes before

flushing with a 500ug/mL solution of unmodified BSA.
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3.5.1.2 Ablation

The laser was rastered across the surface, creating an alternating periodic
pattern of “negative” regions where the protein is presumable removed and
“positive” lines which are un-irradiated. The laser fluence was 2 J/cm?, and the
inter-raster spacing in the “negative” regions was 20nm. Based on the results of
section 4.3, we infer that these parameters result in near-total protein removal in

the irradiated regions.

3.5.1.3 Imaging

20ug/mL FITC-streptavidin was loaded for 5 minutes, and then the flowcell was

flushed with antifade. The surface was imaged via epifluorescence.

3.5.2 Results

Figure 3-10 illustrates the results of this assay. We find that we are indeed able
to generate very narrow feature widths. The line width is estimated by integrating
the fluorescent intensity over the patterned region and comparing to the intensity

of an unirradiated region:

Where d is the calculated residual line width, I is the average fluorescent intensity
in the patterned area, /g is the average fluorescent intensity of an unablated

region, and P is the period of the residual line spacing.
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Figure 3-10: Demonstration of residual line patterning. A) Fluorescent micrograph of
fluorescently labeled secondary antibody binding to periodic residual lines of previously
adsorbed primary antibody after the dark regions have been irradiated. B) Line profiles of
fluorescent intensity for various residual line widths. C) Estimated positive line width
derived from the fluorescent micrograph in A based on the ratio of average fluorescent
intensity in the irradiated region to the intensity of an un-irradiated region.
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3.6 Summary

We have demonstrated that proteins can be removed from glass substrates by
irradiating the protein-substrate interface with tightly focused ultrafast laser
pulses. Notably, we demonstrate that proteins can be removed by this method at
intensities significantly below the ablation threshold of glass, enabling the
removal of proteins from the surface without damaging the underlying substrate.
Ultrafast irradiation below the optical breakdown threshold has been observed
and used to damage or remove biomolecules and intracellular structures.
However, damage is almost always observed only after multiple pulses. We
have demonstrated damage and removal of proteinaceous material in response

to single pulses.

Addressing the mechanism by which protein damage and/or removal occurs in
our system requires consideration of both how much energy is adsorbed and
also how adsorbed energy is partitioned between mechanical effects, thermal
effects, or electron excitation[42]. Laser interactions with proteins in aqueous
environments are generally safely considered to be dominated by water-laser
interaction, as water not only makes up the bulk of the material in the focal
region, but the proteins themselves are also highly hydrated. This provides a
relatively well-studied system to analyze, though the effects of laser-generated
low-density plasmas in water have not received a great deal of attention. Vogel

et al. computationally estimated the effects of low-density plasmas in water,
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concluding that in addition to chemical damage resulting from free electrons,
these low-density plasmas can also cause significant temperature increases and
acoustic shock waves at free electron densities as low as 10E'°electrons/cm?.

[35].

Free electrons with energies as low as a few eV have been shown to be capable
of fragmenting proteins by damaging their peptide backbone[30]. Extensive
fragmentation of proteins would likely cause the majority of fragments to desorb
from the surface as the net attraction to the surface decreases. Those that
remain adsorbed would be relatively small. This could account for the
observation that irradiated regions of a previously protein-coated substrate are

lower in height and smoother than un-irradiated regions.

An increase in temperature at the laser focus could possibly lead to thermal
protein denaturation. The three-dimensional shape of a protein is maintained by
a complex balance of electrostatic forces. If this balance is disrupted, e.g. by
changes in the local electrostatic environment, a protein may denature, adopting
a non-physiologically active form. A denatured protein may adopt a wide variety
of conformations, and it is conceivable that some may experience an overall
attraction to an electrically negative surface (e.g. glass) and “flatten” on the
surface[43]. This may also explain the significant decrease in height and surface

roughness revealed by AFM probing of irradiated regions.
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As we'll see in the next chapter, low-density plasmas also have a significant
affect on the surface chemistry of glass near the focal volume, and can cause the
glass surface to resist protein adsorption. This could lead one to suppose that
such a change in adsorptivity of the surface simply causes proteins to desorb, as
the electrostatic interaction has been altered. This explanation, however, does
not explain the well-defined severance of MTs. As the MTs have significant 3D
structure and are significantly stood off from the surface, desorption from the

surface does not make sense.

MTs are protein polymers whose structure is maintained by electrostatic
interactions. It is possible that the greatly altered electrodynamic environment in
the laser-generated low-density plasma could sufficiently disrupt these
interactions and lead to localized disassembly of the MT. It is worth noting,
however, that the MTs in our assay are significantly more structurally sound and
less prone to disassembly than native MTs due to the use of the cross-linker
glutaraldehyde to stabilize them. Thus, local disassembly will require disruption
of covalent chemical bonds, implying a mechanism beyond a simple alteration of
the electrostatic environment. Thermally induced denaturation alone does not
explain the severing of cross-linked MTs, and nor do small acoustic shock

waves.

Additionally, the ultrafast pulse imposes an intense electric field at the focus,

which could impose significant forces on the proteins and their constituent amino
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acids, possibly leading to denaturation. It is unclear how much perturbation due
to an intense electric field a protein could withstand for such a short period of

time and still recover.
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CHAPTER 4

PROTEIN ADSORPTION ON IRRADIATED SURFACES

4.1 Introduction

In the previous chapter, we described the apparent removal of protein from the
surface of glass coverslips using femtosecond-pulsed laser irradiation at fluences
significantly below the optical breakdown threshold for either glass or water. In
this chapter we will continue to probe the interaction of ultrafast laser irradiation
at the glass-water and glass-proteinaceous solution interfaces. We examine the
adsorptivity of representative target proteins on both un-coated and previously
protein-coated glass surfaces which have been irradiated using ultrafast laser
pulses. As we develop a picture of the mechanism responsible for the observed
changes in adsorptivity, we are also led to greater insights into the mechanism of

protein removal described in the Chapter 3.

As discussed in earlier chapters, the ability to selectively alter the adsorptivity of

surfaces enables development of various biodevices and basic research. In this

chapter, we examine another method of manipulating surfaces with nanoscale
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precision to influence the deposition of proteins using non-destructive ultrafast

laser irradiation.

In this method, a surface is irradiated with relatively low intensity laser pulses, at
or significantly below the optical breakdown threshold of glass or water. This
results in a long-term change in surface charge on glass, which in turn alters the
protein adsorptivity of the irradiated surfaces. We will briefly discuss possible
mechanisms underlying this change in surface charge, focusing on the
generation of low density plasmas in the focal volume and the resulting chemical

and thermal effects.

4.2 Protein Adsorption on irradiated uncoated glass surfaces

We begin this study by simply irradiating a surface with varied fluence and
observing the degree of adsorption of a model protein, neutravidin, to the
irradiated surface. Neutravidin is a globular protein with four high affinity binding
sites for biotin, making it a useful biomolecular “glue” which could be used in
subsequent applications to bind a wide variety of biotinylated proteins of other

biomolecules.
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4.2.1 Materials and Methods

4.2.1.1 Preparation of Substrates:

Glass coverslips were rinsed with isopropanol and DI water and blown dry with
nitrogen. They were then secured using double-sided sticky tape to a
conventional glass microscope slide incorporating an inlet and outlet as

described in section 4.3.1.

4.2.1.2 Surface Irradiation

The flowcell was loaded with PBS and mounted on a piezo-driven nanostage on
an inverted microscope. For each tested fluence, the laser was rastered across
a series of rectangular regions on the surface of the coverslip, with the laser
focus at the liquid-glass interface. Pulse energy was controlled using a set of
neutral density filters. The velocity of the stage movement and the spacing
between rasters was chosen such that the distance between individual laser

pulses is approximately the radius of the spot size.

4.2.1.3 Target protein adsorption

After irradiation, 20ug/mL neutravidin in PBS at pH = 7.1 was loaded into the

flowcell, and allowed 15 minutes to interact. The flowcell was then flushed

sequentially with PBS and antifade.
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4.2.1.4 Imaging and data acquisition

Irradiated regions were imaged under epi-fluorescence and intensity values were

measured for each ablated region and recorded using a custom MatLab script.

4.2.2 Results
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Figure 4-1: Adsorption of neutravidin to irradiated glass surface. A) Fluorescent
micrograph of fluorescently labeled neutravidin adsorbed to glass surface after laser
irradiation. B) The amount of neutravidin adsorbed is monotonically dependent on the
intensity the surface is irradiated with. Note that at fluence of 0.04 J/cm2, the amount of
protein adsorbed is not significantly different from the amount adsorbed to un-irradiated
regions.

As can be seen in Figure 4-1, irradiation of the glass surface results in decreased
neutravidin adsorption. The surface density of neutravidin decreases
monotonically with increased fluence.. This implies that there has been a change

in the glass surface which affects its adsorptivity. We have performed this assay
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with an extended length of time, up to 24 hours, after irradiation before
introducing the fluorescent protein. These assays showed similar results, with

protein adsorption severely attenuated with increasing fluence.

Protein adsorption on surfaces is primarily an electrostatic effect. This leads us
to hypothesize that the surface charge of the irradiated glass has been altered by
exposure to the low intensity laser pulse. We test this hypothesis in the following

section.

4.3 Interaction of Charged Molecules with Irradiated Glass Surface

4.3.1 Motivation

We hypothesize that the source for the difference in adsorptivity between
irradiated and un-irradiated glass surfaces lies in a change in the surface
potential of the glass caused by laser irradiation. More specifically, we
hypothesize that irradiated surfaces exhibit a lower (less negative) potential as
compared to an un-irradiated surface due to a reduction of the density of silanol
groups on the surface. An obvious consequence of this hypothesis is that
positively charged particles will exhibit weaker interactions with irradiated regions

than un-irradiated regions.
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In order to test this hypothesis, we introduced a positively charged fluorophore,
rhodamine B, to a glass surface which had been irradiated at varied fluence and

observed its adsorption.

4.3.2 Methods

Coverslips were cleaned, flowcells fabricated, and coverslip surface irradiated as
described in section 5.2.1 above. 3ug/mL rhodamine B in DI water was added to

the flowcell and epi-fluorescent images were taken.

4.3.3 Results

As shown in Figure 4-2, rhodamine B adsorption does decrease monotonically,
with increased fluence possibly with a decreasing monoexponential dependence
on fluence. This supports our hypothesis that the resistance to protein
adsorption seen in irradiated surfaces in section 5.2 is caused by a decrease in
the surface charge of the irradiated glass surface.

From this result, we can estimate the relationship of surface charge to incident
fluence. At equilibrium, the proportion of fluorophore bound to the surface should

follow a Boltzmann distribution.

| (f) oC padsorb — eA%T

solution
Where I(f) is the fluorescent intensity, which is proportional to the amount of

fluorophore on the surface, padgsorb is the probability of a fluorophore binding to the
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surface, psolution IS the probability of a fluorophore remaining in solution, k is the
Boltzmann constant, T is the temperature, and AE is the change in energy
associated with the binding of a fluorophore. To a first approximation, it is
reasonable to assume that this binding energy associated with the electrostatic
interaction between the charged fluorophore particle and a charged surface is

proportional to the charge of the surface.
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Figure 4-2: Adsorption of rhodamine B to irradiated glass surface. A) Fluorescent
micrograph of the charged fluorophore rhodamine B adsorbed to glass surface after laser
irradiation. B) The amount of rhodamine B adsorbed is monotonically dependent on the
intensity the surface is irradiated with. Based on this interaction, the surface charge of the
irradiated glass surface is estimated, demonstrated on the right y-axis.

By relating a decreasing monoexpenential fit of I(f) to the expression for I(f)
described above by the Boltzmann distribution above, we can make an estimated
prediction of the charge of the surface as a function of fluence, ®(f). This yields

a simple linear relationship between fluence and surface charge, ®(f)=Af+B.
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Noting that the surface charge of unmodified glass in DI water is 100mV, and that
the surface charge of glass ablated near the ablation threshold has been
estimated by electroosmotic mobility of charged fluorophores to be 31mV, we
can solve for A and B, yielding ®(f)=100mV-17.25cm?*mV-J"*f. Figure 4-2B
shows a fit of a decreasing mono-exponential to our observed fluorescent values,
and, on the right axis, the estimated surface charge based on the above

analysis..

This alteration of surface charge of the glass surface resulting from laser
irradiation is likely explained by a change in the surface chemistry of the glass
surface. The silica surface is predominantly composed of siloxane bridges and
silanol groups (see Figure 4-3). Silanol groups are relatively reactive and more

highly charged, while siloxane bridges tend to be quite inert and less charged[1].

It is well-characterized that heating silica causes silanol groups to dehydroxylate,
condensing to siloxane bridges[1;2]. This results in a surface which is less
reactive and more hydrophobic. This condensation begins to occur at
temperatures around 170C, and near-complete dehydroxylation of the surface

requires temperatures near 1000C to be maintained for several hours[1].
It is possible that in our experiments, the focal region reaches temperatures

sufficient to drive silanol dehydroxylation. This temperature dissipates very

quickly, however, making it unlikely that temperature increase alone drives
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dehydroxylation of the surface. It is also possible the photon absorption drives
the dehydroxylation more directly. The OH bond dissociation energy is
4.43eV[3]. Itis possible that this bond could be severed by a 2-photon
absorbance, which could subsequently enable the condensation reaction to
spontaneous complete. This photochemical explanation seems more plausible,

considering the timescale necessary for thermal dehydroxylation[3].

Silanol Siloxane
H. H
VARNVA 0
i /N, + HO
Si Si Heat AIN AN
1IN 2N

Figure 4-3: Silica dehydroxylation. With the imposition of heat, silanol groups are condensed to
form siloxane bridges, resulting in a silica surface which is less reactive, less charged, and more
hydrophobic.

4.4 Adsorption on irradiated protein-coated surfaces

4.4.1 Motivation

In chapter 3, we demonstrated that proteins could be removed from a glass
surface with ultrafast pulses of fluence considerably below the breakdown

threshold of water or glass. We observed a smoothing and decrease in phase
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response of the AFM signal in irradiated regions of a previously protein-coated
glass substrate. Above, we also observed that there is a change in the glass
surface chemistry after irradiation with low intensity pulses. We are led to
consider whether proteins are fully removed from the surface, as one is likely to
naively suppose from the protein removal results of section 3.3. In this section,
we observe adsorption to surfaces which were protein-coated prior to irradiation
in order to test the hypothesis that protein is removed cleanly from the surface.
To do so, we irradiate a protein-coated surface, and observed the adsorbtivity of

the resulting surface for the same protein introduced a second time.

4.4.2 Methods

Single pass surface irradiation: The glass surface was cleaned and constructed
in a flowcell as described in section 4.2.2. Prior to irradiation, a 50ug/mL Alexa-
488 goat anti-rabbit IgG antibody in a 20-fold dilution of PBS in DI water was
introducted for 15 minutes before flushing with PBS. The protein was suspended
in a diluted PBS solution to decrease ionic strength and thereby strengthen
adsorption. Square regions at the coverslip surface were again irradiated with
varying pulse energies as described in 5.2.2. After irradiation, the same protein
solution was again introduced for 15 minutes before flushing the flowcell with

antifade and imaging.
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Multiple pass surface irradiation: This series of experiments was performed as
the “single pass” described above, except each irradiated region underwent
multiple exposures of irradiation before the second protein adsorption, with the

number of exposures varied from 1 to 10.
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Figure 4-4: Adsorption to irradiated protein-coated surfaces after multiple irradiation
exposures. A) Fluorescence micrograph of a series of protein-coated regions which have
been irradiated with varying fluence, with varying number of exposures, before re-
introduction of a fluorescent protein. Contrast of the image has been enhanced to better
illustrate re-adsorption in the irradiated areas. B) Fluorescent intensity reported by re-
adsorbed protein in the irradiated regions. Note that higher number of exposures appears
to result in alarger peak adsorption density. Also note that the fluence at which the peak
occurs varies with the number of exposures. C) The fluence at which the peak adsorption
occurs is dependent on the number of exposures.

We find that a surface irradiated in this way exhibits adsorbtive behavior
markedly different from surfaces which were not coated with protein prior to
irradiation. The results indicate that the protein first adsorbed is not in fact
removed completely or cleanly, but rather leaves a residue that affects the

adsorptivity of the surface.
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This experiment yields a number of interesting observations. First, the
adsorptivity of surfaces which were protein-coated prior to irradiation exhibit
markedly different adsorbtive behavior as compared to surfaces which were un-
coated prior to irradiation. On irradiated un-coated surfaces, adsorbtivity appears
to decrease monotonically, approximately exponentially, from a maximum near
the background value (the value of the un-irradiated regions) at low fluence to
near zero at the glass breakdown threshold. When the surface had been coated
with antibody prior to irradiation, however, the adsorption profile was not
exponential or even monotonic. Instead, a peak adsorption was observed for
surface irradiated at 2.2 J/icm?. Note that this peak adsorption was still

considerably lower than the adsorption in unirradiated regions.

This behavior is curious. To further examine this effect, we exposed regions
multiple times, each region irradiated multiple times at the same fluence. In
varying the number of exposures from one to ten, we found that in all cases, the
adsorption profile after re-adsorption of the antibody exhibited a peak.
Interestingly, the fluence at which the peak adsorptivity was observed and the
magnitude of the peak adsorptivity shifted significantly with varied number of

exposures.

This may indicate competing mechanisms. We have noted that the surface

charge of the surface appears to decrease with increased fluence, resisting

protein adsorption. We have also noted that for relatively high fluence, proteins
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appear to be removed from the surface. Perhaps, when a protein-coated surface
is irradiated with relatively low fluence, a probabilistic mechanism damages the
proteins on the surface, altering the charge they present to subsequently
adsorbed proteins. At some level of damage, they tend to resist adsorption the
least, resulting in a peak of adsorption. It is unclear what kind of damage

mechanism would result in this behavior.

4.5 Serial adsorption

45.1 Motivation

The previous section indicates that for some fluences, protein-coated surfaces
for which are irradiated exhibit a relative peak in adsorption of subsequently
introduced proteins. With this observation, we suppose that it is possible to
serially pattern a multitude of different varieties of protein by iteratively irradiating
different regions and adsorbing different varieties of protein. This section
illustrates our attempt to do so, serially adsorbing a series of proteins tagged with

different fluorophores.

45.2 Methods

Coverslips were cleaned and flowcells fabricated as described in section 5.2.1

above. 200ug/mL avidin was introduced to the flowcell for 10 minutes before

flushing with PBS. A series of regions were then irradiated with varying fluence
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as in section 5.2. 10ug/mL FITC-labeled streptavidin was then introduced for 5
minutes and flushed with PBS. A second series of regions was irradiated before
introducing Cy3-labeled streptavidin for 5 minutes and flushing with PBS. A third
series of regions was irradiated, followed by introduction of Alexa350-labeled
streptavidin for 5 minutes and a final flush with antifade. Epifluorescent images

were taken in the three respective fluorescent channels.

45.3 Results

Energy
High » Low
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Channel Gl
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Figure 4-5: Serial patterning of three streptavidin moities. Streptavin tagged with three
different fluorophores have been segregated in different regions. Each variety of labeled-
streptavidin was introduced after a series of patches were irradiated with varied fluence.
Note that each variety of labeled streptavidin is localized to the one row which was
irradiated immediately prior to introduction of that each respective protein, and that the
peak adsorption consistently occurs at a fluence of approximately 2J/cm?.
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We find that we are successfully able to segregate the adsorption of the three
moieties of streptavidin. In each case, we again see a peak in the adsorptivity
profile for each type of labeled streptavidin, and that peak occurs at the same
fluence for each variety of streptavidin, and thus occurs at the same fluence for
each adsorption cycle. This method provides a possible method of producing
high resolution patterns of multiple proteins. Streptavidin binds very strongly to
biotin, and the biotinylation of proteins is a very common and generally straight-
forward functionalization. Streptavidin thus provides an attractive base layer on

which to build an stack of one’s choice of proteins.

4.6 Summary

We have shown that irradiation of glass surfaces results in a relatively long-lived
change in its surface properties, affecting, in particular, the propensities of
proteins to adsorb. By observing the interaction of a charged fluorophore with
irradiated surfaces, we have identified a change in the surface charge as a
dominant factor in this change of surface properties. We attribute this change to
a laser-induced decrease in the density of silanol groups on the glass surface.
This change does not seem to be a result of thermal effects, as thermal
dehydroxylation of glass takes place on time scales of hours, many orders of
magnitude longer than the time the glass is heated by our femtosecond pulses.

in section 5.4, then, must proceed by a different mechanism.
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In considering the impact of the results of our inquiry into protein adsorption on
irradiated surfaces, we should note that any mechanism that relies on a change
in electrostatic surface charge to affect adsorption is likely to have a wide range
of behaviors, depending on the protein of interest and buffer conditions. As
proteins are an extremely heterogenous group, with widely varying surface
charges and hydrophobicities, the adsorption of different proteins will be affected
differently by changes in charge of the surface. The complicated 3-dimensional
structure of proteins and their ability to expose different charged functional
groups depending on their folding state further complicates predictions of
adsorption behavior. Thus it is difficult to predict the response of any particular
protein to a change in surface charge such as the one we have imposed. The
value in these studies is likely to lie more in aiding a basic understanding of
interactions of ultrafast irradiation with glass and biological media than in

derivation of a predictive model of adsorption on irradiated surfaces.
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CHAPTER 5

GUIDANCE OF MOTILE FIBROBLASTS BY SELECTIVE IRRADIANCE OF

FIBRONECTIN

5.1 Introduction

One important application of protein patterning is the control of cellular behavior
on patterned substrates by engineering the presentation of adhesion-promoting
or other signaling proteins on the surface. Cellular behaviors such as
differentiation, migration, or apoptosis are influenced heavily by interactions with
extracellular signal proteins[1]. The cellular response may be influenced by the
average density of signal proteins, their spatial distribution, and conformation[2-
7]. Studies aimed at probing these spatial influences not only lend insight into
basic mechanisms of cellular responses, but also have practical applications,
perhaps most notably in the development and optimization of bioactive scaffolds

for tissue engineering applications[8;9].

Many techniques have been used to control the distribution of biomolecules for
the purpose of studying the effect on cellular behavior. Many of these techniques

are described in Chapter 1, and have been recently reviewed elsewhere[10-12].
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Control of cell placement and behavior also allows fabrication of cell-based

biosensors. These cell-based biosensors may be used to detect the presence of
a toxin or pathogen in the environment based on the cellular response[12-14], or
to screen the pharmacologic response of cells mimicking in vivo behavior in drug

discovery assays[15;16].

In this chapter, we describe the guidance of motile fibroblasts by modifying the
presentation of surface-immobilized proteins using the laser-based protein
removal technique discussed in chapter 3. Fibroblasts are motile cell types
which play a critical role in wound healing, producing a number of extracellular
matrix components to repair damaged connective tissues, including collagen,
elastin, and glycosaminoglycans[17]. In particular, we use the 3T3 fibroblast cell
line, a line which was derived from primary mouse embryonic fibroblasts[18]
which is easily maintained and exhibits robust motility in culture. Fibroblasts, like
many motile cell types, migrate preferentially on surfaces presenting the
adhesion-promoting protein fibronectin[19]. By selectively removing fibronectin
from the cells’ path using laser irradiation, we direct their movement onto un-

irradiated regions.

The guidance of motile cells by presenting the cell with a surface selectively
coated with an adhesion-promoting protein such as fibronectin has been
demonstrated by a variety of patterning techniques[6;20;21]. However, our

method provides a general method to modify the cellular microenvironment in
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situ, and thereby presents itself as a useful tool for study of cellular response to

changes in extracellular environment imposed during observation.

5.2 Methods

5.2.1 Culture Dish Functionalization

Glass-bottom cell culture dishes were coated with fibronectin by adding to
20ug/mL fibronectin for 30 minutes[22]. The dish was then rinsed thrice with
PBS before adding non-CO2 buffered media (8% calf serum, in L-15 media with

4.5 g/L glucose).

5.2.2 Cell Culture

3T3 fibroblast cell cultures were maintained by incubating at 37C in 10% CO2 in
DMEM with 8% calf serum and 4.5g/L glucose. Approximately 2 hours prior to
surface patterning, cells were transferred to the non-CO2 buffered media above
and seeded at approximately 1E4 cells/cm? on fibronectin-coated glass-bottom

culture dishes coated.

5.2.3 Protein Removal by Laser Irradiation

A glass-bottomed cell culture dish which has been seeded with fibroblasts was

placed on a piezo-driven nanostage on a Zeiss inverted microscope. The laser
was focused through a 40x, 0.65NA objective. Portions of the surface around a

motile cell were irradiated with a fluence of 2.1J/cm? such that the cell would
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encounter a surface which had been irradiated. The cell was then observed
under phase contrast for up to 24 hours, with images taken at a rate of one per

minute.

5.3 Results

Cell behavior upon encountering the irradiated region varied. Interactions of
fifteen cells motile cells with irradiated boundaries were observed. Most cells (12
interactions out of the 15 total observed) diverted the direction of their movement,
avoiding the irradiated region. Other cells temporarily ceased movement upon
encountering the irradiated region before adopting an elongated form and
eventually resuming movement after the elongated pseudopod reached beyond
the irradiated region (3 interactions out of 15 total). A small portion of cells
continued movement across the irradiated region without a significant change in
direction or cell shape (2 interactions out of 15 total). Both of these cells had
recently undergone mitosis, after which the two daughter cells appear to move

very rapidly away from each other.

Figure 5-1 shows a typical result when a motile cell was “enclosed” by an
irradiated border. The cell follows a circular path along the edge of the irradiated
region for many hours before finally adopting an elongated form and reaching

beyond the irradiated border and moving out of the irradiated region.
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Figure 5-1: Confinement of a fibroblast by irradiation of surrounding surface. The
lightened, hashed area represents the region of the surface which was irradiated. The

cell’s movement was confined inside the irradiated boundary for approximately a day.

5.4 Discussion

This experiment demonstrates that we are indeed able to guide cell movement

by laser irradiation, showing that we have successfully modified the
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microenvironment of the cell in situ. We gathered sufficient data to describe
successful guidance, but we did not gather enough data to yield detailed
statistics on the prevalence of the different behaviors noted. It would be
interesting to observe the width of the irradiated area necessary to alter the
motile cells’ path, the density of irradiation necessary to alter the path, and the
likelihood of adopting the elongated cell shape noted above. This could be
correlated to time spent interacting with the irradiated form (i.e. the probability of
adopting this shape could increase with increased exposure time), or could

simply be probabilistic (a constant probability per some interaction time).

The significance of these experiments lies less in the knowledge gained about
fibroblast motility, however, than in the demonstration of modification of the cells’
surroundings in situ. Typically, an experiment such as this would be performed
by immobilizing the biomolecule of choice on a substrate in a predesigned
pattern before introducing cells, and then searching to find cells interacting with
the pattern in the desired orientation, exhibiting the desired behavior, etc. For
many assays, this is adequate. It would facilitate many assays, however, if one
could instead find a cell of interest first, and then introduce an arbitrary pattern

near it on-the-fly. This is the type of flexibility that our technique allows.

Though we demonstrate this on a 2-dimensional glass substrate, the technique is

plausibly extensible to modification of the 3-dimensional micro-environment,

selectively removing or damaging biomolecules on 3-dimensional scaffolds. This

111



extensibility would make it possible to study cells in a situation much closer to
their native environment. In the body, cells interact with a complex 3-dimensional
environment. It has become clear that cells behave differently when artificially
confined to a 2D surface, as is the norm in studying cell cultures, than they do in
their native environment. Studying cells in an environment closer to their native
environment is likely to yield more accurate observations of cellular behavior,
which is useful not only in developing basic biological understanding, but is also
crucial in developing biomaterials for tissue engineering applications which

promote cell infiltration and proper tissue organization[8].
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CHAPTER 6

CONCLUSION

6.1 Summary

In this dissertation, we have demonstrated two wholly different methods of
controlling the nanoscale placement of proteins. This capability is an enabling
technology for a wide variety of applications in biotechnology, biological
research, and integrated bioMEMS. In the process of pursuing this goal, we
have also contributed to the growing body of observed sub-threshold optically
induced damage, hopefully lending some insight into the interactions of ultrafast

laser irradiation and glass and biological media.

Our demonstration of protein patterning via nano-imprint lithography in Chapter 2
provides a high-throughput and low-cost method to pattern proteins with
nanoscale resolution and high specificity. The method is relatively straight-
forward and compatible with both conventional substrates used in MEMS
fabrication (e.g. silicon), and optical grade glass, making the technique valuable
both to bioMEMS and biotechnological devices and development of basic

research tools.
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In Chapter 3, we demonstrated selective removal of proteins from glass surfaces
with nanoscale precision and resolution using tightly focused ultrafast laser
irradiation. In doing so, we have established some basic parameters for this
technique. We have established the threshold fluence necessary for protein
removal to be approximately 1J/cm2 and correlated the size of the removal
region as a function of incident fluence, finding an effective minimum feature size
on the order of 100nm. This threshold fluence is significantly below the ablation
threshold for glass or water, enabling protein to be removed without

catastrophically damaging the underlying substrate.

Notably, we see evidence of removal or damage to immobilized biomolecules
resulting from single pulses at fluences considerably below the optical
breakdown threshold for water. To date, sub-threshold damage to biological
structures has primarily been observed only after many pulses have interacted
with the sample. Though one may fairly presume that the individual sub-
threshold pulses generate damage in such cases, damage resulting from
individual sub-threshold pulses has not before, to our knowledge, been

compellingly demonstrated.

We have also demonstrated, in Chapter 4, that glass surfaces exposed to
ultrafast radiation adopt a long-lived change in surface chemistry, significantly
altering their surface charge and thus the propensity of proteins to adsorb to the

surface. By examining the adsorption of charged fluorophore molecules, we
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have estimated the glass surface charge to be linearly dependent on the incident
fluence. Though the nature of and mechanism behind this change in surface
chemistry is not entirely clear, we expect that it is predominantly the result of
dehydroxylation of silanol groups on the silica surface caused primarily by
multiphoton absorption which causes the hydroxyl group of the silanol to

dissociate.

We also observed that proteins are immobilized on the glass surface before
irradiation, subsequent protein adsorption is significantly affected. From this, we
infer that, although AFM and epi-fluorescent assays described in Chapter 3
seemed to show complete protein removal from irradiated areas, there is in fact a
residue of some sort that remains after proteins are apparently removed by
irradiation. The nature of this residue is unclear. It could potentially be
denatured protein, protein fragments, or even covalent functionalization of the

glass surface.

Finally, we demonstrated one possible application of in situ protein removal by
guiding cell motility through selective removal of the extracellular matrix protein
fibronectin near motile fibroblasts. This rather simple application demonstrates a
broader capability of this technique, enabling modification of the micro- and
nano-scale environment around cells during observation. This may facilitate
study of cellular response to patterned biomolecules. Generally, to do so, one

must pattern a substrate with a pre-defined pattern and then seed cells, hoping
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that a cell exhibiting a desired behavior will interact with your pattern in the
desired orientation. Our technique, however, allows one to instead simply find
any cell exhibiting the characteristics of import for your study, and then generate

an arbitrary pattern near that cell.

6.2 Future Work

In Chapter 3, we have demonstrated the apparent removal of proteins from a
glass surface using ultrafast laser irradiation with nanoscale resolution. The
exact mechanism behind this removal, however, is unclear. Probing the
mechanisms responsible for this removal not only aids in understanding the
process of laser removal of proteins, but aids in a broader understanding of the
interaction between light, particularly intense pulses of very short duration, and
biological media. The likely effects of this interaction may be categorized as
thermal, chemical, and acoustic. The relative contribution of these effects

remains to be clarified.

One may propose that an increase in temperature in the focal region might cause
proteins to denature. Given the small amount of total energy and the small focal
volume, though, any increase in temperature will be very short-lived. Even if a
protein’s environment exceeds a temperature at which denaturation would
normally be expected (e.g. 100C), it is not immediately clear whether this

transient increase in temperature, will have any effect due to the extremely short
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time spent at that temperature. In describing the mechanism of laser-based
protein removal, the it will be important to ascertain the contribution of thermal

effects such as this.

If the mechanism behind the protein removal or damage is chemical in nature, is
it a product of free electrons generated by ionization of water molecules,
downstream ROS resulting from interaction of water with those electrons, or
direct photochemical interaction with the glass surface or immobilized proteins.
All these mechanisms are plausible, and it is possible that they all contribute to

some degree.

To begin to tease out what effects are important, one may examine the order of
the dependence of the damage or removal effect on the intensity of the incident
laser irradiation. For example, the experiment described in Section 3.4 may be
performed using pulses of a significantly shorter wavelength. This will allow
more sensitive probing of the order of various processes purported to be involved
in the damage. For example, a shorter wavelength around 280nm will generate
damage in the proteins themselves in a first order process. Excitation of free

electrons in the water, however, will remain a two-photon process.

A second perturbation we would recommend is a shortening of the pulse

duration. Reducing the pulse duration reduces the total energy deposited in the

focal volume, and thereby reducing the effects of thermal and acoustic damage
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pathways. In this way, the chemical damage, due to either direct excitation of

electrons in the protein or generation of reactive radicals from the bulk water.

The bending of microtubules observed in section 3.3 indicates that there is a
significant acoustic shock wave generated at the fluences where we see protein
removal. A systematic look at this bending may provide a means of estimating

the magnitude of this acoustic effect.

In Chapter 4, we observed that the adsorptive behavior of a target protein on an
irradiated glass surface differs depending on whether the surface was uncoated
or previously coated with protein prior to irradiation. This result indicates that the
initially adsorbed protein is not totally and cleanly removed, and that instead
there is some residue or surface modification resulting from the initial protein
adsorption. This residual effect could simply be protein which has denatured,
flattening on the surface sufficiently so as to appear relatively smooth under
AFM. These denatured proteins would be expected to affect subsequent protein

adsorption on the surface.

We also inferred in section 3.4 that the inter-raster spacing necessary to totally
remove protein from a region is significantly smaller than that presumed by
measuring the ablation line width using AFM. It is also possible that, in our
observations of adsorption on irradiated surfaces which had been previously

coated, that the inter-raster spacing was insufficient to completely remove protein
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from the entire region, and the residual protein remaining in the interstices

between laser damage spots affect subsequent protein adsorption.

There is also a more speculative possibility that the glass surface has been
directly functionalized. Proteins have a number of potentially reactive functional
groups which could conceivably covalently bind to the silica surface with
sufficient energy input. This energy could potentially be instantiated by direct
photochemical bond rearrangement or indirectly through the action of energized
electrons from the solution. If this laser-enabled surface modification is
observed, it may enable quick functionalization of glass surfaces under low-

temperature conditions.

We have interpreted the results of protein and charged fluorophore adsorption to
irradiated glass in Sections 4.2 and 4.3 to indicate that irradiation of the glass
surface alters the glass surface charge by altering the density of silanol groups
on the surface. This interpretation warrants further attention. We performed
preliminary studies of the silica surface before and after irradiation using fourier-
transform infrared spectroscopy (FTIR), in which the constituent chemical bonds
of a sample are inferred based on their characteristic spectrum of absorption of
incident infrared light. This technique has been used successfully to characterize
the relative portion of silanol and siloxane groups on silica<ref>. However, our
efforts were confounded by the small surface areas irradiated coupled with the

low reflectivity of the silica surface, which led to a low S/N ratio, and the fact that
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silanol surface density is heavily influenced by the degree of hydration of the
surface. Though the spectra we obtained were qualitatively consistent with the
expected spectrum of a silica surface, we were unable to quantify the silanol
surface density due to these two factors. We believe that obtaining these spectra
under vacuum, or at least dehydrated, conditions may lead to better results.

It should be possible using FTIR to evaluate not only the surface density of
silanol groups, but also identify organic bonds characteristic of biomolecules (e.g.
C-N, C-C, or C-0O), or bonds associated with the speculated covalent modification

of the silica surface mentioned above (e.g. Si-N, Si-C).

In addition to examining the underlying mechanisms behind the results we have
presented, considerable work remains in characterizing and optimizing the
techniques remains to be done. For example, how long do the purported
changes in surface chemistry exist? How is protein removal or surface
modification affected by buffer conditions such as ionic strength and pH? How is
glass surface charge affected when irradiated in air rather than under aqueous

buffer?

Beyond elucidating the mechanism behind the techniques we have
demonstrated, these techniques are really just tools, and the most interesting
future work is in the application of these tools. We have mentioned elsewhere, in

Chapters 1 and 5, a sampling of the myriad cellular studies which protein
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patterning enables, helping to lend insight into a variety of basic biological

mechanisms.

6.3 Concluding Remarks

The work presented in this work signifies a significant contribution to the field of
protein patterning. We hope that the techniques such as those detailed here,
enhancing capabilities in the placement of proteins with ultra-high resolution,
down to the scale of individual proteins, will provide tools to biologists and
biotechnologists that allow them to advance the next generations of biosensor,
bioMEMS, and biological assays. These ultra-high resolution techniques hold
promise not only to incrementally improve performance characteristics of
biosensors, such as quickening assay speed, reducing required reactant
volumes, or expanding the number of assays performed in a single test; but
these methods also hold potential to enable new capabilities in devices and
assays. With these techniques, we may exploit biomolecules to perform useful
work in microdevices, integrate biological functionality into so-called lab-on-a-
chip microanalysis systems, and we can study biological phenomena which are
difficult to probe with existing techniques, such as spatial regulation of cellular
behavior. We believe that these, and other, diverse, exciting, and important
fields in biotechnology and biological research can benefit from the protein

patterning work detailed here.
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